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INTRODUCTION

The Basic Stirling Engine, which has previously been subject

to a Design Review, forms together with auxiliaries and control
system vhe Stirling Engine System. The auxiliaries and the control
system for the ASE MOD I will be described in the following
chapters.

These components and sub-systems have the following main
functions:

- Provide the required fuel and air flows for a well controlled
combustion process, generating heat to the Stirling cycle.

- Provide a driver acceptable method for controlling the power

output of the engine.
- Provide adequate lubrication and cooling water circulation.

- Generate the electric energy required for engine and vehicle
operation,

- Provide a driver acceptable method for starting, stopping
and monitoring the engine.

- Provide a guard system, that protects the cngine at component or
system malfunction.

In chapter 8.2 the control principles and the way the different
components and sub-systems interact is describcd.

Chapters 8.3 and 8.4 contain detailed dcscrlptlons of the dlfferent
auxiliaries, the air fuel system, and the poaer‘control sybtems.

Chapter 8.5 covers the electronics and in chapter 8.6 the arrangement
and location of auxiliaries and other major components are described.

-1
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The control system and auxxlxar;es of the MDD I engine are to a

great extent based on P40 and P75 expericnce. Within the ASE

program work is being pevformed to improve ‘existing, and devclop s
new, concepts of components and/sub-systems. Some components~haveiﬂ_
already been tested successfuny. e.g. ‘check valves and speed '_ R
increasing transmission for the combustion air blower, whereas the
function of others, e.g. air fuel system, power control valve
actuator, and microprocessor based electronics, remains to be

verified in practice. The final testirg and adjustment of some '

of these will be possxble only in the eng1ne test cell, or even ) k
in the vehicle. ~
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The Controlling Systeis

In the internal combustion engine power output is primarily controlled
by the intake throttle valve posxtmon whzch specifies the cyl;nder '
mass air charge. - ae -

The Stirling engine cannot become self-sustaining and delzver shaft e
output until the heater tubes have been heated by the external
combustion. Before the vehicle can move off from a cold start, air y
flow over the heater is established by a battery driven blower. Fuel
and ignition are added to start combustion, and the heater tubes

are warmed up. After it has been briefly craniced by the Starfcr, ‘
the engine becomes self-sustaining. The blower drive is transferred
from the electric motor to the engine and the power control AT
system is activated to vary engine power output.

The applied automotive power control system varies the cngine

hydroger. pressure as required to the desired power output. In order
to simulate the accelerating and decelerating response characteristics
of an internal combustion engine electronic programming of control ‘
valves is used. ‘

The main combustion air control is accomplished by a variable ratio
belt drive, giving the combustion air blower a speed proportional.
to engine load. '

An air throttle on the blower inlet is used far fine ad1uatments ofs g
the combustion air flow, in order to keep heater tube temnerqtur S
within its limits.

Emission limitations are satisfied by approprlate control of the fﬁff@~cf“:'
air/fuel ratio. -




ORIGINAL PAGE IS
oF POORQU

Safety systems and guards are provxded to protect: the engme from
malfunctions. Fig 8.2:1 shows the control systems described within =~
this section ' ‘ S :

Power Control QIR
Burner Blower Speed Control o
Temperature Com;ml

Air/Fuel Control

Start-Stop Sequences

Guards

11‘;4; i
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Control System Interact‘ibn_g_ :
The engine control systems int«:iact acco;i‘ding‘ to fig 8.2:2.
Primary System and Secondary, Slave Sy‘stems ‘

The primary action is taken by the power control sysvt'em. The driver

sets, via the accelerator, an engine power demand. This is converted

by the power control system to a hydrogen pressure withm the
engine, thus giving a certain engine power output.

Secondary systems are blower speed control, temperature control and

air/fuel control. The engine load conditions are sensed by the power

control sensors, and converted by the burner blower speed control
to a convenient blower speed. The demand of heat to the engine for
engine output is sensed by the thermocounles within the heater

(constant heater tube temperature). Via the temperature control the :

demand is converted to a throttle position, giving the right
amount of combustion air to the engine.

An air flow transducer measures the combustion air flow and the

appropriate amount of fuel (according to excess air dgqnnds) is
delivered to the engine from the air/fuel system.

SRy
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Control Characteristics

Power_Control Characteristics

The power control system shall via the accelerator (driver) control
the engine output in such a way that the drivcability of the engine/
/vehicle combination is subjectively acceptable, and so that switching
between Stirling powered vehicles and T C powered vehicles would not
introduce wacceptable operator adjustments. Sce power control

system specification chapter 8.4.4,

Stirling power control methods comparcd to those of petrol- and
diesel engines are described as follows.

Petrol Engine:

The driver operates the throttle directly. Thus the whole control
range can be covered. There is no governor, neither for normal
operation nor for idling. The torque curves in the idling area
are steep enough to get a stable idling speed.

Diesel Engine:

The pressure in the engine is determined by the position of the
fuel pump rack. Idling is not possible without using a governor
because the working point is unstable. Often the governor is also
used as a maximum speed limiter in view of the soot limit. Under
normal driving conditions the governor can be dispensed with.
Either the speed or the vacuum in the inlet manifold is fed back.

Stirling engine:

The flat idling torque curves of a Stirling engine are similar to ’
a diesel engine and a torque controlled idling speed is not possible -
on a Stirling engine. Fuel economy reasons as well as design -
requirements make purc speed control unacceptable for the selectod

I1-9
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method of power control. The ASE mo 1 hu power control
charactoristics similar to a diesel engine at idling. At higher
loads and increased speed the control shifts gfadual ly toward
torque control, , L

As mentioned earlier, the way to ‘changp‘ pmrﬂutpnt from the
engine is to change the working gas pressure. How this is done to
satisfy the control demands is described in chapter 8.4,

Description of the Power Control Loop:

Note: All values, set points, breaking points etc. may be changed
during the proceeding development work or the initial engine
testing phase. '

Fig 8.2:3 shows the power control scheme of ASE MOD I,
(Al11 symbols refer to fig 8.2.3.).
The driver sets the accelerator position whlch is detected by a

potentiometer. That signal (A) together .ith actual enginc speed
(RPM) enters a torque rise function (fig 8.2:4), ‘




ACCELESATOR POSITION (A)

| ove = maxiover, oven

2 vaiveposmom . N

Fig. B.2:3 Power Control Scheme of ASE Mod T

5




ASE MOD ;1 DESIRED HYDROGEN PHESSUR! m PAQE!' o

(DEP) AS A FUNCTION OF : HIGINAL FARUS 28
ACCELERATOR LEVEL (A)AND  OF POOR QUALITY
SPEED (RPM) st
DEP MPa G
v A=t A=Qidle
| S A= 1WOT
W~ ’

2000 1000 © 1000 2000 3000 4000 5000 6000

RPM
Fig 8.2:4 Torque Rise Function. '

The torque rise function converts the accelerator position and ,
engine speed to a desired engine pressure in such a way that stable
idling is possible and that tha driver "feels" a sxgm.fu:ant :
torque rise at part loads during speed decreasing.

Fig 8.2:5 shows the toique curves at different mean pressures.

A typical road load curve is also shown. It can be seen that at

idle the pressure curve is almost parallel to road load. That means
that a stable idling point would have been inpossible if accelerator
position had been proportional to pressure and independent of speed.
The torque rise function reshapes the part load torque curves for
different accelerator positions to the dotted lines making the

torque curves always steep enough to road load insuring a stable
control.

Within the torque rise function there is also a limiting curve
preventing high pressure at extreme low speeds and also guarding




ASE MOD 1

TORQUE AS A FUNCTION OF SPEED
FOR DIFFERENT MEAN PRESSURES
tg\l’:stgn DIFFERENT ACCELERATOR

‘u’F¥NJR<QUMquv

Fig 8.2:5 Torque as a Function of Speed at Different Mean
Pressures ard at Different Accelerator levels.

against lack of air during very high load conditions at low speed.

There is also an overspeed limiting curve reducing max desired
pressure at speeds exceeding 4 500 RPM.

The desired engine max pressure from the torque rise function
is compared to the actual pressure from a max pressure transducer.
The difference (Ap) enters a valve position function where a
desired control valve position will be determined (fig 8.2:6).

11-13
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Fig 8.2:6 Control Valve Position Function.

The slope of this function is different depending on whether
valve position should be in dump short-circuiting position, the
neutral dead band or supply position. The exart shape of the

slopes will be determined at the initial testing phase of the ~
engine,

The difference between actual and desired pressure is not

sufficient information for power control p051t10n1ng dunng all
load conditions.

During periods of engine short cn'cmtmg ,the control valve posinon{f im
must also be determined by actual engme pressure and actual engme

speed.

Fig 8.2:7 schematically shows how the negétive tor‘qbe‘ 'du‘rin'g sﬁort-
circuiting of a Stirling engine is dependmg on  pressure. and speed

AR II-14




T

18 S

ORIGINAL PAGE IS
OF PooR QUAU'I“:

The desired negative torque due to the driveablhty of the engi,ne
is also shown m fig 8.2:7, G , v

To follow the desired curve, the short circuiting holes‘within‘the .

control valve must be adjusted very carcfully to actual engmc o
pressure and actual engine speed. -

Fig 8.2:8 shows the short-circuiting limitation Emcl,,:iox\.»,

-5 .
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SCHEMATIC CURVES OF SHORT
CIRCUITING EFFECTS

Toraue 4

-» SPEED
DESIRED NEGATIVE TORQUE
_ PLow
PHicH

ACTUAL NEGATIVE TORQUE
FOR MAXIMAL BY -PASS AREA
AT HIGH AND LOW ENGINE
PRESSURES

Fig 8.2:7 Schomatic Curves of Short-Civcuiting Effccts.
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PRESSURE
o . L ] . L L . v ‘ - - ' i .
NEUTHAL 'D“vr: 1000 2000 3000 4000 8000 ’
] RPM
DUMP
os -
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BY-PASS
AEP = 5MPa
o 10+

Fig 8.2:8 Short Circuiting Limitation Function.

The short circuiting limitation function limits the maximum available
short-circuiting area depending on actual engine pressure and
engine speed.

The highest value from the valve position function and the
short-circuiting limitation function will be selected as the
desired valve position and will be sent to the control valve
actuator. | |

The actuator (see 8.4.8.2) adjusts the control valve
position, if necessary, for appropriate action (supply, steady
state, dump and short-circuiting) by the power control system.*- :
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Burner Blower Speed Control Characteristics

With the new type of blower and air throttle (sce section 8.3.0,
8.3.7) used on ASE MOD I, it is essential for blower power
consumption and blower efficiency that the blower speed

(amount of air) is adjusted in such a way that restriction’lcSSQs,
in the air throttle are eliminated as far as possible. Therefbre, ‘
the ASE MOD I will be equipped with a blower speed control ;
system, which will control the blower variator ratio depending

on engine load in a way that most of the air throttle restriction
will be eliminated.

Specification:

The burner blower speed control shall control the blower speed
in such a way that blower capacity excceds air demand with 10%
during most load conditions.

The Burner Blower Speed Control Loop:

Note: All values, set points, breaking points ctc. may be
changed during the proceeding development work or the
initial engine testing phase.

Fig 8.2:9 shows the bumer blower speed control scheme of ASE MOD I
(A1l symtols refer to fig 8.2:9.).

The burner blower speed loop is a kind of feed forward system
for the demand of air.

The correct amount of air is set by the tomperaturc control -
(section 8.2.3.3). The blower speed control loop adjusts the
blower specd so that the available amount of air is slightly
higher than the demand.
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Engine max pressure (8) and engine speed (RPM) from the pover i

control transducers are multiplied and the product enters an air
demand map (fig 8.2:10). - B

This curve is an approximation of the air demand of the engine
versus speed and pressure. ‘

This air demand will enter a blower characteristic function where

the corresponding blower speed will be calculated (fig 8.2:11),

11-19
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Fig $.2:9 ASE MOD I Bumer Blower Speed Control Scheme.
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BURNER BLOWER SPEED comnm.
AIR DEMAND MAP

»

1000
B + 1 (MPG « RPM +10%)

Fig 8.2:10 ASE MOD I Burner Blower Speed Control Air Demand Map,

ASE MOD 1

BURNER BLOWER SPEED CONTROL
BLOWER CHARACTERISTICS

08S 4
(RPM)
30000 -
20000 -
10000 -
1 1 H ’ i . v’
20 40 60 80 Mar g/

Fig 8.2:11 ASE MOD T Burmner Blower Speed Contrvol. Blower

Characteristic Function.
- 11-21
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Optionally the blcwer speed control will contain an altitude
correction. The signal from the air pressure transducer (a wnit
within the air/fuel system) will be converted within the altitude
correction function to a factor, at sea level = 1, by which the
desired blower speed should be multiplied (fig 8.2:12).

ASE MOD1 BURNER BLOWER SPEED CONTROL
ALTITUDE CORRECTION

A

(=X !
Inlet Air Pressure {(atm)

Fig 8.2:12 ASE MOD I Burner Blower Speed Control. Altitude Correction.

There is also an overspeed protection preventing the speed sxgnal to
exceed max allowable blower speed (8.2.13). '

11-22
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%3!“3?!!9 PROTECTION

oes, ,

(RPM)
300090 -
20000 A
10000 -

0000 20000 30000  DBS, (RPM)

Fig 8.2:13 ASE MOD I Burner Blower Speed Control. Overspeed
Protection.

The corrected desired blower speed (DBS;) is compared to actual |
blower speed sensed by a speed transducer on the blower input shaft.

The difference enters a hydraulic valve control functior where
signals to the two hydraulic solenoid valves c0ntr0111ng varxator

ratio will be defined.

Fig 8.2:14 shows the valve signal logics.

-23
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HYDRAULIC VALVE OPERATION
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STATE INCREASE VALVE
OPEN
‘ 4 +
Y T - :.
+ 0 A S (RPM)
DECREASE VALVE
OPEN '

Fig 8.2:14 ASE MOD 1 Burner Blower Spced Control llydraulic
Valve Control logics.

e function shows that the increase and the decrease valve will
be opened depending on the value of the speed difference (&s).
Small as values arc within.a dead band where the speed control is
at stcady state.

B v

The signals from the valve control function are thus controlling
the two solenoid valves which in turn control the variator ratio
(and the blewer speed).

High Altitude Power Peduction:

At high altitudes che overspeed protection of the blower may cause
lack of combustion air if the engine is rmmning at high speeds and

at high load conditions.
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Therefore, a limiter could bcvimPlcmchted to the burner,hlower S
speed control, lwering the max desired hydrogen pressure in the
engine and thus reducing demand of air.

Fig 8.2:15 shows the control logic. A signal from the intake air pressure |
transducer is converted to a limiting function within the power '
control torque rise function. That limiter prohibits high hydrogen
pressures at high speed and thus reduces the max amount of air
needed for the combustion,

|
|
!
|
i
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ASE MOD 1

BURNER BLOWER SPEED CONTROL
HIGH ALTITUDE LIMITER

[nion autituoe | | ~ [wmreressore [ |
LUMITER , ——awsoucer | )

SEA LEVEL HIGH ALTITUDE VERY HIGH ALTITUDE

Fig. 8,2:15 High Altitude Lxmxmx
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Temperature_Control Characteristics

With varying demand of heat from the working cycle, depending on
engine power output, the temperature control varies the amount of
combustion air in a way that heater tube temperature will be kept
constant. |

t is very important in temms of engine power and engine efficiency
that heater tube temperaturc is kept close to the max allowable
material temperature. Major elements of the temperature control
are themocouples, electronic regulator and air throttle.

Sensing elements for temperature are the thermocouples, located

in thermocouple sleeves on the rear side of front and rear row of
tubes. The themmocouples could also be located inside the heater
tubes sensing working gas temperature.

The external thermocouple location causes the sct temperature to
be set higher than the desired tube temperature.

Temperature Control Specification:

The temperature control system shall maintain the maximum temperature
to the set point temperature * 7° C within + 7° C at stcady state.

The temperature control system shall maintain the maximum temperature
within +20° ¢, -80° C during any system transient.

Temperature Control of ASE MOD I:

Thermocouples: ASE MOD I is equipped with 12 themocounles for
heater head temperature measurements.

Four are placed in slceves on the rear side of the front row of
heater tubes.

Four are placed in sleeves on the rear side of the rear row of
heater tubes.
- 11-27
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Four are placed inside the rear tubes.
Control will be by the four externally located reé“ row thermOCOUples;
but there will be a possibility to control the temperature also by the

four internal thermocouples.

Type of Thermocouples:

The thermocouples are MOS-1CAI16 (K-type) manufactured by
Inor, Sweden, They are all insulated in a tube of Inconel
1.6 mm in diameter.

Air Threttle

The air throttle is described in section 8.3.7,

The Temperature Control Loop:

Notc: All values, set points, breaking points etc. mav be changed
during the procceding development work or the initial engine
testing phase.

Fig 8.2:16 shows the tempcraturé control scheme of ASE MOD T.
(A1l symbols refer to fig 8.2:16.)

o 11-28
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Fig. 8.2:16 ASE Mod I Temperature Control Scheme




Fig 8.2:17 shows the proportmnal part ef ~
regulator.

The proportional amplification is sharp v mcre, sed at,
temperature to give a quick response to threatenmg Qve,

Fig 8.2:18 shows the ’integral part -o,f thg teinperaturg regu

The integral part also mcreases at a certam 4T to keep
transients in tcmperatures low,

To further refine the wmperature regulator, a derwative p:trt
could be implemented to the control logu:s. This part would rcact
to fast changes in heater temperatures. Fig 8.2:19 shows the der:.vatwe
part which could be mplemented as an opt;on to the electromc control
logics. ~ - e

All parts, thé proportional (P.),. thé integral ; ('i 3 andthe
derivative (D) w111 be summed to 3 des;n'ed throttle pesz.t:on
(DTP) s:.gnal. ( : :

throttle moves to the new p051t10n and the ngnt amoun ai
will be fed into the engme. :
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Fig 8.2:17 Proportional Part of the Temperature Regulator.

ASE MOD1 TEMPERATURE CONTROL.
INTEGRAL PART OF TEMP. REG.

AI}

Fig 8.2:18
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DENVATIVE PART OF TEMP.AEG,

Pl
Q' Q‘

Fig 8.2:19 Derivative Part of the Temperature Regulator.

Air/Fuel Control Characteristics

The air/fuel ratio must be accurately controlled to meet the
requirements for low exhaust gas emissions. The air/fuel svstem'
controls the engine fuel flow specified by the combustion aiv flow
and the air excess (fig 8.3:8). Thus, the air fuel system is 2

)

slave systam to tae tamperature zontrel svstem.

ASZ MOD I Air/Fuel Control Specification:

See secticn 8.3.13.
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system are, air flow transducer, air temperaturc sensor, air
pressure transducer and a fuel metering pump.

Air Fuel Control Loop:

Note: All values, set points, breaking points etc. may bé'changed
during the proceeding development work or the initialfengine
testing phase.

Fig 8.2:20 shows the air fuel control scheme of ASE MOD I.
(All symbols refer to fig 8.2:20.)

Signals trom the air pressure transducer, the air
temperature sensor and the flow transducer are entering

a flow meter linearisation module, which linearizes

and compensates the flow transducer signal for different air
temperatures and pressures. Signal out from that module is
proportional to air mass flow (ﬁAIR).

A ) map (fig 8.2:21) converts the air mass flow signal to the
desired fuel flow. The shape of this curve depends on the demand
of excess air (see fig 8.3:8).

The demand of fuel flow is converted to a desired metering,pump}
speed. Due to the design of the metering pump, this fuel pump-
characteristic is a linear curve (fig 8.2:22).

The desired pump speed (DPS) enters a fuel metering pump drive,

which by sensing the actual pump speed via a speed transducer
exactly controls the speed of the metering pump motor.

11-33
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Fig 8.2:21 ASE MOD I Air Fuel Control System. A Map.
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Fig 8.2:22 ASEMOD I Fuel Punp Clmacteustlcs. o
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Start/Stop Sequence

General Description

In contrast to an internal combustion engine a Stirling enginci
cannot be self-sustained and deliver shaft output until the heater
tubes have been heated up by the external comhustion. An |
automatic starting sequence provides all the logical and
controlling functions during the start of 2 Stir)ing cngine

The external combustion principle and the amount oE‘hoat‘storcd ;
within the heater keeps the engine rmmning after fuel flow has been
stopped. Therefore, a stop sequence controls the engine parameters
and keeps the electronics activated until the engine has stopped |
and the risk of cooling water overtemperature is eliminatec, |

Starting_Seguence

Approximative Fig 8.2:23 shows the automatic st.n't&nf., eeqncnm
time schedule of ASE MOD I.

0 sec Manual Operations: The driver turns the key to
' pos 1 and the electronics will be dCth'ItC‘d The
| driver turns the key to pos 2 and the automatic
starting sequence will be initiated. At yelease
the key will return to pos 1. e

The driver can cut off the starting sequence at
any time by tuming the kev back to pos‘ u. =

—— ey e ow—

Automatic Opcratmns' iWhen the automat ic atartmg

l sequence 15 ini tiated, ‘the electric lﬂohor motor
is activated. The hlmcr motor drives thc bumex*

' blower, atomizer compressor :md sorvo oil pump.

| The blower feeding the engine with comhustmn air

will be running at approximate v 19 000 RIM,

CI1-37
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17 sec

“The fuel boost pump and the fuel metering pamp

starts, but the fuel shut off valve has not
opened the fuel flow to the : co‘mustcr.

The air throttle is moved to a stnrt posi:ion
being about 60% open.

The power control systom will supply the engine
with gas until it reaches the starting pressure
of 6 MPa and the control valve then is bloukw

in neutral position (during the st'n'ting scqucnw
the driver cannot control the hydrogen prcssuru
by using the accelerator).

A 3=second-period of venting the combustion chamber

and preheater will follow, preventing accidental
combustion of any remaining vaporized fuel or any
leaking hydrogen,

After 3 seconds, the 1gmt.mn starts and the tuel
shut off valve opens fuel flow to the combustor
and combustion starts.

The air throttle continuously opens and is 1005 G
open at a heator temperature of 200° C. At this
temperature the risk of i’lame out is elim‘inated.,

At a tubc temperature Of (:000 C the sturtcr is ‘

engaged,

When the engine is running the blowcr var x.n:m‘ is i

set to max speed mc:rea:),ngl ra..m.

The starter will be disc’ng.agcd :,tt:almut‘im RM.
‘and the Stirling engine will he self-sustained.
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22 sec

(Possible drive
away point)

25 sec
(Recommended
drive away point)
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The engine accclerates with the presct starting |
pressure and at 1 000 RPM the power control is
partly activated. Engine control is possible

within the starting pressure limits. The blower
motor is disengaged and the blower will be driven

by the engine, Idle specd will be in a fast mode
(1 000 RPM). '

At a rear-row tube temperature of 600° C the power
control is free from any starting sequence restric-
tions and this is the recommended drive away point.

The blower speed control will be activated when
the air throttle lcaves the opening degree of
100%. Idling speed continuously decrcases from

1 000 RPM to a normal 700 RPM at an exhaust gas
temperature of 100° C (700 RPM = idle speed when
gearshift is in neutral position ).
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ASEMOD 1
STARTING SEQUENCE
MANUAL
TURN KEY
Toross |/ OPERATION
AIR THROTTLE CON~
ieseiaimsiimie g TINUOUSLY OPENS TO 100%
ELECTRONICUNIT | (AT 200°C NEATER 5
ACTIVATED TEMPERATURE)
TURN KEY AL STARTER ENGAGED AT 600°C
Tososz | | MINML HEATER TEMPERATURE | -
mETURNS Yo | / OPERATIO Vb
P03 1) ‘ L s
BLOWER VARIATOR
— TO MAX RATIO
BLOWER MOTOR ACTIVATED |- 3
(DRIVING BLOWER, ATOMIZER |- e e
s SOR AND BERVO- STARTER DISENGAGED
' AT 500 APM 5
FUEL BOOST PUMP STARTS 3
FUEL METERING PUMP e i mrmr——
STARTS S
POWER CONTROL ACTIVATED | | POBSIBLE
AIR THROTTLE IN START || (EXCL. SUPPLY) AT 1000 APM |:.{ DRIVE AWAY
POSITION (~ 80%) = SLOWER MOTOR OIS~ .| POINT
MYOROGEN PRESSUREUP | ENGAGED FAST IDLING -
YO START PRESSURE AND | {1000RPAY
CONTROL VALVE BLOCKED | ' N U——
IN NEUTRAL POSITION e it | WECOMMENDED
¢ SUPPLY POSSIBLE AT A REAR || DRIVE AWAY
v TUPE TEMPERATURE OF 600°C | ./ POINY
ISECVENTING TIMER | T “* b
BLOWER CONTROL ACTI- |
* ) VATED WHEN AR THROTTLE |.
LEAVES 100% ;
IGNITION STARTS : TR J‘ R
FUEL VALVE OPENS
(COMBUSTION STARTS) | FAST IDLING OUT AT 100°C
EXHAUST GAS TEMPERATUNE
- J
Fig 8.2:23 ASE MOD I Starting Sequence.
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Stopping,_Seguence

Fig 8.2:24 shows the automatic stopping sequence of ASE MODL I,

Manual operation: The driver turns the key to position 0.

Automatic operation: When the automatic stop sequence is initiated
the fuel valve shuts off fucl flow to the combustor. The fucl boost
pump and fuel metering pump stop. Ignition stups,

The power control system dumps hydrogen to idle pressure independent
of accelerator position,

The engine is running on the remaining heat and stops when temperature
and speed are too low to sustain the Stirling cycle,

A temperature sensor guards the engine against cooling water over=
temperature when the engine has stopped. If the temperature goes up,
an after-cooling pump is started. A timer keceps the electronics
activated until the after-cooling pump has boen out of use for

10 minutes. Then the electronics are switched off.
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ASE MOD 1
STOP SEQUENCE

<] manuaL
OPERATION

FUEL VALVE OFF
FUEL BOOST PUMP OFF
FUEL METERING PUMP OFF

IGNITION OFF

POWER CONTROL SYSTEM
70 STOP SEQUENCE
(DUMPING HYOROGEN YO
IDLE PRESSURE)

ENGINE RUNS ON REMAIN-
ING HEAY AND STOPS WHEN
TEMPERATURE AND SPEED
ARE TOO LOW

TeSTETTTY

[P

RESET WATER
TEMPERATURE TIMER AFTER COOLING ELECTRONICS

PUMP IN DEACTIVATED

L 3 J

Fig $.2:24 ASE 0D I Stopping Sequence.
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5 Safcty Systoms and Guu\_ni-s

A guard systom x.onaisting of olcrtronic mmcul i‘mu.tmn o
safety devices guards the engine against m:nmm.tmn.« m’ the‘t r
control systoms amd improper driver cpcmt lﬁﬂ:u B Flg

The guards scnse vital engine par ameters and sité{sgﬂr“hc*sc,t‘rm}i'

exceoding their limits.

Below is a listing of the malfimetions and aprropriate auard
difforent control systems., ' ‘ ‘

actions fov

Cuards for Starting Scquence:
Failure

Hydrogen is leaking inta the
combust ion svstom or unburned
vaporized fuel remains in the

preheater,

The engine does not ignite,

The starting pressure will be -

too high caused by an improper
function of the control valve
(starting torque too hmh‘).

The starting pressure will
be too low during the heating

up period Juc to m: or external -

- loakage.,

' (‘.u:n*d[\gt ion -

omamm. PA@E ll
 OF POOR QUALITY

md

ot e — ey

‘tomperature Jerivite shall he aht.nmeu

The start i’ng <m~§u§n¢é will

A 3-sccond=timer vents the
combustion systom with air be! :\re :
fuel valve opens and tgmtlm ~t.u‘t~. o

After a few s'econs..s i po: xtx\e

and maintained m qt.u'tar enu:lmmu\f- 8 :
1f not:, fuel off.

The stur:ing sequence will he
cancelled. :

l'\g

'mo.cllo;l. «
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Failure Guard/Action

Starter will not disengage
due to low engine speed.

The engine stops during the
starting sequence after the
starter is disengaged,

The blower motor will not
disengage.

Guards for Power Control System:

Failurc

Storage tank pressure too high.
Storage tank pressure too high
with manual shut-off valve

closed.,

Temperatures at storage tank
too high.

Electrical connection to
control valve actuator broken.

Compressor pumping against
pressure which is too high.

Compressor short-circuiting
valve not working.

Starter timer will disconnect
starter. Starting sequence
cancellad and. fuel valve closed,

The starter will be cngaged
again,
Blower motor timer will disengage

blower motor.

Cuard/Action

Safety valve (22.5 MPa) vents
hydrogen to atmosphere.

Bursting disc uncharges the
storage tank.
Fusible temperature piug

uncharges the storage tank.

Power control valve to dump
position (mechanical bias).

22,5 MPa vents
hydrogen to atmosphere.

Safety valve

Nommal engine control, though
at high pressure, possible.
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Failure

Pressure transducer failure.

Pressure within the engine
too high.

Speed transducer failure.
Accelerator potentiometer
failure.

Engine spced too high,
Engine out of operation

due to guard failure or
other cause.

Engine shut down to idle.

Safety valve vents hvdrogen tn
atmosphere, o

Engine to lowest pressure,
Fuel off.

Engine shut down to idle.

Fuel off,

Manual override of power control
actuator,

External dumping of hydrogen

via the external dumping
solenoid valve. Valve operation
scparated Lrom other electronics,

Fuel shut off by manual operation.
Operation separated from other
electronics.
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Guards for Temperature Control:

Failure
Overtemperature in heater.

Broken theimocouple.

Thermocouple short-
circuited.

Overtemperature in
preheater,

Water tempcrature too high.

0il temperature too high.

Guards for Electronics:

- Failure

Input value incorrect due to

noise or transmission
failure.

Microprocessor runs out of
control.

G\lﬂl’d/ Action

One thermocouple broken: Lower

temperature set.
More than one: Fuel off.

One Thermocouple broken: Lower
temperature set. |
More than one: Fuel off.

Fuel off.

Fuel off.

Fuel off.

Guard/Action

Logical check of reasonable values.
If not, engine shut-down.

Electronic watchdog restarts
processor within 50 ms.
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“AUXILIARIES AND AIR=TULL SYS'!""!

GENERAL DESCRIPTION

The auxiliaries on a Stirling engine are in many calel idantical to
the ones used on an IC-engine. A few are used in the m . r. :
but are modified or specially developed, and scme are \mique for the
Stirling engine. Listed below are the auxiliaries and Bome accemmes
with a note about their individuality.

Starter motor - Same as IC-c*ng,.inc :

Alternator - Same as IC-engine

Lubrication oil pump - Same as IC-engine .

Water pump = Same function 2 on IL-enl,mc but i
'specmny Jeveloped with hignor capucity.

Combustion air blower - Umque for Stlrhm, Dm'"es

Air throttle - same function as on IC-en"mo, hut
specrulv developed. y

Variable ratio belt drive = Net used on IC-engines today -

Atomizer air compressor - Unique for Stirling engines

Servo oil puup - Unique for Stirling engines

Electric  blower motor - Unique for Stirling cm.lnm' |
Air-{fucl system - Same function as on IL-exw mc but £

special ly developed

Hydrogen compressor = Unique for Stn‘lms em,m oS

After cooling punp - Unique for bt;u hn;. Lng,mc\,fﬂ‘ '

Air-conditioning compressor - ‘Sume as IL-em"uea

Power stcering pump L. Same ‘aslcfcng_mes”

eris ey




Fig. 8.3:1 is a front view of the *nu 1 ergine with :heauxilim'ies .
and some accessorics. Later on these are described in detail.
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Fig, 8.3:1 Front View of a Mod I Engine
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Starter motor
Alternator

Lubrication oil pump
Water pump

Combustion air blower
Air throttie

Variable ratio belt drive
Atomizer air compressor
Servo oil pump

Pressure relief valve

148

11.

12.

13.
14,
15.
16.
17.
18.
19.

Electric  blower motor
Air-fuel system s

Air filter

liydrogen compressor

After cosciing pump ’ ’
Crank casc ventilation system
Air-conditioning comprééspr ij; 
Power steeringipﬂmp‘ S
Radiator fan shaft




~ with quiet, efficient and reliable auxil
~ auxiliaries need special attention with sepa:

“The existing starter motor, which fita to th@ speaified autamatia

Varia le ratic_belt Jrive

_If u load governed variitor is used, the blower Spneﬂgcnn be vurxad

ORtGlNAL PA@E *3
 OF POOR QUALITY

In oxder to get a Gbmpétiggnjb S

Starter_moto

trapsmission, has too Tow powey output to start the Mod 1 engine ac

low temperatures, USS spacificacion fqr the startet will be found‘w,¢
in chapter 8.3.2, and the effarts to de»elop th;g motar was tdncn ;Jrefg
Of b)' A‘HI. ' L ST

Combustion uir blouer

Previous blowers have been of the rcgeneznttve tvpc, vhxuh are hcavv‘ e
bulky and inefficient. Besides this a special by-pqas,alrvthrattl¢lhﬂ%f~f~"‘A '
necessary to reduce the blower power conswmption at lbW'bﬁﬁiﬁa‘Iénds;f ~*=f"*“
The goal for the ASE MOD I blower develc;xncm program xs to increase

the peak efficiency from present 37% to T0%, and veduac thc weight to |
about half of the regenerative blower and maintain the lah noise level.
The size has to be reduced to facmlitate the_installa iun ﬁroblems.:;‘ i 173
This is accomplished by a high speed centrifugal blower hlth a flat L
belt drive as speed increasei, MII is dcvelopxn the 1mpelier anu,
volute housing, and UbS the flat belt drive. ~

WD WP 45 5 W D @ OB WA D AP W W9 W W R W

ihe present blomer‘?arintorfon the'PJO cnginé'is onlv spted "o\erund.a

independently of the engine speed 1%@5 ‘method will save a lot of
blower power eSpecxally at low loads and hmgh ennlne Speede The

developed variator is a hydzaulxcally actnated load govetned unxt. A :
which is using the same hydraulln system for pasxtlon ;ontxal as the7;’f~'
power uontrcl valve. et
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On the P40 engine these two are separate units, The air compressor

is a heavy cast iron device, made for industrial purposes, and the «
0il pump has too high pressure capacity. On the ASE MOD I the oil
pump will be integrated with the compressor and drim from the

same shaft. The main objectives are to save space and might and

to simplify the auxiliary arrangement. ,

Alr_throttle

As mentioned earlier, the regenerative blower has a complicated and
bulky throttle arrangement. On a centrifugal blower, the air flow can
be controlled by inlet throttling, using an ordinary butterfly valve,
Such a throttle, developed by USSw outside the ASE program, will be
used on Mod I engine, |

Air-fuel control system

Previous engines have used the Bosch K-jetronic mechanical fuel
injection system as air-fuel control device. Thif system is used

on fuel injected IC-engines. The disadvantages with this system are:
high pressure drop, especially at low air flows, difficulties in
changing the air-fuel ratio, difficulties with altitude and pressure
corrections,low multi-fuel capability and expected delivery difficulties
from Bosch in the future. The alternative is a system with a separate
air flow transducer with temperature and pressure corrections, and

a fuel metering pump with equalizer valve as fuel distributor. This
system will give a lower air pressure drop with lower blower power
consumption as a result, and a simple way of changing air-fuel ratio, -
The multi-fuel capability is also good. This later system is the
primary choice for the MOD I engine.

After-cooling pump

Outside the ASE-program a new after-cooling pump has been developed,
as the P40 pump was too noisy and had too low capacity. This pump.

Will be used on the MOD I engine.




Water pusm> ' AR . ‘;~%;z ”;”w.=" i
The uaterpunp is very similar to the pump used on the USS. 125 g
engine with for example the same impcller. The pump is dengnedf o
by Ricardo Consulting Eng., and no special develcpment program -
has been established. The capacity and ffuicm) is supposed to e
be about the same as for the 1-275 pump. ‘ P

The rest of the auxiliaries are either normal equipment f,oi' =
IC-cngines, or developed carlicr outside the ASE-program.

Based on Fig. 8.3:1 the following section is a slc*er desuxptw\ ot'; b
auxiliaries with their applicaticn, specification and m'mlnism |
drawvings. '
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Starter motor

Application:

Specification:

[

The starter motor is used during the starting up
period to crank the engine when the heater temporature
hus reached a certain level.

The necessary power output o: the starter motor for
a Stirling engine is dependent of several factors,
for example: engine and ambient temperature, oil
viscosity, condition of secals and piston rings, mean
hydrogen pressurc, battery capacity and rate of
charging.

(kW) A Starter Motor Power

2

105 -

0.5

2

2 i g 2 C
v v v ¥

v

50

100 150 200 250 Fngine Speed (rpm)

Fig. 8.3:2 Mod I Engine Starting Power Requirement
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A rough estimation of the power n(;uin’nhﬁlox the Mod T
engine as a function of engive speed can be seen in Pig
8.3:2. The oil temperature is 20°c and oil viscosity
320 c8t. This estimate is based on comparisons with and
simple scaling from measured motoring power nquirmu_u
of other USSw engine designs. It is further valia for a
starting up hydrogren pressure of 5 MPa.

A Stirling engine in good condition will start at an cngine
speed of about 100 rpm. With the somewhat irregular per-
formance todays piston rings and the necessity of having
a margin, it is more advisable to assime a speed of 200 rpm.

Correction Factor

Kinematic Viscosity

5 1

‘. L

3 4

2 1

1 4
Sttt
50 100

e e (e jp—  (cSt)
500 1000 5ooo 10,000

Fig. 8.3:3 0il Viscosity Influence on Starting Power

The influence of o0il viscosity on the power requirement
can be secn in Fig.8.3:3. To get a low value. it might be
necessary to change oil at lower temperatures. The
correction curve for different oil viscosities is based
on tests with Stirling engmes mostly in the temperature
range "0-60°C, but also at louer temperatures. : ’
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Description:

Alternator

Application:

Specification:

Special attention is nc;.essm‘v \J\eu chooslm; &lm g
ratio between the starter motor and engine siu& becaus
the torque must be sufficiont to overcome thc inuiml
engine friction, and the peak nower output from the
motor should be utilized when starting the engme at

lowest possible temper.nturc.

The starter motor has to fit to a Speuified'au:nnatn e

transmission case, which roquires a starter with in-
tegral, offset geurhox and a defined mounting. mter?au“ i
The most powerful motor, which meets these requi.rmenta

is a 1.8 lip unit. This motor has to be used on the b s

engine, which will limit the ambient condxtions \\hol\
the engine can be started. e

A performance map of the 1.8 hp x‘ty\otork" is ‘pxssented’k 2
on page 11-90. | | i

The alternator is used in the same manncr as on an
IC-engine, although the continuous electric power

requivement is somewhat higher.

The contionuous electric power demands ave:

Electronics o uw
Ignition 15"
Fuei punps ' 9"
Solenoid vaives 30"
Fuel valve 6"
Air throttle , 6"
Total oW
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Description:

1,0

0,6

B R o 5 Al R SR s SRR A

During the starting period, both the starter motor
and electric blower motor needs a lot of electric
power for a short time. The energy drain from the

battery for an average start will be about 1.+ A

(Ampere hours).

Installed in a car there will also be an intermittent
electric power demands from head liahts, windspiieid

wipers, compartment blower, and so on.

Calculations made by AMG, indicates that a 55 Amp.
alternator with a ratio of 2.55 between engine shaft

and alternator, is sufficient. This calculation is

made in the same manner as when the alternator is
selected for an IC-engine. With this ratio the
alternator speed at 4 000 engine rpm will be 10 200 rpm,
which is well within the Bosch limiting speed of

12 000 rpm.

The alternator is a Bosch 14V/55 Amp unit, driven by
a Poly V-belt from the main engine shaft via the

radiator :on shaft. The continuous alternator power
demand will be:

A Alternator Power (kW)

-

1000

T

2000 3000 J000 I'ngine Speed 1rpm)
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8.3.4

8.3.5

This is taken from page 11-91 nhowing tha pownr d-mlnd- ¥z

at different loads. On page I1-92 a USSW drawing of
the alternator is illustrated.. Page 11- 93 contain- a

graph of current-speed characteristics for the alternator

Lubrication 0il pump

Application:

Specification and

Water pump

Application:

Specification:

The pump is used for pressurizing the lubrication oil
for the main shaft and crank shaft bearings. This oil

is also fed to the piston rods just below the rod seals
to get rid of the generated heat from the seals, and to
oil jet nozzles in the syncronizing gear train.

Page JI-141 shows a scheme of the lubrication oil system| .

description:

Chapter 7.1.7 in the Basic Engine Design Assessment
includes a specification and description of both the
oil pump and oil filter.

The power demand of the lubrication oil pump is

included in the friction losses of the complete engine.
The friction losses are based on tests with other
Stirling engines. Page ]].94 shows an overall view of
the oil pump and filter, and a picture of the unit is
shown on page [].95,

The water pump is used to circulate the coéling water .

in the main water-circuit. To cool the hydrogén com-

pressor and the compressed hydrogen after the compressor.'ﬁ

a parallel connection to the main circuit is used.

Pagevll-gs ~shows:a;schemefof'the water circuit.

The design water flow at full engme speed and load
is 4.23 kg/s.

The most suitable pump speed has to be'f tested out to

ensure sufficient cooling, at all engine speeds and loads.

- 11-87
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The maximum possible gear ratio between pump and
engine shaft is 0.916:1, which means a water punp
speed of 3 664 rpm at 4 000 engine rpm. This is
chosen for the first engine builds. As option a
lower speed (3 137 rpm) can be obtained. i

Fig. 8.3:5 is the calculated pressure drop for the
Stirling coolers, cylinder block and pipes and
fittings. Together with the water pump flow at

3 664 rpm, the maximum allowable pressure drop in
the radiator is 75 KPa, as can be scen in Fig 8.3:5

‘ Pressure Drop (kPa)

140 ¢

120 & .~~--—-—_——‘——~
Pump Speed 3664 rpm

100

80 Radiator (allowable)

60
40

Stirling Coolers

29 Cylinder Block

Pipes and Fittings

Water Flow (Kg/s)

Tig. 8.3:5 Cooling System Pressure Drop
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The pump is a centrifugal punp, gear driven from

one of the crank shafts via an idler gear. The
impeller is bought as a spare part to a submergeable
waterpump (Grundfos SP 25), and is welded together

from stamped stainless steel parts, The gear drive,
bearings, volute housing and shaft seal arrangement

is designed by Ricardo Consulting Ing. The efficiency
curves in Fig. 8.3:6 are taken from a test with a 4=275
water punp, which has the same impeller. The differences
in efficiency between the pumps arc expected to be
very small.

A Water Pump Efficiency (%)

60 -
+ 4000 rpm engine speed
3000 rpm
40 ¢ 2500 rpm
1 "= 2000 rpm
20 ¢ 1500 rpm
1000 rpm
L
1 2 3 ‘4 Water Flow (Kg/s)

Fig. 8.3:6 Water Pump Efficiency Characteristics
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The water pump power demand can be seen in Figure 8.3:7,

A Waterpump Power (KW)
1,0 L

0‘6 L 3

0,2 ¢

o 4 e
>

1000 2000 3000 4000 Engine Speed (rpm)

Fig. 8.3:7 Water Pump Power Requirements

A drawing of the water pump is displayed on page [].97.
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8,3.6 Combustion Air Blower

Application: The blower is supplying the combustor with
the necessary air for the combustion process.
During the first three seconds of the starting
up period, it is also used for venting the

combustion system,

Specification: The specified fuel flow range is 0.3 - 4.5 g/s,.
With a specified maximum external leakage of
5% and an air excess curve according to
Figure 8,3:8, the blower air flow range is
5.3 - 78.8 g/s.
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Actual Air Fuel Ratio

| Pir Bxcess Factor = )\ = o omatric Air Fuel Ratio

1,3 -»
1,24 --—"’;’,——"'-..--~..._---
1,14
l ,0 -
1 2 3 4 5 Fuel Flow (g/8)
Fig. ©.3:8 Combustor Air/Fuel Characteristics
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The different pressure drops in the system cian
be seen in Fig. 8.3:9. o

A Blower Pressure Drop (kPa)

Combustor

Preheater

(Air Filter + Inlet
+ Outlet)

Ailr Flowmeter

e
80  Air flow (g/s)

Fig. 8.3:9 cComhustion System Pressure Drop Characteristics
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The speed increaser with the Flat bclt drive is devolapedfaf
by USSw and has the following data:

Maximum impeller speed 28,000 rpm

Gear ratic 1:6.33

Large pulley dia. (crowned) 95 mm

Small pulley dia. {(crowned) 15 mm

Belt tensioner pulley dia, 25 mm

Belt type siegling»UUIQE ale,
Fredfors NEZ1

Belt width 15 mm '

Belt length 470 mm

High speed bearings Barden 20lSSTXI

Max, transmitted power 1.5 kw

See page I1-118 for a drawing of the blowers assembly.

The bel" tension is accomplished by a separate spring
loaded pulley. The spring consists of a number of>cup
springs in series. To avoid oil close to the belt
transmission, the bearings have to be shielded and

prelubricated with grease.
The blower housing will be made of cast aluminum.

A number of successful component tests with the flat belt
drive have been made. For example: noise level tests,
accelerated endurance test for 1000 hours, 100,000 cycles,
acceleration and deceleration test and cold start tests

in temperatures down to -28°C.

One of the pulleys of the variable ratio belt drive is
located on the input shaft to the flat belt transmission,
This shaft is *ria an overrurning clutch connected to a |
concentric shaft, which extends through the transmission
case, opposite the input shaft from the variable speed
drive. This shaft extension is by means of a toothed

belt coupled to the atomizer air compressor and the :
electric blower motor. The free wheel allows he blowey
motor to drive only blower and atomizer air compressor =

unit during the starting up period.

II-G4~ -
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The blower is inlet throttlcd, and the throttle
position is normally somewhat closed to give an
air reserve for quick demands.

So far no efficiency measurements on the blower

and variator have becen made, and the figures in
Fig 8.3:10 are theoretical values.

‘ Efficiency (%)

—" Variable Ratio Belt

J' o Drive Efficiency

Blower Efficiency

' $ — g
20 40 60 80 Air Flow (g/s)

Fig 8.3:10 Variable Ratio Belt Drive Efficiency
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The blower powver can be ealeulated as follows:

p oo tew i« 14,5 4 1,05

I ‘7; LI

a B bl

(P = Total pressure drop with throttle in somewhat
closed position. (Fig.$.3:9)

m; = Fuel flow
Alr excess factor (Fit.8.3:8)
va ® \r density 1,11 kg/md (+300C)

A

ng ® Blower efficiency iy, 8.5:10)
ny = Variable ratio belt drive efficiency (Fig. 85.3:17)

A Blower Power (kW)

<

1,4

1,2

1

p

e
v

e * el * e
: w) s0 A1y Clew o1 2}

g
ol o
o
<

Fig. 8.3:11 Blower Power Characteristics
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8.3.7 Alr throttle

Application:

Specification:

Description:

ORIGINAL PAGE 18
'OF POOR QUALITY

The throttle ‘s used for fine adjustment of the oir
flow to the combustor. It is also activated wien a fast
air flow shut off or air flow increase is necessary.

The air flow characteristics shall be as iinenr
as possible with the throttle disc position.

Although, no fast throttle movements are necessary

during normal operating conditions, the travel time
from one end position to another should be 0.” scc.,
when fast response is needed.

Normal position of the throttle is somewhat closed
to give an air reserve for fast demands. The main
combustion air flow control is accomplished by the
variable ratio belt drive.

Tests with a similar throttle indicates a torque
requirement of 0.02 Nm to tum the shaft,

The throttle is a butterfly valve with a friction
clutch between the plate and the DC seriomotor. The
clutch is used instead of limit switches to protect
the servomotor. The motor has a two step gearbox

with a total gear ratio of 354:1. The first step is .

a spur gear transmission with a ratio of 11.8:1. The
second step is a worm gear with a ratio of 30:1.

The motor speed is 12 000 rpm and with the total gear
ratio it will give the valve shaft a .z:eed of 33.9 rpm.

With this speed the valve travel time betueen end '
positions will be 0.4 sec.

The throttle has a feed back potentiometer connected
to the valve shaft via a gear transmission.

11-67




» o oxe e e

H Eah ol el L L gaiade T T 7R
o memasrer TSRISE B 5

ORIGINAL PAGE I8

A test with five different control methods of a
centrifugal blower indicates that the power saving
with inlet guide vanes compared to a butterfly valve
is not big enough to justify the more complex inlet
guide vanes (pg.I1-119),

Page 11-120 provides a drawing of the butterfly valve.  3

Variable ratio belt drive

Application:

The driving pulley of the variator is located on the
main engine shaft, and the driven one on the blower
input shaft.

The main purpose of the variator is to make the
combustion air blower speed independent of the

engine speed. If there was a fixed gear ratio between
the blower and engine, there would be a lot of excess
air, for example at high engine spceds and low leads,
which had to be throttled away with high power con-
sumption as result. Fig. 8.3:12, which shows the blower
speed vs engine speed at dificrent loads can illustrate
this.

11-68

e




o le Mo o /v

Blower Speed

l

1,0 o

GINAL PAGE 1S
gympooa QUALITY

Waste Air at
Full Load

= Full Load

0,8 <
0,6 + Extra Waste Air
at Idling Loacd
0,4 T
Idling Load
0,2 ¢
/
E ad /
/
f— 4 + + e
1000 2000 3000 4000 Engine Speed (rpm)
Fig. 8.3:12 Blower Specd/Engine Speed Characteristics

The variator is also driving the atomizer air
compressor and servo oil pump for power control
from the blower input shaft. This will also give a

power gain compared to a direct drive from the
engine shaft.
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Specification: The gear ratio for the variator is 1:1,6 - 2,6:1,
and the speed ranges for the pulleys are:

slin. speed Max. spead
Main shaft pulley 600 pm 1000 rpmn
Blower input shatt pulley 960 rpm 00 rpe

The hydraulic control pressure is 3 '[la.
To control the pulley position, two on-off soleno: !
valves are necessary, one to increase and onc to

wrease the gear ratio.

Description: The variator is a modified RF 150 b unit from C. & W. {
Berges AG, Germany (page B.8-110). The modification
consists of a built*=-in hydraulic piston on the main
engine shaft pulley, and a redesigned spring on the
blower input shaft pulley. Tle oil to the piston is
taken from the power control servo system, and trans-
mitted by a rotating union in the front of the pulley.
If a tailure occurs due to the loss of oil pressure,
the gear ratio will be decreased because of the spring

loaded pulley. This will give the blower a speed

e e =

corresponding to i1dling speed, and the risk for over-
speeding thc blower 1s eliminated.

Engine tests have shown tiat the air demand changes
from the combustor are ratier slow, which reduces the
requirements for a fast response of the variator control

system. ,

The complete control process is described in chapter ¥

8.2:.3.2

A drawing of the engine main shaft pulley with the

buirlt-in hydraulic piston is illustrated on page]]-122.
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Atomizer air compressor
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Application:

Specification:

Description:

0,8 4

0,6

0,2

The compressor is used to compress air for atomization
of the fuel in the fuel nozzle. ' is also used for
crankcase ventilation.

The necessary air flow and pressure for atomi:ation
is 1.5 g/s at 70 kPa.

The compressor is an oil less vane type compressor
with carbon vanes. It is a modified Gast 0740 compressor,
where most of the cast iron parts are repiaced by
aluminium parts to reduce the weight from 4.2 to2.5 kg.

The servo oil pump for power control, described below,
is integrated with the compressor and driven from the
same shaft.

The compressor has to take the air downstrean of the
air flow meter in the blower inlet, to make sure that
the correct air-fuel ratio is maintained. This air
flow is passed through the crankcase to provide a

ventilation system.

The compressor power demand is as shown in Fig. 8.5:13

‘ Compressor Power (kW)

1

>

v ;
2 3 4 5 Fuel Flow (g 8)

a 2
w v

Fig. 8.3:13 Compressor Power Demand
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8.3.10 Servo oil pump

Application:

Specification:

Description:

ORIGINAL PAGE 1S
OF POOR QUALITY

A drawing o the compressor with the 1ntegrated

oil pump is presented on page [[-123.

The pump is used for the power control system, which
is described in shapter 8.4, and for the control of the
variable ratio belt drive.

Minimum oil flow from the pump is 1 1/min., 1l press.
3 MPa. It must be able to handle a nomal hyvdraulic
oil like “obil DIE 24.

The pump is aspecially designed gear pump, with jears
from W.H. Nichols . pany, type 8030 ¢lass II. The
width of the gears is 0.5 mn. The power demond is

as shown in Fig. £.5:14.

f 1l Pump Power (KW)
:' " L

.1»

Py

Fig. 8.3:11 Servo 011 Pump Power Requirements
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Pressure relief valve

Application:

Specification:

Description:

The valve is used to limit the atomi:zer air pressure.
The pressure must not exceed 0 Kpa.
The valve is standard equipment from Gast Mfg. Corp.,

part No. AA 600. A section view of the valve is

presented on page [1-124.

Electric blower metor

Application:

Specification:

Description:

The blower motor is used during the starting up period
to drive the combustion air blower, atomizer air
compressor and the servo oil pump for power control.
During this period the engine is not running and a
system of free wheeling clutches makes it possible tc

run only these three auxiliaries.

The motorshall be a 12 V unit with a power output of
L]t 1C£lSt 00-8 kl‘!’o

The mctor is series-wound and a standard Bosch unit
with part No. O 136 350 003. A free wheeling clutch
is build into the hub of the belt pulley. During the
starting up period this clutch is engaged and the
electric motor is driving the above mentioned auxil-
iaries. When the engine has started and is driving
the auxiliaries the clutch is disengaged and the motor
is stationary. The motor is thoroughly tested outside
the ASE program with good results. A drawing of the

motor is on page [1-125.
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8.3.13 Air-fuel system

Application:

Specification:

AGINAL PAGE 13
o Son QoA

The system is used to control the air-fuel ratio,
and to supply the engine with fuel.

To minimize delays between the air and fuel supplies

to the combustor, it is prefcrable to primarily contr

the air supply from the hcater tube temperature. The
fuel supply is then governed from an air flow signal
and the desirable air excess factor.

The air-fuel ratio shall be kep within the mubers
in Fig. 8.3:15 at the fuecl noz:zle, both during steud.
state and transicents.

‘ Alr EXcess lactor

1,39

1,0

4

Combustor Alr/Fuel Characteristics
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The air control response shall respond to within

+ 5% of final air flow value for a step from idle
flow to full power flow in 5 sec., and shall respond
to within ¢+ 5% of final air flow value to a step from
from full power air flow to idle air flow in 0.5 sec.
The air/fuel control system shall be designed to be
insensitive to changes in atmospheric pressure and
temperature between -300C to +450C.

The air pressure drop in the air flow meter shall be kept
as low as possible, and below 1.5 kPa at full air flow.

-

Description: The air-fuel system consists of the parts included in
Fig. 8.3:16.

C—

1]

E | | J |

Fig. 8.3:16 Front View of a Mod I Engine
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1. Air flow meter

2. Fuel filter

5. Fuel supply pump

4. Fuel pressure regulator
S. Fuel metering pump

6. Fuel equalizer valve

7. Fuel valve

8. Fuel tank

As an example, an existing air-fuel system from
Autotronic Controls Corp. is described below.

Air flow meter

The meter is a turbine flow meter with a carbon fiber reinforced
plastic impeller. It is a volume flow meter with compensation for
air pressure and temperature. The air flow range is 15:1.

rage l1=127 contains a further description of the flow meter.

Fuel filter

The filter is standard Bosch fuel filter with part No. 0450 905 010,
which is used in fuel injection systems.

Fuel supnly pump

The pump is used as a fuel booster and supoly pump to the metering
pump. It is a standard Bosch fuel pump with part No. 0580 254 996,
which is used in fuel injection systems. 4 drawing of a similar

pump is presented on page []-128,

The regulator is controlling the fuel boost pressure and is set
at a value just above the peak pressure in the fuel noz:zle. It is
a standard Bosch regulator, part No. B 438 180 000.
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The pump is delivering the correct amount of fuel to the fuel noz:zle
in proportion to a signal from the electronic control system, based
on air flow and air excess factor. It is a gear pump with multifuel
capability, driven by a Dl motor with a feedback tachometer. See

page [1-129 for further description of the pump.

The valve is used to keep the pressure drop over the metering pump
constant anc at a low value. The internal leakage in the metering 5

pump will thus be very low, and the output is proportional to the i
metering pump speed. A further description of the system and the

valves is presented on page []-130.

Fuel valve

The valve is a three-way solenoid valve used for fuel shut off. When
the fuel line to the engine is closed, a by-pass 1line to the tank
makes it possible to run the metering pump.

Alr filter

The filter is used to filtrate the combustion air and is an ordinary
air filter used on IC engines.

Hydrogen compressor

The compressor is described in detail in chapter 8.4, 8.7
The power demand is based on the compressor running in a short
circuiting mode. See Fig. §.3:17.
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A Compressor Power (kW)

0,8¢
+
C,6 <4
-+
0,4 &
4
0,2 4
-+
- + + + >
1000 2000 3000 4000 Engine Speed (rpm)

Fig. 8.5:17 Hydrogen Compressor Power Requirements
(Short Circuit Mode)

After cooling pump

Application:

Specification:

Description:

The pump is used to circulate the cooling water to avoid

overheating ot seals, after cngine has been shut off.

The punp is ruaning intermittently and is governed by
a thermocouple in one of the Stirling coolers. Tests
have shown that a waterflow of about 0.5 1/sec. is
sufficient.

The pump is an axial flow pump, inserted in a bend
in the main water circuit. The impeller is driven by
a [ motor via a toothed belt transmission. A

drawinag of the pump 1s presented on page [[-131.

11-78




ORIGINAL PAGE 13
OF POOR QUALITY

8.3.17 Crankcase ventilation

Application: To avoid the risk of an explosion due to hydrogen
accumulation in the crankcase, a ventilation system
is needed.

Description: The atomizer air compressor suction side is connected
to the crankcase via an oil separation filter. The
filter is nceded to prevent oil from reaching the
carbon vanes in the compressor and the fuel noz:le.

8.3.18 Air-conditioning compressor

The compressor is a standard unit for IC engines, manufactured by
Sankyo, model No. SD 507. The power demand of the compressor is for
example Jependent of discharge pressure and evaporating temperature.
The power demand at 240 psig and 40°F is shown in Fig. 8.3-18,

‘ Compressor Power (kW)

44
3 4
2 4
14
+ + + + S
1000 2000 3000 4000 Engine Speed (rpm)

Fig. 8.3:18 Airconditioning Compressor Power Requirements
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8.3.19 Power steering pump

The punp is used both for power steering and power braking, and is

a standard unit for IC engines. It is manufactured by Saginaw Steering
Gear Div., model No. 783 00 00. The power demand is calculated to be
as showr in Fig. 3.3:19.

* Steering Pump Power (kW)

1.5 %

0,3 »

’ " + o {2
1000 2000 1000 4000 Engine Speed (rpm)

Fig. 8.3:19 pPower Steering Pump Power Requirements
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8.3.20 Total auxiliary power demand
The total auxiliary power demand at full load condition can be seen
in Fig. 8.3:20. The power demand at no load condition can be seen in

Fig. 8.3:21. Excluded are the air-conditioning compressor and power
steering pump.

Auxiliary Power of Full Load (kW)

Combustion
Alr Blower

14

Atomizer Alr
compressor

Servo 011 Pumg

wWater Pumj

Hydrogen
Jompressor

Alternator

N

\

e 4 S

1000 2000 3000 4000 Engine Speed
: Fig. 8.3:20 Auxiliary Power Requirements at Full Power
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Auxiliary Power at No Load (kW)

Combustion Air Blower
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Fig. 8.3:21 Auxiliary Power Requirements at No Load

16 %008 &

11-82




OR‘C"‘JAL PAn:
OF wa (S
APPENDIX POOR QUALITY

STARTER_MOTOR REPORT

Conventional internal combustion engines require a starter to provide corque
to overcome static friction and dynamic dreg of the engine and to raise engine
rpm to a level sufficient to initiate combustion and sustain operation. As
illustrated in Figure 1, these same considerations are complicated in the
Stirling engine by the additionsrl power generated by the engine once the
piston rings have seated. The combined power generated by the starter and the
engine accclerate the engine. Piston rings which provide an optimum seal
between the hot and cold spaces, allow the engine to significantly assist in
the starting sequence. Sufficient power is generated by the engine so that,
with termination of the starter motor at a relatively low rpm, the engine is
self sustaining. Deteriorated piston rings, however, require continued
cranking of the starter motor until the startar motor contribution is almost

negligible before termination.

Insufficient knowledge of the engine's contribution requires qualifying the
Mod I design by comparing it with P-40 starting experience and by limiting the

ana.;'sis to a comparison of starter power to engine drag.

Figure 2 illustrates the engine drag starting requirements with ESSO 20W40 oil
for summer temperatures, and a low viscosity oil, Mobil SHC 824, for winter
(cold day) temperatures. Automotive practice includes temperature to

=29°C (=20°F). The engine's drag includes piston ring, cross head and seal
friction, bearing and gear losses, and oil pump and water pump power
extraction. For the Stirling engine, thes» requirements demand an engine
starter motor power that exceeds the power of motors commercially available

that fit the Spirit transmission.

11-83

e e v i s e e 1 e s R—




ORIGINAL PAGE IS
OF POOR QUALITY

Several options were investigated to meet the starter requirements. All were
considered to be either an excessive compromise tu the engine/vehicle system

or too expensive and time consuming. The following items were considered:

® The Mod I engine is primarily a laboratory experimental engire with

only one engine devoted to vehicle operation.

e The higher power required is principally due to higher piston ring
friction and engine drag, items being addressed under component

development activity.

e The starter motor requirement is not well understood without consi-

dering the Stirling engine's self-assistance characteristic.

The selected 12 volt starter motor system, a Chrysler 1.3 kW (1.8 hp)

[P/N 4111680] unit, is compared to F-40 experience in the AMG Spirit in
Figure 3. Figure 3 illustrates that for summer temperatures with 20W40 oil,
the Mod I engine starting capability is similar to that of the Spirit.

Figure 4 shows that by replacing the oil (recommended for temperatures below
10°C) with a low viscosity oil such as Mobil SHC 824, starting is possible to

0°C.

Mod I engine testing should include the acquisition of data to better define the
engine's contribution to the starting sequence and a more acciurate definition of

the RESD starter requirements,
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Mobil SHC 824
1.8 hp Chrysler Starter
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24 Volt

| Starting Range

Engine Speed on rpm

Figure 4 ASE Mod I Starting
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TABLE 1

MOD I ENGINE STARTER MOTOR

CONC!USIONS

o (1.3 Xw) 1.8 np - 12v STARTER WILL PROVIDE STARTING CAPABILITY
COMPARABLE TO CURRENT AMG P-U0 SPIRIT WITH ESSO 20 w 40 o1L

o (1.3 Kw) 1.8 P - 12v STARTER ESTIMATED CAPABLE OF STARTING MOD I TO
0°C OR LOWER WITH MOBIL sch - 824 oIL

@ RUN VEMICLE WITH ESSO 20 w 40 1N WARM WEATHER AND CHANGE TO MOBIL
scH 824 wHEN TEMP IS LESs THAn 10°c

e FUTURE DEVELOPMENT SHOULD INCLUDE:

A) REDUCED POWER CHAIN LOSSES
B) CONTINUED DEVELOPMENT OF PISTON RINGS
C) DEVELOPMENT OF TEST DATA TO IMPROVE STARTER MOTOR

SPECIFICATION

d 40
2140

ALIVNY y



06-11

TORPWE (8 FT

e R

_i § Pwow koM
®
Sy

”s

s |2ood 2 |22
! -
¢s; 0| w

,l 0 'l -~ "o v‘ “
CURRENT - AMPE RES

PERFORMANCE CHECK
(BRUSHES NOT SEATED)

NO-LOAD TEST :
VOLTS MAX AMPS RPM
11.0 90 $700-6300
LOCKED RESISTANCE TEST:
VOLTS AMPS RESIST (a)
40 $75-550 .0084-.0073
RUNNING PERFORMACE : -
(VOLTAGE -USE VOLTS CURVE)
TOROQUE AMPS RrPM
0 200-3/5 800-500
35 80-800 550-/5C

STaLL voLTS

Fig. 5 Cranking Motor Performance Curves Motor Type-Gear Reduction P/N 3755250
Gear Ratio-Arm Shaft to Pinion 2:1

s g

ALITYND ¥0Od 40
sl 30Vd TYNIDRO



16-11

T ———

5
o 4
>
~d
N
(o]
(o]
»
-
: 3
3
[*]
)
1]
1
9
-2
e
<
]
)
= |
=
1%
O
s A

(¥

55 Ampere Alternator

7
"\
/
Horsepower-
,, Full Load
’I
- ’, ,
7 '
/&L
’
7 Hor sepower -
— s Half l.oad
Torque-
Full Load
P
i ”\
HOrscpow. r-
No lLoad
Torgue-
Half Load
sl
Torgue-
No load
-
0 4 5 G 7 8 9 10 11 12 13 14 15 >

rlie.

Altcrnator speed (rpm x 1000)

55 Ampere Alternator Power Demands

Y0 d00d 40

S 30Vd TYNIOINO

Al



ORIGINAL PAGE 1S
OF POOR QUALITY

m

77 ek (meateverores ae)

/ Wooaicyh S (HeIMY o A 900 OXS 006
/ Frbderbrrndw A7, 9.890.0/0

l uofor yémw nfs o QWT.0%/.00F
/ (oﬂ”Cf‘"ﬂ,‘(Q M"‘.‘ ne ,?z"{{’ =

, -

y u-—-—+ .—J.
-. - cafy o .-.—'_WM r«-’
THE ¥
i tm:x;u 3

Banene o
~t 3 2 rese.
Orehstrom. W
frovea

v "

il
F

Wi Ae B S T PO | I o Ly |0 et g g

e, 0. /70 TEP. TV . 5 [ T T ==
marsd o |0 " |eemmrem, Saams soer P
o

= ‘ @'[ﬁ s F-. -
KOMMANOITBOLAGET | Bendmnng . vJ'&-..
UNITED STIRUNG | L4 &L T 70/ 7S £74A ;——J

b 12569

Figure 7

11-92

————— e e B




Diehstromgeneratoren

Kennlinien
ORIGINAL PAGE IS
Typ K1 ::; g: : OF POOR QUALITY
MYV 32A 22
14V 4&5A 20
mmamn
h=tn)
U= 14V konst,
]
/“ _;_———'4¥3 A 20
1i4f" I
¥ 4 4V 4SA 20 '
o ' -+
|
y, 1 |1 !
ri <
1 A ‘
< / I |
§ 14V IS A 20
g 1A | EEEEEEE
L] [ EEENE YY)
i A | '
JA =t § ] !
VA 1 1
[/
/
A "
! 70 7 : | L1 /Y /
7 v S5A 20) 7 y.4
7 /AREAR S
|| WAV /
18 II h s 1 -
]'T / 14V 32 A 22
/1] 14V 38 A 20
7
7 "0 1000 1200 1400 1600 M-
1 n
]
|
1000 2000 0 5000 000 7000 min-!
Generatordrenzanl n

Kenniinien bei Enderwirmung, Umgebungstemperstur ca.
257°C. Regiler bericksichtigt.

11-93




ORIGINAL PAGE 13
OF POOR QUALITY

Fig. 9 Overall View of 0il Pump and Filter
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Fig. 11 Water Circuit
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COMBUSTION AIR BLOWER DEVELOPMENT REPORT

As shown in Table 1, the investigation of P-40 auxiliary parasitic losses
quickly identifies the combustor air blower as a major contributor. At max
power, approximately 40% of the auxiliary losses can be attributed to the
blower. A 30% reduction in the totul auxiliary power extraction has been
realized thrcugh the development of an efficient blower which was sized for

the automotive application.

The blower specifications, which are defined in Table 2 and Figqure 1, not only
address improved efficiency but reduced component size, improved durability,
and low noise. The geometry of the blower was selected by performing a

parametric study. The study had three principal objectives:
® Selection of the type of blower for the Mod I application.

- Selection of the centrifugal-type blower was accomplished b’
applying the blower specification values and required ‘‘echanical
characteristics to the parameters defined on th. turbo-

compressor performance chart, shown in Figure 2,
e Optimization of the geometry for performance and coste.
® Analysis of bearing life and control speed.

The objectives and parameters investigated are defined in Table 3. For the
Mod I flow, pressure rise, and desired diameter, a radial centrifugal blower
provides the best opportunity for high efficiency. Table 4 compares the

advantages and disadvantages of the various types of blowers.

PRECEDING PAGE BLANK NOT FILMED \
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The optimum geometry of the centrifugal blower, its advantages and its
disadvantages are also shown in Table 4. These options do not provide
sufficient performance gains to justify the development and production cost
for the Mo¢ I application. Selection of the impeller diameter and designed
speed of the blower was determined by evaluating the blower efficiency with a
fixed volute housing outer diameter and optimum impeller tip speed shown in
Figure 3. The blower geometry study resulted in the following conclusions,

also shown in Table 5:
e The centrifugal blower is the best for the Mod I application.
@ The least complicated geometry is the most cost effective.
e The optimum blower speed is 26,000 to 28,000 rpm.

After the desired blower speed was defined, a critical speed and bearing life
analysis were performed. Figure 4 shows that the critical speed of the blower
does not limit the desired speed range. With the estimated bearing stiffness,
speeds up to 50,000 rpm are possible before the first critical speed limits

the blower operation.

In the bearing life study, bearings were evaluated fcr fatigue, lubricant
staivation and life, and cage failure. The significant conclusicn and
recommendations of this study are shown in Table 6. The environmental
temperature of the bearing, which influences lubricant starvation, and, tc a
lesser degree, grease life, are the factors that limit the desired speed of
the blower to under 30,000 rpme The Bardon 201 SST x 1 bearing with phenolic

and aluminum cages were selected for improved cage life.

I Tt PR R
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The experimental blower and the currently proposed production blower are shown
in Figure 5. The experimental blowar is machined ancd provides the tlexibility
to optimize the impeller height and volute housing. The proposed production
blower has a cast housing and a slight reduction in the impeller diameter to

improve the diffuser diameter ratio.

The experimental rest rig is shown in Figurc 6. Test results from this rig

are shown in Figures 7 through 9.

Figure 7 shows the peak efficiency island and the data acquired from 5,000 to I
26,000 rpm. All the data shown, from 0 flow to 20% in excess of the required

flow, was stable. There was no blower surge experienced in any tests to date.

Figure 8 illustrates that the power demand of the straight vane combustor will
require approximately 1.25 kW. This is about 1/3 of the previous power demand

requirements of the blower.

Figure 9 shows the sensitivity of the blower performance to the impeller

clearance and volute volume. The pressure rise of the blower is significantly
altered by the impeller clearance. Decreasing the clearance from .015 to .008 |
inches improves the pressure rise about 5% (approximately 2-1/2% in efficiency). |
In other testing to reduce blower size, the volute housing volume was reduced

by about 25% with no discernable reduction in performance.
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TaBLE 1

MOD I COMBUSTION AIR BLOWER
BENCFIT OF DEVELOPMENT

P-40 AUXILIARIES PARASITIC LOSSES
AUXILIARIES LOSSES (@ 15MPA & 4000 grep)
Kw e
" eXe]
COMBUSTION AIR BLOWER 5:2 43z *‘%
.
, O =
ALTERNATOR 2.2 S =
LUB OIL PUMP 45 Q3
>0
WATER PUMP .05 c™
57% < v
OIL SERVE PUMP wdd
ATOMIZING AIR COMPRESSOR &
FUEL PUMP =154 e
TOTAL 7.47 100Z
CONCLUSJONS
@ COMBUSTION AIR BLOWER 43X OF AUXILIARIES PARASITIC LOSSES
@ SIGNIFICANT REDUCTION IN PARASITIC LOSSES IS AVAILABLE THROUGH DEVELOPME I
OF A SNALL, EFFICIENT BLOWER

ESTIMATED AVAILABLE POWEX REDUCTION - 2Kw @ MAX POWER OR 30% OF PARASITIC LOSSES



TABLE 2

Gt Ut B Lo SRodl Lot b Ll L 4 o
i e ——

Lt Gl o SRS SiNL b catlon, ol A b a2 & oo

COMBUSTION AIR BILOWER SPECIFICATION
GEOMETRY: MAXIMUM DIAMETER - 200mm (7.87 In.)
ROTATION - CLOCKWISE LOOKING INTO BLOWER INLET
USS/MTI INTERFACE - BACK SURFACE OF IMPELLER HOUSING
!
; PERFORMANCE : SPEED - TO BE DETERMINED BY PARAMETRIC STUDY
EFFICIENCY - 65-707 AT LOWEST AIRFLOW POSSIBLE, WITHOUT

AN EXCESSIVE COMPROMISE OF MAX FLOW EFFICIENCY
REQUIRED FOR ENGINE ACCELERATION

AIRFLOW

CAPACITY - 5.3 GRAMS/SEC MIN (START/IDLE)
79 GRAMS/SEC MAX, INCLUDES 4 GRAMS/SEC MARGIN
FOR LEAKAGE
PRESSURE DROP - 2 ALTERNATIVE COMBUSTION SYSTEMS (FOLLOWING FIGUSE)
1) CGR SYSTEM WITH YALYE
BLOWER MUST PROVIDE FULL RANGE OF FLOW WITH
STABLE OPERATION, AND WITH CGR VALVE FAILED,
STABLE OPERATION BUT NHOT FULL RANGE OF FLOW-
2) CGR STRAIGHT VANE SYSTEM
BLOWER MUST PROVIDE FULL RANGE OF FLOW WITH
STABLE OPERATION-
NOISE - LOW NOiSE LEVE:L (APPROXIMATELY 78 DBA GOAL)
WITH INLET MUFFLER INSTALLED-
ENVIRONMENT - MAXIMUM INLET TEMP- 40°C (104°F)

AUWV”O!KM}g’O
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BEARING/ ROTOR
ANALYSIS:

LIFE

OPERATION

BELT FORCE:

TaBLE 2 (ConT,)

-3000 Hours
“ATIME
5%
30%
502
15%

= <?2 KG + BLOWER ronci)s.SO KG MAX

2

MAX
831
671
443
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Total Combincd System Pressure Drop AP (kPa)

18

16

14

12

10
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- Inlet Conditions
40°°
kPa (abs)
~ CGR Valve Failer
in Closed Position
- Estimate of Straight
vane Compressor \\\
s

CGR System Design
T10% Limits

Design Line

Maximum Blower
Power Design
A 4

1 1 L . 1 1
0 10 20 30 40 50 60 70 80

Air Flow (g/s)
(Includes 4 g/s Margin for Maximum Power and 5% Margin for Leakage)

Figure 1 Combustion Air Blower Design Requirement
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TaBLE 3
MOD I COMBUSTION AIR BLOWEP.
PARAMETRIC STUDY

OBJECTIVE

@ DEFINE TYPE OF BLOWER FOR APPLICATION
® DEFINE OPTIMUM BLOWER GEOMETRY

@ DEFINE BLOWER SPEED

RA N
® BLOWER GEOMETRY
- REGENERATIVE
= CENTRIFUGAL

= AXIJIAL OR MIXED
@ OPTIMUM BLOWER PERFORMANCE

- BLOWER SPEED
- 3 DIMENSIONAL VANES

-~ BACKWARD LEANING VANES
- VANED DIFFUSER
IMPELLER DIAMETER

@ CRITICAL SPEED
® BEARING LIFE - EVALUATE BEARINGS FOR:

= FATIGUE
= LUBRICANT STARVATION & LIFE

= CAGE FAILURE



GLOMETRY

REGENERATIVE

AXIAL

801-11

CENTRIFUGAL

~ STRAIGHT BLADES
- BACKWARD LEANING BLADES

- 3 DIMENSIONAL BLADES

= DIFFUSER VANES

TaBLE 4

MOD ! COMBUSTION AR BLOWER

PARAMETRIC STUDY
BLOWER GEOMETRY

ADVANTAGES

HIGH PRESSURE CAPABILITY
LOW SPEED
NO SURGE FLOW RESTRICTION

STEEPLY RISING PRESSV+E
CHARACTERISTICS
SMALL DIAMETER

GOOD SURGE MARGIN
COMPACT SIZE
GOOD EFFICIENCY

65-75% EFFICIENCY

<17 CHANGE IN EFFIZIENCY
@ LOW PRESSURE RATIO

<17 CHANGE iN EFFIC'ENCY

2% CHANGE IN EFFICIENCY

DISADVANTAGES

SIZE
WEIGHT
INEFFICIENT

POOR SURGE MARGIN
INEFFICIENT

SIZE FOR IMPROVED
EFFICIENCY (LONG
DIFFUSOR)

ULTRA HIGH SPEED

HIGH SPEED

PRODUCTION & DEVELOPMENT
COST

PRODUCTION & DEVELGPMENT
COST

PRODUCTION & DEVELOPMENT
COST

EFFICIENCY IMPROVEMENT

GOOD FOR ONLY A NARROW

RANGE OF FLOW
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Mod I Design
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) (7.87 10.)
Impeller Tip Speed 454 tt/ s Twpcller Drameton
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40 =
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Figure 4 Mod 1T Combustion Alr Blower Varoametric Study
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TaBLE 5
MOL | COMBUSTIUM AIR BLOWLR

PARAMETRIC STUDY
CONCLUSIONS_OF BLOWER GEOMETRY STUDY

CENTRIFUGAL BLOWER BEST FOR AUTOMOTIVE APPLICATION
LEAST COMPLICATED GEOMETRY MAST COST EFFECTIVE

OPTIMUM SPEED FOR s1Z€ 26,000 - 28,000 wren

yood 40
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TABLE 6
MOD I COMBUSTION AIR BLOWER

BEARING LIFE STUDY
CONCLUSIONS

EATIGUE

® BEARINGS HAVE MORE THAN ADEQUATE LIFE WITH NORMAL CONDITIONS OF
LUBRICATION AT 28,000 rpm

@ BLOWER SPEED 1S NOT LIMITED BY BEARING FATIGUE

B NT_STARVATION AND LIF
® NORMAL LUBRICATION CAN BE MAIMTAINED AT BEARING ENVIKONMENTAL
TEMPERATURE OF 150°F oR LESS
o 2100 HRS GREASE LIFE REQUIRES 1 REPLACEMENT DURING LIFE OF BLOWER
4

BLOWER SPEED LIMITED BY GREASE LIFE

CAGE FAILURE
o SELECTED A BARDON 201 SST x 1 BEARING WITH PHENOLIC AND ALUMINUM CAGES
FOR IMPROVED CAGE LIFE

RECOMMENDAT 10N

@ USE EXXON ANDOK “c" OR TEXACO MULTIFAK — ALL PURPOSE GREASE
8

THE ENVIRONMENTAL TEMPERATURE OF THE BEARINGS SHOULD BE MONITORED IN
TESTS



gli-11

|
I\
gy

~ |
T T

2 A R s X

Volute

Experimental

(Machined) Proposed Production

(Cast Housing)

Mod 1 Comlustion Plower Aty Blower Designs

Impeller

ALITYND ¥o0q 4
(o)
£1 39vd WwNmNo



Shut-Off
Pressures

U-Tubes)

' Temb. Read Out

Speed Read Out

Tech. Development
Turbine Drive Motor

Torque
Read Out

&
o)
-
=
o
© =3
=9
T 2
- >
-‘
mr‘
o3
éo
O m
(@]
o
Py
>
®
o =

Fig. 6 Mod I Combustion Air Rlower Experimental Test Rig




STI-11

(mm H_.0/100)

AP

Rilsc

Pressure

14

10

Efficiency

original Design
.015 Clearance

pata Corrected to

40°C ard 14.5 psia

Figure 7

Inlet Flow (cfm)

Mod I Combustion Air Blower Test Results

Q) ~ 6
\ V4 ? & l""l
/" <
/7 4'000
/, (‘[)m
P4
2
Log
fom 31"
e, 3
.46"
€1
631 D12
Runs 45-75
) ;
L HE
L | 1 | | |
100 120 140 160 180 200 220

vNd ¥0od 410

35Vd YNIDIYO

AN
«



911-11

Pressure Rise AP (mm H20/100)

Build

1

Power
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Original Design

e, = .46
1
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\\‘\\
1.1 kW
S 1.0

Inlet Temperature 69-73°F
Tolerance = 5%

| | 1 | |
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Inlet Flow (cfm)
Figure 8 Mod 1 Combustion Air Blower Test Results
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Figurc 9 Mod 1 Combustion Air Blower Test Results
Effcct of Vane Clearance and Volute Volume at
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STAKIER MOTOR

“ont ntional interr. 1 combustion e aines require a starter Lo provide torgue

it

to cvercome static triction and dyramic draq of the encine and to raise enginre

power to a level which is sufficient to initiate combustion and sustain

I

operation. As illustrated in Figqure 1, these same consideral ions are
complicated in the Stirling enaine by the additional power generated by the
engine once the piston rings have seated. The combined power generated by the
starter and the engine accelerate the enaine. Piston rings, which provide an
optimum seal between the hot and cold spaces, allow the engine to sianifi=-
cantly assist in the starting sequence. Sufficient power is oenerated Ly the
engine so thai, with termination of the starter motor at a relatively low rpm,
the encgine i= self-sustaining. Deteriorated piston rings, however, require

-

continued crankina of the astarter motor until the starter motor contribut ion

is almost nealigible before termination.

Insufficient knowledge of the engine's contribution reguires qualifying the
Mod I design by comparing it with P-40 starting experience and by limiting the

analysis to a comparison of starter power to engine draa.

Fioure 2 illustrate: the engine drag starting requirements with ESSO 20W 40
oil for summer temperatures, and a low viscosity oil, Mobil SHC ¢24, for
winter (cold day, to =-29°C) temperatures. The engine's drag incl ides piston

ring, cross head and seal friction, bearing and gear losses, and oil pump and

warer pump power ext-action. For the Stirling engine, these requirements
demand an encine sta-ter motor power that exceeds motors which are commer-

cially available anéd that fit the “pirit transmiss on.

I1-132
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Table 1 tabulater the options investigated to meet the starter requirements.
All were considered to be cither an excessive compromise to the engine/velicle
system or too expensive and time consuming. The following items were

considered:

® The Mod I engine is primarily a laboratory experimental engine with

only the engine devoted to vchicle operation.,

e The higher power required is principally due to higher piston ring
friction and encine draa, items being addressed under component

development activity.

® The starter motor requirement is not well understood without

considering the Stirling engine's self-assistance characteristic.

The selected starter motor system, a Chrysler 1.3 kW (1.8 hp) [P/N 4111860
with 12 volts for the vehicle and with 24 volts for the laboratory engines, is
compared to P-40 experience in the AMG Spirit, shown in Figure 3. Figure 3
illustrates that for summer temperatures with 20W 40 oil, the Mod I engine
starting capability is similar to that of the Spirit. Figure 4 shows that
replacing the oil (recommended for temperatures below 10°C) with a low
viscosity oil such as Mob:1 SHC 824, starting is possible to 0°C. The
addition of a supplementary 24 volt system, as shown in Figure 5, will provide
the starting capability to the required =29°C. The modified wiring of the
starter system for 12 or 24 volts, requires severing a bus bar in the starter
solenoid to limit solenoid voltage to 12 volts to prevent damage. The starter
motor is capable of accepting 24 volts without damage as long as prolonged

cranking is avoided.

Mod I engine testing should include the acquisitien of data to better define

I1-133




the engine's contribution to the starting sequence and to be prepared for a
more accurate definition of the Mod II starter requirements. Component
development directed at the Mod II should include continued development of

reduced engine drag during starting and reduced blow-by piston rings.
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2)

3)

2:2 Kw (3 nwp) - 12v
STARTER

4111860 - 24v STARTER
A) 2 BATTERIES

B) 3 BATTERIES

4111860 - 12v SYSTEM
AND 24v EXTERNAL BOOST
SYSTEM

TIABLE T
MOD TARTER OPTION
PROBLEMS
1) appProx. 75 MM (3”) LONGER THAN

2)

3)

1)

N b
~

1.3 Kw (1.8 HP) CHRYSLER STARTER
= INTERFERENCE WITH STEERING
GEAR BOX

REQUIRES REBUIDING CHRYSLER
STARTER =~ TIME AND DOLLARS

REQUIRES REDESIGNED OFF~SET GEAR
BOX TO IMPROVE STARTER/ENGINE
SPEED MATCH ~ TIME

VOLTAGE DROP DISRUPTS ELECTRONIC
CONTROL

LOCATION OF EXTRA BATTERY
EXTRA WEIGHT OF VEHICLE

MODIFIED STARTER AND ELECTRICAL
WIRING

COMMENTS

VEHICLE MODIFICATIONS
UNACCEPTABLE

COMPLICATES CONTROL
SYSTEM

LEAST IMPACT On
YZHICLE
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ALTERNATOR SIZING

AM General was requested to size the alternator for the Mod I engine with
AMC vehicle electrical load. The electrical load for the Mod I was rated at
150 watts or 12.5 amps. Based on this, an investigation was conducted by
the AMC electrical group to size the alternator for the engfne.

A general outline of the AMC computer program which explains the rating
procedure and {its derivation is representative of the technique being
employsd to evaluate the final electrical loads.

1. A rating procedure has been developed which evaluates any given charg-
ing system on any given vehicle. A charging system is determined to be
adequate by meeting the limits set on three (3) operating conditions
and a rating number. The rating number is the result of an empirical
equation that weights the three (3) operating conditions with respect
to each other and to actual usage. The conditions are:

a. Amperes discharge at idle.
b. Minimum MPH required to match typical load.
€. Minimum MPH required to match maximum load.

The parameters applied to the procedure to obtain the three (3) operat-
ing conditions are:

1) Alternator output characteristics.
2) Vehicle electrical loads.

3) Alternator drive ratio.

4) Axle ratio.

5) Tire Size

6) Idle RPM

7) Driving schedule electrical loads.

a) Typical summer or winter
b) Maximum summer or winter
c) Idle summer or winter.

The empirical equation was derived to correlate with the ratings. The
AMC equation is:

(MPH to Match)? (MPH to Match)? (Idle)Y2
Rating = Typical Load) + (Maximum Load) + (Discharge)

2
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2. The limits for rating a charging system should be as follows:
(a) MPH to match typical load - 25 maximum.
(b) MPH to match maximum load - 30 maximum.

(c) Amperes discharge at idle - Summer - 25 maximum.
Winter - 20 maximum.

(d) Rating number = Summer - 22.5 maximum
Winter - 19.5 maximum.

The rating procedure as it finally evolved can be described in three phases:
1) input, 2) output, and 3) limitations. Phase No. 1 may be reviewed by
1isting each of the parameters put into the computer.
Phaze No. 1
(a) Alternator performance curve based on the particular machine
being evaluated and whether i1t is a summer or winter application.

(b) Pulley Ratio based on driving and driven pulley sizes.

(c) Road Factor based on vehicle and worst case axle and tire size
options.

(d) Idle RPM based on engine and A/C off or on.

(e) Maximum Electrical Load as derived in parameter description.

(f) Typical Electrical Load as derived in parameter description.

(g) 1dle Electrical Locad as derived in parameter description.
Phase No. 2 consists of the results of the calculations. They are:

(a) MPH to match typical load.

(b) MPH to match maximum load.

(c) Amperes discharge at idle.

(d) Charging system rating number.
Phase No. 3 consists of applying limits to the results to determine adequacy
of the charging system vs. vehicle combination. The evaluations covered by
the data included in this report are based on the following 1imits.
Maximum mph to match typical load was set at 25. This value was chosen

based on typical constant speeds in heavy traffic, ¥ of time at various
engine speed, and X of time at idle.




The maximum mph to match maximum load was set at 40. This value is based on
a typical country driving condition where the maximum load would be applied
as a continuous mode.

The maximum discharge at idle was limited to 25 amperes for summer and 20

amperes for winter. These levels are such that the charging system should

be able to recover the ampere hours lost while being operated in a typical

driving condition. The system rating numbers were given maximums of 22.5

for summer and 19.5 for winter. These maximum rating numbers can be referred
to as the "beginning of battery problems". More ideal 1imits are considered
to be 21.0 for summer and 18.0 for winter.

The AMC rating number is not the only indicator of an adequate charging
system. Each operating condition 1imit is also imposed It is obvious that
if 1imit values for each of the three operating conditions were taken, the
rating number would exceed the limits of 22.5 and 19.5. This situation
displays the interdependency of the operating conditions. It is common for
a given system in a given vehicle to have the mph to match typical load at a
near 1imit value and have a low discharge at idle with the combination
having a proper rating number. The reverse can also prove to be true.
However, each condition must conform to its specific limit.

The AMC computer recommendations are as follows:
PART 1
AMG input - 1980 Concord 4-door sedan
= Air Conditioning
- 3.07 Axle
= 12.5 Amp load for Stirling Engine
ALTERNATOR MATCHING PROGRAM
Input Data

1 - Desigr description AMG

2 Alternator file name - see below.

Pulley ratio - see below

Road factor 41.3

Idle RPM - 600
Max. Load 45

Typical load 41

o ~ o w = w
]

Stall load 48




BOSCH 55 AMP ALTERNATOR WITHOUT A/C
3 - Pulley ratio 2.4

Calculated results:

Max. load velocity 24.22
Typical load velocity 20.82
Idle discharge 22.07
System rating 19.41

BOSCH 55 AMP ALTERNATOR WITH A/C
3 - Pulley ratio 2.55

Calculated Results:

Max. load velocity 22.79
Typical load velocity 19.60
Idle discharge 20.22
System rating 18.11

BOSCH 65 AMP ALTERNATOR WITH & WITHOUT A/C
3 = Pulley ratio 2.2

Calculated Results:

Max. load velocity 21.72
Typical load velocity 19.76
Idle discharge 20.53
System rating 17.91

PART I1

AMG Input - Same as Part I except
Vehicle Rear Axle Ratio - 2.3

Input Data

1 - Design description AMG

2 - Alternator file name - WB0-55:
3 - Pulley ratio - 2.55

4 - Road factor 32.0

I1-145

S - Idle RPM - 600
6 - Max. load 45
- Typi;ll load 41
8 - Stall load 48



BOSCH 55 AMP ALTERNATOR WITH A/C

3 - Pulley ratio

Calculated Results:

Max. load velocity
Typical load velocity
Idle discharge

System rating

29.
25.
16.
21.

BOSCH 65 AMP ALTERNATOR WITH A/C

3 - Pulley ratio

Calculated Results:

Max. Loid velocity
Typical load velocity
Idle Nischarge

System rating

ALTERNATOR CURVE FOR BOSCH 55

1000.
1200.
1400.
1600.
1800.
2000.
2200.
2400.
2600.
2800.
3000.
3200.
3400.
3600.
3800.
4000.
4200.
4400.
4600.
4800.
5000.
5200.
5400.
5600.
5800.
6000.

27.
24,
19.
20.

AMP ALTERNATOR

=g.

8.
21.
25.
31.
36.
39.
41.
42.
44.
46.
46.
47.

63
00
72
11

49
18
14
66
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INPUT

A.

B. PULLEY RATIO
C. ROAD FACTOR
D. ENGINE IDLE RPM
E. MAXIMUM VEHICLE ELECTRICAL

LOAD - AMPERES
F. TYPICAL VEHICLE ELECTRICAL

LOAD - AMPERES
G. IDLE ELECTRICAL LOAD - AMPERES
OUTPUT
A. MPH TO MATCH TYPICAL LOAD il

\ ?G ,

B. MPH TO MATCH MAXIMUM LOAD el ==
C. AMPERES DISCHARGE AT IDLE f\@z‘.:l@
D. CHARGING SYSTEM RATING NUMBER

ORIGINAL PAGE

OF POOR QUALITY
ALTERNATOR SIZING PROGRAM

ALTERNATOR PERFORMANCE
CURVE
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Bosch K-jetronic air-fuel system

The first ASE MOD I engines have to be equipped with a Bosch
K-jetronic air-fuel system, instead of the system described in
section 8.3.13. The application and specification are the same,
with exception from the air pressure drop in the flow meter, which
is higher, and the possibilities of measuring mass air flow.

Description: The Bosch K-jetronic air-fuel system consists of
the parts included in fig. 8.3:22.

i

Fig. 8.3:22

1. Bosch K-jetronic 5. Fuel Filter
2. Air Throttle 6. Fuel Tank
3. Fuel Pump 7. Fuel Valve
4. Pressure Relief Valve
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The K-jetronic unit is a mecharical fuel injection
syst~m used on fuel injected IC-engines.

The air measuring device is a movable disk in special
shaped cone. The more air going through the system,
the higher the disk is lifted. A lever, counected to
the disk, is controlling the position of a plunger,
which acts as the fuel mcasuring device. From the
plunger the fuel flows to the fuel distributors, which
are designed to keep the delivered amount of fuel in-
dependent of fuel nozzle back pressure.

To fuel To pressure
nozzle relief valve 9

it

- ===-“---\--~‘
outlet <——
3
Air =
inlet d=>
O @ 0 ' @ 1

Fuel To fuel
inlet tank

Fig. 8.3:23 K-Jetronic Cross-Section

1. Cone S. Fuel Measuring Slot
2. Disk 6. Fuel Distributor
3. Lever 7. System Pressure Relief
4. Plunger Valve
B.8-144
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The K-jetronic is modified by USSw to fulfill the special
requirements. The main modifications are:

The cone and disk are special designed to obtain the
right air excess curve. Three of the four fuel distributors
are connected to each other. The fourth is plugged.

This air-fuel system will influence the engine in the
following ways:

The pressure drop of the air flow measuring device will
increase, as can be seen in fig. 8.3:23

Pressure drop (kPa)

A
. Bosch k-jetronic
1.54
1.0 » Mass air flowmeter
o™ .
’
'd
’
'/
0.5 4 _’
P -
”
- - il -
e = " = L L L} ] *
1 2 3 4 5 tuel flow (g/s)

Fig. 8.3:23 Comparison of Pressure Drop Characteristic

5 6 00 8
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This will influence the combustion air blower power
demand according to fig. 8.3.24.

Blower Power (kW)

with K-Jetronic

J With Mass Air
/  Flow Meter

Fig.

A L Dl

e e
80 Air Flow (g/s)

8.3:24 Comparison of Blower Power Characteristics
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The fiiel system pressure will increase, with a higher
fuel pump power demand as result. Fig. 8.3:25 shows
the increased altermnator power demand from the engine.

’ Alternator Power (kW)

1,0 ¢ with K-Jetronic
0.8 with Mass Air
1§ / Flow Meter

/
/

0,6 &

0,4 ¢

0,2 ¢

- + — + g
1000 2000 3000 4000 Engine Speed (rpm)
Fig. 8.2:25 Comparison of Alternator Power Characteristics

16 3000 8 7Y
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POLY=-RIB BELTS

General Description

The Poly-Rib belt is gaining wide acceptance in the automotive field due to

the advantages it exhibits over conventional V-belts. Small section Poly-Rib
belts (H and J sections) have been used in the appiiance and business machine
indusi~v for many years. Recently, due to the need for smaller pulley dia-

meters and increased performance, Poly-Rib belts have been selected for use

on many ipplications. These applications range from the single multi-rib

accessory drive concept (SMAC) for passenger cars to water pump, alternator,
and air conditioning drives on heavy trucks. In addition, some fan drives

on consiruction equipment are being placed in production.

*x* SECTION

IFig. 1 "K" and "L" Sections

"K" and "L" Sections

The demand that smaller pulley diameters and increased performance has
placed upon belts has brought about the utilization of the "K" and "L"
section Poly=-Rib belts.

The "K" and "L" section Poly-Rib belts have been found to be correctly
dimensioned to allow satisfactory application on the majority of automotive
accessory drive systems. Poly-Kib belt sections which are designated by the
letters "K" and "L" are easily identifiable by measuring the distance between
the adjacent ridbs within a belt. Dimensions and rib profiles can and will
be changed to improve belt performance and to alleviate problems which may
occur on specific applications.
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Dayco Poly-Rib belts can be manufactured in a variety of lengths, number of
ribs and material specifications. The capability of Dayco to manufacture
Poly-Rib belts using several different processes enables the rubber com-
pounder and engineer total freedom in the selection of materials to obtain
maximum belt performance on each individual application. Belt lengths

between 20 in. (500mm) and 120 in. (3050mm) are easily manufactured, while
belt lengths outside this range are available as special production orders.

Advantages

The Poly-Rib belt sections are chosen for applications where single or
multiple standard V-belts are deficient. Poly-Rib belts offer the following
advantages over standard V-belts:

Flex Life

Increased flex 1ife with equal or better load carrying capability.

Strength

The design of the Poly-Rib belt allows placement of the tensile member
across the total width of the belt. The tensile member of the V-belt
is placed down in the wedge area of the belt. The tensile member width
of a V-belt is always less than the overall width of the belt. It is
therefore obvious that the Poly-Rib belt will exhibit superior strength
to a V-belt of equal width

Tension Loss

The majority of the tension loss associated with a V-Belt is due to
belt wear and seating. As a V-belt wears or seats, the belt rides
lower in the pulley groove causing a substantial tension loss. Because
the Poly-Rib functions more similarly to a flat belt, belt wear is
reduced and the wear that does occur does not cause the belt's relative
position to the pulley to change a significant amount. The ability of
the Poly-Rib belt to hold its ride position will increase the tension
holding capability.

Belt Adjustment

Due to the Poly-Rib belt's advantage in strength and ability to hold
tension, fewer retentions and less belt adjustment is required.

Backside Bending

The thinness of the Poly-Rib belt cross section allows it to perform up
to 50 times better than a conventional V-belt over severe backside
bends.

Efficiency

Laboratory testing has shown that the Poly-Rib belt requires less
energy to operate than a conventional V-belt.
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AM General has reviewed the United Stirling engine accessory drive and has
offered an alternate drive arrangements using a Poly=-Rib Belt drive.

We offer the proposal because of the advantages such a drive system offers.
AMC has experienced mileage improvements in the urban driving cycle of 0.4
of a mile per gallon. Cost savings are also seen at AMG with engines with
optional accessories. With the Serpentine Poly-Rib belt system, accessories

can be mounted in a fixed position with one accessory being used as the belt
adjuster.

AM General has presented three proposals using existing AMC accessory hardware.
New pulleys will be required for the output shaft and the fan drive. The
accessory mounting package will have to be revised to incorporate the drive
system. The service benefits can be appreciated after reviewing the present
V-belt drive with the Serpentine drive.

With the present schedule, it is questionable if the output shaft and variator
drive pulley could be revised to accept the output drive pulley for a Poly-Rib
Serpentine drive system. The proposal shows great promise for future engines
in the Mod I program, but at this time we will replace the conventional
V-belt accessory drive with Poly-Rib belts. The Serpentine drive will be
developed for later Mod I engines.

Dayco Corporation has b:en contacted to review our proposals and run a belt
study using our layouts. The results of the study will be forwarded to the
Program Office as soon as they are received.

AMC Recommended Accessory
Drive Ratios

Fan: 1.20
Alternator: 2.90
A/C Compressor: 1.38

Power Steering: 1.25

AMG Serpentine
Drive Ratios

Fan: 1.28 Pulley Size - 114.3mm (4.50)

Alternator: 2.55 Pulley Size - 57.15mm (2.25)

A/C Compressor: 1.21 Pulley Size - 119.88mn (4.72)

Power Steering: 1.10 Pulley Size - 132.08mm (5.20)

Output Shaft: Pulley Size - 146.05mm (5.75)
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POWER CONTROL SYSTEM

General Description

To control the power of the Stirling engine, we have the option of
varying a number of quantities occurring in the formula for the
shaft power. According to the isothermal theory, this formula has

the form:
P~d'%'W'5'V n(l-”.__._é * gind
" e 1+ T 8T
Definitions:

w = angular velocity
Pm- men cycle pressure
VE = maximum value of the expansion space volume

temperature ratio ¢

compr
exp

>
1]

measure for the compression ratio

phase angle between the motion of the expansion piston
and pressure

Bv varying onc or more of these quantitics, the power of the
Stirling engine can be affected. When the engine is used in

automotive applications w must be a variable.

To control the power we still have the option of using the

following quantities:
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1. Vg can only be varied with a variable drive concept.

2, 1= ;% : By varying this quantity the efficiency is directly
influenced. Moreover, it is impossible to effect temperature
variations rapidly and they cause large material stresses.

3 Pm: Variation of the mean cycle pressure
(Mean Pressure Control, A).

4. & can be altered by adding orfe or more spaces to the cycle.
This is Pressure Amplitude Control, B.

5. By letting working gas flow from cycles at max pressure to
cycles at min pressures © will change. This is called
By-pass or Short circuiting control, C.

Varying the engine output also changes the area of the PV-
diagram. Mean Pressure Control, Pressure Amplitude Control
and By-pass Control will all change the PV-diagram in
different ways:

Fig 8.4:1 shows the influence on the PV-diagram from different
power control methods.
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INFLUENCE ON THE PV-DIAGRAM
FROM DIFFERENT POWER
CONTROL METHODS

4 PRESSURE

i
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| s\ ~~~ -~
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|

. 3
B = FULL LOAD VOLUME
=a mm = PART LOAD MEAN PRESSURE CONTROL
‘. = PART LOAD PRESSURE AMPLITUDE CONTROL
=+ = PART LOAD BY-PASS CONTROL

Fig 8.4:1 Influence on the PV-diagram from different

power control methods.
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Advantages and Disadvantages of Available Power Control
Systems:

A. Mean Pressure Control

Advantages: Good part load efficiency
Low fuel consuaption at idle
Fast torque increase response
Good control stability

Disadvantages: Complex components
Slow torque decrease response

B. Pressure Amplitude Control

Advantages: Good part load efficiency
Fast torque increase and decrease response
Good control stability

Disadvantages: Discrete power levels
Many internal leaking points
Large externally added engine volumes
Relatively high idle fuel consumption

C. Short-circuiting
Advantages: Very fast torque responsec ,
Engine braking capabilities !
Few components |
Disadvantages: Bad part load efficiency

Very bad idle fuel consumption
Bad control stability
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On ASE Mod 1 as well as for the P-40 engines a combination of
mean pressure control and short-circuiting control have been
chosen as the power control system. Mean pressure control,
kecause of its good part load efficiency, idle fuel consump-
tion, and for its good controlability in automotive applica-
tions. The slow power decrease response and the engine
braking are performed by short-circuiting. Short-circuiting
is used only for shorst periods of engine braking and during
pressure decrease periods. The fuel penalty due to bad part

lcad efficiency ic therefore small.

This combination of mean pressure control axd short-circuiting

is generally called Mean Pressure Control.



8".2

Description of the ASE Mod 1I
Mean Pressure Control System

(All figure references in this section refer to Figure 8.4:24
block scheme of the ASE Mod I Power Control System).

Major parts of this power control system are hydrogen storage
tank (18), hydrogen compressor (7), supply, dump and short-
circuiting spool valve (1) and the servo actuator (2).

To increase power the spool valve (1) is moved upwards by the
actuator (2). Thereby, hydrogen flows from the high pressure
storage vessel (18) via the spool valve and the P-supply line
to the engine. The hydrogen enters the engine via a timed
supply sys.em (Ppax supply), built into the engine. This
timed supply system is described in section 8.4.3. The sys-
tem mainly supplies hydrogen into the cycles when the cycle
pressure is near its maximum valve. If gas flow into the
cylinders without the timed supply system, an undesireable

torque drop during increase of pressure results,

To decrease power the spool valve (l) is moved downwards.
During the first part of the movement, dumping of hydrogen
from the engine via the compressor (7) to the storage vessel
(18) lowers the power output. During the second part of the
valve movement short-circuiting of hydrogen between the cycles

occurs, thus giving a quick decrease of power.

Between the accelerator pedal (23) and the spool valve

actuator (2) there is an electronic unit (24) with built in
control functions, described in sections 8.2 and 8.5, which
for different accelerator levels moves the control valve in
such a way that an engine pressure corresponding to desired

power output will be reached and maintained.
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To perform the control functions the electronic unit needs signals
from transducers: maximum pressure transducer (13) and speed

transducer (22).

There are an additional number of components within the power
control system. The following are items, included in a com-

plete power control system.

There is a total of 10 check valves (10) within the control
system. One max pressurce, one min pressure and one Py, Check
valve for each cylinder. Two compressor cxhaust check valves and
two check valves before and after the compressor short-circuiting
circuit,

The system contains three hydrogen filters (8, 9 and 16)
preventing rulon dust from piston ringe/or other coutamipents

trom entering the gas system.

The compressor short=-circuiting circuit contains besides a

filter (8), a hydrogen cooler (l12) (reducing compressed hydro-
gen temperature), a short-circuiting solenoid valve (which un-
loads the compressor during increase of power and steady-state

conditions), and a monitoring pressure transducer (13).

The Prax line contains besides the max pressure transducer (13)
and filter (16) of an external dumping solenoid valve (15), as
emergency unit, and a safety valve (14) preventing too high

pressures within the engine.

There is also a safety valve (14) preventing too high pressures
after compressor, including too high tark pressurcs.

Between the tank and the control valve there are also a fusible
temperature plug (21), preventing tank overtemperaturce, a manual
shut-off valve (19), a solenoid shut-off valve (17), monitoring
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8.4.3

tank pressure transducer (13) and filter (9).

To charge the system from external hydrogen tanks, there is a
refilling valve (20) at Pﬁin line.

The servo oil system components are: oil pumps (3), oil tank (4),
constant pressure valve (5),and oil filter (6).

P Supply

max -
ORIGINAL - JALITY

(Timed Supply) OF POOR QUAL

To meet the fast response specification during increase of power
in automotive applications it is necessary to supply the engine
in a special way.

Fig 8.4 : 3 shows the PV-diagram during a supply of hydrogen
through the Pmin line. Most hydrogen enters the cycle during
periods of ininimun pressure when pressure difference between tank
and cycle has max value.

PV DIAGRAM DURING INCREASE OF POWER

WITHOUT MAX. SUPPLY
4P

» Vv

Fig 8.4:3 PV-diagram during increase of power without timed
supply systcm.
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The small PV-diagram arcas, shown during the transient phase,

indicate a big torque drop during fast acceleration periods.
This has also been verified during tests.

If the periods of supply are limited to periods where cycle pressure
is almost near its maximm, see fig 8.4.4. The PV-diagram during
the transient phase looks different. Fig 8.4.5 shows the PV-diagram
during the transient phase of a timed supply. The big areas of the
PV-diagram indicate that no torque drop occurs.

USS'TIMED SUPPLY SYSTEM
TIMING INTERVALS

GAS
zgigs;g: PISTON ROD
MENT
(MPa TIMING INTERVAL 4 MOvEmeN
2 Ju' . '
I \\ : PISTON ROD MOVEMENT
' 30
! \ |
N
| \
| ’
| I
| |
| |
| | GAS PRESSURE
: | COLD SIDE
1
10 N » 0

CRANK ANGLE

Fig 8.4:4 Timing interval of Prax Supply.
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PV DIAGRAM DURING INCREASE < * POWER

A WITH MAX. SUPPLY
P

'

Fig 8.4:5 PV-diagram during increase of power with timed supply
system.

It could also be said that without Ppax supply, the hydrogen
entering into the cycles, must first be compressed before it
can do useful work during an expansion. With Ppax supply
hydrogen ~1ill first do useful work during the expansion be-

fore being compressed.

On all USSw mean pressure controlled engines as well as on
ASE Mod I the timed supply system is incorporated in the
piston rod and seal housing. Figure 8.4.6 shows the princi-

ple of the USSw timed supply system.

The timing ~lement is a slot or groove in the piston rod, opening
a connection between the supply line and the cvcle only during
periods when the piston is near its bottom dead center. When piston
is leaving the supply interval, some hydrogen miy still flow

through the clearance between piston rod and seal housing.
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This has the advantage that some supply also occur during the
rest of the revolution making it possible to supply the engine
at high part load conditions when maximum pressure of the
cycle is higher than tank pressure. During these high part

load transients the torque drops are negligible.
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Piston Rod Slot Allowing
Timed Supply of working Gas

Fig. 8.4:6

Principle of USSw Timed Supply System
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Power Control System Specification

The ASE MOI) I power control system will follow the general MOD I
specification regarding temperatures, pressures etc.

In addition to that, the following more specific goals have
been aimed for:

A.

The power control shall be designed in such a way that the
driveability of the engine/vehicle combination is subjectively
acceptable, and the switching between Stirling powered vehicles
and IC powered vehicles is judged to introduce no unacceptable
operator adjustments.

Stable oscillations, noise and/or discontinuous changes in
controlled variables which would be noticeable or objectionable
:o the operator shall not occur.

. Environmental variation encountered in the automatic vehicle

application shall not be the cause of unsatisfactory control
performance.

Safety provisions shall be incorporated in the power control
system to prevent pressure vessel rupture in case of pressure
buildup due to fire or malfunctions, to protect the engine
from damage due to abnormal operating conditions, and to guard
against engine runaway (failsafe).

. Control system ducts and electrical leads shall be so routed and

protected that no damage can be sustained due to accidental
impacts during the course of routinc operation and maintenance.

At any constant speed the changes from no load power
to full load power shall occur with the following
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guidelines:

1. The torque at the drive shaft shall r2ach 90% of final
torque within 0.8 seconds. Fig 8.4:7,

2. A lag time or a torque dip in the up power maneuver shall
be termminated in less than 0.3 seconds, and shall not be
greater than 10% of final torque magnitude.

3. During power decrcase, the torque at the drive shaft shall
drop to 20% of the initial valve in less than 0.3 seconds
(Fig 8.1:8).

4. During steady state (fixed set point and load), engine
torque variation shall not exceed * 3% of the set point

torque value.
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: Fig 8.4:7 Torque response specification during torque increase
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TIME SEC

Fig 8.4:8 Torque response specification during torque decrease

Design Criteria and Improvements of P40 Power Control System

Scope of ASE MOD I power. control design:

- Reduced number of external seals
- Reduced number and complexity of tubing
- Improved component performance and reliability
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Compared with P40 power control system ASE MOD I power control
system has modular block design of components resulting in:

- 48% less external seals

- Total number of external gas tubes reduced by 54%

- Number of tubes outside 6, P and p connection
reduced by 74%

- Much simplified tubing layout

supply

(Fig 8.4:9 and Fig 8.4:10 show the reduction in tubing between
P40 and ASE MOD I.)

New check valve design with an accumulated testing time of
600 hours in test rig and 2 000 hours of engine operation.

New spool valve design with lower friction forces and
simplified installation capabilities also with 2 000 hours of

engire operation.

Special built servo-actuator in a cost-reducing design.

Custom designed plug in solenoid valves built to USSw specification.
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The Modular Blocks

All major components of the ASE MOD I power control system have
been built into four modular blocks.

Fig 8.4:11 shows the modular block boundaries of ASE MOD [ power
control system.

Block 1 incorporates:
- Power control spool valve

Electrohydraulic servo-actuator

Safety valve

External dumping solenoid valve

Max pressure transducer
Hydrogen filter
Check valve

Block 2 incorporates:
- Safety valve
- Hydrogen tank pressure transducer
- Shut-off solenoid valve
- Hydrogen filter

BlocY 3 incorporates:
- Hydrogen filter
- Hydrogen cooler
- Check valve
- Compressor short circuiting solenoid valve
- Compressor pressrue transducer
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Block 4 incorporates:
- servo oil constant pressure valve
- servo oil filter

Fig 8.4:12-15 show the design of each block (see also section
8.4.9 Drawings).

Material Weight
Block 1 SS 2172 7.1 kg
Block 2 SS 2172 3.2 kg
Block 3 SS 2337 5.3 kg
Block 4 SS 4212 0.8 kg
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Fig 8.4:12 ASE MOD I. Power Control Block 1.
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Fig 8.4:13 ASE MOD I Power Control Block 2.
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Fig 8.4:14 ASE MOD I Power Control Block 3.
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Fig 8.4:15 ASE MOD I Power Control Block 4.
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8.4.0.1

Stress Analysis_of Power_Control Block 1 - 4

A.

Power Control Block 1

a.

Drawings

The analysis is based onthe geometry showed in drawing No
1-S=-1170 (800304), see section 8.1.9.

Material

Steel S52172 is assumed in the analvsis and the following
material property data have been used.

Yield stress: o, = 300 MPa
Ultimate tensile strength: 0, = 490 MPa
Fatigue limit o = + 210 MPa

Ygp = (185 # 185) MPa

. Loads

The maximum temperature is 100° C and different internal

parts of the block will be exposed to the following pressurc
loads:

p=2C(i2+7) Ma
p=(7.8¢+4.8) Ma
p=(l1.5 ¢+ 3.5 MPa

In the static stress analysis the maximum internal pressure

(Ppax = 23 MPa) is used, and in the fatigue analysis the pressure
cycle with the maximum amplitude p = (12 + 7) MPa is used.
The total numbcr of pressure cycles is estimated to 2.5 x 106,
but in the analysis the corresponding stress cycles will be
compared to the fatiguec limit.
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d. Stress Analysis

The gas pressure in the channels of the block results in
stresses, which will be estimated by considering the material
around each channel as an equivalent thick walled cylinder
exposed to an internal pressure. In most cases the pressurized
thick cylinder has a hole in the cylinder wall, and the stress
concentration factor is then taken from R E Petersson:

Stress Concentration Factors. The stress analysis is summed up
in the table in fig 8.4:17 and the following notations have
been used:

Ro = outer radius of tlie eyuivalent thick walled cylindew
Ri = imcr " " " " " " "

k = R/R,

p = internal pressure "
k® + 1
o, = nominal hoop stress (o =p . 7 _ )

Kt = stress concentration facgor

Point = point used in the fatigue analysis
(showed in figure 8.4:16)

Sf = safety factor against fatigue

The stress cycles in point 1 - 5 have been entered in the
Haigh diagram in fig 8.4:17 and the corresponding safety factors
can be seen in the table in the same figure.

e. Summary

The minimum safety factor against yiclding is 6.4 and the
minimum safety factor ugainst fatigue is 3.3.
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B. Power Control Block 2

a. Drawings

The analysis is based on the geometry shown on drawing
No 2-S-1471(800306), see section 8.4.9.

b. Material

Steel SS2172 is assumed in the analysis, and the following
material property data have been used.

Yield stress: Uy = 300 MPa
Ultimate tensile strength: & - 490 MPa
Fatigue limit: O = + 210 MPa

% * (185 + 185) MPa

c. Loads

The maximum temperature is 100° C and the internal parts of the
block will be exposed to the following maxinum pressure load:

p = (21.5 + 3.5) MPa. The total number of pressure cycles have been
estimated to 2.5 X 106, but in the analysis the corresponding
stress cycles will be compared to the fatigue limit.

d. Stress Analysis
The analysis has been done in the same way in the case of block 1
and the result is shown in the table in figurc 8.4:19. The points,
which have been analyzed can be scen in figure 8.4:18, and the
stress cycles have been entered in the Haigh diagram.

~,. Summary

The minimum safety factors against yielding and fatigue are

3.9 and 2.1 respectively.
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c.

Power Control Block 3

Drawings

The analysis is based on the geometry shown on drawing
No 1-S-1480 (800314), see section 8.4.9.

Material

Stainless steel SS2337 (AISI 321) is assumed in the analysis,
and the following material property data have been used.

Yield stress. Oy = 174 MPa
Ultimate tensile strength: P 490 MPa
Fatigue limit: op = ¢+ 270 MPa

Ofp = (240 + 240) MPa
Brinell hardness HB = 190

. Loads

The maximum temperature is 100° C and the internal parts of

the block will be exposed to the following maximum pressure load:
p = (17.5 + 7.5) MPa. The total number of precssure cycles have
been estimated to 2.5 x 106, but in the analysis the

corresponding stress cycles will be compared to the fatigue
limit.

. Stress Analysis

The analysis has been done in the same way as in the case of
block 1, and the result is shown in the table in tigure 8.4:21.
The points which have been analyzed can be seen in figure 8.4:20
and the correspond 'ng stress cycles have been entered in the
Haigh diagram.

The endplate, see fig 8.3:20, is considered as a simple

supported circular plate exposed to an uniform pressure.
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Using the maximum pressure p = 25 MPa gives it the maximum
stress o, = 86 MPa with a stress concentration factor of
K¢ = 2.0, the following stress cycle o = (120 ¢ 51) MPa is

obtained which has been entered in the Haigh diagram. Thus,

the safety factors against yielding and fatigue are 2.0 and

2.8 respectively.

The bolts in the endpiate have been designed to fulfill the
requirements of VDI 2230 (Vercin Deutscher Ingeniecure,
"Systematische Berechnung hochbeanspruchter Schraubenverbindungen'')

The precedure described in VDI 2230 gives the following values of
*F main parameters used in the analysis.

Maximuwn gas pressure D ™ 25 MPa

Minimum - " - = 10 MPa

p s
min
Number of bolts i=4

Maximum bolt load due to the gas pressure FAO = 12 300 N

Minimum - " - FAU = 4 900 N
Load relation Gen = 0,2
where
1
Q= Ec and
+ 1
Ky

kb = spring rate of the bolt

kC = spring rate of the bolted material
The coefficient of friction used W= 0.14.

The calculation precedure shows that M10 bolts of quality 12.9
will meet the requirements of VDI 2230.
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e¢. Summary
The minimum safety factors against yielding and fatigue are
2.0 and 2.8 respectively. The endplate bolted with 4 x M10 of
quality 12.9 mects the requirements of VDI 2230.

D. Power Control Block 4

a. Drawings
The analysis is based on the geometry shown on drawing
3-S-1452, see section 8.4.9.

b. Material
Aluminum SS4212 is assumed in the analysis and the following
material property data has been used.
Yield stress: ”y = 250 MPa

¢. Loads
The maximum temperature is 100° C and the internal parts of the
block will be exposed to a constant gas pressure p = 5 MPa,
and consequently only a static analysis needs to be done.

d. The analysis has been done in the same way as earlier and the

stress levels in the equivalent thick walled cylinder, see
figure 8.4:22, are shown in the table below.

Cylinder

1 2
RO (mm) 18 20
Ri (mm) " 9
k 1.64 2:22
5 (p) (MPa) 1" 8
Sf 23 N
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e. Summary

As can be seen in the table, due to the low pressure, the
safety factors against yielding are very high.

!
b
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Fig 8.4:16 Points on block 1 used in the stress analysis
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TABLE 1
10t Ro kl K 'mPmax’ . 'm Kt_ (p) .\!
(mm) (mm) (MPa) : (MPn)
A Py, il A.82 47 0.4 3,34 75 2 44 3,3
2 1 1o 1,94 43 7.0 3,40 71 £ 41 3 3.5
) 3 o 31 9,7 284 43 & 25 5:9
4 25 11 2,27 37 i, 1 3. 44 ol ¢ 30 4.1
y 11 1.8 47 vad be 34 75 + 44 3
Haigh Diagram SS2172
Mi 1)
1
10 ) 300 400 500 O0_ (MPaj;
m
d Fig 8.4:17 Results from the stress analysis of block 1.
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TABLE 2
, R R, 0P ) o(P)
o 1 m' max o) 5
roanL (mm) (mm) o (MPa) y’%n Ry (MPa) S¢
] 31 16 1.94 43 720 3.44 1294 21 3.0
2 17 Ll 1.55 6l 4.9 3.54 185 ¢ 30 el
3 18 i | 1.64 59 5.5 3.50 166 + 27 253
Haigh Diagram S52172
f > (MPa)
a
30)0) b
[ —
o) &
< -
100
/ I ')u
— 4 + —_ +- % =
100 200 300 400 500 7m (MPa)

: Fig 8.4:19 Results from the stress analysis of block 2.
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TABLE 3
Point Ro " K m ) v n i bl Sf
(mm) (mm) (MPa) : (MPa)
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Fig 8.4:21 Results from the Stress Analysis of Block 3.
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Fig. 8.4:22 parts of Block 4 Used in
the Stress Analysis
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8.4.7 Tubes and Fittings

Most tubes of the power control system will be 8 mm outer
diameter and 6 mm inner diameter. Somes tubes will have a

6 mm O.D. and a 4 mm I.D.

All tubes will be made of stainless steel SS 2353.

All tube fittings will be of the sarie design as in P-40.

That means a welded nipple and an O-ring seal (Figure 8.4:23).

ve

co,<
-

Fig. 8.4:23 USSw Hydrogen Tube Fitting
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The fittings will be made of stainless steel SS 2353.

8.4.8 Power Control Components

All component numbers refer to Fig 8.4:24 (Block scheme of the
ASE MOD I Power control system).
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Supply-Dump_and_Short Circuiting_Spool _Valve (1)

To perform the main functions of the mean pressure control as
supply, dump and short-circuiting the power control system of
ASE MOD I (as well as P40) is equipped with a sliding spool valve.
The ASE MOD I valve has the same characteristics as the P40 valve,
but is designed differently. To be able to mount the sliding spool
valve in a modular block the ASE MOD I valve has the sliding seals

on the spool instead in the housing. The design of the spool

can be seen in Fig. 8.4:25. A P-40 valve is also shown.

Fig 8.4:25 ASE MOD I control valve spool and P40 control valve spox
11-202
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This design reduces the spool dimensions and seal sizes.
Friction forces with this kind of spool valve will be lower.

This spool valve is mounted in power control block 1, where
it will be controlled by the electro-hydraulic actuator.

The opening pattern of the vale is shown in Fig. 8.4:2€.

ORIGINAL FACE (9
OF POOR QUALITY

Short
Circuiting

7 6 5 4 3 2 1 0 1 2 3 4 5 6 7 8 9 10

Fig 8.4:26 Opening pattern of the ASE MOD I sliding spool valve.

There is a dead band of 1.4 mm around neutral position. If the
valve moves to the left, supply of hvdrogen to the engine occurs.
Max orifice area is about 30 mmz. The exacc shape of the

opening curve is uncertain.
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2 Fig 8.4:27 Flowpattern of the ASE MOD I Sliding Spool Valve.
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I1f spool moves to the right, dumping ot hydrogen occurs. With
another 3 mm of movement short-circuiting starts. Maxkimum
orifice area is about 40 mm?. The exact shape of thes® opening

curves 1s uncertain.

Flow pattern through the valve during su 1y, dump and short-
circuiting can be seen in Fig 8.4:27,

Sliding Seal Design

Special considerations have been made to avoid seal wear. All

ports the seals have to pass during spool motion, have higher

pressures than surrounding areas of the seal. Fig 8.4:28 shows
what happens whep 1 seal passes a hole.
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4

Fig. 8.4:28 Seal Passage of a Hole in Sliding Spool Valve

e
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The exact position when the seal is lifted is uncertain and that

is why the cpening area curves in Figure 8.4:26 are uncertain.

Material

Slide spool: Brass 5170-04
Spool housing: Steel SS 2140 hardened to 60 HRC
Seals: Shamban S 30059-6-5

Experience

A test unit of the ASE Mud I spool valve has been testing together
with P-40-4. The valve has been operating in cyclic tests between
5 and 10 MPa 5. The valve has logged more than 2000 hours and
144,000 cyclic variations with the same seals and housing. After
1900 hours the valve was removed and inspected. No significant

wear could be seen.
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Electro-Hydraulic Actuator_(2)
The actuator controls the motion of the spool valve. In supply

and dump position the actuator controls the flow rate in or out
from the engine (integrating functions). In short-circuiting mode
it precisely controls the opening arca of the short-circuiting
holes. This is a proportional control where a certain area
corresponds to a certain power level. Furthermore, it is an
unstable control mode and the actuator speed and position accuracy
must bo very precise.

On P40 engines the actuator consists of a MOOG electro-hydraulic
servo valve controlling servo oil flow to an oil piston. Position
accuracy is quaranteed by a feed back potentionmeter.

This MOOG 76 pilot operated servo valve is a precision built
unit which can not be built in quantities to much lower price.
The performance of this valve is also superior to our demands.

Under ASE MOD I component development program MOOG Ltd (England)
is developing a special Stirling engine actuator to our specification
and based on the pilot stage of their directional control valve
A65. The design goal has been to develop an actuator built to an
industrial standard where mass production costs would be low.

However, this emphasis makes the new actuator heavier than the

P=40 unit and with lower performance.

The principal clements of the actuator are a flapper valve similar
to MOOG 62 series and an oil piston as actuating element. Position
of the oil piston is fed back mechanically to the flapper valve.

Torque motor and flapper valve work according to fig 8.4:30.
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ends of armature

@ armature. flapper assembly rotates
about flexure tube support

@ flapper closes off one nozzle and diverts
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AP,
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Fig 8.4:30 Working Principle of MDOG Torque Motor and Flapper Valve
Used on ASE MOD I Power Control Actuator.
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Fig 8.4:31-32 show the MOOG electro-hvdraulic servo actuator.

The oil piston in fig 8.4:30 is on the Stirling actuator replaced
by the actuating piston itself (see fig 8.4:31). Feed back of the
piston position is done via the feed back springs surrounding the
flapper armature.

The torque motor has for safety rcasons a manual override
making it poscible to roughly control the unit in case of
electrical breakdow: .

For safety reasons the actuator also has a null bias so that zero

position in case of servo oil pressure loss would be dump
pesition of the spool valve.
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Fig 8.4:32 MG Electro Hvdraulic Stirling Control Actuator.
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Specification of the actuator.

Supply pressure =3 - 5MPa
Max pressure = 15 MPa f
Rated thrust at SMPa = 970 N

Normmal operating stroke = 10 mm (left), 10 mm(right)

Rated actuator velocity = 50 mm/sec

Working fluid = mineral oil

System oil filtration = 10 u absolute or better recommended

Electrical connector mates with M53106 R-145-25

Coil connection (series coils)

A

B
—C

HIE

Flow out port "A" A+, D-

Rated current

I+

0.05 A
Voltage for rated current at e + 27 VDC

Maximum voltage 24 VIC

" e W e
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Experience

Present experience of MOOG electro-hydraulic servo valves has
been very good. No fault has occurred with the servo valves on
present P40 engines and during the four years of operation on
the Taunus car. Performance and behaviour of the valve have been
much better than demands.

Qil_Pump (3)

The power control valve of ASE MOD [ power control system needs
hydraulic oil for its actuation. The servo oil pump in the

hydraulic oil system is described in section 8.3.10.

0il Tank ()

The servo oil system needs u small oil tank of about 1.5 litre
in volume. In automotivé application ASE MOD I will be equipped
with 4 custom made tank placed in the engine compartment. Test
cell engines will be equipped with a Bosch 3 litre standard tank
(Bosch 0542901010), see fig 8.4:33.
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Fig. 8.4:33 Servo Oil Tank ASE Mod 1
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Fig. 8.4:34 Suction 0Oil Filter (Power Control System, ASE Mod I)
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8.4.8.5 Constant Pressure Valve (5)
The ASE MOD I servo oil system is equipped with a constant

pressure valve to maintain servo oil pressure at a constant
pressure.

ASE MOD I will use a valve from Nordhydraulik in Sweden
(DDTR-04 AP).

It is a plug in type of valve and will be mounted in block 4.
The valve will be preset to a pressure of 3 MPa, see fig 8.4:35.

utt AP
st nstanning

v o e

N ipy

Borrse A |

-~
|2
-

Symboler
Fig 8.4:55 Constant pressure Valve Nordhydraulik DDTR-04AP.
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Experience

The P40 constant pressure valve is from the same marufacturer
but is not a plug-in version. The active elements are, however,

similar. The ™40 valves have operated without malfunction on
all P=-40 engines.

0il Filter (6)
The servo oil system is equipped also with a pressure filter.

This filter is the same as the hydrogen filter described in
section 8.4.8.8.

A type 1 filter 10 nominal will be used. This is the same tvpe
of servo oil filter used in all P40 engines.

To dump hydrogen from the engine to the storage vessel a
hydrogen compressor pumping hydrogen to the high pressure tank
is needed. The compressor is fixed to the engine and runs with
engine speed.

on all USSw mean pressure controlled Stirling engines the compressor
has been single stage and double acting. The compressor is

running oil free and with piston rings of rulon acting as

suction valves. Maximum pressurc ratio is about 1:10. To keep
temperatures low all compressors have been water cooled.

Compressor Design

The ASE MOD [ compressor has the same general layout as earlier
versions of compressors. It is also a single stage double
acting compressor. A test unit with a different piston rod
attachment has been built within the component development

program. It has logged more than 3 000 hours in a scparate test rig.
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Stress analysis has shown that this type of piston attachment
can not meet the safety factor required for the MOD | operation
during engine lifetime and with max expected pressure differences
without major modifications. Thercfore, a redesign of the
compressor has been made and a new piston - piston rod attachment
has been designed.

This design enlarges the piston rod to 12 mm in diameter and to

Keep compressor capacity equal the piston diameter has been enlarged

trom JO mm on test unit to ZJ. mm,

Fig 8.4:30 shows the test unit of the compressor and fig 8.1.37

shows the new design of the compressor.

Principal dimensions of the ASE MCD I compressor will be:
Bore = 22 mm
Stroke = 20 mm
Piston rod diameter = 12 mm

. - 3 ) 3
Displacement: 7.0 ¢cm™ up, 6.5 ¢m™ down.
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8.4.8.7.2

Compressor_Comyoncnts
COMPRESSOR CYLINDER: 1In principle the same design as P-40

compressors. Inlet and outlet of hydrogen and cooling water

connections can be seen in Figure 8.4:37.

MATERIAL: SIS 2324

COMPRESSOR CHECK VALVES: See Section 8.4.8.9,

COMPRESSOR PISTON' Almost identical to P-40 (@ 22) compressor

piston.

MATERIAL: SIS 2541-03

PISTON RINGS: Identical to P-40 piston rings. Rulon LD with

backup rings of vespel SP1l,

PISTON ROD: Preloaded between piston and crosshead, ¢ 12 mm,

MATERIAL: SIS 294-04 Nitrified to 70 HRC.

SEAL SYSTEM: Similar to normal USSw seal system though with

reduced dimensions.

CROSSHEAD: Connected to piston and piston rod with a tie

bolt.

MATERIAL: SIS 2225-05.

TIE BOLT: A necked down tie bolt M 8 x 1, Umbrake quality 12.9.
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8.4.8.7.3  Stress Analysis
The piston and the piston rod are bolted to the crosshead with a
necked down tie bolt. The arrangement is shown in fig 8.4:37.

The following material data are valid:

BOLT

M 8 x 1 Unbralo quality 12.9

Yicld stress (0.2% .y =1 170 MPa
Ultimate tensile strength = 1 300 MPa
Young's modulus E = 206 000 MPa

PISTON

Sy 2541-03

Yicld stress (0.29) .y ‘= 700 MPa
Ultimate tensile stress ™ 900 MPa
Young's modulus E = 205 000 MPa
Brinell hardness HB = 275

FISTON ROD

SS O 2040-04

Yield stress (0.20) . 700 MPa
Ultimate tensile strength Sy ™ 950 MPa
Young's modulus E = 205 000 MPa

Brinell hardness HB = 290

CROSSHEAD

SS 2225-05
Yield stress (0.2%) <, = 700 MPa
Ultimate tensile strength ‘u = 900 MPa
Young's modulus T = 206 000 MPa

. Brinell hardness HB = 270
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The load is cyclic with a maximum net pressure of 17.5 MPa between
the upper and lower side of the piston. This gives a net force
between 4 100 N and=7 200 N,

Considering the spring constant of the bolt and its environment,
the stress amplitude caused by the applied load is 54 MPa. This is
below the maximam allowed value of 64 MPa for rolled M8 bolts.

Thus, the bolt design fulfils VDI 2230 (Vercein Deutscher Ingeneure,
"Systematische Berechnung hochbeanspruchter Schraubenverbindungen'').

The amplitude force i~ the bottom crosshead threads will be

5 650 N since these threads are not preloaded by the bolt
torque. This gives a nominal amplitude strecs equal to 12 MPa,
which 1s below the maximum value of 30 MPa for cut M8 bolts

with the corresponding material sirength.

Assuming a friction coefficient of 0.1 the recommended preload

is 20 800 N for a M 8 x'1 12.9 tie bolt. This gives a geod margin
against loosening by the maximum applied tensile force of 4 100 N.
In combination with the applied load the preload gives a maximum
compressive load equal to 28 000 N. This gives a compressive

stress of 446 MPa in the piston rod sleeve, which corresponds to

a safety factor against yielding of 1.6. Thus, the surface pressure
of the clamped parts are far below allowed levels. The recommended
preload corresponds to 23 Nm.

Compressor Performance

From tests, using the test stand compressor, the pumping

(down time) for the ASE Mod I compressor has been calculated.
Fig 8.4:38 shows the pumping down sequence for the MOD I

compressor. The diagram shows the engine and storage vessel pressure
as a function of number of compressing strokes.
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Fig. 8.4:38 Pumping Performance of the ASE Mod 1 Compressor
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8.4.8.8

Filter

Screen
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Experience:

This type of external single stage double acting, water cooled
hydrogen compressors has been used in all USSw Stirling engines

the last four years. Total logged running time is far more than

10,000 hours.

To prevent rulon dust or other particles from wearing or destroy-
ing seals and sealings in the ASE Mod I control system hydrogen

filters are placed in block 1, block 2 and block 3.

The filters will be of two types with opposite flow direction

due to the design of the control blocks, see Figure 8.4:39,

Type 1 Type 2

Screen
Support

Filter
screen

o —
e

Flow Direction

Flow Direction

j. 8.4:39 Type 1 will be Placed in Block 1 and 3, While

1.

Type 2 is Placed in Block 2

Screen

r//”’ Support

e ——
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Filtration for all units will be 10 u nominal and both types
have the same mounting dimensions.

The manutacture of these filters is SOFRANCE and their type

numbers are:

Type 1 = PC 85 Rev flow
Type 2 = PC 851

Fig 8.4:40 Ihdrogen Filter Tvpe 2 SOFRANCE = C 851
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Experience:

The type 2 filter is currently used on all our P40 engines
with very good result. No problems with these filters have occurred
during the two years they have been used at USSw.

Check Valves

There arc within the ASE MOD I power control system a total

of

A.

16 check valves.

Four check valves allowing working gas to flow out frcm each
cylinder.
Four check valves are placed as min pressurc check valves

allowing working gas to flow into each cylinder.

Four check valves arce placed as min pressure check valves

in the pmax supply line allowing gas to enter each cylinder from
the storage vessel and preventing cycle pressure variations

in the supply line.

Two check valves are placed as pressure valves in the hydrogen
compressor.

Two check valves with O-ring seals are placed before and after
the compressor short circuiting circuitry. One check valve is
preventing hydrogen at tank pressure from flowing into the
short circuited compressor. One check valve prevents the
hydrogen in the short-circuitry tubings from flowing into the
engine during idling when the spool valve is in the dump and
short circuiting position, and the compressor short-circuiting

solenoid valve is open.
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8.4.8.9.1 Check Valve Specification

Type: Check valves for Stirling engines have a

working principle similar to air compressor
exhaust valves.

Size: Internal flow corresponding to at least 6 mm
ESEOD (Equivalent Sharp Edge Orifice
Diameter).

Working gas: Hydrogen.

Pressure: Max total pressure 25.0 MPa

Max diff pressurc 22.5 MPa

Gas temperature: Min, max check valves <150° C
Compressor check valves 235

Leakage: External none
In checked direction <0.001 g/s
Working frequence: 10 - 75 Hz
Material: Hardened material in seat, plate and in

spring holder. Large flows may occur in

open direction.
Outer dimension: As small as possible.

Design: The check valve should be of a cartridec type
and be able to mount in a block.

The design shculd be resistant to particle
contamination (Teflon dust) in the working gas.

Endurance: 2 000 H continuous operation.
8.4.8.9: Check Valve Selection

An extensive test program has been carried out within the ASE
Compenent Development Program. A screening test of available
check valves has been performed and each check valve has been

tested 000 hours in continuous operation. Sec appendix 8.4:1.

:
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8.4.8.9.3

From that screening test a check valve was selected and
introduced to later versions of P40 engines. Also earlier engines
were rebuilt and fitted with the new check valve. One set of
these valves have logged more than 2000 hours in cyclic opera-

tion on a P-40 engine.
Check Valve Design

The ASE MOD I check valves are derivates from these P40 valves
except the o-ring sealed check valves (E), which are identical
except for the outer housings.

me, P“.gn and Psupply valves

The ASE MOD I me, Pmin and me supply check valves are

identical in design.

Seat and plate are elements from the HAWE ER. check valve,
sce fig 8.4:43. These parts are identical with the P40 check
valves. The spring is also identical.

The spring holder is modified to allow simplified flow passages
which is possible because of the location of the ASE MOD I check
valves.

Fig 8.4:41 shows the ASE MOD 1 Pz Pris and mestmnl,\' check
valve and fig 8.4:44 shows the spring holder of that check valve.

Fig 8.4:42 shows the difference in flow passages between the
ASE MOD I check valve and the original P40 valve.

The flow of the MOD I valve is only diverted 90° once hefore lecaving

the valve thus reducing flow resistance and making the spring
holder casier to manufacture.
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Fig. 8.4:41 The ASF Mod 1 ?, Y and Ppax supply Check Valve
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Fig. 8.4:42 Difference in Flow Passages Between the
ASE Mod I Check Valve and the P-40 Valve
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Location

The Ppays Ppin 34 pmsuvpl.v check valves are all located in the
seal housings and 8.4:45 shows the valve arrangement.

The compressor check valves
These valves arc almost identical 'ith the P40 valves and

only medified to lower the flow resistance during passage of the
spring holder. Fig 8.4:46 shows the spring holder.
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Allgemeines

Richtung frei und sperren ihn in Gegenrichtung. Sie ge-
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Ruckschlagventile geben den Durchflufistrom in einer g '

horen deshald zur Gruppe der Sperrventile (DIN 24 300).

Beschreibung

Der Typ ER st ein federbelastetes Einsteck-Ruckschlag-
ventil und wird vorzugsweise in Hydrogerate eingebaut,
die fur Montage auf Grundplatten geeignet sind. Dis Ven-
il wird in eine abgesetzte Bohrung eingefuhrt und mut
einem Bund zwischen Grundplatte und Bohrunygsabsat:
eingeklemmt, 80 dall es unverruckbar festsit:t. Die Ab-
dichtung an der Trennfuge ubernimmt ein O-Ring.

Der Typ ER ist ein Plattenventil. Ventilsitz und -platte
sind gehartet und geschliffen, der Kafig gehdrtet. In ge-
sperrter Durchfludrichtung 18t es hermetisch dicht,

Kenngrof3en

Allgemein

Sinnbild und
Typenbe :eichnung

Bauart
Cerateabmessungen

Einbaulage

Anschluf.
bohrung

4,\,(}- ERO, ERI, ER2, ERY

Einsteck-Ruckschlagventil
siehe Pos. 4
beliebig

Hydraulische Kenngrof3en

Betriebsdruck
Druckmittel DIN 51 524
2ul, Viskositatsbereich
Umrechnungsleiter
von ¢St in E
Temperaturen

zul. Durchfluf

Ap-Q-Kennlinien

max. 500 bar
Hydraulikol HL(P)9, 16, 25, andere Druckmittel auf Ruckfrage
4... 150cSt
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Fig 8.3:43 HWE ER Check Valve.
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Fig. 8.4:45 Check Valve Arrangement of the ASE Mod I. The
Check Valves are Placed in the Seal Housings.
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Fig. 8.4:46 Spring Holder of the ASE Mod 1
Compressor Check Valve
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The O-ring sealed check valves

The active parts are identical to the P40 design. Plate and
spring are coming from HAWE ER3 check valves. Contrary to the
P40 check valves the ASE MOD I valves are not mounted in a
separate housing but mounted in biock ' and block 3.

Fig 8.4:47 shows the design of the o-ring sealed check valve.

Fig 8.4:47 The O-ring Scaled Check Valve.
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Check Valve Material

P P

max’ '‘min’ me supply and compressor check valves.

Seat, plate: Hardened material from HAWE.
Spring holder: SIS 2140 hardened to 55 HRC
Spring: Stainless steel SIS 1331-00
O-ring sealed check valve.

Seat: SIS 2140 hardened to 55 HRC

Plate, spring from HAWE

Spring holder: SIS 2140 hardencd to 55 HRC

Experience:

Through the screening test and endurance testing of new check
valve designs within the ASE MOD I component development

program, liictime and reliability of check valves have increased
strongly. New designs have replaced old valves on P40 engines.

The ASE MOD I valves are further improved and simplified.

Lifetime of P40 check valves are now more than 2 000 hours in
cvclic operation with a P40 engine (P40-2 high temperature engine).

Solenoid Valves

The power control system of the ASE MOD I needs three solenoid
valves. Although almost identical in orifice size, cycling rate !
and pressure differences, all three differ {rom cach other.
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solenoid valves for li.': gases with internal orifice diameter
of 4 - 6 mm are not common. These kinds of solenocid valves are
mostly used in aerospacc and military applications. On the P-40
engine solenoid valves trom two different vendors are used
(Valcor Inc and Herion GMBH) These valves were not intended

tor use with hydrogen at our cycling rate. Our present experi-
ence with solenoid valves have been somewhat discouraging but

the Valcor valve has performed far better than the Herion valve.

To obtain such valves and to extend service life a request for

custom built solenoid valves has been passed out to some vendors.

Valcor Engineering Corporation declared themselves willing to
develop valves to our specifications according to their technical

proposal 792-015,

ASE Program Ottice has concurred to a development contract for
Valcor Inc. accordina to technical proposal 792-015 based on the
ability ot Valcor Inc. to design custom build valves and present

experience of Valcor valves on P=-40 engines.
compressor Short Circuiting Valve

This solenoid valve unloads the compressor during steady state
conditions or supply periods and is controlled from the electronic
unit. This solenoid valve has the highest cveling rate and highest
gas temperature in the power control system. The valve will be
mounted in modular block 7.

Valve Design

The compressor short-circuiting valve will be of a special
"balanced spool” design that utilizes a combination of materials
that can easily achicve the long cyvcle life required. Valcor will
conduct an endurance cvcle test to a Valcor procedure on one
prototvpe of this valve that duplicates in some respects actual

pressure differential conditions that exist on the engine.
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All tests will be made with nitrogen.

Fig 8.4:48 shows the design of compressor short circuiting valve.

Valve Specification

Operating pressure:
Proof pressure:
Burst pressure:
Ambient temperature:
Voltage:

Voltage:

Duty:

Flow capacity:

Hydrogen temperature:

Leakage rate:

Cycle life:

11-238

3 000 PSIG Differential

4 500 PSIG

12 000 PSIG

-25° F to +212° F

10-14 VDC operation

8 VDC cold start zero
differential across valve

Valve must be capable of
being continuously energized
at +212° F without failure.

Equivalent to 0.240 sharp
edge orifice. Cd 0.65.
Max +260° F (short duration)

300 scc/min at 1 500 PSIG
differential pressure

>2 500 000 cycles at system
conditions
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Fig 8.4:48 Compressor Short-circuiting Solenoid Valve.
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8.4.8.10.2

External Dump Valve

This valve is an emergency valve for dumping hydrogen to

atmosphere in case of any emergency.

This valve is not controlled by the engine electronics, but will
be operated by the driver from a push-button on the dash board.

The valve is energized directly from a battery.

There are extreme specifications for low leakage across this valve
(all leakage will be extermal leakage), but the number of
operations is very low.

This valve will be plugged into modular block 1.

Valve Design

The valve is a pilot operated type that utilizers a soft plastic
for sealing at both main seat and the pilot. Valcor intend to

investigate the use of both E D R and Kel-F in a special
proprietary configuratior..
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Valve Specification

Operating pressure:
Proof pressurc:
Burst pressure:
Ambient temperature:
Voltage:

Voltage:

Duty:

Flow capacity:

Leakage rate:

Cycle life:

Hydrogen temperature:

ORIGINAL & i
OF POOR QUALITY

L2

3 000 PSIC differential
4 500 PSIG

12 000 PSIG

-25° F to +212° F
10-14 VDC operation

8 VDC cold start low
differential across valve

Valve must be capable
of being continuously
energized at +2120 ¢
without failure

Equivalent to 0.160
diameter sharp edge orifice
Cd 0.65

2 scc/24 hrs at 1 500 PSIG
differential pressure

Replace seat after 2 cycles,
if necessary

Max +212° F

Fig 8.4:19 Shows the design of External Dumping Solenoid Valve.
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Fig 8.4:49 External Dumping Solenoid Valve.
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8.4.8.10.3 Shut-off Valve

This valve is a shut-off valve preventing hydrogen flowing from
the storage vessel to the engine during non operation periods.
The power control valve with its sliding seals can not be
leaktight and thus an extra shut-off valve is nceded. The valve
will be controlled by the electronics and opened by the starting
scquence and closed by the stop sequence.

Also this valve has a rather extreme specification on leakage.
This valve will be mounted into block 2.

Valve Design

The design of this valve is similar to that of the external
dumping valve but the increased demand for cyclic operations

regulires a harder seat material.

Valve specification

Operating pressure: 3 000 PSIG Differential
Proof pressure: 4 500 PSIG
Burst pressure: 12 000 PSIG
Ambicnt tempcrature: ~35% P ¢ w " F
Voltage: 10-14 \DC Operation
Voltage: 8 VDC cold start
high differential across
valve
Duty: \alve must be capable of

being continuously encrgized

at + 212° F without failure
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Flow capacity: Equivalent to (.160
diameter sharp edge orifice

Cd 0.65
Leakage rate: 1 scc/hr at 1 S5C0 PSIG
differential pressure
Cycle life: 254 000 cycles
Hydrogen temperature: Max + 212° F
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Fig 8.3:50 Shut-off Valve.
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Common Features for the Solenoid Valves

The valves are designed to plug into a smooth bore on the power
control blocks. They will be mounted in place via four stain-
less steel socket head bolts. The solenoids will be fabricated
from Class H materials and will be fitted with standard 18 gauge

lead wires 6 inches long.

Materials of Construction

Valve body: High strength aluminum or stain-

less steel

Solenoid core: 430 st/st

Solenoid shell, end pieces: Cold rolled stee-nickel plated
sSprings: 17-7 PH or 302 stainless steel
O=-rings: Ethylene propylene

Leakage Rates

The ASE Mod 1 leakage requirements for the solenoid valves are
very tight. Valcor points out that requirements for spacecraft
applications generally range from 1 scc/hr* to 10 scc/hr. On a
producticn basis today they consider the Mod I reauirements
difficult to achieve. At this time Valcor will arcept the
leakage specification as a "Target" and firm requirement could

be established after completion of the initial prototypes.

Experience

U3Sw has used Valcor solenoid valves for more than two years with
good results., The failures noted with valves have generally been
caused by wear from particles (pieces of check valves, dirt) with-

in the hydrogen system due to had or no filteration of hydrogen gas.

*SCC = STD x cm>
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The Valcor experience with solenoid valves for high pressure
gases is extensive from Technical Proposal 792-015:

".....0ur series 680, 800, 272Il are currently in use throughout
the aero space industry on critical applications for both flight
and ground support. We designed, developed and flight qualified
a very special high pressure gas valve for NASA on the Skylab
space vehicle. This valve controlled, by means of a precise
pulse of high pressure gas, the altitude of the space vehicle.
Opcrating pressures varied from 500 - 3 500 PSIG. Ambient
temperature ranged from - 150° F to + 180° F. The valve thruster
system functioned flawlessly throughout the design mission life.

It also continued to function bevond its designed life so that
the pneumatic system was available for use during several
emergency situations at the end of the mission.

We have also supplied valves for various classified airforce
satellite programs, that requircl extremely low leakage rate at
3 500 PSIG helium and nitrogen gas.

In addition to our rather exotic work in the aero spacce industry
we manufacture a low cost line of commercial valves that are
produced in very large quantities, typically lots of 50,000 to

10,000,
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Hydrogen_Cooler_(12)

To lower the compressed hydrogen temperature a hydrogen cooler is
mounted in modular block 3. This cooler prevent overtemperature

at the o-ring sealed check valve and tiie compressor short-circuiting
valve.

The design of the cooler is similar to the normal cycle gas cooler
used in the P-40 but is a much smaller size. Number of tubes are
80 and their length = 50 mm

Fig 8.4:51 shows the cooler within block No 3.
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Fig 8.4:51 Hydrogen Cooler in Power Control Block 3.

Material: The material of the cooler will be similar to the cycle

coolers.
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8.4.8.1C Pressure

The ASE MOD [ power control system is equipped with three pressure
tranducers.

Transducer 1: Measurcs engine max pressure. This transducer
controls the hydrogen pressure and is the only
pressure transducer which is needed for control
purposes. The transducer is mounted in block 1.

Transducer 2: Measures tank pressurc. This transducer is only for
monitoring the tank pressure. The transducer is muunted
in block 2.

Transducer 3: Measures compressor suction pressure. This transducer

is for monitoring the suction pressure of the com-

pressor. The transducer is mounted in block 3.

All transducers will be of the same type (Bell Howell BHL-4050-00-250
Bar).

This is an unbonded strain gauge transducer with stainless steel body
and diaphragm. Connecting cable is waterproof.

MIN MUY JAMETER OF SEAUING
FraX xoe

| 129 2 _ oL L A

ODENOTED BY SUFFis TO TYPE NUMBER eg ¢ 808
= 1000 — 02M% DENOTES A CABLE LENG = CF
i 2 SMETRES

SCREEN P:GTa .
F__ \ ’ @ 60 max 2’:

acEER.

; CABLE 4 CORE SCREENED CROSS (.
FOUES L LIN .E0 POLYMER 'NSULATED CONDUCTORS .‘-‘w\“»&l
At OUYER SHEAT™ N
- Fig. 8.4:52 Pressure Transducer BHL 4050-00-250 Bar
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This transducer is almost identical to the tank and compressor
transducers vsed on P40 engine. These transducers have been very
reliable and so far no failures have been .c¢ported.

These transducers have following specification:

Type number:
Input

Pressure range:
Pressure limits:

Rated electrical excitation:

Maximum electrical excitation:

Resistance:

Output

Full range output (FRO):

Residual unbalance:

Natural frequence:
(mechanical)

Resistance:

Resolution:
Environmental
Temperature range:

Thermal zero shift:
Coefficient

Thermal sensitivity shift:

Coefficient
Vibration:

11-250

BHL-4050-00 !

0-25 MPa Sealed Reference

Twice rated pressure, when appliec
for 3 minutes will not cause a
zero sct exceeding 0.5% FRO.

10Vdc
12Vdc

350 o nominal 3301 maximum
at 25 oC

Minimum 36 mV, maximum 48 mV
into open circuit at rated
excitation and +25 ©C.

0mV ¥ S% FRO

Approx 40 kHz

35000 * 10% at +25 OC.
Continuous

=10 oC to +120 OC (compensated)
-54 OC to +120 OoC (operable)
Maximum 0.05% FRO/OC

Maximum 0.03% FRO/OC

At 30 g peak sinusoidal vibratic
from 5 Hz-2 kHz the response is
less than 0.04% FRO/g




8.4.8.13

Ambient pressure: 2 MPa absolute, will not damage
the transducer.
Humidity: Meets MIL-E-5272

Mechanical shock: 1 000 g half sine wave pulse for
a duration of one millisecond
will not damage the transducer.

Physical
Material in contact with
pressure media: 17-4 PH stainless steel
Electrical connection: Integral sealed cable assembly
Pressure connection: R 1/4" to DIN 259
Weight: 125 g including cable
Insultion: able screen, exitation and

output, isolated from case.
Insulation resistance 500 M1
min at 85 V d c.

The ASE MOD I power control system is equipped with two safety valves.
One is mounted in the p-line before the control valve. This valve
prevents too high pressures inside the engine caused by any malfunction
of the power control valve or improperly supply gas to the engine
through the refilling valve. This safety valve is on Mod I mounted
in block 1.

The other safety valve is placed between compressor and hydrogen
tank preventing too high pressures after the compressor in the

event the manual shut-off valve (19) should have been closed (by
accident). The safety valve also prevents too high tank pressure

during engine operation. This safety valve is mounted in block 2.

The safety valve is of own design eliminating the problems which have
occurred with the P40 safety valves.

Fig 8.4:53 shows a sectional drawing of the components belonging to

the safety valve.
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Fig. 8.4:53 ASE Mod 1 Power Control Safety Valve

To assure a leak tight valve the sealing element is an O-:1ng.
To prevent damage on the O-ring during the opening and closing
phase, srecial attention has been made to design the sealing
elements. Fig. 8.4:54 shows the valve in a closed position,

during the opening phase and in open position.
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F'1ig. 8.4:54 Safety Valve Operation

1: shows the safety valve in closed position
2: shows the safety valve during the opening phase (note that
the outer O-ring holder prevents the O-ring from blowing away.

3: shows the valve in open position.

Tests have shown that this valve could be opened several times

and sti1ll seal agalnst atmosphere.

Working medium: Hydrogen
Opening pressure: 225 MPa
Closing pressure: > 17.5 MPa
Entrance orifice: 3 mm ESEOD
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8.4.8.14

8.4.8.14.1

A pressure vessel of 7 litres in volume will be used although partly
closed piston domes permit use of a smaller vessel in automotive
application. In laboratory test cclls connecting tubes from monitoring
manometers and measurement transducers adds a volume equal or larger
than that of the closed dome volumes.

Design

The hydrogen storage vessel in MOD | will be identical to that of all
P40 engines.

It is a standard off-the=shelf pressure vessel for compressed air
used for diving and fire-rescuing purposes. It is designed by the
Swedish company AGA (their designation ORC7) and manufactured by

Industriwerke Karlsruhe (IWK) in Germany.

The bottle is seamless and cold-drawn. The starting material is a
round piece, which by deep drawing in many stages will get the final
cylindrical shape. Between the deep drawings the material is annealed
and phosphatized.

The bottle neck is thermoformed in rotating tools. The bottle is
also tempered.

Fig 8.4:55 shows a drawing of the hydrogen vessel ORC7.

The bottle is designed for a proof pressure of 45 MPa and a nominal
working pressure of 30 MPa (air).

The design, manufacturing, inspection and testing are in accordance

with Druckgasverordnung (German Pressurc Vessel Code) and Swedish
Pressure Vessel Code.
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Bottle specification:

Volume:

Diamecter:

Length:

Weight (empty):

Wall thickness:
Bottom thickness:
Max charge pressure:
Proof pressure:
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7.0 - 7.3 litre
140 mm

610 mm

9.2 - 9.7 kg

4 + 0.3 mm

4.8 + 0.3 mm

30.0 MPa
45.0 MPa




Material specification.

The pressure vessel is made of:

Steel 30 CrNiMo 8, DIN 16580

o 0.26 - 0.33% S < 0.035%

Si 0.15 - 0.40% Cr 1.8 - 2.2%
M 0.3 - 0.6% Mo 0.3 - 0.5%
P < 0.035% Ni 1.8 - 2.2¢

Yield strength og > 100 kphnnz
Ultimate tensile strength opg > 111 kp/m?
Elongation > 13%

In production all pressure vessels are carefully inspected
regarding wall thickness, hardness, inner and outer surfaces,
threads etc. All pressure vessels will then be tested to 45 MPa.

8.4.8.14.2 Hydrogen Pressurc Variation in the ASE MOD I Storage Vessel

Depenling on the engine power variations therc will be pressure
variations in the storage vessel. The amplitude of these variations
depends on: Tank size, gas volume of the Stirling cycles, open or
closed domes, volume of the outer gas system and gas volume of
monitoring equipment (manometers etc).

Amount of hydrogen in the engine cycles (at 15 MPa p)
ASE MOD I off-d 3-00 - 0.0115 kg

Amount of hydrogen in domes (F)
(partly open)

Seal filter 150 em3 () . 0.0013 kg
Amount of hvdrogen in power

0.0025 kg

control tubes, valves, filters
- N
abecut 80 ¢m” p = 0.0012 kg

Total amount of hydrogen in engine
at 15 MPa p = 0.0165 kg
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Of this total amount of hydrogen a great part is transferred

to or from the engine during engine operation.

p variation from 19,1 MPa (full load) to 4 MPa (idling) gives

an amount of transferred hydrogen of 0.0130 kg.

Lowest practical tank pressure at full load conditions will be
set to 15 MPa. Corresponding amount of hydrogen in a 7 litre

tank at 70°C will be 0.0840 kg.

At engine idling 0.0130 kg of hydrogen will be transferred to

the tank giving a total amount of 0.0970 kg.
That corresponds to a tank pressure of 17.3 MPa.

To compensate for external leakage during the refilling intervals
an extra amount of hydrogen must be added to the tank. This
reserve capacity has been set to 210 standard litres of hydrogen
giving an increase of pressure of 3 MPa. As a consequence, dur-
ing engine operation the tank pressure will vary between 20.3 MPa

(engine idling) and 18 MPa (full load conditions).

In test cell installations an extra amount of about 1000 cm3 of
hydrogen (0.0122 kg) must be added to the transferring amount of
hydrogen due to monitoring equipment. In that case the tank
pressure levels will vary from 22.5 (engine idling) to 18 MPa

(full load conditions).

Figure 8.4:56 shows storage vessel pressure and corresponding

engine pressure in an automotive and a test cell installation.




Q -ﬁ‘-ouon (dwg)
il [

s & e A
b 3 sharp edges are broke:
7 & (interrupted)
7t <7,

»~
[ ]
8
Space 7.0-7.3 lite
Filling Pressure at 15°C 300 atm
: Test Pressure 450 atm
X i
4_&
y
4
°’" a5 4
e
o
|
| N
M
Y
r
L
: Fig 8.4:55 Hydrogen Vessel AGA ORC7
:
a

11-258

et —k‘_




Pressure
(MPa)

ORIGINAL PAGE 1S
OF POOR QUALITY

Storage Vessel Pressure : Test
Ria Installation

sStorage Vessel Pressure :
Automotive Avvlication

Storage Vessel Pressure:
Automotive Application Without Leakage
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Fngine Max. Pressure
Enagine Mean Pressure

Engine Min. Pressure

Ihvdrogen Storage Vessel Pressure and Corresponding

Engine (Mean) Pressure for ASE MOD I,
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8.4.8.14.3
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Stress Analysis

The hydrogen storage vessel is made of tempered steel DIN 16580.
The following material data are valid:

~—maman

Yield stress (0.2%) Oy = 980 MPA
Ultimate tensile strength G W 1 090 MPa

Fatigue limit O¢ = 460 MPa

The design fulfils the Swedish as well as the German gas bottle
code (a safety factor of 1.33 against yielding at the proof

pressure of 45 MPa).

A burst test with oil has been performed by NASA Lewis Research
Center. The yielding started at a pressure of 6. MPa (9000 psi)
and the burst occurred at a pressure of 77 MPa (11,200 psi).
Using the mean diameter formula with the actual thickness of

4.5 mm these pressures correspond to Hoop stresses of 992 MPa
and 1232 MPa, respectively. The Hoop stress at yielding is in
good agreement with the specified yield stress. The discrepancy
considering the burst stress and the ultimate tensile strength
is probably due to the listed value being a minimum guaranteed

rather than a nominal one.

The vessel is subjected to a cyclic pressure of 19.15 + 1,15 MPa

in a vehicle and 20.25 + 2.25 MPa in a test cell. The vessel has
been fatigue tested with a cyclic pressure of 21.5 + 3.5 MPa

at the Swedish National Testing Institute. The test was successfully
performed with 10 million cycles, see the enclosed certificate,
appen .ix 8.4:2.

Fig 8.4:57 shows a Goodman diagram for the pressure vessel. The
fatigue limit is reduced becausc of the surface conditions.

The mean diameter formula gives the following Hoop stresses using
the nominal size of the cross section of the pressurce vessel:
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1. Test cell = 345 + 21 MPa
2. Vehicle = 365 + 41 MPa

3. Fatigue test = 387 + 63 MPa

The diagram shows that the pressure vessel has a safety factor
larger than 2 for the two specified applications.

Four pressure vessels have been delivered to NASA Lewis Research

Center for hydrogen embrittlement investigations.
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Amplitude Stress (MPa)
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Fig 8.4:57 Goodman Diagram for *he Pressure Vesscl.

1. Test cell
2. Vehicle

3. Fatigue test
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The hydrogen storage vessel is equipped with a manual shut-off
valve. It will be used during long non operation periods or when
it is necessary to remove the tank from the system without
emptying the tank. Fig 8.4:58 shows the valve design.

Fig 8.4:58 Hydrogen storage vessel shut-off valve.

The valve is modified according to USS drawing 4-13364 (Fig 8.4:59). .,
bursting disc preventing overpressure in the storage tank is also
built into this valve. Burst pressure of this disc is about

35 MPa. Dumped hydrogen will flow directly to the atmosphere

from the valve body as there is no outlet tube.
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Fig.
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8.4:59 Modifications on Shut Off
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8.4.8.16 Hydrogen Refilling Valve (20)

oo cFeorcvcevcovnccselccacn=

For refilling the engine from external hydrogen supply the
power control system is equipped with a simple manual shut-off
valve.

The ASE MOD I will be equipped with the same type of valve as
the P10 engines:

Rotelman 1/4' DN 640
8.4.8.17 Fusible Temperaturc_Plug (21)

To avoid overtemperature at the hydrogen storage vessel due to
accidental fire and with the risk of vessel bursting a fusible
temperature plug will be mounted at the pressure vessel.

The plug consists of a fitting with a melting plug (see fig 8.4:60).

Fusible Plua

Fig. 8.4:60 Fusible Temperature Plug
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Material of the melting disc: Bi 58% Sn 42% alloy, with
a melting point of 138.5° C.

This plug is mounted close to the vessel and is connected directly
via the vessel shut-off valve to the inner volume of the tank.

When the disc melts the storage vessel will be emptied through
the plug independent of the hydrogen shut-off valve position.

As a feed back signal of the enginc speed to the power control
system and the control panel a speed transducer is used.

On ASE MOD I a magnetic pick-up placed in the transmission
intercasing will sense the teeth of the synchronizing gears.

The speed transducer will be:

Airpax Standard Magnetic Pick-up 1-0001.

Specification

Output voltage: 30-70 V (P-P)
DC Resistance: 100-130 ohms
Typical Inductance: 32-46 mH

Output Polarity: Pin "B'" positive

Operating Ter;erature: -100° to +225° F
Mounting Thread: 5/8 = 18 UNF - 2A

Fig S.1:01 shows the gencral lavout of the speed transducer.
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PART NUMBER SPECIFICATIONS OUTLINE DRAWING

1-0001 (pickup only)

PR
) Output Veitage: 30 J0V (P P).

0 OC Resistance: 100 130 ohms.
Typecal Inductance: 32 46 mH.
Ou lput Polanty: Pin '8 positive
Operating Temperature: - 100 to +225°F.
Lead Length: 10 feet of shielded cable.
11-0001 (pickup Mounting Thread: %18 UNF 2A

and cable assembly)

Fig 8.4:61 ASE MOD I Speed Transducer.

Experience:

The same transducer has been used in all P40 engines.
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152-106-275-B
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Installation Gas Valve Actuator

Fig. 9
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Part from ERZ2

Copper Washer ¢ 14/8 x 1

Fig. 12 Check Valve Assembly
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POWER CONTROL SYSTEM
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heck Valves tor stirling Engines

Stecitication tor AsE Mod T check valves and a short survey of

tested check valves for maximum, minimum pressure and for the

aydrogen compressor,
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Handibgoare (181, namn, ttn) Datum Dokumentbeteckning,
S-H Alms trom/min 1979-08-21 -
[Wionageres/ Arence

ASE MOD T

GHECK VALVE SPECIFICATION

Type:
Size:

Working gas:

Pressure:

Cas temperature:

Leakage:

Material:

Outer dimension:

Des!i

Endurance:

Cracking pressure:

Working frequency:

Check valves for Stirling engines with working principle
similar to air compressor exhaust valves.

Internal flow corresponding to at least 5 mm ESEOD
(Equivalent Sharp Edge Orifice Diameter).

Hydrogen

Max total pressure 25.0 MPa
Max diff pressure 22.5 MPa

< 0.1 MPa

Min, max check valves < 150 °C
Compressor check valves x225 °C

External none
Inchecked direction <€ 0.001 g/s
Hz at 20 oC and 10.0 MPa AP
10 - 75 iz

Hardened material in both seat, plate and spring holder
as large flows may occur in open direction,

As small as possible.

The check valve should be of a Cartridge type and be able
to mount in a block.

The design should be resistant to particle contamination
(Teflon dust) of the working gas.

2000 hrs continuous operation.
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thited Stirline

Y

I« WARE LERL:

"o BAUER 7730K:

i, LEECHEK 375:

5. LEEGIEN 250

This check valve was used in the carly versions of our

V4X engine. The valve has an inner diameter of about 4 mm.
The valve was sensitive to rulon dust-oil mixture which
caused the valve to lcak. Later the valve has been used as
a check valve in the timed supply line (ViX, P40) with good
result. (he valve has not becen tested in the check valve
test rig.

The size of valve which is too small for the short-circuiting
demand of M | and the above mentioned experience makes

this valve not suitable as a min, max or compressor check
valve tor D [.

e v1ainally designed as a suction valve
in *he t'nx.l stage of an air compressor. The valve has been
used by US5 as an min and max check valve in the V4X3 engines
including the Taunus car. The valve seams to be tolerable
to rulon Just and has worked well in the engines. In drive
units with very hard running extensive weur in the spring
holder and broxen valve plates have occurred after about
400 hours. The flow diameter is abeut 4 mm (similar to
HAWE TR1). The valve has not been tested in the check valve
test rig and 1s due to size and wear not suitable to MOD I.

The valve is the pressure valve in the same air compressor
as Bauer TT8OK. The flow passage is similar to 7780 but the
valve is more rugged and seems to have stronger and more
heat resistant sprinz. The design of the valve makes it
Jdifficult for us to use it as chcck valve in our engines.
The valve has been tested in P40-2. it shows good results
and no wear has been detected. The valves have not been
tested in the check valve test rig.

Their size make them not suitable for MOD I.

Designed as a check valve farhydraulic and fuel system in
air crafts. The check valve was the tightest ever tested

in our static test rig and the difference between the best
and the worst valve was small. The valve has been tested in
tie P75 4-189 engine. Flow rate cquivalent to an appr ° mn
inner diameter hole. The check valve was extremely sensitive
to rulon dust and after about 10 hours of engine testing
the valve stopped in open position. Due to its size and

benavior not ntuble for Mod 1.

A smaller model of LEECHEK 375. The valve has been tested on
a ViX3 engine with the same results as with LEECHEK 350.
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Dohumentnamn
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1979-08-21

Mottagere/Arende

6. HWE ER2:

7. H\WE RC2:

8. HAWE RC3:

9. BAUER 9312:

10. BAUER 9313:

This check valve has been tested together with the P75
4-189 engine including the Volvo van. The P40 and P75
hydrogen compressor is also equipped with ER2. The valve
has a flow diameter of 6 mm. The valve has not been tested
in the check valve test rig.

In the Volvo truck installation the valve has operated with
good results (200 hours).

The check valves placed in the P75 compressors show
significant wear in the spring holder after about 200 hours
of operating. The gas temperature also was too high for the
spring material with broken and damaged springs as a result.
A new model with temperature resistance springs has been
ordered but not yet tested.

The size and outer dimensions make this valve suitable for
MOD I but the wear on the spring holder and the spring

problem must be solved befcre we can choose this valve for
MOD I.

This valve has about the same flow rate as ERZ and was

chosen for the Opel installation in favour of ERZ because

its better mounting facilities. RC3 has the same plate and
sprirg as the ER2 but the spring holder was of another design.
After about 50 hcurs of running in the Opel car the spring
holder was broken. Later the check valve was tested in

the check valve test rig and the same fault occurred after

68 hours. The valve could be suitable for MOD I only after
major redesigning.

A bigger model of RC2. The valve is used on the 4-275 engine.
Flow capacity is larger than RC2. The valve has been tested
600 hours in the check valve test rig with good result and
no wear could be seen. The valve could be a choice for MOD 1
but the size makes other valves better suited as MOD I

check valves.

The valve looks like Bauer 7780K but with a 4 5 mm entrance
hole. The valve has been tested in the test rig (not under
MTI contract) 600 hours with good result. The design makes
the valve difficult to mount but the concept looks promising
for further development and specially built check valves
(described later) origin from this valve.

This valve is similar to Bauer 7790K but with a 5 mm entrance
hole. 9313 and 9212 were originally used as check valves in
the second stage on air compressors. The plate of this valve
was not strong enough and after about 100 hours in a P40 drive
the plate was broken.
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11. UB Special:

12. BAUER K3057909:

13, BAUGR KB038239:

This valve is a USS modified HAWE ER2 where we use the seat
aad plate from ER2 and built our own spring holder (hardened
and use a tcmperature resistant spring.

The valve has been tested in the check valve test rig
600 hours with good results. No significant wear could
be seen. In our compressor test stand we have achicved

2 000 hours of proper operation. This valve model is also
mounted on our last P40 cngines.

This valve is today our choice for MOD I.

This valve is a development of Bauer 9312 with its plate,
seat and spring but a housing similar to 9313. The valve

is now being tested in our test rig and has up till now
logged about 300 hours. Nothing can be said about wear but
the spring holder is not hardened. The valve has an internal
restriction and is probably too small for the MOD I engine.

This valve is specially made for us and is a bigger version
of KB057909 and with hardened spring holder. We are waiting
for the first samples and this valve will be the last valve
to be tested in tﬁis selection test at the check valve test
The concept looks promising and the final choice of MOD I

check valves will probably be between UB Special and Bauer
KB0S53254.
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Fig. 1 Accumulated Operation Time for Engine/Rig: Check Valve Test Rig (S-H Almstrom)



o

(' 1A
Uit ativivg o £)-4

BLACK AND WHITE PHOTOGRAPH

11-294




BLACK AND WHITE FHOTOGRAI'H

- i
o
-

ol
".
"-
<

pe |

0




ORIGINAL PACE IS
OF POOR QUALITY

250 LEECHEK
FLOW CURVE

= LOMMmS
(7 g [ v 400
s '
14 ‘ 1 )| | |
e ) SN . d 4 I 7
= Lo="
o . ‘JO": H ! | ! ! !
- \
= [} - . et - . & | - | ! 300
i i - P -
B . - . ¢ . W, A
: P -
I -
£ T PRRSUR SS, VS S S
s ' av
t . . . |
7
0 bl A i 1 | | -
o 0 0 30 o -

ap st

WHEN P EXCEEDS 50 PSI USE 175 LO

11-296



Einsteck - Ruckschlagventile Ty ER

1. Allgemeines

Ruckschiagventile geben den Durchfludstrom in einer
Richtung (rei und sperren .hn in Gegenrichtung Sie ge-
horen deshalb zur Gruppe der Sperrventiie (DIN 24 100

2. Beschreibung

Der Tyvp ERistein federbelastetes Finsteck-Rucnsch.ag-
ventil und wird vorzugeweise in Mydrogerate eingvbaut
die fur Montage aul Grundp.atten geeignet sina Das Ven-
til wird in eine abygesetzte Bohrunyg ewngefuhrt und mt
einem Hund zwischen Grundplatte und Bohrungsabesat:
eingeklemmt, so dald es unverrucabar festsitit. e Ab-
dichtung an der Trennfuge ubernimmt ein O-Hing

.
Anschiud-

bohrung

Der Tup ER (st ein Plattenventil. Ventilsitz und -p
sind gehartet und ges uilfen, der Katig genhartet, in

sperrter Durcntiudrichtung (st es hermetscn dicht

3. Kenngrofden
31 Allgememn

Sinnbiid undg
Typenvezei hnung

Bauart

Gerateabmessungen

Einbauiage beliebiyg

3 2 Hydraulische Kenngrol3en

Betrievsaruona max. 500 var
Druckmittel DIN 51924 Huiagrauawkol HL (PP 9, 16, 25 andere Druckriittel auf Ruckirage
zul. Viekositdtsbereich K 150 ¢St

t : no . v o o g0 V10 w0 a0 w0 »
Umrechnunygeieiter
von ¢5t in ik L T N N I N A SRS R F T Y IR ) o
Temperaturen Umgetiung  -35 * 709 Druckmitte, -40 +80VC
tul. Durchflul ERO * 6, min, ER] » 121 mun, ER2 » 3Ol min, ERJ * 65! muin

8p-Q-hennunien
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e e S S A e e S e
! prd
8 1 + 1 + v 2 =R 3
- e S BB [ T S e e I W P G VU V. VS SR Y U WO Tn—— - & S =
T ..

! T
8 0 AN N O A O L ,ﬂ_z/.w_a, % o
L .. 5. O 5 5 0 P 106
s - ERO—H— ER2 i 7 am .

. -I.- | S DU SPSRE A S S . e—. - D e e |

A ./1_,.*-./* B Emeesgeens
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8.5 ELECTRONICS |
The electronics of the MOD I engine is built up around the Texas
9900-family microcomputer system. For the prototype system a
™S 9900-microprocessor is used.
8.5.1 Engine Control Software
The software for engine control is a modular package written in
assembly language for the 9900. Routines are called upon as
needed when the processor is interrupted. The interruption interval
is 10 milliseconds, but most routines will execute when
several interrup‘ions iave occurred.
In the prototype version a communicaticn module has heen included
which will allow data and constants to move between the engine unit
and the monitor.
3.5.2 Engine Control Hardware
8.5.2.1 Processor Unit
CPU 16 (bit) TMS 9900-3 Mc clock frequency.
Memory: Static RAM, EPROM,
Other circuits: UART/USRT, 2 timers with 8 interrupt lines.
8.5.2.2 Input _System

30 8 v

Analogue inputs: QVMOS multiplexer with input protection, filtcring
differential low level inputs {0-100 m\') and single ended high
level inputs (0-10 V).

A/D converter: Successive approximation type. The converting
time is 30 s.
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8.5.2.3

L LR I

Digital inputs: TTL data multiplexer.

RPM pulse input: Binary counter with Schmitt trigger.

Analogue output: 12 bit D/A converter with buffered sample
and hold demultiplexer.

-~

Digital outputs: TTI latches and relavs.
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Fig. 8.5:1 Engine Electronics
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Engine Electronics (Block Diagram)

Fig. 8.5:2.1
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Fig. 8.5:2.2 Engine Electronics (Monitor)
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Fig. 8.5:6 S-99 8K Sram Board, P/N S99320-01
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Fig. 8.5:15 Mod I Prototype Electronic Test System
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Fig. 8.5:16 Operator's Panel
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Fig. 8.5:17 Video Screen (Display 1)
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MOD I ELECTRONICS

INPUTS: Others

1. Max Pressure Transducer input level: 2,5-12,5 Ve 0-300 bar

' Tank Pressure Transducer- " = « " =« « " o e "o " o

S
<

3. Compressor Pressure Transducer « " =« =« " <« o« " oo " o
‘. - " - - L - - L - - " - - "

S. Temp set input level: 0-10 V DC eqv o0-1000°C

6. loctboek from airthrottle servo. Input level: 0-15 V DC eqv 0-’0°
m‘ .!

7. Rpa pick-up. lnput level 0-3833.33 Hz, '30-70 V (P-P) DC resistance: -
100-130 ohm eqv 0-5000 rpm. :

8. Accelerator level. Input level: 0-10 V DC eqv zero-full speed
9. Idle. Input level 0-10 V DC

10.  Keyswitch input level: 10 V DC at three different positions (Digital
11. Spare

12. Spare
13.  Spare
14.  Spare
1s.  Spare

Fig. 8.5:20 Inputs
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MOD [ ELECTRONICS

INPUTS: Temperatures (TC = thermocouple)

1. Front rov TC type Cr/AL input level appr: 32 aVe q v 770'C

z. L] L " " L] » L] L] L] L] L) {;
s. " " " " " " " " " " “ {
N R S R
S. Rear row " " - " "' .- " . - i
.. w » " " " " " " " " "

7. w w " " " " " " " " "

.. " ] L] L] " L] (] ] L] " ” |
9. Working gas " 3 " i o " » » ”

10. " ) " " " " " " " "

1. " w w " " " " " " " "
12. " " on " " " " " " " "

13.  Exhaust " woow o m e wigoar * 250%
14. Watertemp TC type Fe/konst input level appr: 3.73aV eqv 70%

15. 0il temp variable resistance input level 100-161.7 chm e q Vv 0-100°

16.  Water temp block variable resistance input level 100-16i.7 ohm

0
eqv 0-100°C
17. Cold junktion temperatur compensation "

Fig. 8.5:21 Signal Levels During Working Conditions

11-326




ORIGINAL PAGE

IS

OF POOR QUALITY

MOD I EBLECTRONICS

1.
2.
3.
4.
.
6.
7.

9.
10.
11.
12.
13.
14.
15.

Fuel pusp relay

Fuel valve rel
Ignition relay
Waterpusp rela
Blower relay

Starter relay

Short circ valve relay

Fan relay
Rec drive led

a8y

y

Dump relay. NOTE: Not controlle

Spare
Spare
Spare
Spare

Spare

Fig. 8.5:22 Outputs: On/Off
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MOD I ELECTRONICS

.
3.
4.

6.
7.
8.
9.
10.

Air Throttle servomotor: ¢ 1S V DC. 500 mA

Pressure transducer P max: * 15 V DC. 20 mA

= " e & " < Ptank: ¢ 15 VDC. 20 mA

= " e. = " < P before compr: ¢ 15 V DC. 20 mA
« " e« o " < P after compr: ¢ 1§ v DC. 20 mA

Fig. 8.5:23 Outputs: Power Supply for

Tranducers and Others
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MOD I BLECTRONICS

1.
2.
3.
‘.
.
6.
7.
8.
9.
10.
11.
12.
13.
14.
18.
16.
17.
18.
19.
20.
1.
2.
28.
24.
s.

Air throttle servometor signal: 0-10V DC eqv 0-’0. angle
Air throttle position. Instrumentsignal 0-10V DC 1 mA
Rpa. Instrumentsignal 0-10V DC 1 mA eqv 0-5000 rpm
Max pressure. Instrusentsignal 0-10V UC 1 mA eqv 0-200 bar
Accelerator position. Instrumentsignal 0-10V DC 1 mA eqv 0-100 dar
MOOG valve poistion. Instrumentsignal 0-10V DC 1 mA
MOOG valve servo signal 0-10V DC
Temperature front row TC 1 signal 0-10V 1 mA eqv 0-1000°C
e % e eMe Mo T2 " e-%eo v <0-1000%

e M e oM. M3 e " eov.e. » . 0.3000%
- % e e M TC e " eamaoa w o 0.10000C
Temperature rear row TC § » " « « " o =« " . 0-1000%
© % e Me M. TC B e " ee®ae v o0-10000
e ™ o oM oM TCTe * semes " o geon’e
© % o a%e . PC 8. " --m.o. » . 0-1000%

Temperature working gas TC 9 signal 0-10V 1 mA eqv 0-1000%
e " e e M L TC10-"ee ® o % .0-1000%
e M e e M e TClle"ee ® o on.0-10000
- " e e M L P02 e"ee % o o%.0-1000%C

Water temperature signal 0-10V DC 1 mA eqv 0-100°C

Max pressure signal 0-10V DC lmA eqv 0-200 bar

Tank pressure =" <« " e o " o o " o %,

Spare
Spare

Spare

Fig. 8.5:24 Outputs: Analog Signals
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Input and
Conversion Check

| Floating Point ]

Highest
Lowest

Input
Start Key Decoder

(—_ThermocoupTe Temp Guard |

Thermocouple Temp

Reset C Water Temp Guard ]
— [ 01T Temp Guard )
[ — RPM Guard ]
Main
Program - Flame Guard -
[ ~Timers Guard |
( Start Counter Luard |
Watch Dog (___Emerdency Rotation |
SEEFTIEN Acc. } Input
Idle Check
Temp Set Guard
[ Pressure Guard ]
[ Start and Drive Routine |
[ Stop Routine ]

(_Power Control Routine |
(_Temp Control Routine |
[ Output D/A J
“Service Routine

(Communication and
Monitor Programs)

Fig. 8.5:25 Main Program Flow Diagram
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|
L xwaves |

L_tesen ]
7 A
| .-munuun |
<.]..\ -
(Loourans w10 3000)
Less 9
|
l “-!miﬂ'] [“ “'.I”,' ]
v .o, 1
Lum'lm'j L2 - 300 = 0%, )
. LN} d
Ig P,y “ﬂ L" w.“,’ I
1
["n"‘qla"j‘ J
- ]

:rﬂ‘“

L SET O T0 8 J

|
| A 1D A ]

WTC: @ = CROSS POINT

NOTEs O = Y . OCORD, FOR OROSS POI.?

10 = x o GOORD, FOR IDLE =

C1 » DIRCCTIONAL GOORD, FOR |lu uave
L ® ACC,POSITION (nu N)
G2 ® DIRECTIONAL COORD, FOR ACC, POSITIONS

Fig. 8.5:26. Power Control Board
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ORIGINAL PAGE,
RPM’s APM.A
C2°sC2 @ RP!”
P’s 02%¢ 3

COMPARE RPM W!T4 1000

LESS 1
COPARE RPM W ITH 4500
3

‘s —
FL

| LESS
PH & RPM X FL’ /

I LG LI

C0"PARE PW T0 7° ] |

[ooe.'rm U 19 A% |

LESS A -

LESS

e —— g — - ta————

[ SET P = Pu L SET 2 = P°

SETP s O

SL’s APM . 8L

Rie [
\.__:”'“ SL" s B4 SL°

NOTEs FLSFAULIVIT CURVE x COORDINATE (1000 APW) oo
YOTEs SLeSPZED LI IT CURVE x GOORDINATE (4500) f*x
OATA IN
HOTEs SA = SPEED-AREA A3OVE SL
8f = B¢
HOTEs $FACTOR T
Pm s P’, Bf
SET P = Pi.

L

Fig. 8.5:27 Control Program Flow Diagram
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Fig. 8.5:28 Pressure Guard
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1
| ser zEno weTanzER 1M |

s
| ooweanc stare |

(AT )

r au—zmm

| arrer cooL e orF)

1

[ ST zEn0 wsiv, PRESST |
S

|Iﬂﬂ AFTER COOL PUMP I

| ser zemo counter ]

| ser our = 0 cumn, orf

SET CUTPUT = ¢

RE -
TURK

Fig. 8.5:32 Stop Routine
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8.0

ARRANGEMENT

8.0.'

8.00‘.‘

Arrangement of Auxiliaries, Accessories and Driving Belts

Front View

Alternator, radiator fan, air conditioning compressor, hydraulic

pump (for power steering and brake booster), and the variator belt,
are all driven by the front end of the drive shaft. The hydraulically
governed variator transmission is used for driving both the burner
blower and the combined atomizer air compressor-oil pump.

The alternator and the radiator fan are driven by one belt from the
front end of the main shaft, with the alternator mounted on a pivot
to act as a belt tensioner. The speed ratio* for the alternator is
2.55:1, which has been checked by AMC to give sufficient charging
capacity with the chosen Bosch 55 Amp alternator. The radiator fan
drive ratio shown on thé drawing is 1.2:1, and space is available for
a clutch arrangement between the shatt and the fan hub. The

optimal fan speed ratio and clutch arrangement has to be chosen after
the planned cooling system tests.

In front of the above mentioned belt is the belt for the variable
speed drive for the burner blower, with the driving pulley located
also on the main shaft.

A second pulley in front of the driven pulley on the fan shaft is used
to drive the power steering pump and the air conditioning compressor,
with speed ratios relative to engine speed of 1.2:1 and 1.3:1
respectively. Here the belt tension can be adjusted by means of the
power steering pimp, which is mounted on a pivot.

The belt for the variator drive is a special type of V-belt, and the

* Speed ratio is defined as spced of driven member divided by
speed of driving member.

11-341




8.6.1.2

8.6.1.3

other two belts are of the Dayco Polyrib type.

For location of these parts, see photos on page [1-351.

The hydrogen gas compressor is located in the front of the engine '
and directly driven by a connecting rod from the left hand crank ’
shaft. Consequently, the speed ratio 1is 1:1 for this unit.
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On this drawing is shown the 1.8 HP starter motor, which is

directly mounted on the transmission case, closc to the steering
gear.

I

The burner air blower is located on this side in the front end
of the engine. The air inlet pipe is located in the front of the
blower (directed forwards) and the air outlet pipe is directed
upwards. The air is guided by a short pipe directly into the air
manifold of the preheater housing.

The driven pulley of the variator drive is directly mounted on the
low speed shaft of the blower transmission. This shaft goes

through the blower transmission case via an overrunning clutch,

and is by means of a toothed belt driving the atomizer air
compressor-oil pump unit, which is located behind the burmer blower.

The speed ratio between these two shifts will be approximately
8 <

A toothed belt will be used for this transmission.
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The same toothed beit is coupled to the electric motor for driv-
ing the burner air blower and the atomizer air compressor during
the starting up period, before the engine is running. This electric
motor is located behind the blower and above the atomizer air
compressor. The speed ratio between the electric motor and the
burner air blower is 1:1. The pulley on this electric motor shaft
also includes a freewhcel to prevent the electric motor from

being driven by the engine.

The water pump is located behind the atomizer air compressor

unit, and is directly driven by a gear transmission from one of
the engine crank shafts. Speed ratio for the water pump is 0.916:1.
The inlet pipe for the water pump is located in the front of the
pump behind and below the atomizer compressor unit. From the water
pump only a short hose is nceded to lead the water into the engine.

Location of Engine Mounted Equipment

Power _Control System

The power control system consists of several components such as
safety valves, filters, check valves etc. Most of these components
are integrated in blocks. One of these blocks, designated no 1, also
includes the power control valve and consequently forms a rather
big unit. Another block, designated no 3, includes the gas cooler
and the short circuiting valve for the hydrogen compressor and,

for this reason, be located close to the compressor. These

two units should preferably be mounted on the enginc in order to
avoid the need of flexible tubing. The most suitable place fnr

block no. 11is on the front end of the engine close to and above the
hydrogen gas compressor,

Block no 3, will be located behind the compressor,
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A third block, designated no 2, can from a functional point of view
be mounted either on the engine or on the vehicle. There will be
further comments in Section 8.6.3.

Air-Fuel System

Components used for the air fuel system are principally mounted on

the vehicle, except for some small valves, connections, inlet pipes,
etc (not shown). See section 8.6.3.

The hydrogen compressor and the hydrogen gas from the compressor
outlet have to be cooled. Therefore, the compressor and block
no. 3 (containing the gas cooler) have to be connected to the
cooling water circuit. The tubes will be only 8-10 mm 0.D., and
they are not shown on thg drawings.

It is not anticipated that an oil cooler will be needed in the
vehicle installations.

The water pump has been dealt with in section 8.6.1.3.

Location of Vehicle Mounted Equipment

Power Control System

- - - - - - - - - - -

Block no 2 will be mounted on the vehicle, close to block no. 1.

The hydrogen gas storage vessel will be located in the left hand

front fender as is shown in the referring photo. This is the same
place as for the P40 installation in the Spirit automobile. This

is also valid for the servo system oil tank.
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The air-fuel system , chosen for the MOD I engine, is based on
a separate air flow meter and metering fuel pump.

Since, the shape and arrangement Of the air flow meter is not
settled, the photos of the mock-up installation instead show

the back-up system (Bosch K-Jetronic), which needs more space than
the planned system. The air throttle is located in the duct

connecting air flow meter and burner blower inlet.

Several minor components belonging to this system will also be
mounted on the vehicle, at locations which will be decided later.

The after cooling pump will be placed in one of the tube bends
in the water return line form the radiator to the water pump.

A junction and relay box, about 250 x 150 x 150 mm will be
located in the engine compartment, close to the power control
box no. 2. If required, the terminal box will be divided into
two units.

The electronic unit, containing microprocessor and interface
systems, is approximately dimensioned 200 x 150 x 75 mm. The
proposed location for this is in the recess in the transmission
tunnel.

11-345 l




8.6.4

Drawings

riguro

ORIGINAL PAGE IS

OF POOR QUALITY
Drawing No. Description
0-17150 Front View
0-17150 Right Side View
0-17150 Left Side View
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8.6.5 Mod I Mock-Up Photos

Figure
4 Front Side View of Mod I Mock-Up
5 Right Side View of Mod I Mock-Up
6 Left Side View of Mod I Mock-Up
i Underside View of Installed Mock-Up
8

Front View of Engine Compartment with Mod I Mock-Up
Installed
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8.7

MOD I COOLING SYSTEM

8.7.1

40 e ~ Iy
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Contents

8.7.1 Scope of Design

8.7.2 Design Approach

8.7.3 Objectives

8.7.4 Radiator Sizing and Positioning

8.7.5 Candidates for Radiator Core and Fan

8.7.6 Prediction of Cooling System Performance

8.7.7 Pressure Drop on Water Side

8.7.8 Influence of Antifreeze Additives to Cooling Water

Scope of Design

The development of a cooling system for the Spirit MOD [
installations assumes the use of a fairly traditional automotive
cooling system. The fan is assumed to be mechanically driven and
the coolant is assumed to be water with glycol or ethanol added
when needed for freeze protection.

The FWD MOD 1 version may be difficult to fit with a mechanically
driven fan. Electrically or hydrostatically driven fans are possible
alternatives. It is planned to evaluate these three types of drives
as part of next RES update. Experimental data for a hydrostatic

drive are being generated when testing the Opel, which is presently
fitted with such a system.

Design Approach

The procedure when designing an automotive cooling system is still
to a iarge extent based on trial and error. The main reason for
this is that it is impossible to calculate the amount of air flow
thru the radiato. produced by ram air or by a fan with any degree
of accuracy. Such data can only be obtained by measurements, which
can either be performed on the road or in a wind tunnel. These
measurements require theuse of a live engine or - in case a wind
tunnel test is chosen - at least a reasonably exact mock-up of the
engine installation.
PRECEDING PAGE BLANK NOT FILMED
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This fact has influenced the design approach to the cooling system.
Basically a multi-step approach has been chosen.

Define objectives of cooling system

* Based on objectives and rough calculations identify size
and position of radiator and allocate sufficient space for a
mechanically driven fan.

* Identify candidates for radiator core and fan.

* Manufacture radiator prototypes from core candidates and
characterize these prototypes in a uniform way.

* Generate air flow data for the most likely combinations of

radiator prototype and fan in a wind tunnel.

Perform computer simulations of cooling system and vehicle

performance and assess to what extent the cooling system

meets the objectives.

[f necessary modify cooling system and repeat air flow tests

and computer simulations until satisfactory performance has

been achieved.

[t is obvious that a large part of this effort has to be delayed
until the design of the MOD I SES is frozen and a mock-up becomes
available for air flow testing. Thus only the results of the first
three steps can be reported here.

Because of the influence of cooling water temperature on engine
efficiency the cooling system performance has an impact on vehicle
performance and mileage. To support predictions of these a

simplified computer analysis has been made, which will also be
reported.

Objectives

The objective of a standard automotive cooling system is to minimize
cost while allowing the vehicle to be subjected to certain duty
cycles and ambient air temperatures without overheating the system.
Secondary objectives such as minimum weight and fan power consumption

are part of system engineering.
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Because of the impact of cooling water temperature on engine
efficiency the most important thing is to minimize cooling
water temperature without excessive use of fan power. From
previous experience at USSw it is judged tl.at it should be
possible to use ram air only at .peeds above 20 mph. It 1s
also judged that during normal driving without excessive
vehicle loads a good cooling system should not allow top tank
temperature to rise to more than 30°C (86°F) above ambient
temperature. In practice city driving will likely give some-
what higher and highway driving somewhat lower temperature.

Therefore the following main objective was established.

A. Design a cooling system, which during a combined EPA cycle
gives an average top tank temperature not exceeding ambient
temperature by more than 30 °C (86 °F), while cutting off the
fan at all speeds above 20 mph.

This objective is compatible with the standard conditions for
which MOD I SES maps are given, i.e. ambient temperature 20 °C
(68 OF) and cooling water temperature 50 °C (122 OF).

Of course the system must not overheat when subjected to high
ambient temperatures and load. Thus a second objective has been
established, which is more similar to the objective of the cooling
system for an IC engine.

B. Top tank stabilized temperature must never exceed 90 °C
(194 °F) while the vehicle is subjected to any of the
following duty cycles at 100 °F ambient air temperature

1. Wide open throttle 0 % grade
2. 60 mph 6 % grade
3. 30 mph 7 % grade
4. Idle, 750 rpm, in gear,
brakes on -- after test No wind
11-361




8."4

LT IR B

Radiator Sizing and Positioning

To meet the objective A the radiator must capture as much ram air
flow as possible without fan assistance and make the best

use of (%, i.e. transfer as much heat as possible to each air
molecule passing by.

The heat rejection capability of a radiator can be approximated
by the formula

HEAT REJECTION = K « A+ /Q/A (Ty = Ty)

where K = Delta Heat Exchanger Coefficient
A = Heat Exchanger (Radiator core) Frontal Area
Q = Air flow
Tw= Coolant Inlet (Top Tank) Temperature
Ta= Ambient Air Temperature

The air flow causes a pressure drop across the radiator, which
balances the pressure increase caused by the ram air effect.

[f - as a first approximation - we assume that the pressure increase
caused by the ram air effect is not influenced by the type of
radiator, and that all other pressure drops except for the drop
across the radiator may be neglected, the best radiator core will

be the one which maximizes

CORE GOODNESS NUMBER = K . \/Q (4 Preg)/A

where Q (JPpef) is the air flow measured for a given reference
pressure drop & Preg across the radiator core. It is evident

that the best result is achieved if all the following measures are
taken simultaneously.

Maximize total radiator core area
B. Find a core which maximizes the Core Goodness vumber
for a suitably chosen Reference Air Pressure Drop Q Pref
C. Minimize extra pressure drop and reduction of air flow
caused by blockage before and after the radiator
D. Increase air pressure in front of the radiator by suitable B
sheet metal work in the front of the vehicle.
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A and C will be treated in detail in the chapter on vehicle
installation. The maximum core area has proved to be

835 mm x 575 mm (33" x 23"). Minumm blockage is achieved by
pushing the engine as far back in the engine compartment as
possible and the radiator as far forward as possible. Presently
the distance between the radiator and the engine is approximately
130 mm (4 1/2") as measured to “he edge of the closest pulley in
the auxiliaries drive system. This is judged reasonably adequate
to prevent significant blockage ¢f ram air. As has been stated
above C and D must be carried out in wind tunnel tests by trial
and error before it is possible to state definitely whether
satisfactory results have been achieved.

Unfortunately the distance between engine and radiator is in-
sufficient to avoid a certain degrada‘ion of fan efficiency due
to the necessity to divert the air flov thru sharp angles
immediately “ehind the fan. It also causes restrictions on the
choice of fan and limits the possibilities to use different types
of shrouds.

It should be noted that the radiator core cannot be chosen in-
dependtly of the fan. To limit fan power during idling the core
must still maintain a sufficiently high Core Goodness Number for
a low Reference Pressure Drop 4Pref, chosen to be representative
of the pressure drop which can be maintained vy a fan without
ram air assistance.

Candidates for Radiator Core and Fan

Radiator Candidates

Five different radiator core candidates have been identified.
They are briefly described in Table 8.7:1. They are all expected
to have higher Core Goodness Numbers than other candidates.

All core candidates are procured in Sweden and the radiator
prototypes made in Sweden, as it was not possible to find US
vendors willing to offer suitable alternatives.
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o 18 3000 & TV

ms v~ -

4 Uity Tube Fins
Matacturer Row(s) Size Spacing No per " Comments
win mn
Blackstone ''tropik" 2 Zx 16 14.43 18 AEB 1.5 Blackstone Tropic
Gringes Metallverken 2 2 x 16 9 36 Splitter Fins without louvers
(".am-Rad)
" 88 2 2 x 16 9 25 Splitter Fins with louvers
" " 1 2 x 16 9 25 Splitter Firs with louvers. Only for testing
Arco 2 2x 16 8 12 Recessed copper sheets width 40
Table 8.7:1 Some Characteristic Data for Radiator Prototypes
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8.7.5.2

16 3000 & 70

It should be noted that a large part of the radiator core material !
used in the automotive industry is supplied from Sweden.

The Splitter Fin with louvers is a new product from Gridnges.

The difference between this core material and their previous
developed Splitter Fin without louvers (or Lam-Rad) is that it gives
a significantlv better Core Goodness Number during idling conditions.
The penalty is a somewhat inferior Core Goodness Number at high
vehicle speeds.

The single row Splitter Fin is included in the test program in order

to allow calibration of the computer codes for a. sufficiently wide
range of data.

The 'Tropic" is the most efficient radiator available as a standard
product from Blackstone (Sweden). ARCO is a small company specialized
and highly skilled in radiator production.

Fan Candidates

A large number of potentially usable fans exist, all with different
requirement for mounting and shrouding. The overall arrangement can
be cnthegorized as belonging to one of several groups. Some of these
are:

1. Stiff fan m-.nted on engine with shroud mounted on the radiator
covering a rectangular part of the core extending from top to
bot*om.

Example: ASE P40 Opel.

~
.

Flexible fan mounted on engine and without a shroud.
Example: ASE P40 Spirit (Figure 8.7:1)

3. Orificed rotating ring fan mounted to vehicle body, with or
without shroud.
Example: Electric fan for GM X-car.

4. Stiff fan with close clearance ring-shaped tip shroud both
mounted on radiator.

Example: USSw Ford Taunus installation.
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In the Stirling application it is very important that the fan
arrangement does not introdue added blockage to the fan. Large
shrouds as in Candidate 1 should therefore be avoided. Candi-
dates 2 and 3 without a shroud, or 4 are therefore preferred
solutions. From an efficiency point of Candidate 4 is the best
solution. The short distance between the engine and the radiator
may in this case preclude its usage for two :easons. The ring
shroud may introduce some blockage effect to ram air. The in-
clusion of two joints in the fan drive shaft requires a minimum
length of the shaft. The second problem may possibly be handled
by retracting one joint into the fan hub.

$.7.8.3 First _Choice of Radiator_and Fan_Spirit MOD_I_Installation

The Lam-Rad radiator which 1s installed in the Opel is identical to
the first of the Gringes prototypes except for frontal area. lecause
this type of radiator has been extensively tested in the Opel cooling
tests, it will be used for the performance predictions in next
section. However, the Cridnges two row radiator having Splitter Fin
core with louvers is the preferred choice for the Spirit MOD I
installation. As mentioned previously this radiator has a lower
pressure drop at low air speeds, which makes it easier to find a

fan which does not cause unacceptable ram air blockage.

The preferred fan is the flexible fan shown in figure 8.7:1. It :
causes minimal blockage of ram air and allows the use of a simple
on/off clutch without absorbing unreasonably high power at high
engine speeds. Its major drawback is its poor efficiency, but this
should have little influence on mileage, as the system is designed
to work without fan assistance during a major part of the combined
cycle.

The second alternative is a type 4 fan arrangement. This requires
the on/off clutch to be exchanged for a variable slip coupling. An
electrically controlled coupling, which allows the amount of slip

to vary as a function of both top tank temperature and engine speed
1s recommended.

S 10 %00 0 7Y
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8.7.5.4

T ORTED Tt T

The final drive strategy must be elaborated by testing. A tentative
strategy is as follows:

fan on, if top tank temperature greater than 80 OC (176 OF)
fan off, if top tank temperature less than 80 °C and
vehicle speed is greater than 20 mph
fan on, if vehicle speed is less than 20 mph and
accelerator not in kick-down position
fan off, if accelerator is in kick-down position and
top tank temperature less than 80 °C

The accelerator control of the fan is intended to improve performance
in the low speed region.

Prediction of Cooling System Performance

Ram Air Flow without Fan Assistance

In absence of other suitable data the performance of MOD I Spirit
cooling system is scaled from the Opel cooling system testing, assuming
that the Lam-Rad core is chosen. This means that the Core Goodness
Number is identical for both installations. If it is assumed that

the pressure drop profiles are comparable at all speeds, this means
that the radiator heat rejection is proportional to Radiator Core
Frontal Area A only as shown in Table 8.7:2.
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Area
Vehicle width Height Area A Relative Area Relative
mm mm m? to Opel to P-40 Spirit
Opel 830 510 823 1.00 1,31
P-40 Spirit 705 457 322 .76 1.00
Mod I Spirit 835 575 .480 113 1.49
Table 8.7:2 Radiator Core Frontal Areas

T SR e
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8.7.6.2
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In Figure 8.7:5 air mass flow data for the P-40 Spirit (as ob-
tained from flow measurements on Concord with P-40 mock-up) has
been compared with Opel data. Mod I Spirit air mass flow has
been projected from both data sets using Radiator Core Frontal
Arcea scaling factors from Table 8.7:2. This is in a strict

sense not allowed, because the Opel has a different air pressure
profile than the Mod I Spirit will have, and the P-40 Spirit has
neither the same Core Goodness Number nor the same pressure pro-
file as the Mod I Spirit will have. It is done in the absence

of experimental data for the Spirit Mod I installation. The most
conservative of the two curves is used in the projections, imply-

ing a scaling factor of 1.13.

Fan_Air Flow_with_no_Ram Air

The projection of fan performance is based on fan characterization
data obtained from the manufacturer as shown in figure 8.7:6. In the
same diagram is shown a pressure drop curve for the fan working
together with the Lam-Rad core. This curve has been obtained by
calculating the pressure drop across the radiator core by means of
the USSw cooling system code and multiply this by an estimated factor
of 1.5. This factor accounts for the sum of pressure drops in front
of core between core and fan and after fan. The pressure drop factor
is very uncertain, but it should be noted that because of the shape
of the fan curves pressure drop increases do not produce large
changes in air flow.

Together with heat rejection data obtained by simulating MOD I SES
and Opel cooling system using USSw computer code it is now possible
to calculate the numbers given in Table 8.7:3, which projects the
cooling system performance during idling conditions. As will be
shown later this heat rejection capacity corresponds to a scaling
factor of approximately .8 when comparing with the Opel fan
installation.
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Engine Fan Fan Pressure Air flow Heat Air Water
speed speed power drop 5; kg rejection temp temp
rpm rpm kW Pa més s kW oC oC
600 720 0.12 78 1.6 0.33 7.1 59.2 61
700 840 0.15 90 1.85 0.38 8.2 $9.3 61
750 900 0.18 95 2:0 0.42 8.85 58.8 61
1000 1200 0.3 130 8:7 0.56
2000 2400 1.3 300 5.2 1.08
3000 3600 2.8 410 6.3 1.3 ;
4000 4800 3.8 480 7.0 1.46 |
|
Table 8.7:3 MOD I cooling system performance during idling in |
gear with brakes on and at other engine speeds without |
ram air. Ambient temperature 100 OF (37.8 ©(C). X
8.7.6.3 Ram_Air_and Fan Air
Air flow test data for the Opel and the Omega show that the fan
produces a constant or with vehicle speed slowly increasing addition
of flow to the pure ram air flow.
Typical values are .9 kg/s (120 pounds/minute) for the Opel and
0.35 kg/s (48 pounds/minute) for the Omega fan. After comparing
with figure 8.7:6 the assumption is made that the flexible fan
produces .45 kg/s (60 pounds/minute) additional air flow on top of
the ram air.
The experimental air flow data for the Opel may now be compared with
the projections for the MOD I Spirit. Figure 8.7:7 gives a scaling
factor of .9.
8.7.0.4 Top_Tank _Temperature Predictions_and Conclusion
Using the scaling factors computed above and applying the rule of
three on the Opel test data gives the final results as shown in
Table 8.7:4. The Opel cooling system has been modellcd into the
& vehicle simulation in order to produce MOD I heat rejection at
i approximately correct cooling water temperature levels.
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Figure 8.7:7 Comparison of Air Mass Flows with
and Without Fan in Operation

11-374

e e —

60




TR T T T

oo s s S8

GLe-11

Mod I Projected Data

Speed __Opel Test Data Scaling

mph rpm Btu/min T -Tp, °F Factor Heat Rejection Tw-Ta Tw at 100°F Ambient Engine

kW Btu/min °F_°C _°F °c rpe

RAM AIR ONLY, ROAD LOAD, THIRD GEAR

23 1400 857 57.2 1.13 9.9 563 33.1 18.4 133 56 920
33 1720 1286 50.0 1.13 12.9 734 25.2 14.0 125 S2 120
44 2600 1801 53.6 1.13 19.4 1103 29.1 16.1 129 S4 1640
55 3000 2990 68.5 1«13 28.7 1632 33.1 18.4 133 56 2050
64 3400 4313 93.2 1.13 40.4 2297 43.9 24.4 144 62 2380
RAM AIR + FAN AIR, MAXIMUM POWER, THIRD GEAR

33 1900 3544 55.2 «90 111 6312 109.2 60.7 209 99 4000
44 2300 4188 557 «90 111 6312 93.3 51.8 193 89 4000
54 2600 5255 53.3 «90 111 6312 71.1 39.5 m 7 4000
65 3300 6011 56.0 «90 111 6312 65.3 36.3 165 74 4000
RAM AIR + FAN AIR, 7% GRADE, SECOND GEAR

306 1750 39.3 2235 44.5 24.7 145 62 1753
RAM AIR + FAN AIR, 6% GRADE, SECOND GEAR

50 2420 76.7 4362 5.3 30.7 155 68 2800
IDLE, IN GEAR, BRAKES ON, NO WIND (FAN AIR ONLY)

0 700 654 63.6 <80 8.2 466 $6.7 31.5 157 69 700

Table 8.7:4 Top Tank Temperature Predictions at 100°F Ambient Temperature
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8.7.7

L

The conclusion is that the proposed system meets all the objectives.
The 1eason that no data are given for the 60 mph, 6% grade case is
that the vehicle cannot achieve this with a rear axle gear ratio of
2.7:1, which was used during the calculations.

In the analysis the assumptions about air flows are most critical.
After the MOD I SES design has been frozen these assumptions should
therefore be checked by separate air flow measurements using a

fan powered by an electric motor and a mocx-up of the MOD I SES.

Pressure Drop on Water Side

Experimental data for the pressure drop across the radiator exist

for the Opel. These data were obtained before the radiator height was
diminished by approximately 27 mm from 537 to 510 mm, involving
elimination of three layers of water tubes.

For this type of core with horizontal tubes the pressure drop 4 p
is related to the size of the radiator by the following formula

LW R
T R oA

when w = width of radiator core or tube length
h = height of core or number of tubes per row
multiplied by the tube spacing
1,2 = indices referring to two different radiators

Using this formula and the Opel data the pressure drop for Spirit
MOD I installation has been projected according to figure 8.7:8.

Figure 8.3:5 can now be modified as in figure 8.7:9 to include
projected pressure accross the radiator instead of allowable pressure
drop. At imaximum engine speed the water flow will be 4.7 kg/s, giving
a certain margin to the 4.23 kg/s, which is the design water flow.
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Influence of Antifreeze Additives to Cooling Water

To get an indication of the influence of adding glycol or ethanol
to the cooling water, some calculations were made for the Pi0
engine working with the Opel cooling system. The calculations were
made for the following operating point only

Engine speed 2 000 rpm
Engine pressure approx 10 MPa

The engine pressure was varied slightly to meet the criterion of
constant coolant volume flow and engine shaft power for all coolants.
It should be noted that the auxiliary power consumption is not
relevant to a specific installation but this does not affect the
main conclusions.

The results are summarized in Table 8.7:5. It is evident that glycol
and ethanol cause the same degradation of the cooling system performance
and are therefore equal from that point of view. Because of other
advantages with glycol it is therefore the preferred additive.

A coolant containing 50% glycol raises cocling water temperature
about 12 OC at the chosen operating point and reduces efficiency
by .7 points or by 2.5%. Although the calculations were made for the
P40 they may be regarded as representative of the MOD I as well.

e 52::r :g;col zgganol
Engine speed, rpm 2 000 2 000 2 000
Shaft power, kW 16.94 16.94 16.94
Top tank temperature, °C 56.6 ¢5.4 66.2
Coolant flow, kg/s 1.80 1.90 1.65
Engine efficiency, % 28:53 27.80 27.80

Table 8.7:5 Cooling system performance at constant shaft power output.
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B.9 VEHICLE SYSTEM

9.1 INSTALLATION, MOD I ENGINE INTO 1981 SPIRIT

The Mod I engine is located on the center line of the vehicle. The refer-
ence dimensions of the engine in the fore-aft and vertical positions are
illustrated ir Figure 1. The angular relationship of the engine with re-
spect to ground, as shown in Figure 1, is 2.812°. The reference point on
the vehicle is the center of a 1.00" master gage hole located directly in
both the right-hand and left-hand frame rails. The holes are directly
opposite each other and are easily located in the vehicle. The gage hole

is shown on the engine installation layout and is located with respect to
the layout 5" lines. The reference point on the engine is the intersection
point between the rear face of block and the center line of the output shaft.
This intersection point is 2.67" (67.82 mm) below the master gage hole and
15.61" (396.49 mm) reorward of the master gage. These dimensions plus their

locaticn with respect to the layout inch-lines are all shown in Figure 1.

STEERING SYSTEM

Significant modifications vere required to accommodate the Mod 1 engine.
Th» major changes involved: lowering the steering gear, moving the cross
link forward of the oil pan, and shortening the tie-rods. These modifica-
tions resulted in changes in the Ackermann curves and toe-in, toe-out

characteristics.

ACKERMANN

For comparison purposes the printout on the production Ackermann can be

compared to the Mod I vehicle. Program data for both vehicles 1s as follows:
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5 Rear of Engine Compartment with Mod I Mock-up Installed
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PRODUCTION VEHICLE

Date: 03-18-77 Front Suspension Program C025
Time: 8.065 Hours
7701 Front Suspension For Assembly Drawing

Data File Name . . . . . . 77701FS
Table I: Ackermann Turning Data For Constant Ratin Pitman
Ackermann Tread = 51.542 In. Wheelbase = 96.00 In.

Turning Dia. (At Wheel Center) = 31.314 Ft.

Axle Req'd. Actual Steering Steering Wheel
Angle BETA BETA Error Ratio Turns (Deg.)
> 38.000 28.829 33.090 -4.261 25.549 -865. 3%4
35.000 25.971 30. 383 -3.412 29 131 =793.117
30.000 23.785 26.136 «2.352 24.700 -678.008
25 0CO 20.452 22.035 -1.582 24.382 -566.485
20.000 16.934 17.942 -1.008 24.188 -456.193
15.000 13.182 13.761 =0. 9577 24.082 -345.483
10.000 9.150 9.417 “0.e97 24.033 -233.141
5.000 4.777 4.846 =0.071 24.014 -118.216 g
0.000 0.000 0.002 -0.002 24.005 0.019 ?

Steering Gear Ratio = 20:1

Design Camber = 0.36168 Deg.
Design Spring Length = 14.1114"
Design Castor = 1.07613 Deg.
Note: . . . . . . Steering ratio is the incremental angular rotation of

steering wheel at any point divided by incremental angular rotation
of steered wheels.
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MOD I VEHICLE

Date: 04-22-80 Front Suspension Program C025
Time: 7.394 Hours
Stirling=Front Suspension

Data File Name . . . . . . Front-Steering: !
Table I: Ackermann Turning Data For Constant Ratio Pitman
Ackermann Tread = 51.542 In. Wieelbase = 96.000 In.

Turning Dia. (At Wheel Center) = 36.514 Ft.

Axle Req'd. Actual Steering Steering Whee
Angle BETA BETA Error Ratio Turns (Deg.) -
~ 32.000 25.075 27.989 «2.91% 28.425 -802.441
30.000 23.785 26.308 «2.523 27.848 =750.653 .
2°.000 20.452 22.175 =1.723 27.277 -624.766 ‘
20.000 16.934 18.045 o S 8 S 26.805 =501.545 i
15.000 13.184 13.827 -0.643 26.506 -378.850 ;
10.000 9.150 9.450 -0.300 26.328 -255.111 |
5.000 4.777 4.857 -0.080 26.233 -129.142
0.000 0.000 0.002 =0.002 26.203 0.uv22

Steering Gear Ratio = 20:1

Design Camber = 0.36172 Deg.
Design Spring Length = 14.1114"
Design Castor = 1.07611 Deg.
NBER: & e e Steering ratio is the incremental angular rotation of steering

wheel at any point divided by incremental angular rotation of steered wheels.
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MOD I VEHICLE
Date: 05-12-80 Front Suspension Program C025
Time: 13.683 HRS
Stirling=Front Suspension
Data File Name..... Frt-Ster;

Table 1: Ackerman Turning Data For Constant Ratio Pitman
Ackerman Tread = 51.542 In. Wheelbase = 96.000 In.
Turning Dia. (at Wheel Center) = 36.514 Feet

Axle Required Actual Error Steering Steering Wheel
Angle Beta Beta Ratio Turns (Deg.)
32.000 25.075 27.989 =2.915 19.898 -561.709
30.000 23.785 26.308 -2.923 19.494 -525.457
25.000 20.452 22.175 ~1.723 19.094 -437.336
20.000 16.934 18.045 3. 131 18.763 -351.081
15.000 13.184 13.827 -0.643 18.554 -265.195
10.000 9.150 9.450 -0.300 18.429 -178.578
5.000 4.777 4.857 -0.080 18. 363 =90. 399
0.000 0.000 0.002 -0.002 18. 342 -0.015

Steering Gear Ratio = 14:1 Des. Spring Length = 14.1114 In.
Design Camber = 0.36172 Deg. Design Caster = 1.07611 Deg.

Note:

Steering Ratio is the incremental angular rotation of steering wheel at any

point, divided by incremental angular rotation of steered wheels.
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Note: . . . . . . The production vehicle has an axle angle of 38.000° whereas
the Mod I vehicle has an axle angle of 32.000°. This accounts for the
difference of the turning diameter of 31.314 feet for the production
vehicle a.236.514 feet for the Mod I vehicle. The restriction was
imposed on the Mod I vehicle in order to eliminate an interference con-
dition between the tie-rod inner ball joint and the block in a full
turn condition.

DISCUSSION - ACKERMANN

Axle Angle = Road Wheel Angle Of Inside Wheel In A Turn
Required BETA = Theoretically Perfect Angle of OQutside Wheel
Actual BETA = Act.al! Angle Of Outside Wheel

Error = Difference Between BETA Angle & Actual Angle

The degree of error shown is well within the acceptable range for production
vehicles on both the production vehicle and the Mod I vehicle. The error
can be directly compared in the turning angles from 0° to 30°. Interpolation
is required for the 32° angle wheel cut.

STEERING COLUMN & GEAR

The steering gear was relocated by moving it down along the center line of
the sector shaft (2.70"). The center line of the input shaft was maintained
at an orientation parallel to the steering column. Under these conditions
two Cardin "U" joints would produce constant velocity. A slip joint is
located between the "U" joints to compensate for vehicle deflections.
Critical clearance areas include; steering gear to power steering pump,
steering gear to starter, steering column to left-hand exhaust outlet.

CONCLUSION
Steering system installation clearances are marginal but acceptable for

experimental purposes. Steering performance would be acceptable from a
production standpoint.
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SUSPENSION

In the suspension system program, wheel jounce is shown as positive and rebound
as negative. Comparison of the production castor to the Mod I vehicle castor
shows that the Mod I vehicle is basically equivalent to the production vehicle
in the jounce mode and is better than the production vehicle ir the rebound mode
(the castor change is less). In both cases, the Mod 1 vehicle castor change
characteristics are in the acceptable range.

Production camber change is in the negutive mode throughout the jounce and
rebound of the wheel. The Mod I vehicle is also in the negative, although the

characteristic values are less but well within an acceptable range.

Caster change and camber change values are in degrees.

In the jounce mode the production toe change is better than the Mod I toe change
characteristics, however, the Mod I chacacteristics are acceptable. In the
rebound mode the Mod I toe change characteristics are considerably better than

the production toe change characteristics.

Toe change characteristics are illustrated in both degrees and inches.
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The suspension data characteristics are tabulated below.

ORIGINAL PAGE IS
OF POOR QUALITY

SUSPENSION CHARACTERISTICS

PRODUCTION VEHICLES

CASTOR CAMBER TOE
JOUNCE CHANGE CHANGE CHANGE
4.700 0.980 -2.343 -0.376
4.000 0.942 -1.710 -0. 220
3.000 0.823 -0. 980 -0.115
2.000 0.629 -0.449 -0.053
1.000 0.356 -0.117 -0.021
0.000 0.000 0.000 -0.001
-1.000 -0.448 -0.135 0.036
-2.000 -1.001 -0.596 0.123
-3.000 -1.685 -1.544 0.336
-3.800 -2.368 -2.923 0.725
MOD I VEHICLE
CASTOR CAMBER TOE
JOUNCE CHANGE CHANGE CHANGE
4.700 1.014 -2.306 -0.455
4.000 0.911 -1.737 -0.307
3.000 0.734 -0.067 -0.151
2.000 0.524 -0.555 -0.054
1.000 0.280 -0.196 -0.007
0.000 0.000 0.000 -0.001
-1.000 -0.319 -0.011 0.022
-2.000 -0.683 -0.212 0.060
-3.000 -1.103 ~0.774 0.086
-3.800 -1.495 -1.630 0.054
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NOte: o o o « « o Positive toe change means to=in (tire tronte-i, =rear tread

HLatioge

Nominal castor is +1°, nominal camber is +1/4° and nominal toe-in is 1/8°.

AUXILIARY DRIVE

ra ‘1 power output pulley drives the alternator and fan. The tan
pulley 1 turn drives the power stecring pump and air conditioning compressor,
e variator which drives the blower 15 powered tiom the crank shaft. The
I start motor 1s located on the right-hand side on the rear side ot the

The fan is an 18.5" diamete~ blad» *lex fan with a 2.75 pitch width and is driven
through an electric clutch. There is approximately 1" clearance between the fan
and radiator.

Saginaw Pump - Gear - Remote Reservoir

Bendix Hydro-Boost II System with integral accumulator

Alternator Bosch 55 amp.

POWER STEERING - POWER BRAKES

The power steering system incorporates a Saginaw power steering gear, Saginaw
pump with remote reservoir and the plumbing required for the circuitry. In
series with the power steering system is the Bendix Hydro-Boost II System
incorporating an integral accumulator. The Bendix Hydro-Boost Power Brake is an
open center spool valve and hydraulic cylinder assembled into a single unit.
With pressure applied by a power steering pump, it actuates the brake system
master cylinder. It has a stored energy reserve via a gas charged accumulator
for power-off braking.

11-401




20b-11

Fig. 14 Vehicle Suspension Aim Modif.cations




€ov-11
WHEEL TRAVEL-IN

STERLINO-FRONT SUSPENSION

04-22-80 OATA FILE NANE...

FRI-STER:

1 O Cdltl ANGLE

41
'
H

MOD 1 VEHICLE

-

———PRODUCTION VEHICLE

>

h)
-2 3

=

-

>

CAMBER ANGLE
-3
-4
-s v . &
-10 [ 8

Fig. 15 Castor/Camber Characteristics

ALVND ¥00d 10
$! 2OVd TYNIOIO




vov-11

WHEEL TRAVEL-IN

STERL ING-FRONT SJSPENSION

04-22-80 DATA FILFE NANE .. FRT-STER:
5 r T
r N ey
4
+ +
3
— n
2 TOE N -R -F '“5‘!'—. '~.°.‘—'tr.
] eS8
| - 3
MOD I VEHICLE - é.z.
 |PrODUCTION VEHICLE : 32
0 - o
c
[ i S3
-m
\
N 3a
-‘ /
. )
S 18
\\ [
-2 —5— poe
i {
—t i
=9 =~ =
_‘ e v 11
T !
_s A A A A A ol
-1-0 -0-8 -0.6 -0.4 0.2 0.0 .2 0.4 0.6 0.3 | 1.0

Fic.

16 Toe-in/Toe-out Characteristics (inches)

-




SOv-11

STERLING-FRONT SUSPENSION

04-22-80 DATA FILE NHNE . FRT-SILR.,
S T =
x LN —)
g 0 O im0 ?t+:;
F———T
P o x \,\_F- _ T
- e !
3 b
A + - ¥ TOE ANGLE
| FORWARD
Bl DIRECTION
2
) e e —
L—F-«“ -~ | !
=1
— | . TOE4N = R-F
4 ——--‘ oounnm TOEOUT = F-R
us
= VIEW L OOKING DOWN ON CAR
e 0 e
= '
- H
! .
Y |
x
x-1 —
—— PRODUCTION VEHICLE t
_'r
t
-2 "y
N
MOD 1 VEHICLE — T E
~3 R T-
— e ——— - 7 \\\ .'
-4 -4
L
-6 4 4 4 4 s 4 vy . e 3
-1.0 -0.8 -0.6 -4 -0.2 -0.0 0.2 0.4 0.6 0.8 1.l
-TOE OUT- 10t ANGLE PER WHEEL - DES -TOE IN-
Fig. 17 Toe-in/Toe-out Characteristics (Degrees)

ALITYND ¥00d 40
S1 30Vd TYNIDINO




Hydro-Boost I

PUMP &
RESERVOIR
~{

TO OTHER
REAR BRAKE

TO OTHER A
L FRONT BRAKE COMBINATION VALVE
/ - REAR BRAKES
‘ (Orum)
GEAR :
Unmodified) TYPICAL HYDRO-BGOST
e POWER BRAKE
FRONT BRAKES

§ ¢ .
(Disc) INSTALLATION DIAGRAM

90v-11

Fig. 18 Hydro-Boost II

€] A0Vd TYNIDIIO

ALITVND ¥00d 40




COOLING SYSTEM

Radiator -

The external dimensions of the frontal area of the radiator are 38" x 23".
A1l candiate radiator manufacturers must fit these dimensions and be
constructed to accommodate mounting as shown on the layout.

Radiator will be the cross-flow type with a 2" diameter outlet on the lower
right corner and the inlet on the upper left hand corner.

Assuming candidate radiator manufacturers use 2" tanks, the core dimension

would be 34" x 23" resulting in a core frontal area of approximately 782 sq.
in.

At present there are five candidate cores and sample radiators in the process
of being fabricated. Core descriptions are as follows:

A. 2 Rows of Tubes, 36 FPI w/o Louvers (this core is similar to the
Opel).

B. 1 Row of Tubes, 25 FPI w/Louvers

c. 2 Rows of Tubes, 25 FPI w/Louvers

M Blackstaone 2 Rows of Tubes (Tropic Tradename)
E. Arco Special Rows of Tubes, FPI

A1l five of these radiators should be interchangeable in the Concord Test
car.

In order to accommodate this large frontal area of the radiator, changes are

required to the front end of the vehicle. The most significant being: a)
removal of the inner head lights, b) cut off the ends of the frame and
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reconnect with adequate brzckets, c) remove hydraulic shock absorber bumper
brackets and replace with fixed brackets (presently in Eagle production)
and, d) redesign the grille and turn signals.

A1l structural components that obstruct the direct flow of ram air to the
core of the radiator will be slotted (if possible).

From an installation and structural standpoint, the end objective is to
develop maximum unobstructed frontal core area for direct ram air impact.

HEATING - AIR CONDITIONING

Present plans for the Heating - A/C system include the utilization of a
console duct package that is in the production car under the dash. The
blower and the evaporator core will be retained. The heater core will be
removed and water lines from the engine will not be necessary. The assembly
is illustrated in Figure 20.

Heating

The maximum requirement for heat delivery is 11,000 kW/hr. The maximum
heater airflow is 130 kg/sec in the car. A 10% reduction in these out-
put requirements would not result in objectionable performance.

In a review of possible heat sources of adequate capacity, electrically
heated air was deemed unsuitable, because the current draw would require an
oversiza alternator. The use of supplementary electric heat to the engine
coolant would also affect alternator sizing. Therefore, a gasoline heater
is the type of heater to be installed.

American Motors Engineers would recommend the use of a gas heater only if
installed outside the passenger compartment. The unit selected for this

application is an ESPAR make - Model BlL. It is 14.5" long and rectangular
in shape (4.33" x 5.71"). It will produce 4,700 BTU/HR output and will burn
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one gallon of gasoline in 18 hours of operation. This heater, used in
conjunction with passenger compartment air recirculation, will probably
supply adequate heat for average cold weather.

Air Conditioning

The system presently in the production vehicle will remain intact, except
for the condenser. A Sankyo compressor will be substituted for the production
compressor. A deterioration is expected in the A/C performance, due.to the
use of this compressor, by 3 degrees in discharge air and subsequently 5 to
6 degrees in interior temperature under ambient conditions of 100°F. The
maximum A/C capacity required is 16,500 kW/hr.

The primary condenser location will be in the trunk area or the rear fender
wells. It will be an integral unit of condenser and electric fan or fans.
If this effort is not successful, the condenser will be located in the
conventional position in front of the radiator.
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FRESH AIR INLET
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Fig. 20 Heater A/C Fresh Air System
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Fig. 21 Heating and Air Conditioning Fresh Air Distribution Chamber
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Mod I Vehicles

Mod I engines will be installed in one vehicle by AM Gzneral, The selected
vehicles will be a 1981 AMC Spirit 2-door 1iftback and a 1981 AMC Concord 4-

door sedan.

Vehicle Description

Mode)l Year

E.P.A. Car Class
Maximum Passengers

Engine Tyoe
Cisplazement
Power

Transmission
ype

Accessories
ype

Axle

Ratio
Tires
Wheelbase

Front Tread
Rear Tread

Overall Length

Overall Width

Overall Height

Cencord

1981 4-Dr. Sedan
Mode! 05

Compact

2 Frt./3 Rear
Stirling U-4

0.494 (30.1 cu. in.)
58 KW (77.8 H.P.

@ 4000 RPM

3-Speed Automatic
Chrysler 904

Power Steering
Saginaw

Power Brakes
Bendix Hydro-Boost Il

Air-Conditioning
AMC

Alternator
Bosch

Rear Wheel Drive
AMC

(T8D)
75R14

2743.2 MM (108.0)
1464.055 MM (57.64)
1449.3 MM (57.06)
4699.0 MM (185.0)
1803.4 MM (71.0)
1303.17 MM (51.306)
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spirit

1981 2-Dr. Lift Bank
Mode: 43

Subcompact

2 Frt./2 Rear
Stirling U-4

0.494 (30.1 cu. 1i.)
58 KW (77.8 H.P.)

@ 4000 RPM

3-Speed Automatic
Chrysler 904

Power Steering
Saginaw

Power Brakes
Bendix Hydro-Boost Il

Air-Conditioning
AMC

Alternator
Bosch

Rear Whee! Drive
AMC

(T8D)
75R14

2438.4 MM (96.0)
1475.49 MM (58.09)
1448.22 MM (57.04)
4247.89 MM (167.24)
1825.75 MM (71.88)
1307.89 MM (51.492)
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STANDARD EQUIPMENT

Interior

Armrests - Front & Rear

Ashtrays = Front w/Light & Rear (Rear Right Side Only)

Cigarette Lighter

Coat Hooks - Two

Dome Light (w/Front Door Switches)

Floor Covering = Carpeted Passenger Compartment & Cargo Area (Color-Keyed)
12 0z. (Trunk Mat - Sedan)

Hood Restraints - Two Front

Hood Release - Inside

Key Warning Buzzer

Lap and Shoulder Belt Restraint System w/Seat Belt Warning Light

Lock = Glove Box

Mirror = 8" Inside Mirror (Non-Tilt)

Parking Brake Warning Light

Safety-Designed Energy Absorbing Steering Column & Weel

Seat - Be.ch - Front & Rear

Steering Wheel! - Standard (w/Padded Horn Bar)

Exterior

Bumper, Front - Energy Absorbing (Static Rear System)

Dual Headlights - Rectangular

Mirror - Left Outside Rearview

Moldings: Drip, Wheellip, Hood Front Edge, Windshield Surround, Rear
Window Surround, Rocker Panel (Narrow)

Pin Stripe - Body Side

Scuff Body Side Moldings (Black)

Two Stop Door Hinges (Front)

wheel Trim - Wheel Covers (4)

Functional

Air Cleaner, Cellulose-Fiber for Carburetor
Alternator, 42 Amp

Anti-Theft Ignition, Steering and Transmission System
Battery, 55-380 Cold Crank

Disc Brakes, Manual - Front

Engine - 151 CID, Four

Engine Coolant (Protection to -20°F)

Fuel Filters - Tank and in-Line at Carburetor
Fuel Tank - 22 Gallons

Heating and Defrosting System

High Energy Ignition

High Level Ventilation
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CONCORD (BASE)
STANDARD EQUIPMENT (Continued)

Horn - Single

011 Filter, Full=-Flow

Self-Adjusting Brake Linings

Single Unit Body Construction

Spare Tire - High Pressure

Sway dar, Front

Tires = D78 x 14 Black (Unbelted) 4)

Transmission - 4-Speed Manua) Floor Shift (Full=Synchromesh)
Wipers and Washers - 2-Speed Electric

AMC Anti-Pollution Devices

Fuel Vapor Control System
Thermostatically-Controlled Air Cleaner
Transmissiorn = Controlled Spark System

Exhaust Gas Recirculation System

Air Injection "Air Guard" System

Catalytic Converter

Engine designed to run on non-leaded gasoline only.

SPIRIT (BASE)
STANDARD EQUIPMENT

Interior

Armrests - Front

Ashtray = Front w/Light

clydretie Lighter

Coat Hooks = Two

Floor Covering - Carpeted Passenger ompartment & Cargo Area
(Color-Keyed) 12 oz.

Front Seat Back Lock

Glove Box Lock

Head Restraints - Two Front

Hood Release - Inside

Instrument Panel Insert - Black

Key Warning Buzzer

Lap and Shoulder Belt Restraint System w/Seat Belt Warning Light

Light - Dome (w/Front Door Switches)

Mirror - 8" Inside Mirror (Non-Tilt)

Parking Brake Warning Light

Safety-Designed Energy Abscrbing Steering Column & Wheel

Seats - Front Vinyl Buckets & Rear Bench (Fold Down)

Spare Tire Cover - Color-Keyed Carpet

Steering Wheel - Standard (w/Padded Horn Bar)
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Exterior

Bumper, Fruont - Energy Absorbing (Static Rear System)

Flip=up Rear Hatch

Headlights - Dual (Rectangular)

Mirror = Left Outside Rearview Mirror

Moldings: Wheellip, Drip, Hood Front Edge, Windshield Surround,
Rear Window Surround, Narrow Rocker Panels

Pin Stripe - Body Side

Two Stop Door Hinges

wWhee! Trim - Wheel Covers (4)

Functional

Air Cleaner, Cellulose - Fiber for Carburetor
Alternator, 42-Amp

Anti-Theft Ignition, Steering and Transmission System
Battery, 55-380 Cold Crank

Disc Brakes, Manual - Front

Engine - 151 CID, Four

Engine Coolant (Protection to -20°F)

Fuel Filters - Tank and In-Line at Carburetor
Fuel Tank - 21 Gallons

Heating and Defrosting System

High Energy Ignition

High Level Ventilation

Horn - Single

Self-Adjusting Brake Linings

Spare Tire - High Pressure

Single Exhaust System

Single Unit Body Construction

Sway Bar - Front

Tires - C78 x 14 White (Unbelted (4)
Transmission - 4-Speed Manual Floor Shift (Full Synchromesh)
Wipers and Washers - 2-Speed Electric

AMC Anti-Pollution Devices

Fuel Vapor Control System
Thermostatically-Controlled Air Cleaner
Transmission-Controlled Sgark System

Exhaust Gas Recirculation System

Air Injection "Air Guard" System

Catalytic Converter

Engine designed to run on non-leaded gasoline only.

CONCORD DL
Equipment in addition to or in place of Base.
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Interior

Individual Reclining Seats in Vinyl

Custom Door Panels

Molded Fiberglass Headliner and Sun Visors in Alpine Cloth
Day/Night Mirror - 10"

Custom Steering Wheel w/Wood Grain Horn Cover

Two Rear Ashtrays

Electric Clock (Vacuum Flourescent Quartz Digital)

Two Courtesy Lights (Under I.P.)

Trunk Carpeting = Floor, Wheelhouse & Spare Tire (05/06)
wWood Grain Instrument Panel Overlay

Functional

D78 x 14 White (Unbelted) Tires (4)
Dual Horns
Extra-Quiet Isulation Package

Exterior

Landau Vinyl Roof (06), Full Vinyl Roof (05)
Opera Quarter Windows (05/06)
Striping = Hood, Upper Body Side, Quarter Window, Quarter Window Argent (06)
DL Crest - "B" Pillar (05/08), "C" Pillar (06)
Bumper Guards - Front & Rear
Styled Wheel Covers - Argent (4)
DL Nameplates: Front Fenders
Moldings - "B" Pillar Overlay (05), Color-Keyed Wide Scuff
(NA w/Two=Tone or 08), Belt, Wide Rocker

Vehicle Function

AMG - Spirit

The AMG vehicle will be a base test bed with function only. Vehicle and
engine tests will be conducted to optimize the total package with prime
objective that the optimized package will be turned over to the EPA for
their tests in the spring of 1983.

The aesthetic changes to the AMG Spirit will be minimal. They will only
relate to functional items.

MTI - Concord

The MTI vehicle will be a vehicle with a two-fold function. The prime
function will be a vehicle test bed for component development. Its secondary
function will be demonstration of the Mod I engine vehicle package.
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The aesthetic changes to the MTI Concord wil) be similar to the P-40 Concord
demonstration vehicle. They will incorporate styling modifications to roof,
deck 1id and front end. With this type of vehicle the exposure demands a
package that attracts attention by function as well as aesthetics.

Exterior Modifications

Studies relating to exterior modifications have been completed which are
related to the front end frontal area. These studies were tied to the
cooling system development group which recommended that the grille opening
had to be enlarged to enhance the performance of the cooling system which
incorporates a large radiator core.

A review of the present production front end revealed that with the present
dual (rectangular) headlights, the grille opening was at its maximum size.
Considering costs to the program and time to cevelop a special front end, we
investigated modifying production hardware. The first proposal was to
remove the high beam headlight from the dual headlight system. The necessary
grille opening was achieved but we questioned the package as being saleable
with a low beam headlight system only. Researching AMC headlight systems
revealed that we could incorporate a 1978 Concord single high low beam
rectangular heaalight in the 1981 front end. With the 1978 light package we
covered any questions that would arise concerning safety. Another problem
came about with 1978 1ight package. We lost the area needed for turn signal
lamps. After an investigation, it was agreed small lamps would be installed
in the bumper siots witout affecting our cooling system performance.

The front bumper mounting package was revised to incorporate the larger
radiators. The exterior bumper face will remain the same except the cooling
slots have been enlarged in width to help cooling performance.

The grille for the Mod I will be a modified AMC-AMX grille shell. We selected
*his tyne qrille, not only for aesthetic valte, but the function of the
grille screen can be controlled as to density of the grille screen openings.
The grille shell is a simple basic design which can be modified to have a
wide opening or split type grille. Aesthetics, with either grille, is
pleasing to everybody that has seen the proposals. A final selection has
not been made at this date.

The vehicle development task force has made the recommendation that the
air-conditioning condenser not be mounted in front of the radiator. The
task force recommendation is to mount the condenser in the vehicle trunk.
The prcsantl state-of-the-art in the automobile industry is to mount the
air-conditicning condenser in front of the radiator. So serious study as to
the frasibility of a trunk mounted air conditioning had to be given to the
adaption. Mechanically there are no major problems in mounting the condenser
in different locations as long as a sufficient amount of air can be supplied
to extrapulate the heat from the condenser.

Exterior modifications of the vehicle would be needed to incorporate a

condenser in the trunk. With the changes in the environment, trunk area and
the condenser would need protection from the elements. We have made two
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proposals for trunk mounted condensers. Both proposals show that the air
inlets would be installed in the rear quarter panels. One proposal shows a
standard deck with louvers stamped in it for heat discharge. The other
proposal shows the deck 1id redesigned to maintain trunk space with exhaust
vents to the rear of the vehicle. Both designs would require a plenum to

house the condenser and control the air flow and elements from the trunk
ared.

Additional studies were needed to solve the air-conditioning condenser
problems for 1ift back vehicles (no trunk). Our proposal requires mounting
two condensers in the froni fenders with electric fans. Air would be ducted
from below the front bumper through the condensers and ducted to exhaust
outlets mounted in the sides of the front fenders. If the feasibility of
the design proves to be satisfactory, the design would eleminate the trunk
mount design for other vehicles.
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Fig. 26 Dual - Front Mounted Air Conditioning Condenser Package
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9.3 0D I VEHICIE SYSTEM ANALYSIS

9.3.1

9.3.2

This section presents the results of the ehicle simulation and
optimization study performed on the MOD I system. The basic tool
used in this study was the MIT vehicle simulation program, which is
a growth version of the University of Wisconsin program. MII has
tailored this program to the specific needs of the Stirling powered
vehicle, while retaining its utility as a general heat engine vehicle
simulation.

Validation

The program was validated for spark ignition vehicles by the University
of Wisconsin. MI'T has performed further validation comparisons on the
P-40 Spirit vehicle, and will continue to validate the results of the
program as more vehicle data becomes available. Figure 1 shows the
baseline P-40 Spirit validation.

Cold Start Penalty

The MOD I cold start penalty is now believed to be samewhat less than
the fuel equivalent value of the stored heat in the hot engine system.
There are several reasons for this; during cold start up some of the
fuel that is spent heating the engine would normally be lost through
conduction or radiation. Additionally, the thermal efficiency of the
engine is samewhat higher due to the low cooling water temperature.

PRECEDING PAGE BLANK NOT FILMED
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P=40 Spirit experience indicates a reduction of the urban mileage by
approximately 6%, Using this 6% penalty one calculates a fuel equivalent
value of 864 grams of fuel. Applying a correction factcr from the MOD I
to the P-40 Spirit equivalent to the ratio of store heat, yields a value
of 116 grams for the MOD I cold start penalty.

9.3.3 MOD I System Characteristics

The Mod 1 vehicle is a 1982 Lerma. The general vehicle characteristics
are shown, Figure 2. Additional plots of detailed simulation input

data are shownin Fiqures 3 through 18.

The road load of 16.5 hp shown in Figure 2 indicates that coast down
testing of the vehicle will yield a lower road load value. This is
evidenced by calculating the Cp for the vehicle using 10 hp as the

equivalent air drag. One cbtains a Cp of .62, which is abnormally high.

The fuel used in this analysis is unleaded regular with a heating value

of 113,525 ¥IU/gal as specified by NASA.

The cooling fan has been assumed to be similar to the P-40 Spirit. A
flex fan horsepower curve was used with an electric clutch cutout at

20 mph vehicle speed and during wide open throttle.

9.3.4 Optimization

An optimization study was performed on the MOD I system. This was

accomplished by optimizing first the shift schedule and then the rear
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¥.3.5

axle ratio.

P-40 Spirit experience was used in the MOD I shift schedule
optimization. The wide open throttle downshift curves were raised
to 95% throttle setting. The part throttle curves were shifted to
lower drive shaft speeds and the angle of the mid-throttle shift was
rotatea counterclockwise. Cross plotting the shift curves on to a
torque/rpm map of the engine shows that this shift pattern forces the
engine to operate in higher pressure (and thus, higher efficiency)
regions of the map than the standard shift pattermn. The MOD I shift
schedule is shown in Fig\ire 11.

The rear axle ratio was varied to establish the relationship between
0 to 60mph acceleration time and the combined mileage value (Note
that these combined mileage values do not include cold start penalty).
Figure 19 shows this relationship. Dug to hardware availability no
axles below a numerical value of 2.0 were run. A further mileage
improvement would be achieved at a lower axle number. However, due
to the slope of the curve, the 0 to 60 time goes up dramatically with

small increases in mileage with rear axle ratios below 2.

MOD I Projections

The projections for the varicus mileages and performance tests are
shown in Figure 20. Several notes should be made on various values.
First, the five to ten mph acceleration is approximately 10 feet per
second squared which is excellent. Seccndly, the abnormally high road
load value used has a significant impact on the highway mileage and all

of the cruise mileages.
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Yle expect that the acceleration performance and the cruise mileages
will be substantially higher, as the actual (not EPA) road load applies. '

Some of the more interesting output plots of the MOD I vehicle analysis
are shown in Figures 21 thru 32. Figure 25 shows a hp/rpm map with the
path of the engine through the urban cycle shown. This in conjunction |
with a similar plot of the higlway mileage will aid in further engine
optimization studies. Figure 28 shows the wide open throttle accelerati
of the MD I. One should note however that the velocity profile in the

input included five seconds at idle speed after which the vehicle was 5 B

}

requested to accelerate to 99mph. The auto driver within the simulation
program anticipated the take off time by 5/10ths of a second. Therefore,
any acceleration from 0 time should be reduced by 4.5 seconds. However,
the shown value of 0 to 60 acceleration also includes a 2/10ths of a

second delay time, which might be expected as a result of hydrogen

introduction time.
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P=40 SPIRIT COMPARISON

Value Urban* Highway Combined ‘
mpg
Predicted 13.7 22,2 16.5
—
Measured 13.3 22.5 16.3 .
Error k1Y 1.3% 1.2%

* With Cold Start Penalty

Fig. 1 Code Validation
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1981 SPIRIT

Test Weight 3421 1b :
Inertia Weight 3375 1b ;
Total Road Load (A/C) 16.50 hp
Dyno Power Setting (A/C) 11.10 hp
Fuel Unleaded Regular (113, 525
Btu/gal)
Drivetrain A-904 3-Speed Automatic, 10.75
Torque Converter with Lockup,
Hypoid Axle
Torque Converter Production Unit with Loose
Tolerances
Gear Box Ratios 2.45, 1.45, 1.00 |
Front Pump U of W Test Case Data (Modified)
Shift Schedule Optimized for Stirling Power
Final Drive Ratio Optimized for Stirling Power
Efficiencies All Eff., Calculated using
Ricardo Polynomial
Accessories Power Steering, Brakes, A/C
Cooling Fan Flex Fan, Cutout at 20 MPH + WOT

Fige 2 1981 Mod I Vehicle Characteristics
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TO9ST ANALYSIS

R

e

10.1

BASE FOR THE ANALYSIS

Layout drawings.

Production program.
200 000 engines/year

Comparison

To be able to make a fast analysis, comparison has been

made as follows.

A 2.1 liter Otto engine in high production.

A 2.0 liter Otto engine in high production

Earlier calculation for a 74 kW Stirling engine based on

15 000 units a year.

Earlier caiculation for a 40 kW Stirling engine based on

100 000 units a year.

A small Stirling engine based on 10 000 units a year.
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10,2 BASIC DATA FOR PRODUCTION QOST 1

The analysis is based on:

Salary average on Swedish salary and social cost for the first
half of 1979.

Interest, basced on 10%.

Machinery investments, Western Germany ard US prices for 1979,
Tool, Swedish prices for the first half of 1979,

Power, Based on Swedish prices tor 1979.

Maintenance  Based on statistik figures in Sweden.
i EXTENT OF THE ANALYSIS |

The cost analysis include: |
Material ’
Salary
Social cost
Tool consumption
Rental of buildings for production
Power
Maintenance
Factory overhead

Amortization and Interest for machinery

The cost analysis don't include:
Interest on work in progress (Y'IP)
Cost for storing of ready manufactured engines
Developing cost (design and prototypes)
Sales cost
Administration cost
Profit
Starting up cost




ORIGINAL PAGE 1S
OF POOR QUALITY,

10.4 PRODUCTION SYSTIM

All cold parts have been compared to similar parts for Otto
or Diesel engines. The machinery for producing cold parts are
chosen as theynormaliy will be in any engine factory situated
in an industrially high developed country.

For this production the following has been foreseen:

Crankcase Transfer line

Bedplate Transfer line

Crankshaft Line production

Cil pump cover housing Machine for complete machining

Flywheel Line production

Gear ring, starter Group production

Flywheel cover Line production

Front cover Line production

Connecting rod Transfer line

Piston rod guide Line production

Piston rod Group production

Piston Line for the lower part, group for the upper
Cylinder block Transfer line

Liner Line production

Guide and seats Machine for complete machining f
Water pump housing Machine for complete machining |
Impeller Group production

Fan housing Machine for complete machining

Fan wheel Line production

For hot parts will known methods be chosed, which means that most
of the machinery and equipment are available on the machine tool market.

Many of these must be more automatic before they can be used for high

production.

a0t v e i Mt

The following has been foreseen:

Cas cooler Automatic machine for welding and cutting.
Assembling machine. Vacuum furnace.

lcater tubes Automatic weling, winding and cutting line.

11-465
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General and piston housing
Assembling, heater

Air preheater

Assembling

Testing

\0g 1S

LTy

Line production

Assembling machine. Vacuum furnace.

—————————

Cutting and bending line. Automatic
resistence welding

To be able to keep a high quality

the assembling has been foreseen as
station assembly. Each station has

to take care of one function of the
engine. For instans heater, insulation,
burner and so on.

Transport between the stations is
eledtrical driven carriers controlled
by magnetic slings in the floor and a
computor.

The carrier transports the engine on

a loop from begirning of the assembly
through testing rcject and will be
unloaded in the store for ready manufactu
engines.

Test cells. Computorized test program
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10.

MATERIAL PRICES

Cast aluminum

Cast iron

Heat resistant steel sheet:

t = 1.0
€ = 0,15
t = 0.03

CRM or Stellit
Normal steel sheet

Insulation

‘)RNSHVAL PAoe 1o
OF POOR Qua( iy

Sw cr/kg

15.00
2,50

10.00
20.00
80.00

27.00
2.00
10.00

The 87% rule has been applied to purchased parts when no other

information was available.
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10,0 SALARY, SOCIAL COSTS ETC

Valid for new factory unit when using 2-shift

Sw cr/h
Salary 32.00
Social costs 58% 18.50
Tool cost 17.00
Cost for renting building
200 Sw cr/m2 a year. 30 m-/mach. 2.50
Electricity and maintenance 4.00
Various 2.00
Overhead 16.00 7
Total -22.00 '
1 man/ 2 machines 67.00 |

Cost/hour including amortization and interest.
Amortization + interest = 18%

Investment Sw cr/h Sw cr/man hour Sw cr/mach. hou
o S 1 man/ 1 mach. 1 man/ 2 mach.
100 000.- 6.00 98 73
(18 000/ 3000 hrs)
200 000.- 12.00 104 b
300 000.- 18.00 110 87
400 000.- 24.00 116 91
500 000.- 30.00 122 97
600 000.- 36.00 128 103
700 000.- 42.00 134 109
800 000.- 48.00 140 115
900 000.- 54.00 146 121
1 000 0J0.- 60.00 152 127
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