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B.8 :	 CONTROL SYSTEM AND AUXILIARIES T
f

_^

8.1	 INTRODUCTION

x

The Basic Stirling Engine, which has previously been subject i

to a Design Review, forms together with auxiliaries and control

system Lhe Stirling Engine System. The auxiliaries and the control

system for the ASE !OD i will be described in the following
..

t
s

chapters. x

These components and sub-systems have the following main

functions: =:r

- 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

F	 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 engine at cameo len4 or

system malfunction. r'}

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

Chapters 8,3 and 8.4 contain detailed descriptions of the different

auxiliaries, the air fuel system, and the power control systems.._

Chapter 8.5 covers the electronics and in chapter 8.6 the arrangement
c	 x	 -

and location of auxiliaries and other major components are described.

II-1
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,.ENGINE CONTROL SYSTEMS

5.2. 1 The COntT011ing Systems

In the internal combustion engine power output is primarily controlled '.

by the intake throttle valve position which specifies the cylinder

mass air charge. {

The Stirling engine cannot become self-sustaining and deliver shaft

output until the heater tubes have been heated by the ester

combustion. Before the vehicle can move off from a cola start, air r.c

flow over the heater is established by a battery striven blower. Fuel

and ignition are added to start combustion, and the heater tubes>

i are ;armed up. after it hai been briefly cran'.-,ed by the starter,
the engine becomes self-sustaining. The blower drive is transferred

from the electric Motor to the engine and the power control
`

9

'

system is activated to vary engine power output. 1

y
d

The applied automotive power control system varies the engine =5.

hydrogen: 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. i

The vain combustion air control is accomplished by a variable ratio

blowerbelt drive, giving the combustion air 	 a speed proportional

to engine load.

An air throttle on the blower inlet is used for fine adjuzuents of
the combustion air flow, in order to keep heater tube temperature

within its limits.

}

Emission limitations are satisfied by appropriate control of the

~air/fuel ratio.'

p
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F	 8.2.2	 Control System interactions

The engine control systems intficut according to fig 8.2:2.

•

Primary System and Secondary, Slave Systems

.fi

The primary action is taken by the power control system. The driver x

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

by the power control system to a hydrogen pressure within 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 controlt ^

to a convenient blower speed. The demand of heat to the engine for

engine output is sensed by the thermocouples 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 demands) is

delivered to the engine from the air/fuel system.
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The power control system shall via the accelerator (driver) control T

the engine output in such a way that the,driveability of the engine/ P.

/vehicle combination is subjectively acceptable, and so that switching

between Stirling powered vehicles and I C powered vehicles would not
introduce unacceptable operator adjustments. See power control

system specification chapter 8.4.4.

Stirling power control methods compared to those of petrol- and

diesel engines are described as follows.

Petrol Engines

I 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 s
j

f The pressure in the engine is determined by the position of the
a

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 root limit. Under -

normal driving conditions the governor can be dispensed with. k`

Either the speed or the vacuum in the inlet manifold is fed lack.

C

Stirling engine:

The flat idling torque curves of a Stirling engine are similar to

i a diesel engine and a torque controlled idling speed is not IV-ssihlo

on a Stirling engine. Fuel economy reasons as well as desipm A l

requirements mare pure speed control unacceptable for the solectod {.

s
II-9
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method of power control. The ASE MOD I has power control
x

t characteristics similar to a diesel e!n&e at idling. At higher
loads and increased speed the control shifts gradually towards

torque control.
z

As mentioned earlier, the way to change power output from the

engine is to change the working gas pressure. Mow this is done to

satisfy the control demands is described in chapter 8.4.

` Description of the 	 Control Loon s

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 pow er control scheme of ASE MOD I.

(All symbols refer to fig 8 . 2.3.).

The driver sets the accelerator position which is detected by s j

potentiometer. That signal (A) together ,ith actual engine speed

iRFt) enters a torque rise function (fig $.2:4).

♦
@. !, is

1
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A : 0.75`

A	 0.5
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A = 0.25

-2000	 •1000	 0	 1004	 2000	 3000	 4000	 SM	 1000 -'

RPM

Fig 8.2:4	 Torque Rise Function.

The torque rise function converts the accelerator position and n

engine speed to a desired engine pressure in such a way that stable
u

idling is pos►ible and that the driver "feels" a significant
F^

torque rise at part loads during speed decreasing.

Fig 8.2:S shows the to-&que 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 inrdossible if accelerator

position had been proportional to pressure and independent of speed, x'

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

A



f

I

Pun

eM

M RPM

Fig 8.2:5 Torque as a rtmction of Speed at Different mean

Pressures and at Different Accelerator Levels.

j

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

There is also an overspeed limiting curve reducing max desired

pressure at speeds exceeding 4 S00 Mi.

i_

The desired engine max pressure from the torque rise function

is compared to the actual pressure from a max pressure transducer.

The difference (A p) enters a valve position function where a	 t

desired control valve position will be determined (fig 8.2:6).

Ii-13
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ASE MOD 1	 POWER CONTROL ROL VALVE POSITION
(D	 1 ) V_	 IFFSOMMAL
PRESSURE (AP)

oVP1 mm

------ --- ---------u- ---------------
w	 ^ 2

b SUPPLY'

---------------------------------
NEUTRAL

.6 6 ,	 10	 16,	 20 A PMPa VALVE---.---'---------------_---------- OPENING_

DUMP.6

DUMP

-------------------------------- BY-PASS
•10

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 exact 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, positioning during all

load conditions.

E' During periods of engine short circuiting the control valve position

must also be determined by actual engine pressure and actual engine

speed.

Fig 8.2:7 schematically shows how the negative torque during:short-

circuiting of a Stirling engine is depending on pressure and speed.

T1-14
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SHORT-CIRCUITING LIMITATION
MAX BY - PASS AREA AS A FUNCTION

f

OF /ACTUAL SPEED AND HYDROGEN' ^^}
PRESSURE

0

NEUTRAL DVP
mm

X000	 2000	 3000	 4000	 5W

RPM

DUMP x:

.5

DUMP AEP 6 20MPa

f

t ,

BY-PASS

AEP = 5MPa

•10

t

a

Fig 8.2:8	 Short Circuiting Limitation Function.

t The short circuiting limitation function limits the maximum available

short-circuiting area depending on actual engine pressure and

i

engine speed.

The highest value from the valve position function and the
2

x

short-circuiting limitation function will be selected as the

desired valve position and will be sent to the control valve
3

actuator.

The actuator (see 8.4 .8.2) adjusts the control valve,"n

position, if necessary, for appropriate action (supply, steady

state, dump and short-circuiting) by the ,power control system.

11-17
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8.2." 2	 Burner Blower Seed Control Characteristicsx.
X.,	

e

With the new type of blower and air throttle (see section 8.3,6,

8.5.7) used on ASE NOD 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 losses

in the air throttle are eliminated as far as possible. Therefore,

the ASE MOD I will.be equipped with a blower speed control

" system, which will control the blower vairiator 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 exceeds air demand with 1010

during most load conditions.
9r

The Burner Blower Speed Control Loop;

Note: All values, set points, breaking points etc. may be

changed during the proceeding development work ar the

initial engine testing phase.

Fi g 8.2:9 shows the burner blower seed control scheme of ASE MOD IFig	 p ^.

(All sy*jIs refer to fig 8.2:9.)

The burner blower speed loop is a kind of feed fom^,ard system

for the demand of air.

The correct amount of air is set by the temperature control

(section 8.2.3.5). The blower speed control loop adjusts the'

blower speed so that the available amount of air is slightly

higher than the demand.

I1-18
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Fig 3.2:11 ASE MOD I Bunter Bower Speed Control. Blower
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There is also an overspeed protection preventing the speed si8nal to

exceed max allowable blower speed (8.2..13).

a	

II.22
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m	 Fig 8.2.13	 ASE NOD I Burner Blower Speed Control. Overspeed

Protection.

The	 corrected desired blower speed (DBS 3	is compared to actual

blower speed sensed by a speed transducer on the blower input shaft.

The difference enters a hydraulic valve control function where

signals to the two hydraulic solenoid valves controlling variator

ratio will be defined.'

Fig 8 . 2 14	 shows the valve signal logics.

S	 II-23
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0	 &S (RPM)

DECREASE VALVE
OPEN

Fig 8.2:14 ASE MOD i Burner Blower Speed Control Hydraulic

Valve Control Logics,

:he function shows that the increase and the decrease valve will

be opened depending on the value of the speed difference (As).

Small As values are within,a dead fund where the speed control is

at steady state.

The signals from the valve control function are thus controlling

the two solenoid valves which in turn control the variator ratio

(and the blower speed).

High :Ut tude Power Reduction:

At high altitudes .he overspeed protection of the blower may cause

lack of combustion air if the engine is runnin g; at high speeds and

at high load conditions. 
IL-24
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Therefore, a limiter could be implemented to the burner blower

speed controls lwering the max desired hydrogen pressure in the

engine and thus reducing demand of air.

Fig 8.20S 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.

X
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rJ1^^erature Control Characteristics

IV	 . 

'a

With varying demand of heat from the working cycle, depending on I	 A*.

engine power output, the temperature control varies the amotnt of'^

combustion air in a way that heater tube temperature will be kept
J

-;

constant.

It is very important in terms of engine power and engine efficiency

that heater tube temperature 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, locate .;

in thermocouple sleeves on the rear side of front and rear row; of

tubes. The thermocouples	 could also be located inside the heater

tubes sensing working gas temperature.

The external thermocouple location causes the set temperature to nr_

be set higher than the desired tube temperature.
s

Temperature Control Specification:

The temperature control system shall maintain the maximum temperature

to the set point temperature + 70 C within + 70 C at steady state.

The temperature control system shall maintain the maximum temperature

within +200 C, -so° C during any system transient._

Temperature Control of ASE MOD I:

Thermocouples: ASE NOD I is equipped with 1 7. thermocouples for t

heater head temperature measurements.

Four are placed in sleeves an the .rear side of the front row of

heater tubes. Y.

Four are placed In sleeves on the rear side of the rear row of ^.

heater tubes.

II-27
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our are placed inside the rear tubes.

Control will be by the four externally located rear row thermmouples,

but there will be a possibility to control the temperature also by the
four internal thermocouples.

s.
TUe of Thermocouples:

The thermocouples are M08-1CAI16 (K- t^jv) manufaccured by
r.	 Tnor, Sweden. They are all insulated in a who of Lntonel`G
a F

1.6 mm in diameter.

Air Throttle

The air throttle is described in section S..i.".

The Temnerature Control Loon:

Note: All values, set points, breaking points etc. may be ch4uiged

during the proceeding development work or the initial engine

testing phase.

Fig 3.2:16 shows the temperature control scheme of ASE MOD T.

(111 s^ nbols refer to fig, 8.2:16.)

A
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ASE MOD 1 TENAPERATUM CONTROL

PROPORTION& PAIN OF TEMP. RE4 ►

1 x.:
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ŷys ^^	 ly
t^

F '?

Fig 8.2;17	 Proportional, Part of the Temperaturecmperature RQeulator.

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

A 
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Fig 8.2:13	 Integral Part of the Temneraturc ftgulator.
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Fig 8.2:19 Derivative Part of the 'Temperature m!guiator.	 I

3,2,3,4	 Ai:/Fuel Control Characteristics

The air/fuel ratio must he accurately controlled to meet the

requirements for low exhaust gas emissions. The air/ fuel system

controls the engine fuel floe specified by the combustion air 'floc'

and the air excess (f4; 3.3:3). Thus, the air fuel system is a

slave system to the temperature =ontrcl system.

A.5- NIOD I Air/Fuel Control Specification:

See section 3.3.13.

:'SE MOD 1 .Mar / t.'•::el Control System:

._• .i: to ..: °'+tiL'^L:t^,{^2 : i1`Si.EE':1.

l	 ccnCro!_,ing .^.Cr: ntJJ. :::a3
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system are, air flaw transducer, air temperature sensor, air ,`	 g;
pressure transducer and a fuel metering pump. " m

`	 Air Fuel Control Loop: ."'.
8	 v,

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

Fig 8.2:20 shows the air fuel control scheme of ASE MD I.

(All symbols refer to fig 8.2:-20.)

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

a flow meter linearisation nodule, which linearizes t'-

and compensates the flow transducer signal for different air

temperatures and pressures. Signal out from that module is

proportional to air mass flow (mAIR)'

E

A	 A ma(fig 8.2:21	 converts the air mass flow signal to the
J

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 ptanp a:
characteristic is a linear curve (fig 8.2:22). q.

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

which by sensing the actual pump speed via a speed transducer

exactly controls the speed of the metering pump motor.

i

11.33





PASS

QF Paco

4

ASE MOD I AMfOUEL CONTROL AIAAR
r

F lq^% S
5	

r ^,

r

4

J

^o	 •^o	 so	 eo

Fig 8 .2:2 1 	 ASE DVD I Air Fuel Control System. 	 X Man.

t ASE MODI AIR/FUEL CONTROL
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` FUEL PUMP CHARACTERISTICS
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8.2.4	 Start/Stop So onceau

8.2.4.1	 General Descrialon

In contrast to an internal combustion engine a Stirling ongine
cannot be self-sustained and deliver shaft output until the heater
tubes have been heated up by the external combustion. An

andautomatic starting sequence provides all the logical
controlling functions during the start of a Stirling engine.

The external combustion principle and the amount of hent stored
within the heater keeps the engine running after fuel flow has been
stopped. Therefore, a stop sequence controls the engine pantwwtcr:^,

and keeps the electronics -activated until the engine has stopped
and the risk of cooling water overtemperature is eliminate4.

8.2.4. 1 	Starting

Approximative	 Fig 8.2:23 shows the automatic start i ng sequence

time schedule	 of ASE MOD 1.

0 sec	 Manual Operations: The driver turns the Rey to

pos I and the electronics will b e activntod. Tho
aticdriver turns the key to pos 2 mid the auton

starting sequence will be initiated. At release

the kev will return to pos

The driver can cut off the starting sequen 0 at
cany time by turning the, key bac^- to pos 0.

automatic startingAutomatic Operations: Milen the

sequence is initiated, the electric blower motor
is activated. The blower motor drives the burner

blower, atomizer compressor mid servo oil p1mill.

fcodi g the engine with comhustion air

	

The blowei	 n

will be running at approximatch, 19 000 W11%

PRECEDON PA(A MjM, WT FLM
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The fuel boost PUW and the fuel meterlog. pub
starts, but the fuel shut off valve has not

topened the fuel flow: to the combustor, ^;

The air throttle is roved to a`start position

being about 600 open.
I

T1v power control system will supple the engine ^ks^	

with gas until it reaches the starting pressure
of 6 MPa and the control valve then is blocked-

in neutral position (during the starting sequen ce- N.,

the driver cannot control the hydrogen pressure

by using the accelerator).

F

r 3 sec	 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.
F
r

Afters seconds, the ignition starts and the fuel

shut off valve opens fuel flow to the combustor

'	 and combustion starts.1

E
The air throttle continuously opens and is 1000

sec	 open at a heater temperature of .off° C. t, this

temperature the risk of flame out is eliminated.

15 sec	 At a tube temperature of Woo c the starter i
engaged,`

When the engine is running the blower variatot Is
set to maN speed increasing* ratio.

17 sec	 The starter will be disengaged :it about ,;tit} 1J41
and the Stirling engine will be se1f-sustained.
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22 sec The engine &ccolerates with the preset starting t	 `

'
(Possible drive pressure and at 1 000 ", the power control is
away point)

partly activated. Engine control is possible

within the starting pressure limits. The blower k``

motor is disengaged and the blower will be driven

by the engine. Idle speed will be in a fast. mode
0 000 RPM).

2S sec At a rear-row tube temperature of 6000 C the power
m e.

(Recommended control is free from any starting sequence restric-

drive away point) tions and this is the recommended drive away point.

The blower speed control will be activated when =

the air throttle leaves the opening degree of

1001. Idling speed continuously decreases from

1 000 RFC! to a normal 700 W11 at an exhaust gas
temperature of 1000 C_ (700 M1 1	 idle speed when

gearshift is in neutral position ).

ill

E
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StWeing Seauence

Fig 8.2:24 shows the automatic stopping sequence of ASE MOD 1.
t: x

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

Automatic operation: tVhen the automatic stop sequence is initiated

the fuel valve shuts off fuel .flow to the combustor. The fuel boost 	
r.

pump and fuel metering pump stop. Ignition stops.

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 tip,

an after-cooling pump is started. A timer keeps the electronics

activated until the after-cooling pump has been out of use for

10 minutes. 'Chen the electronics are switched off.

Y
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ASE MOD i

STOP SEQUENCE

TURN Key 	 MANUAL
T 0	 OPERATION

FUEL VALVE OFF
FUEL BOOST PUMP OFF
FUEL METERING PUMP OFF
IGNITION OFF

POWER CONTROL SYSTEM
TO STOP allous"Ce
(DUMPING HYDROGEN TO
IDLE PRESSURE)

777.7'

RUNS ON REMAIN.
ENGINE

ING HEAT AND STOPS, WHEN
TEMPERATURE AND SPEED
ARE TOO LOW

L----- -	 ------

WATER TEMP WATER

TOO "low
H 
	 NO TEMPERATURE TIMER	 NO

OUT

YES YES

RESET WATER
AFTER COOLING ELECTRONICS

TEMPERATURE TIMETIMER

	
PUMP IN DEACTIVATED

UD I Stonping Sequence.F i o 8 - 2:24 NS FI -'I
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Failure	 GuardLAcxion'

Starter will not disengage 	 Starter timer will disconnect	
r'U

due to low engine speed. starter. Starting sequence

cancelled and fuel va'lvo closed.

The engine stops during the	 The starter will be engaged

starting sequence after the 	 again,

starter is disengaged.

The blower motor will not	 Blower motor timer will disengage

disengage.	 blower motor.

Guards for Power Control Systom:

Failure

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.

Guard/Action

Safety valve (22.5 61Pa) vents

hydrogen to atmosphere.

Burstinc disc tincharges the
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Failure ward	 ion '
yy

Pressure transducer failure. Engine shut dawn to idle. t..	 ^v

Pressure within the engine Safety valve vents hydrogen to $

too high. atmosphere.

Speed transducer failure. Engine to lowost pressure.
Fuel Orr.

Accelerator potentiometer Engine shut doim to idle.

failure.

h

Engine speed too high. ruel of r.

Engine out of operation Manual overrido of power control

due to ;ward failure or actuator.
other cause.

I

External dumpin g of h-, Irop

via the extornal divining

solenoid valve. Valvo one rat ion

separated from otlior olectronic5.`

Fuel shut off by inanuUl 01WINit icon.

aporat ion sei aritod from othor

electronics.

{

;e
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Guards for Electronics:

Fa i 1 ure

Input value incorrect due to

noise or transmission

failure.

Microprocessor runs out of

control.

9

ORIGINAL PAGE i5
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Guards for T	 nature Control;
y.	 s

Failure Guard/Action
^t

Overtemperature in heater. FueI off.

Broken thermocouple. One thermocouple broken: Lower

temperature sets

fibre than one: Fuel off.

Thermocouple short-
One Thermocouple broken: Lower s.

circuited.
temperature set.

Abre than one: Fuel off.

Overtemperature in Fuel off.

preheater'

Water temperature too high.
	 Fuel off.

Oil temperature too high.
	 Fuel off.



8.3	 AUXILIARIES AND AIR-FUEL SYSTIN z_

8. .l	 CENTRAL DESCRIPTION ^.

The auxiliaries on a Stirling engine are in many easels identical to ^.
t w ones used on an X-engine. A few are VOW in	 seMfne tlwmer,

k	 but are modified or specially developed, and sane are unique for the pTg

S'	 n

Stirling engine.	 Listed below are the auxiliaries and some accessories .

with a note about their individuality.

Starter motor	 - Same as IC-0114,irle

Alternator	 - a ur)c as IC-ctrgine ` t:-

Lubrication oil pump	 - Same as IC-engine
a

Water pump	 - S.M10 furution a • cn 1C-,.mg111e, but
specially developed uitli hi;, iicr` 4a;^.icir^°. r

Combustion air blower	 - Unique for Stirling Di i,,es

Air throttle	 - Same function as on IC-engine, but
specially developed.

Variable ratio belt drive	 - `: ,c used on IC-engines today

r	 Atomizer air compressor	 - Unique for Stirling ensines' ':	 t

Servo oil ptuttl	 - Unique for Stirling onoine s
y

Electric	 blower motor	 - Unique for Stirling ongines

^u

Air-fuel system	 - &-mie function as on IC-t°ngines, lout
specially develdped

Hydrogen compressor Unique for Stirling env ine3s ^t

After cooling pwitp 	 - Unique for Stirling cnginc-5

Air-conditioning compressor	 - Same as IC-en;, iiies
x	 a

i	 Power steering pump	 - Same as lC-engines
xy

a

r

e
1f`	 4 ^

lr
k	 §
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Fig. 8. 3:1 rront view of a Mod- T Engine

1. Starter motor 	 11. Electric blower motor

Mternator	 12, Pie fuel system

3. Lubrication oil pump	 la Air filter
4. Water pump	 14 hydrogen compreessor.

S. Combustion air blower	 15. After cool ing pump
6. Air throttle	 16. Crank case ventilation system
`. Variable ratio belt drive	 1". fir-coact Lion nR cpmp.•cssor
S. Atomizer air compressor	 18. Power steering pump`

9. Servo oil pump	 19. 14idiator fan shaft
10. Pressure relief valve
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On the P40 engine these two are separate units. The air	 essoc	 °=w

is a heavy cast iron device, made for industrial purposes, and the

oil pump has too high pressure capacity. On the ASS MOD I the oil'

` b	pump will be integrated with the compressor and driven from theY

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

to simplify the auxiliary arrangment. 	 {

Air thr tale

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 1 engine.

Air-fuel_control_system

Previous engines have used the Bosch K-jetronic mechanical fuel

injection system as air-fuel control device. This system is used	 ,.

on fuel injected IC-engines. The disadvantages with this systen are:

high pressure drop, especially at low air flows, difficulties in

changing the air-fuel ratio, difficulties with altitude and pressure r •

correctigns,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 andpressure 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 M I engine. 	 ,J

After-cooing_punp

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

x	 will be used on the MOD I engine.
^	 ^	 w

,
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1.5

1

0.5

F:

P

.r
8.3.2	 Starter motor

Application:	 The starter motor is used during the starting up'
period to crank the engine when the heater temperature` 	 tz.,
has reached a certain level.

Specification; The necessary power output os the starter motor for
a Stirling engine is dependent of several factors,
for example: engine and ambient temperature, Oil

viscosity, condition of seals anti piston rings, inertn
hydrogen pressure, battery capacity and rate of
charging.

r	
,
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X rough estimation of the power requirement for the Mott Y
engine as a function of engage spMd can be seen in rick
6.3t2. The oil temperature is 2000 and oil viscosity_

320 cot. This estimate is based on comparisons with and

simple scaling from measured motoring power requirements

of other u58w engine designs. It is further valid for a

starting up hydrogren ,pressure of S tea.

A Stirling engine in good condition will start at an engine

speed of about 100 rpm. With the somewhat irregular nor-

formanoe todays piston rings and the necessity of having

a margin, it is more advisable to assimo a speed of 200 rpm.

Correction Factor

_a

Fig. S.3:3 Oil Viscosity Influence on Starting Power

The influence of oil viscosity on the power requirement

can be seen 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 ail viscosities is based

on tests wi-h Stirling engines mostly in the temperature

range 20-600C. but also at lower temperatures.

If I CA
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(AR"re nours).

Installed in a car there will also be an intermittent

electric power demands from head li ,.; hts, windsj;uj..'.

wipers, compartment blower, .inn so on.

Calculations made by MG, indicates that a SS Mp-
alternator with a ratio of 2.53 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 :00 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 ,n shaft. The continuous alternator power

demand will be:

j

Description:

1,0

0,8

0,6

0,4

0,2
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This is taken from page I1-91	 showing the power , demands >.

at different loads.	 on page 1I -92	 +A US$w drawing of

the alternator is illustrated..	 page 11-93	 contains a

graph of current-opeed characteristics for the alternator

8.3.4	 Lubrication oil pump '-,

Application: The pxV 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 seaisand to

oil jet nozzles in the syncron zing Rear train.
J

Page II-141	 shows a scheme of the lubrication oil system

Specification and 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
s

included in the friction losses of the complete engine.

The friction losses are based on tests with other a

Stirling engines.	 Page	 I1-94 shows an overall view of

the oil pump and filter, and a picture of the unit is

shown on page 1 I-95.

6.3.5	 Water pump

Application: The water pump is used to circulate the cooling water
x
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1"vs maximum possible gear ratio between 	 ttncl ^}

engine shaft is 0.916:1, which means a water ptvp

t speed of 3 664 rpm at 4 000 engine- rpm. 11iis is
chosen for Lhe first engine builds. As option a

lower speed (3 137 rpm) can be obtained.

Fig. 8.3:5 iz 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 soon in Fig 8.3:5

Pressure Drop (kPa)

140

120 .....^^^...+..	 ..^

Pump Speed 3664 rpm

100

80 Radiator (allowable)

60
1

40 Stirling Coolers

29 Cylinder Block
a

Pipes and Fittings
a

1	 2	 3	 4	 Water Flow (Kq/s)

. Fig. 3.3:5	 Cooling System Pressure Drop

11 -58 ..
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Description: The pump is a centrifugal pump, Soar driven from -

one of the crank shafts via an idler gear. The

impeller is bought as a spare part to a submergeaulr

waterpu mp (Crwt,lfrs SP 25), and is ,welded together
from stmitped stainless steel parts, The ,gear drive,

I0- bearings, volute housing and shaft sear arrangement
k	 ± is designed by Ricardo Consulting Dig. The efficiency

A curves in Fig. 3.3:6 are taken from a test with a 4-:75

` water pLvip, which has the sa:x impeller. The differences
in efficiency between the pumps are expected to be

very small.
k

I
ff

11
R

k
a

Water Pump Efficiency M
60 r

r 4000 rpm engine speed

r
3000 rpm i

40 2500 rpm t

t
e

2000 rpm
_^

'
ri 20 1500 rpm

1000 rpm

1 2	 3	 4	 Water Flow (Kg/s)

i

Fig. 8.3 :6 	 Water Pump Efficiency Characteristics
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Waterpump Power (kW)

1,0

0,8

0,6

0,4

0,2

4 k
The water pump power demand can be seen in Figure 8,3;7.

t

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 11_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.
k

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 a

5% and an air excess curve according to

Figure 8.3:8, the blower air flow range is

5.3 - 78.8 g/s.

f
l

^j

,

k

.3
S 3

i

i.

e
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Tlw different. pressure drops in the system can
4 y	 ^^

be seen in Fig. 8.3:9.

Blower Pressure Drop (kPa)

—.12 i
10

B Combustor

4a
yO

b

4
Preheater

2 ^' (Air Filter + Inlet
+ Outlet) }

Air Flowmeter
a

20	 40	 60 80	 Air flow (gls)
J

R-. 8.3:9 Combustion System Pressure Drop Characteristics
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The speed incroaser with the flat belt drive is 46voloped

by USSw and has the following datat

maximum impeller apoed	 28, 000 rpm

^;ear ratio	 li6.33

Large pulley dia. (crowned) 	 95 Mm

Small pulley dia.	 (crowned)	 15 mm
.4"

Belt tensioner pulley dia. 	 25 mm

Belt type	 $ieqling UUX0E alt.
Fredfors NE21

Belt width	 15 mm

Belt length	 470 mm

High speed bearings	 Barden 201SSTXI

Max. transmitted power	 1.5 kw

see page 11-118	 for a drawing of the blowers assembly,

The bel l- 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

prelubricate(2 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 temperatu-res down to -280C.

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 the blower
fv^ I

motor to drive only blower and atomizer air compressor

unit during the starting up period.
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100

80 ai
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The blower is inlet throttled, and the throttle

position in normally somewhat closed to give an

air reserve for quick demands.

So far no efficien,:y measurements on the blower

and variator have been made, and the figures in

Fig 8.3:10 are theoretical values.

Fig 8.3:10 Variable Ratio Belt Drive Efficiency
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The blower povor can be	 as follows;

+ t*	 t	 jap	 ....._	 .,..	 ^. 1	 t	 5.

B	 ,s

LP	 a Total pressure drop with throttle in somewhat.
closed position.	 (Fig. S.3:9)

m	 - fuel flow
a Ur excess factor ffiF,. 3.3:8) .

. a	 a .fir density 1,11 kg,/m3 (+400C)
, iB	 - Blower offic: icncy	 i IN ,, . 4.3: 10)

r)v	 n Variable ratio melt drive efficiency (Fig. S.3:1^`t

1,4

Blower Power (hW)

1,2

1,0

3

0,8

0.

0,4

0,2

,	 ,	 4)20	 40	 iii 	 Air .'Iokv

ky.

Fig. 8.3;11	 Blower Power Characteristics °
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5.3.7	 Air throttle •Y^e

Application:	 The throttle is used for fine adjustment of the air
flow to the combustor. It is also activated wren a-fast e	 ,.

air flow shutoff or airflow increase is necessary. z

Specification:	 T1w air flow characteristics shallbe as linear

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 0.7 see.,

when fast response is needed.

Normal position; of the throttle is somewhat c losed
a

to give an air reserve For fast demands. The main

combustion air flow control is accomplished by the

Description:

variable ratio Felt drive,

Tests with a similar throttle indicates a torque

requirement of 0.0 2 1m to turn the shaft,
dry

The throttle is a butterfly valve with a friction

clutch between the plate and the DC serwitotor. 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 :*{ geed of 33 . 9'rpm.

With this speed the valve travel time between end

positions will be 0.34 sec.	 y_

The throttle has a feed back potentiometer connected

to the valve shaft via a gear transmission.
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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.II-119),

Page II-120	 provides a drawing of the butterfly vale*,,
e.

8.3.8	 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 speeds and lots' loads,

which had to be throttled away with high power con-

sumption as result. Fig. 8.3:1-, which shows- the blower
speed vs engine speed at different loads can illustrate

this.
t' s

la
Xd

1

ay
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Full Load

Extra Waste Air
at Idling Loac!

Idlinq Lead

l,u

U,N

0,0

0,4

0,2
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Blower Speed

1000	 2000	 3000	 4000 Lnqine Speed (rpm)

Fig. 9.3:12 Blower Spud/Engine Speed Characteristics

The variator is also driving the atcmizir air

compressor and serro oil pump for poser control

from the blower input shaft. This will also give a

power ;ain compared to a direct drive from the

engine shaft.

1
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Specification:	 The gear ratio for the variator is l:l,t)

and the speed ranges for the pulleys are:

Ain. speed	 Nku. speed

Nlain shaft pulley	 6010 ► pill	 1000 riln

111ouer input shaft pulley	 900 rpm	 4400 rlH•:

The hydraulic control { p ressure is 3 'Ta.

'ro control the Pulley position, ti.o on-off solelloi

valves are nccessary, one to increase and one to

Pease the ;e:11 • ratio.

DcS:riJlti"n:	 The variator is a modified HF 150 b unit from C. s W.

lierges AG, Germany (page B.b-11t-)). the modification

consists of a buil•-in hydraulic piston oil 	 main

engine shaft pulley, and a redesigned sl:rinq on the

blower input shaft pulley. Tl:e oil to the piston is

taken from the power control serve system, and trans-

mitted by a rotating union in the front of the pulley.

It' a failure occurs due to the loss of oil pressure,

the ocar ratio will be decreased because of the sprints

loaded pulley. This will give the blower a speed

correspondinq to idling speed, and the risk for over-

speedinq the blower is eliminated.

Ln-ine tests have shomi ti-it the :fir demand than-es

froi'' the t:017}111St " t' 11'C r:1L.a`1 S1r1., lthl:h t'eull:l`S tits`

I'etillll'e1111'nLs fOr a :aSt rest cn' ; e of the varl:itor control

S% • s t enl .

'The complete control process is described in chapter

5.2.3.=

A drawing of the engine main shaft pulley with the

guilt-in hydraulic piston is illustrated oil
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1%ppl icat ion:	 The compressor is used to compress air for atomisation

of the fuel in the fuel no--:.lc.	 ^s also used for

cr:uucase ventilation.

SpCcification:	 The necessary air flow and pressure for atomisation

is 1.5 !./s at 70 kl'a.

lkscription:	 The compressor is wi oil less vane type compressor

with carbon vanes. It is a modified (west 0"40 compressor,

wheic most of the cast iron parts are repiaced by

aluminiwn parts to reduce the %%eight from 4.' to-'.; Kg.

The servo oil Pump for power control, described below,

is integrated with the compressor ;uid driven from the

same shaft.

The c,, rlprcisor has to t akc the air JOhI15t IVX1 Of the

air floc: meter in the blower inlet, to male sure that

the correct air-fuel ratio is maintained. This air

flog: is passed through the cr;uikcase to provi,ic a

ventilation system.

The compressor power demand is as shouil in Fig. 8.3:1; 	 !
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A drawing o^ the ( •Oml)ressor with the inteyratrA

oil l,uml, is presented on 1' aw II-123.

3.3.10	 Servo oil Pump

App 11 at ion:	 The ptunp is used for the power control system, %%hi:h

is dvscribod in shanter 4.1, and for the control ,f the

variable ratio belt 'lrive.

Specification:	 Minirnun oil flow from the pinp is 1 l/min., :^.I nres,

3 MN. It must be able to handle :t nomal hydraul is

oil I it c 'Mobil 1101: 21.

LX-s:r • i1)t ion:	 I'he pumn is a speci.tl lv 	 !xu:tl1, ,it:, Vic:.: s

trom h.l1. Nichols i, pany, type 'W.,O c!ass II. iiu

wi.lth of the !;cars is 0.5 ra y . 111L'	 •.%cr Jemnnd is

as shov.11 in l`i". °,..x:14.

I t	 ti. is I 1 tiervo l!i 1 Pumi Bower- Requirements
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Pressure relief valve

Application:	 The valve is used to limit the atomizer air pressure.

Specification:	 The pressure rnist not exceed - 1l Kpa.

Description:	 The valve is standard equiamont from Gast Mfg. Corp.,

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

presented on page II -124.

Llect ri: bloucr mot or

Application:	 The blower motor is used durinq the starting up period

to drive th ,: 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 wheelinq clutches makes it possible to

run only these three auxiliaries.

Specification:	 The :lotorsivIl be a 12 V unit t.ith a Pnher outrut of

at least 0. - S kh.

Description:	 The motor is series-wound and a standard Hosch unit

with part No. 0 136 350 003. 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 engirie nas 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 II-125.

8.3.11

H.3. Il
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8.3.13	 Air-fuel systen

Application:	 The system is used to control the air-fuel ratio.

and to supply the engine with fuel.

To minimise delays bct%%ccn the air and furl <upplics

to the combustor, it is preferable to primarily Conti,

the air supply from the hrato r tube temperature. •I'hc

fuel supply is then governed froc: an air floc sigiml

and the desir:rhlc air excess factor.

Spec ifi:at ion:	 The air-fuel ratio slmll he }yep within the rnuiber<

in Fitt. S.i:li It the Curl no__lr, hoth during

state and trwisients.

;%lr Excess I'.7CtOf

1, 3

1,o

1 • ig. 8.5:15 Combustor Air/Fuel Characteristicr;
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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 + 51 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 shrill he kept

as low as possible, and below 1.5 kPa at full air flow.

Description:	 The air-fuel system cor-z ists of the parts included in

Fig. 8.3:16.

Fiq. 8.3:16 Front View of a Mod I Enqine
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1. .fir flow meter

:. Fuel filter

3. Fuel supply pump

4. Fuel pressure regulator

S. Fuel metering pump

6. Fuel equalizer valve

7. Fuel valve

S. Fuel tank

As an example, an existiney air-fuel system from

Autotronic Controls Corp. is described below.

	8.3.13.1	 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.

11 -127	 i turther d(1ticr lilt iuli W the fl()w ML-ter.

	8.3.13.2	 Fuel filter

The filter is standard Bosch fuel filter with part No. 0150 905 010,

which is used in fuel injection systems.

	

8.3.13.3	 Fuel-sups 1 Y^urro

The pump is used as a fuel booster and supp ly 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. it drawing ur a slmil,,r

E,UMJ^ is pleserLted ()r,	 II - 128.

	

8.3.13. 4 	Fuel pressure regulator

The regulator is controlling the fuel boost pressure and is set

at a value just above the peak pressure in the fuel nozzle. It is

a standard Bosch regulator, part No. B 438 130 000.
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8.3.13.3	 Fuel Minim _2UM

The pump is delivering the correct amount of fuel to the fuel nozzle

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 U. motor with a feedback tachometer. gee

1'•1ge II-129 for further description of the Bump.

8.3.13.6	 Fuel_egualizer_valve

The valve is used to keep the pressure drop over the ,metering pump

constant ant: at a low value. The internal leakage in the metering

pump will thus be very low, and the output is proportional to the

metering pump speed. A turther description of the -system and the

valves is presented on rage II-130.

8.3.13.7	 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 line to the tank

makes it possible to run the metering pump.

8.3.14	 Air filter

The filter is used to filtrate the combustion air and is an ordinary

air filter used on IC engines.

8.3.15	 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. 8.3:17.

I
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1000	 2000	 3000	 3000
	

Engine Speed (rpm)

3..i. 16

Fig. K..i:l - Hydrogen Compressor Power Requirements
(Short Circuit Mode)

After cooling Ixunh
)
i

A1ppl icat ion:	 The pLun•,) is used to circulate the cool inb hater to :nnid

overheating of seals, alter' C11"ifle has been shut off.

Specification:	 The pump is ruining intermittently :urd 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.

Des, ript ion:	 The pump is an axial flo%, pranp, inserted in a bend

in the main eater circuit. The impeller is driven by

a L.' motor via a toothed belt transmission. A

drawino of the pump is presented on page 11-131.
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	8.3.1=	 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 coruiected

to the crankcase via an oil separation filter. The

filter is needed to prevent oil from reaching the

carbon vanes in the compressor and the fuel nozzle.

	

8.3.18	 Air-conditioning compressor

The compressor is a standard unit for IC engines, manufactured by

Sankyo, model `o. SD 507. The power demand of the compressor is for

example dependent of discharge pressure and evaporating temperature.

'The power demand at 240 psiy and 40 * F is shown in Fi q . 8.3-18.
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8.3. 1'J	 stecring ptum

The ptrT is used both for power steering and power brakin

a standard unit for IC engines. It is manufactured by Sag

Gear Div., model %o. 783 00 00. The power demand is calcu

as shown in Fig. 3.3:19.

1,`)

I,0

0,3

WOO	 -IoUO	 3000	 4000	 Engine Speed (rpm)

Fit,. 8.3:19 Power 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.

Aux111ary rower of Full Load (kW)

10011	 210oo	 3000	 4Ooo Lng1ne speed (rpri)

4

Fig. 8.3:20 Auxiliary Power Requirements at Full rower
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STARTZR !MOTOR WORT

Conventional internal combustion engines require a starter to provide torque

to overcome static friction and dynamic drag 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 additionrl power generated by the engine once the

piston rings hAve seated. The combined power generated by the starter and the

engine accelerate 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 starter 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.Lsis 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 9 C (-20 9 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 q requirements demand an engine

starter motor power that exceeds the power of motors commercially available

that fit the Spirit transmission.

II-83



ORIGINAL PAGE IS
OF POOR QUALITY

Several options were investigated to most the starter requirements. All were

considered to be either an excessive compromise to the engine/vehicle system

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

• The Mod I engine is primarily a laboratory experimental engine 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 E-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 0C) with a low viscosity oil such as Mobil SHC 824, starting is possible to

09C.

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

enqine's contribution to the starting sequence and a more accurate definition of

the RRSD starter requirements.

3

II-84





^W
i

J\O
f
f
.

O
	

O

NC'C

m
 
Cu

y
	

N

aCVv
	

N
to	

T
s
 
CC

c
 
0uNa

QNa^xNJ

T^
 
3

C
 
4	

O

C
 
0

TC
J

s
•^+

0
0

a

N
ms

,
n

u

YC►r^0
N

u
T

Le)
C

s
•.4

N
a0

s
uNa

0

O0NNC

T^
• s
o
 
x

c
 
o
	

^"+ 	
^i

^
 
W

^	
e

ORIGINAL QUA1S-11Y
O

f P
O

M

ON

NN
'fl

N

L
A

p+
'fl

;it
r7uNUL
+7

a

O
N
 
U

a
J
	
V

U
 
v

M7
 
E

c
r
E

O
x

^
?

N
L.J J
L^	

L

^
 
N

H
C

^
N

w^
NU

N
7

.^
;s.

TC

O

I
I
-
8
6

i
l
w
-



tV
	

V
 N

0
-. 	

y
u1

w
 
^

0^
 C

C7

J

T	
.r

.•^
u
1

T
N

Y

E
^

0

3Y>
w

.. 	
J1

;J
f C

7

G

J
 
V

L
61

i
s

V

3
 
V
1J

7)
r
`
`31it,XT:i

J?
I

W
.L7u4JJ47ML

►Ty ry

0

>
	

O
R

IG
IN

A
L

 P
A

C
IE

 IS

O
F P

O
O

R
 Q

U
A

LITY

:
,
 3Y

1

4

^ 3
:J

II
-
2
7



ORIGINAL PAGE IS
Of POOR QUALITY

24 Volt	 \	 I

00

Mobil SI;C 824

1.8 hp Chrysler Starter	
-2900

200

12 Volt

Optimum	 Deteriorated
Piston. Rings	 Piston Rings

I 	 1	 1	 1	 1
0	 100	 150	 1100	 250

Engine Speed on rpm

Figure 4 ASE Mod I Starting
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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 total auxiliary power extraction has been

realized through the development of an efficient blower which was sized for

the automotive application.

The blower specifications, which are defined in Table 2 and Figure 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:

e 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 t l^, turbo-

compressor performance chart, shown in Figure 2.

e Optimization of the geometry for performance and cost.

e 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 BLAI4K 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 Moe 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 nptimum impeller tip speed shown in

Figure 3. The blower geometry study resulted in the following conclusions,

also shown in Table 5:

• 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 Ftudy, bearings were evaluated fcr fatigue, lubricant

starvation and life, and ca ge failure. The significant conclusi-^ and

recommendations of this study are shown in Table 6. The environmental

temperature of the bearing, which influences lubricant starvation, and, to a

I
lesser degree, grease life, are the factors that limit the desired speed of

the blower to under 30,000 rpm. The Bardon 201 SST x 1 bearing with phenolic

and aluminum cages were selected for improved cage life.

11-100 	 OF POOR QUAL1TY



The experimental blower and the currently proposed production blower are shown

in Figure S. The experimental blower is machined am provides the flexibility

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 Lest rig is shown in ^igurc 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

26,000 rpm. All the data shown, from 0 flow to 209 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.

F
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AUXILIARIES 

COMBUSTION AIR BLOWEP 

ALTERNATOR 

Lun OIL PUMP 

WATER PU,.,P 

OIL SERVE PUMP 

ATOMIZING AIR COMPRESSOR 

FUEL PUMP 

CONCLUSIONS 

TABU 1 

MOD I COMBUSTION AIR BLOWER 

BENEFIT OF DEVELOPMENT 

P-40 A]OCILIARIES PARASITIC LOSSES 

LOSSES (a 15HPA & qOOO RPM) 

Klt 
3.2 

2.2 

.45 

.G5 

.27 

. SS 

.IS 

TOTAL 7.47 

S .... • 'I. 

100% 

• COMBUSTION AIR BLOWE" 43% OF AUXILIARIES PAkASITIC LOSSES 

• SIGNIFICANT REDUCTIO" IN PARASITIC LOSSES IS AVAILAIlLE TIIROUGII DEVElOPME 11 
OF A SI1ALL 1 EFFICIENT llLOWl" 

• E ~ TIHATEn AVAILABLE POWEk "EDUCTION - 2Kw a MAX POWER OR 30t OF PARASITIC LOSSES 

----- -
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sTAilyiak Mt en tk

"r)n • ntional interr, I c-(iilonst ion c- ain n '' t x •1111 i re a st Ar ter I,t proviso° t r',ttlrtr,

to c, rerc(ime scat is t riot lon and dy-amic Oran of the rnni ne and t e) raise engi"e

bower- to a level which is sufficient to initiate combustion and ,ustain

operation. As iIlustratAd in (inure 1, these same ennsiduritions nr F-

cnnpl ic-at od i n t lie St i : I i nn en<ri re by thn midi t ional power :-tener .itPrl 1 •y t he

engine once the piston rinds have seated. Tire combined Lower aenerafPd by the

starter arr.i the engine nccelorate the nnnitre. Piston rinrtn, which prrnvitlr• in

optimum seal between the lint and cold spasm, Allow  the r'nni ne to si nn i f i -

cantly assi-t in the start inn at,anencP. Sufficient power is r,^n,^ratt-d 1.y thf-

engine stt tl,ni, with termination -A tilt' starter motor at i relatively It,w rl,m,

the enoinv ir: self-sustnininn. noteriorato,l Liston rinr,s, h r ^wev-r, rerruirn
r

cont inuo ' I : • Iank,ino of tilt, ntarter mntnt not it the starlet motor •ontribut kin

is almost ne,tlioible before termination.

insufficient knowledge of the engine's contribution rec;uirPs qua!ifyinn the

ttnd I desicm by romparinn it with 1 1 -40 starting experiencf- and b; • limiting the

analysis to a i—mparison of starter power to ennine Aran.

Fioure 2 illustrate the ennino litho st art inn requirements with rSSO 20W 40

oil for summer tempc - ratures, and a low viscosity c,il, Mobil SHC t 24, for

winter (cold day, to -29 00) temperatures. The engine's drag inclides piston

tine, cross brad and seal friction, heating and gear losses, and oil pump and

waver pumr power ext ,action. For the Stirling engine, these requirements

dFinand an en g ine stater mobix power that Pxcee.As rotors which are commer-

cially available ant' that fit the - pi rit ttansmisF on.
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ToI , le 1 tahuI ate r the of t ions invest igated to mert t I iv starter requiremeniF.

All were considered t , be either an excessive compromise to the engine/vehicle

system or too expensive and time consuming. The following items ware

considered:

• The Mod I engines is pririarily a laboratory experimental engine with

only the engine devoted to vehicle operation.

• The higher bower required is principolly due to higher piston ring

friction and en g ine drAo, items bein g addressed under component

development activity.

• The starter motor requirement is not well understood without

considerin g the Stirling engine's self-assistance characteristic.

The selected starter motor system, a Chrysler 1.3 PW (1.9 hp) ,P/N 41118601

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 (rec(vmended for temperatures below 10 0C) with a low

viscosity oil such as Mob ,.l 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 0C. 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 acceptin g 24 volts without damage as lon g as prolonged

cranking is avoided.

Mod I engine testing should include the acquisition of da*a to better define

II-133



the engine's contribution tr the starting sequence and to be prepared for a

more accurate definition of the Mod II starter requirements. Component 	 I^
I

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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ALTERNATOR SIZING

AM General was requested to size the alternator for the Mod I engine with
AMC vehicle electrical load. The electrical load for tho Had 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 engine.

A general outline of the AMC computer program which explains the rating
procedure and its derivation is representative of the technique being
employed t, 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.

C.	 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
%)	 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) 2 (MPH to Match) 2 (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
1 i st'1 ng each of the parameters put into the computer.

Phase No. 1

(a) Alternator performance curve based on the particular machine
Fe-f—ngevaluated and whether It 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) Idle Electrical Load 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	 ging system vs. vehicle combination. The evaluations covered by
the data included in this report are based on the following limits.

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 % of time at idle.
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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 th&T 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 re erred
to as the "begins ng of battery problems". More ideal limits are considered
to be 21.0 for summer and 18.0 for wi nter.

The AMC rating number is not the only indicator of an adequate charging
system. Each operating condition limit is also imposed It is obvious that
if limit 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 limit 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 I

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 - Design description AMG

2 - Alternator file name - see below.
I

3 - Pulley ratio - see below

4 - Road factor 41.3

5 - Idle RPM - 600

6 - Max. Load 45

7 - Typical load 41

8 - Stall load 48
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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 b 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 II

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

Input Data

1 - Design description AMG

2 - Alternator file name - WBO-55:

3 - Pulley ratio - 2.55

4 - Road factor 32.0

5 - Idle RPM - 600

6 - Max. load 45

7 - Typical load 41

8 - Stall load 48
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BOSCH 55 AMP ALTERNATOR WITH A/C

3 - Pulley ratio	 3.0

Calculated Results:

Max. load velocity	 29.63
Typical load velocity	 25.00
Idle discharge	 16.72
System rating	 21.11

BOSCH 65 AMP ALTERNATOR WITH A/C

3 - Pulley ratio	 2.55

Calculated Results:

Max. Lold velocity	 27.49
Typical load velocity	 24.18
Idle Discharge	 19.14
System rating	 20.66

ALTERNATOR CURVE FOR BOSCH 55 AMP ALTERNATOR

1000.00 -0.00
1200.00 8.30
1400.00 21.39
1600.00 25.68
1800.00 31.28
2000.00 36.00
2200.00 39.00
2400.00 41.04
2600.00 42.96
2800.00 44.64
3000.00 46.00
3200.00 46.94
3400.00 47.63
3600.00 48.40
3800.00 49.20
4000.00 50.00
4200.00 50.82
4400.00 51.63
4600.00 52.35
4800.00 53.00
5000.00 53.50
5200.00 53.75
5400.00 53.88
5600.00 54.16
5800.00 54.54
6000.00 55.00
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INPUT

A. ALTERNATOR PERFORMANCE
CURVE

B. PULLEY RATIO

C. ROAD FACTOR	 ^^n^

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 	
%^•

I
B. MPH TO MATCH MAXIMUM LOAD ^^ n 	 •

C. AMPERES DISCHARGE AT IDLE	 •

D. CHARGING SYSTEM RATING NUMBER
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Bosch K-jetronic air-fuel system

Me first ASE 14M 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.

Fig. 3.3:22

I. Bosch K-jetronic	 S. Fuel Filter

2. Air Throttle	 6. Fuel Tank

3. Fuel Pump	 7. Fuel Valve

3. Pressure Relief Valve
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inlet
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The K-jetronic wit is a mechar.ical fuel injection

sys;Am 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, connected to

the disk, is controlling the position of a plunger,

which acts as the fuel measuring 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

Fuel	 To fuel
inlet	 tank

Fig. 8.3:23 K-J etronic Cross-Section

1. Cone

2. Disk

3. Lever

4. Plunger

•	 B.8-144

S. Fuel Measuring Slot

6. Fuel Distributor

7. System Pressure Relief
Valve
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Bosch k•jetronic

, Mass air ftowmater

2.0

1.5

1.0

ORIGINAL PAGE IS
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The K-jetronic is modified by LWw 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)

0.5	 .00

	

i

i 00

1	 2	 3	 4	 5 fuel flow (gls)

Fig. 8.3:23 Comparison of Pressure Drop Characteristic

t
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This will influence the combo:tion air blow@r poarr

demand according to fig. 8.3.24.

Blower Power (kW)

20	 40	 60	 80	 Air Flow (g/s)

Fig. 8.3:24 Comparison of Blower Power Characteristics

s
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with K-Jetronic

With Mass Air
Flow Meter

1,0

0,8

0,b

0,4

z

s
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The fitel systen pressure will increase, with a higher

fuel pump power demand as result. Fig. 8.3:25 shows

the increased alternator power demand from the engine.

Alternator Power (kW)

0,2
	 iOOM

1000	 2000	 3000	 4000	 Enqine speed (rpm)

Fiq. 8.2:25 Comparison of Alternator Power Characteristics 	

fi
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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 (M and J sections) have been used in the appliance and business machine
indust,,-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 applications. These applications range from the single multi-rib
accessor% drive concept (SMAC) for passenger cars to water pump, alternator,
and air conditioning drives on heavy trucks. In addition, some fan drives
on construction equipment are being placed in production.

I ^^

T	

r	 ^^^

6 e $CCTION

1'i y. 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-Rib belt sections which are designated by the
letters "K" and "L" are easily identifiable by measuring the distance between
the adjacent ribs 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 life with equal or better load carrying capability.

Strength

The design of the Poly-Rib
across the total width of
is placed down in the wedge
of a V-belt is always less
therefore obvious t`iai: the
to a V-belt of equal width

belt allows placement of the tensile member
the belt. The tensile member of the V-belt
area of the belt. The tensile member width
than the overall width of the belt. It is
Poly-Rib belt will exhibit superior strength

I
t
i

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.

Oayco Corporation has been 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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ABC
COMPRES.

POWER ST'EERINC
PUMP

1

Pi.l. 2 Conventional V-Felt Accessory Drive
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r	 /C
-COMPRESSOR

OUTPUT SHAT	 POWER STEERI...,
PUMP

F'iy. 3 Serpentine Poly-Rib Belt Accessory Drive Proposal No. 1
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-COMPRESSOR

POWER STEERING
OUTPUT SHAFT
	

PVMP

i

Fig. 4 Serpentine Poly-Rib Belt Accessory Drive Proposal No. 2
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8.4	 POWER CONTROL SYSTEM

8.4.1	 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 ind	 l * w * pm * vEmax	
(1-t) *	 `^	 * sines1+ 31+-

Definitions:

w - angular velocity

Pm- mein cycle Pressure

VFinax = maximinn value of the expansion space volume

i = temperature rat io 
G Te^,rl

= measure for the compression ratio

= Phase angle between the motion of the expansion piston

and pressure

By varying one or more of these quantities, the power of the

Stirling engine can he affected. lfhen the engine is used in

automotive applications w must he a variahl:.

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

following quantities:
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1.
VEmax 

can only be varied with a variable drive concept.

i

2. z a Tr : 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. 6 can be altered by adding oM or more spaces to the cycle.

This is Pressure Amplitude Control, B.

I
S. By letting working gas flow from cycles at max pressure to

cycles at min pressures 8 will change. This is called

By-pass or Short circuiting control, C.

Varying the engine output also changes the area of the PV-

diagram. M1ean 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 P1'-diagram from different

power control methods.	 1

Ilk
V-

II-160



OF POOL

INFLUENCE ON THE PV-DIAGRAM
FROM DIFFERENT POWER
CONTROL METHODS

PRESSURE

I	 I
I	 I

I	 II	 II	 II	 II	 I

-

I	 I
I	 I

= FULL LOAD	 VOLUME
= PART LOAD MEAN PRESSURE CONTROL
= PART LOAD PRESSURE AMPLITUDE CONTROL

^^• = PART LOAD BY-PASS CONTROL

Fig 9.4:1	 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 consumption 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	 t

C. Short-circuiting

Advantages: Very fast torque response

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 I 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,

tecause 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 short periods of engine braking and during

pressure decrease periods. The fuel penalty due to bad part

lead efficiency is therefore small.

This combination of mean pressure control and short-circuiting

is generally called Mean Pressure Control.
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8.4.2	 Description of the ASE Mod I

Mean Pressure Control System

(All figure references in this section refer to Figure 8.4124

block scheme of the ASE Mod I Power Control System).

Major parts of this power control system are hydrogen storage

s
	

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 system Wmax 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 (1) 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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T,, perform the control functions the electronic unit needs signals

trom 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 16 check valves (10) within the control

system. One mix pressure, one min pressure and one Psupply check

valve for each cylinder. Two compressor exhaust 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 ringer /or other cot,tamivents

from entering the qas system.

The compressor short-circuiting circuit contains besides a

filter (A), a hydrogen cooler (12) (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 P 
Max 

line contains besides the max pressure transducer (13)

and filter (10) of an external dumping solenoid valve (1S), 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 pressures.

Between the tank and the control valve there are also a fusible

temperature plug (21), preventing tank overtemperature, a manual

shut-off valve (19), a solenoid shut-off valve (17), monitoring
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tank pressure transducer (13) and filter (9).

To charge the system from external hydrogen tanks, there is a

refilling valve (20) at 
Fmin 

line.

The servo oil system components are: oil pumps (3), oil tank (4),

constant pressure valve (S),and oil filter (6).

8.4.3	 Pmax Supply	 ^^

ORIG1NAl. Fa`'` IS

(Timed Supply)	 OF 
POOR QUALITY

To meet the fast response specification during increase of Wier

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 Pm - line. Most hydrogen enters the cycle during

periods of ;ninimun pressure when pressure difference between tank

and cycle nas max value.

PV DIAGRAM DURING INCREASE OF POWER

WITHOUT MAX. SUPPLY
P

V

Fig S.4:3	 PV-diagram &Lrin g increase of power without timed
eLtpnly system.
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The small PV-diagram areas, 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 maximin, 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.

USSWTIMED SUPPLY SYSTEM
TIMING INTERVALS

GAS
PRESSURE
COLD SIDE
(MPa)	 TIMING INTERVAL.

20	 L `
I	 ^

I
I	 `	 I
I	 ^ i
I	 '
I	 I
I	 I
I	 I
I	 I
I	 I
I	 I
I	 I

10
♦ 	 ♦^i

PISTON ROD
MOVEMENT
(mm)

PISTON ROD MOVEMENT

30

GAS PRESSURE
COLD SIDE

0
CRANK ANGLE

Fig 8.4:4 Timing interval of PITOX SLIPPIV.
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PV DIAGRAM DURING INCREASt Z. ' POWER

WITH MAX. SUPPLY
P

V

Fig 8.4:5 N-d'.agram during; increase of power with timed supply.
system.

It could also be said that without Pmax supply, the hydrogen

entering into the cycles, must first be compressed before it

can do useful work during an expansion. Witt' F'max supply

Hydrogen ill 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 gist,)n rod, opening

a connection between the supple line and the cycle onl y during

periods when the piston is near its bottom dead center. When piston

is leaving the supply interval, some hydrogen ir-ty still flow

through the clearance hetween 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 ,then maximum pressure of the

cycle is higher than tank pressure. During these high part

load transients the torque drops are negligible.

M
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Fig. 8.4:6 Principle of USSw Timed Supply System
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8.4.4	 Power Control System Specification

The ASE hDD I power control system will follow the general mn.D 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 introdicf:e no unacceptable

operator adjustments.

B. Stable oscillations, noise and/or discontinuous changes in

controlled variables which would be noticeable or objectionable

:o the operator shall not occur.

C. Environmental variation encountered in the automatic vehicle

application shall not be the cause of unsatisfactory control

performance.

D. Safety provisions shall he 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 gtuard

against engine runaway (failsafe).

E. Control system ducts and electrical leads shall he so routed and

protected that no damage can be sustained due to accidental

impacts during the course of routine operation and maintenance.

F. Rest))) s _Spec i f icat ions

At any constant speed the changes from no load power

°	 to full load power shall occur with the following
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The torque at the drive shaft shall r:ach 90 1. of final

torque within 0.8 seconds. Fig 8.4:7.

2. A lag time or a torque dip in the tip power maneuver shall

be terminated in less than o.3 seconds, and shall not be

greater than 100 of final torque magnitude.

.1. [firing power decrease, the torque at the drive shaft shall

drop to 0'0 of the initial valve in less th:ut 0.1 seconds

(Fig 8.-1:8).

4. During steady state (fixe ,-j set point and load), engine

torque variation shall not exceed ± 3% of the set point

torque value.

SEC0,3 0,8 TIW.

Fig 8.4:7 Torque response specification during torque increase
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I
— G

0	 0,3
	

T I ME SEC

Fib 8.3:8 Torque response specification during torque decrease

8.1.5	 Design Criteria and Improvements of P40 Power Control System

Scope -of _.ASE MDD I rower contr9j_^.c5jgg:

- Reduced number of external seals

- Reduced number and complexity of tubing

- Improved component performance and reliability

i	
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Results:

Compared with P40 power control system ASE DUD I power control

system has modular block design of components resulting in:

- 183 less external seals

- Total number of external gas tubes re:luced by 541

- Number of tubes outside p, p and p supply connection

reduced by 74%

- Much simplified tubing layout

(Fig S.4:9 and Fig 8.4:10 show the reduction in tubing between

P40 and ASE \UD I . )

New check valve design with an acciinulated 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.

w
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8.3.b	 The Modular Blocks

All major components of the ASE SUD I power control system have

been built into four modular blocks.

Fig 8.3:11 shows the modular block boundaries of ASE NM I power

control system.

Block 1 incorporates:

- bower 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

Bloc? 3 incorporates:

- Hydrogen filter

- Hydrogen cooler

- Check valve

- Compressor short circuiting solenoid valve

- Compressor pressuue 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).

Materials and Weights:
--------- --- ---

Material

Block 1 SS 2172

Block 2 SS 2172

Block 3 SS 2337

Block 4 SS 4212

weight

7.1 kg
3.2 kg

S.3 kg

0.8 kg
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^

^II

c Actuator

A

A

0, POOR QUALITY.OF PO

Supply Valve

Hydroqen Filter

s	 C	 External Dumpinq

I

Solenoid Valve

I

11	 Ll

	

^L	 Y^

{	 j	 A-A,

Maximum iessure Transduce
	

B

Fig 8.4:12 ASE MOD I. Power Control Block 1.
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Tank Press

Safet

11ve

F
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OF POOR QUALITY

Hydrogen Filter

n-n

„—^

L r r -	 ^

aA	 iA

Fig 8.1:13 ASE DUD I Power Control Block 2.
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-'C

Compressor Shortcircuiting Valve

ssure

A-- A

Check Valve

Hydrogen--  Filter

I	
Hydrogen Cooler

I
I	 Il

alk-
C-C

TA

A

Fig 5.4:14 -A-SE NIDD I Power Control Block 3.
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Constant Pressure Valve

0

-	 _	 I	 Oil Fil ter

^ 1

Fig 3.4:15 SCE MDD I Poker Control Block 4.
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8.4.b.l	 Stress Anal y sis 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-1 1-0 181))30.1 I , see sect ion 8. 1. 1).

b. Material

Steel 532172 is assumed in the anal ysis and the following

material property data have been used.

Yield stress* , v = 300 MPa

Ultimate tensile strength: r te _ 490 NTa

Fatigue limit o f 	 + 210 IMPa

fp =' (18S + 18S) Wa

c. Loads

The maximun temperature is 1000 C and different internal

parts of the block will be exposed to the following pressure

loads:

p - (12 + 7) RQ'a

p = (7.8 + 4.8) Wa

p = (:1 . S + 3. S) 1\Q'a

In the static stress analysis the maximum internal pressure

(pax = 25 SIPa) is used, and in the fatigue analysis the pressure

cycle with the maximum amplitude p = (12 ± 7) MPa is used.

The total number of pressure c ycles is estimated to 2.S x 106,

but in the anal y sis the corresponding stress cycles grill be

compared to the fatigue 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 anal ysis is summed up

in the table in fig 8.4:17 and the following notations have

been used:

Ro = outer radius of the equi valent thick walled cy linder*

R . = inner 	 it	
n	 of	 rt	 +t

1

k = R 
0 
A 

i

p	 internal pressure
k- + 1

on nominal hoop stress 
(`'n = p - k ^)

Kt = stress concentration factor

Point = point used in the fatigue analysis

(showed in figure 8.4:1(0

S  = 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 yielding is 6.4 and the

minimum safety factor against fatigue is 3.3.
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B. Power Control Block 2

a. Drawings

The analysis is based on the geometry show

No 2-S-1471(800306), see section 8.4.9.

b. Material

Steel SS2172 is assumed in the analysis, aj

material property data have been used.

Yield stress: y - 300 !Pa

Ultimate tensile strength: o  - 490 111'a

Fatigue limit: of - ± 210 MPa

0 f s (185 ± 185) DiPa

c. Loads

The maximum temperature is 100 0 C and the internal parts of the

block will be exposed to the following maximum pressure load:

p - (21.5 ± 3.5) D1Pa. The total number of pressure cycles have been

estimated to 2.S 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 figure 8.4:19. The points,

which have been analysed can be seen in figure 8.4:18, and the

stress cycles have been entered in the Haigh diagram.

. Su man•

The minimian safet y factors against y ielding and fatigue are

4.9 and :.1 respectively.
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C. Power Control Block 3

a. Drawings

The analysis is based on the geometry shown on drawing

No 1-S-1480 (800314), see section 8.4.9.

b. Material

Stainless steel SS2337 (AISI 321) is assumed in the analysis,

and the following material property data have been used.

Yield stress. c = 174 MPa
y

Ultimate tensile strength: u u = 490 MPa

Fatigue limit: of = + 270 MPa

0 f	 (240 ± 240) MPa

Brinell hardness HB	 190

c. Loads

The maximum temperature is 100 0 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 pressure cycles have

been estimated to 2.S x 106 , but in the analysis the

corresponding stress cycles will be compared to the fatigue

limit.

d. Stress Analysis

The anal ysis has been done in the same way as in the case of

block 1, and the resalt is shown in the table in figure 8.4:21.

The points which have been analyzed can be seen in figure 8.4:20

and the correspond i ng stress cycles have been entered in the

Haigh diaUam.

The end411.itc, see fig 8.4:20, is considered as a simple

supported circular plate e ^)oscd to an uniform pressure.

t
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Using the maximum pressure p - 25 MPa gives it the maximum

stress on = 86 MPa with a stress concentration factor of

Kt = 2.0, the following stress cycle a - (120 t 51) MPa is

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

the safety factors against yieldinq and fatigue are 2.0 and

2.8 respectively.

The bolts in the endplate have been designed to fulfill the

requirements of %U1 2230 (Verein I)e utscher Ingenicure,

"Systematische Berechnung hochbeanspruchter Schraubenverrbindungen")

The procedure described in Ol 2230 izives the following values of

# Y iniir. par:unctcrs used in the analysis.

NlaximLun gas pressure pncI x = 2S Wa

dillimUun	 - it 	 1)	 = 10 "1Pamin

Number of bolts	 i	 4

Maximenn bolt load due to the gas pressure FAO	 12 300 N

Alin imun	 -	 -	 FAIL = 1 900 N

Load relation	 Oen = 0.2

whe re
1

	

_ R	 and

171 + 1

kb = spring rate of t he bolt

k_ = spring rate of the bolted material

The coefficient of friction used U= 0.11.

The calculation precedure shows, that !N1() bolts of qualit y 12.9

will meet the requirements of 01 '230.
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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 met-ts the regA rements of %`DI 2230.

D. Power Control Block 4

a. Drawings

The analysis is based on the geometrN , 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: oy n 2S0 %IPa

c. Loads

The maximum temperature is 100
0
 C and the internal parts of the

block will be exposed to a constant gas pressure p n S Wa,

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	 j

	

1	 2

Ro (mm)	 18	 20
	

1

R  (M)	 11	 9

k	 1.64	 2.22

g	 o (p) (N1Pa)	 11	 8

S f	23	 31
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TABLE: 1

lt^t
1•n

min)
ki

lmm)
K mltmJX)

kml"A)
i'	 m Kf I(p)

(Al 1r l) ;f

1 1 47 6.4 J. 34 75 - 44 3.3

31 1t) 1.94 43 7.O 3.44 71	 2	 41 3.5

3 1 7 .rs-1 45 5.9

1 17 t. 1 . .14 ^^1	 !	 ^^ 1. 1

1 1	 .	 _ _1 •! 7)

Hai(3h Diagram SS2172
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TABLE 2

Point Ro
(mm1

R 
(mm)

K `lm(Pmax)
(MPa)

J /J
y	 n

K f
U(P)
(MPa)

8
f

1U 1.94 43 7.0 3.44 129 ± '1 3.0

1 17 11 1.55 61 4.9 3.54 185 f 30

3 18 11 1.64 55 5.5 3.50 166 t 27 2.3

Haigh Diagram SS2172

300

-,th)

100

100	 200	 300	 400

i	 -





0	 100	 200	 300	 400	 500	 m (MPa)

Soo

-1Uo

10()

0

0R^e- 1, &.•

POC
Pq^^

^s

TABLE 3

POLtlt_ ko
tmm)

Ki
tmm)

h m(}m.ix)
(Mha)

'y  hf
(MF'a)

Sf

(I 1 1 . 83 1 47 3. 1 lo -I 	 +	 46 3. 2

.1 0 11 1.8-1 47 3. 7 3. 34 10 1) 	 t	 47 3.1

1 D) 1.9.4 43 -l.0 3.	 i	 t l lu	 +	 50 3,,^

Haigh Diaqram SS2337

Fi,, 8.4:_1 Results from the Stress Analvsis of Block 3.

9
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8.4:22 Parts of Block 4 Used in
the stress Analysis
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Fig. 8.4:23 USSw Hydroqen 'Tube Fitting

ORIGINAL PAGE 1$

OF POOR QUALITY

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 sane design as in P-40.

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



The fittings will be made of stainless steel SS 2353.

8.4.8	 Power Control CvWnents

All component numbers refer to Fig 8.4:24 (Block scheme of the

ASE NDD 1 Power control system).

i
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Sup2ly :UTT_and_Short_Circuiting_Seool Valve_(il
--	 --	 --- ----- --------- - -- ----- --

To perform the main functions of the mean pressure control as

supply, dump and short-circuiting the power control system of

ASE NIDD I (as well a s, P40) is equipped with a sliding spool valve.

The .LSE 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 NOD I valve has the sliding seals

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

can be seen in Fiq. 13.4:25. A 1 1 -40 valve is also shown.

^u.,r.••

MOD. i.

Fig 3.3:25 :LSE MOD I control valve spool and P40 control valve spoc



30

2 20

MM,

10

0

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. 8.4:26.

ORIGIVt "L F i.C'"̂: t4
OF POOR OLALITY

7 6	 5	 4	 3	 2	 1	 0	 1	 2	 3	 4	 5	 6	 7	 13	 9 10

MM

Fig 8.4:26 Opening pattern of the ASE A)D I sliding spool valve.

There is a dead band of 1.4 r pm around neutral position. If the

valve moves to the left, suppl y of hydrogen to the engine occurs.
I

Max orifice area is about 30 mm-. The exact shape of the

opening curve is uncertain.
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To engine yo hydrogen from engine

min pressure compressor max pressure

Fig 3.4: 27 Flowpattem of the ASE ADD I SlidinZ Spool halve.
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:f spool moves to the right, dumping of hydrogen occurs. With

another 3 mm of movement short-circuiting starts. Maximum

orifice area is about 40 mm 2 . The exact shape of thew opening

curves is uncertain.

Flow pattern through the valve during str,-;)ly, dump and short-

circuiting can be seen in Fig 8.1:27.

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. Fib 8.4:28 shows

uhut hai-pens when i seal passes a hole.

1	 2	 3

Fig. 8.4:28 Seal Passage of a Hole in Slidinc, Spool Valve
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The exa..t position when the seal is lifted is uncertain and that

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

Material

Slide spool: Brass 5170-04

Spool housing: Steal SS 2140 hardened to 60 NRC

Seals: Shamban S 30059- 6 -5

Experience

A test unit of the ASE Mod I spool valve has been testing together

with P-40-4. The valve has been operating in cyclic tests between

5 and 10 MPa p. 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.

t	 r
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9.4.8.21	 Electro-hydraulic Actuator
-- -

_S22
----------------------

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-circuitinq mode

it precisely controls the opening area 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 L, very precise.

On Pau engines the actuator consists of a DOG electro-hydraulic

servo valve controlling servo oil flow to an oil piston. Position

accuracy is quaranteed by a feed back potentionmeter.

This MOOG ?b 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 NDD 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

AbS. 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

1 -4o unit and with lower performance.

The principal elements of the actuator are a flapper valve similar

to MOOC bZ series and an oil piston as actuating element. Position

of the oil piston is fed hack mechanicall y to the flapper valve.

Torque motor and flapper valve work according to fig 8.1:30.
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• input current creates magnetic forces on
ends of armature

III armature ,	 flapper assembly rotates
about flexure tube support

n flapper closes off one nozzle and diverts
flow to onj end of spool

III spool moves and opens Ps to one control
port. opens other control port to R
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Fig 8.4:31-32 show the DM electro-hydraulic servo actuator.

Tile oil piston in fig 8.3:30 is oil the Stirling actuator replaced

by the actuating piston itself (see fig 8.3:31). Feed hack of the

piston position is done via the feed hack s prings sLirroimJing the

fli pper innature.

The turquc motor has for safet y reasons a marnwl override

making it possible to roughly control the unit in case of

electrical breakdow .

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

position in case of --ervo oil pressure loss ;,veld be dump

lx^sition of the spool valve.
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Fig 8.4:31 MX)G Electro Hydraulic Stirling Control Actuator.
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Fiv, S.4:--)2 ^VVG Electro IN-dratilic Stirling; Control Actuator.
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Coil connection (series-coils)

ORIGINAL PAGE IS
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Specification of the actuator.

Supply pressure	 - 3 - 5 MPa

Max pressure	 - 15 Wa

Rated thnist at 5MPa 	 - 970 N

Normal operating stroke - 10 mm (left), 10 mm(right)

Rated actuator velocity - 50 mm/sec

Working fluid	 - mineral oil

System oil filtration	 - 10 t, absolute or better recommended

Electrical connector mates with M53106 R-145-25

Flow out port "A"	 A+, D-

Rated current
	

+ 0.05 A

Voltage for rated current at 23 0 C	 + 27 VDC

Maximum voltage	 24 VDC

1

L	 n

a
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8.-3.8.3

8. 1.8.4

Experience

Present experience of AVC 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 Tagus car. Performance and behaviour of the valve have been

much better than demands.

Oil I' TT ( 3 )

The power control valve of ASE ^1)h I power control s ystem needs

hydr; ►ulic oil for its actUition. The servo oil pimp in the

hydraulic oil system is described in section 8.3.10.

Oil 'C;uik (a)

The servo oil s ystem needs a small oil tank of about 1.5 litre

in volume. In automotive application ASE MOD I will he equipped

with a 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.

s
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Note:
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This tank will also contain an
oil suction filter. Filteration
bU u absolute, see Fig. 8.4:34.

Fig. 8.4:33 Servo oil Tank ASE Mod I

sum Loser, der
VarKhluRkap po 	 An/u"mom.ntr-- S/.7 --^1 Max .,S kpm

•a. 11.5 ►- rat•

i	 •
f
" 3	 laewrina^	 ^

1	 f 	 1e	 1

( I 	 r. I 4 0	 DraufSiCht
^I

I r--- /ISM

Fig. 8.4:34 Suction Oil Filter (Power Control System, ASE Mod I)

II-214



0R:G1r: 1',L R ° r:- Is
OF POOR QUALITY

8.4.3.5	 Constant-Pressure-Valve (5)
---------------------

The ASE NDD I servo oil system is equipped with a constant

pressure valve to maintain servo oil pressure at a constant

pressure.

ASESDD 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 IMPa, see fig 8.1:35.

^v

yff .,.
1 111 •n11111-9

c h^ 1 --1 1	 y •
UT

11N

• .	 L	 If

iymAglrr

Fib 3. 1: ,a COnitMt Pressure Valve Nordlivdrau] ik I'MR-0-1AP.

0•M • a• o	 ^	 .` ^^	 ^" I tiJ

c-^ C	
b
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1
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 NO valves have operated without malfunction on

all 1'-40 engines.

8.4.S.0	 Oil Filter (0)

The servo oil system is equipped also with a pressure filter.

This filter is the same as the hydrogen filter described in

section 8.3.8.8.

A t^­pe t filter 10u nominal will be used. This is the sane tune
of servo oil filter used in all Pao engines.

8. 4.8. 7	 ttvdrogen_Compressor (7)

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.

, rn all USSw mean pressure controlled Stirling engines the compresvor

has been single stage and double acting. The compressor is

ruruiing oil free and with piston rinds of rulon acting as

suction valves. Maximum pressure ratio is about 1:10. To keep

temperatures low all compressors have been water cooled.

3.1.5.".1	 Compressor Design
----------------

The :151: NhD I compressor has the sane general la yout as earlier

versions of compressors. It is also a single stage double

acting compressL)r. :1 trst writ with a different piston rod

;rttactuncnt h:rs been hui It witl.in the component develcl^ment

I)togr.un. It has logged more than 3 000 hours in a selmrate test rig.
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Stress ;uialysis has shown that this t%l)c of piston attaciu ►kent

c.ui not meet the safet y factor required for the MOD I operation

during engine lifetime and with max expected pressure differences

without major modifications. Therefore, a redesign of the

compressor has been made said a new piston - piston rod attaclurent

has been designed.

This design enlarges the piston rod to 1-' Iron In di;u►►eter ;aid to

keep compressor capacity e(ILL0 the piston dimiteter has been enlarged

ft()In	 O mm (-)n test unit to :. nun.

p ig 8.4:3o shows the test Lu ► it of t hV compressor and fib 3.1:3-

shows the net% design of the compressor.

Principal dimensions of the ASI: NUD 1 compressor will be:

Bore = -',: iron

Stroke = 20 mm

Piston rod diameter m 1: nU►►



ankcase, See Drawing i-H1058
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Fig. 8.4:36 Test Unit of ASE Mod I Compressor
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8.4.8.7.2	 Compressor-Comr_Z__ts

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

compressors. Inlet and outlet of hydrogen and cooling water

connections can be aeon in Figure 8.4:37.

MATERIAL: SIS 2324

COMPRESSOR CHECK VALVES: See Section 8.4.8.9.

::OMPRESSOR PISTON • Almost identical to P-40 (0 22) compressor

piston.

MATERIAL: SIS 2541-03

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

backup rings of vespel S111.

PISTON ROD: Preloaded between piston and crosshead, 0 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.

j
11

`r

j
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The pi ston and the pisto

necked down tie bolt. Th

The following material cJ

EN

S1 8 x 1 Unhra'..;i quality

Yield stress 0.2t)
v

Ultimate tensile strengi

Yoksig's modulus E - 200

P1 STON

SS 2511-0 3

Yield stress (0.2,) 	 700 Wa
v

Ultimate tensile stress	 u - 900 MPa

Young's modulus E - 20S 000 MPa

Brinell hardness 11B - 275

PISTON ROD

Yield stress (0.2°,)	 v - 7011 M'a

Ultimate tensile strength -u n 950 MPa

Toeing' S modulu , F - 205 000 NIN

Brinell hardness 11B - 290

CROSSHEAD

,is :225-05
Yield stress (0-2 11) 	 - 700 '-Ta

Ultimate tensile strength	 u - 900 Wa

)'uunti's modulus i = 20o 000 MPa

Brinell hardness 1B - 270
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The load is cyclic with a maximum net pressure of 17.S Wa 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 lx)lt :utd its environment,

the stress ;mylitude caused by the applied load is 54 SU'a. This is

below the m; ►xiM ► an allowed val ►k, of 0 .1 Ml'a for rolled N18 bolts.

Thus, the lx)lt design fulfils %'PI 2230 (Vcrcin D utscher Ingeneure,

" SY';trmat ► .-, • he Berechn1mg hochheanspruchter Schraubenverbindungen") .

,rho amplitude force i •, the bottom crosshead threads will be

5 050 N since these threads are not preloaded by the bult

toque. This dives a nominal amplitude stress equal to 12 MPa,

which is below the maximum value of 30 Mf'a for cut M8 bolts

with the corre:pond ► nt; material ;ixength.

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 gc,od margin

against loosening by the maximum appliekl 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 440 MPa in the piston rod sleeve, which corresponds to

a safet y factor against yielding; of 1.0. Thus, the surface pressure

of the clamped parts are far below allowed levels. The recommended

preload corresponds to 23 Nm.

8.4.8.7.4	 Compressor Performance

From tests, using the test stand compressor, the pumping

(down timr) for the ASE Mod I compressor has been calculated.

Fill 8.4:38 shows the pumping down sequence for the WUD I

compressor. The diagram shows the engine and storage vessel pressure

as a function of number of compressing strokes.

6
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Tank Pressure

Enqine Pressure

1)

15

10
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Pressure (MPa)

Numt,er of Compression Strokes

F'iq. 8.4:38 Pumhin q Performance of the ASE Mod I Compressor
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1

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.

8.4.8.8	 Hydrogen-Filter

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.

Fiy. 8.4:39 Type 1 will be Placed in block 1 and 3, While
Type 2 is Placed in Block 2
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Filtration for all units will he 10 a nominal and both types

have the sane mount ins; dimensions.

The nu ►ufacture of these filters is SOF1tL\CE and their th7)c

111011her> arc:

T\Tc 1 - 1V 8S Pcv flow

Type -, = 1V 'S 51

Fig 3.1:-10 IK-drogen Filter T\,ne 2 SOFRXNCE - PC 851

Y



Ex) ^crience:

The t ype 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 teen used at ussw.

8. 11.8.9	 Chec k-Valves

There are within the ASE NUD I power control system a total

of 16 check valves.

A. Four check valves allowing working gas to flow out f'rc:m each

cylinder.

B. Four check valves are placed as min pressure check valves

allowing wording gas to flow into each cylinder.

C. Four check valves are placed as min pressure check valves

in the Pmax suppl y line allowing gas to enter east, cylinder from

the storage vessel and preventing cycle pressure variations

in the supply line.

D. Two check valves arc placed as pressure valves in the hydrogen

compressor.

E. 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.

i
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Check Valve Specification

Type:	 Check valves for Stirling engines have a

working principle similar to air compressor

exhaust valves.

Si:e:	 Internal flow corresponding to at least 6 mm

ESEOD (Equivalent Sharp Edge Orifice

Diameter).

Working gas:	 Hydrogen.

Pressure:	 Max total pressure 25.0 "Ta

Max Jiff pressure 22.5 MPa

Gas temperature:	 Min, max check valves <150 o C

Compressor check valves 2250 C

Leakage:	 External	 none

In checked direction <0.001 g/s

Working frequence:	 10 - 75 li.

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 cartridoc type

and he able to mount in a block.

The design should he resist: ►nt to particle

contamination (Teflon dust) in the working gas.

Endurance:
	

000 If continuous operation.

S. 1.5. ^).:	 Check Valve Selection

An extensive test progrcun has been carried out within the ASE

Component 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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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.

8.3.8.9.3
	

Check Valve Design

The ASE bOD I check valves are derivates from these P40 valves

except the o-ring scaled check valves (E), which are identical

except for the outer housings.

Pmax ,
 Prt.'n and Psupply valves

The ASE NOD I 
Amax' Pmin 

and Pmax supply check valves are

identical in design.

Seat and plate are elements from the NAIVE ER2 check valve,

see fig 8.3:33. 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 ,LSE NnD I check

valves.

Fig 8.3:31 shows the ASE NUD I Pr"x+ Amin and 
p max 

stcpnly check

valve and fig 8.3:43 shows the spring holder of that check valve.

Fig 3.3:4-' shows the difference in flow passages between the

ASE AUD I check valve and the original P40 valve.

The flow of the ,UD I valve is onl y dive rtes 900 once before leaving

the valve thus redLICing flow resistance and making the spring

holder easier to manufacture.
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4-401h9

Part of HAWS ER:

Co pper Washer 0 14/8 \ 1

Piq. H.4:41 The ASY Mud I F, 	 and Pmox Supply Chock Valve

p-411 check Valve
	 ASE MOD I Check Valve

Fiq. 8.4:4: Difference in Flow Passages Between the
ASE Mod I Check Valve and the P -40 Valve



Location

The p^ Pmin and pxs^ipply check valves are all located in the

seal housings and 8 . 4:45 shows the valve arrangement.

The compressor check valves

These valves are almost identical -:ith the P40 valves and

onl y modified to lower the flow resistance during passage of the

spring holder. Fig 9.4:46 shows the spring holder.

s
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1. Allgemeines
Ruckschlapent ► le lotion den Ourchfluastrom In e ►ner
R ► chtung fret und sperren ihn in Colonr ► chtung. Sao lo-
horen doshalti tur Cruppe der Sperrvent ► le (DIM 24 300).

2. Beschreibung
Der Typ ER tot • ►n federbelastetes Einsteck - Rilckschlag-
vent► l und ward vortugsweas• in Hydrolorate o ►nloba.t,
die fur Montage aul'Grundplatten loe ► gnet sand. Me Von-
til ward in erne ab8esotite Buhrung e ►nlofuhrt und mat
etnem Bund twiscren Grundplatte und Buhrungsabsatt
eingeklemmt, so da0 to unvorruckbar fests ► t--t. Die Ab-
d ► chtung an der Trennfugo ubern ► mmt ein O-Ring.

Der T%p ER tat *in 7lattenventil. ':entilsitt und -platte
sand gehartet und goachliffen, der Kaftg phartet. In gv-
sperrter Durchfludrichtung ut on hermot ► sch dicht.

3. KenngrdMen
3.1. Allgemein

Sinnbild und
Typenbe:e ► chnung

Bauart

Geratrabmessungen

Embaulage

-Ar(> ER 0, ER 1, ER 2, ER I

Einstteecck-Ruckschlakp-entil

stehe Pos. i

beliebig

3.2. Hydraullsche Kenngrof3en

0	 10	 20	 30	 40	 50	 60	 7

OurchfluOstrom Q (1/man)

F i vS. 1: 1	 I L\hl FR 1 - hrc k 1'11 Vc .
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Fig. 8.4:44 Spring Holder of the ASE Mod I p. Y. supply 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 I
Compressor Check Valve
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The 0-ring sealed check valves

The active parts are identical to the P40 design. Pl;ite and

spring are coming from IM ER3 check valves. Contrary to the

P40 check valves the ASE PDD I valves are not mounted in a

separate housing but mounted in block ' and block 3.

Fig 8.4:17 shows the design of the o-ring sealed check valve.

Fib 8.1:4 - The 0-ring Scaled Chee p Valve.
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8.4.8.9.4	 Check Valve M13terial

Amax' P
min' Amax supply and compressor check valves.

Seat, plate: Hardened material from 1WWE.

Spring holder: SIS 2140 hardened to 55 11RC

Spring: Stainless steel SIS -'331-Oa

0-ring; sealed check valve.

Seat: SIS 21 .10 htrrdened to SS 11RC

Plate, spring from MWE

Spring; holder: SIS 21 .10 hardened to 55 11RC

1: \j1C r i enc e :

'rhrough the screening test and endurance testing of new check

valve designs within the ASE SUP I component development

progrvn, li',etime and reliability of check valves have increased

strongly. New designs have replaced old valves on 1140 engines.

The 	 DUI) I valves are further improved :red simplified.

Li f et inw of 1 1-10 check valves are now more than ? 000 hours in

c\% tic operat ion with a P40 engine (P40-' high temperature engine) .

8.1.`1.10	 Solenoid -Valves
--------------

The power control system of the .ASl' NUD I needs three solenoid

valves. Although almost identical in orifice si--e, c ycling; rate

and { p ressure differences, al 1 three differ from each other.

i
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.Solenoid valves for li.,' • gases with internal orifice diameter

of 4 - o mm are not common. 'These kinds of solenoid valves are

mostly used in aerospaccind military applications. on the P-40

eng ine solenoid valves frc,m two different vendors are used

(Valcor Inc and Heriun 1;MH10 These valves were not intended

fur use with hydrogen at our cyclinq rate. our present experi-

ence with solenoid valves have been somewhat discouraginq but

t11e Valcor valve has performed far better than the Heriun valve.

1'O obtain such valves and to extend service life a request for

custom built solenuid valve:, has been passed out to some vendors.

Valcor Engineerinq Corpora t ion declared themselves willing to

develop valves to our- specifications accordinq to their technical

proposal 792-1115.

ASE Program ofti(.:e has concurred to a development contract for

Valcor Inc. accordin,3 to technical proposal 792-015 based oil the

ability of Valcor Inc, to design custom build valves and present

experience of Valcor valves ^ ,n P-40 engines.

S.1. y . lo. 1	 Compressor Short Circuitinv Valve

This solenoid valve unloads the compressor during steady state

conditions or sLyply periods :rnd is controlled from the electronic

iuiit. This solenoid V.IIVC has t 11 11i ►;hest c\ l c• ling rate and 11i Ole st

gas temperature in the power control System. The valve will he

im)unted in MOdl11a1 - 1)10C1

V. l ve Ile s i Q1

111 compressor short-circuiting valve will be of a special

"halancod spool" desigm that utilizes a comhination of materials

that can easil y achievo the Ions, cycle life required. Valcor will

conduct an endur.mce c ycle 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:	 3 000 PSIG Differential

Proof pressure:	 4 500 PSIG

Burst pressure:	 12 000 PSIG

Ambient temperature:	 -250 F to +2120 F

Voltage:	 10-14 VDC operation

Voltage:	 8 VDC cold start zero
differential across valve

Duty:	 Valve must be capable of
being continuously energized
at +2120 F without failure.

Flow capacity:	 Equivalent to 0.240 sharp
edge orifice. Cd 0.65.

Hydrogen temperature: 	 Max +2600 F (short duration)

Leakage rate:	 300 scc/min at 1 500 PSIG
differential pressure

Cvcle life:	 >2 500 000 cycles at system
conditions

r	 '
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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 arc extreme specifications for low leakage across this valve

(all leakage will be external 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 configuration.

L_ __ __ _ _	 11-240
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Valve Specification

Operating pressure: 3 000 PSIG differential

Proof pressure: 4 500 PSIG

Burst pressure: 12 000 PSIG

Ambient temperature: -250 F to +21'0 1;

Voltage: 10-1.1 VDC operation

Voltage: 8 MC cold start low
differential across valve

Dut\ . : Valve must he capable
of being continuously
energized at +2120 F
without failure

Flow capacity: Equivalent to 0.160
diameter sharp edge orifice
Cd 0.65

Leakage rate: 2 scc/24 hrs at 1 500 PSIG
differential pressure

Cycle	 life: Replace seat after 2 cycles,
if necessary

Ih•drogen temperature: Max +2120 F

Fig 8.4:19 Shows the desipi of Lxternal DUMDing Solenoid Valve.
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Fig 8.~:~9 External Dumpin~ Solenoid Valve. 

II-242 



8.1.3.10.3	 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 needed. The valve

will be controlled by the electronics and opened by the starting

sequence 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

di nping valve but the increased demand for cyclic operations

requires a hartiel seat material.

Valve specification

C)nerating Pressure: 	 3 000 PSIG Differential

Proof pressure:	 4 S00 PSIG

Burst pressure:	 12 000 PSIG

Ambient temperature: 	 - ,So F to + ,1`o F

Voltage:	 to-14 11X: Operation

Voltage:	 8 %T)C cold start

high differential across

valve

Dtit y :	 Valve must he capable of

beinc continuousl% • energi:cd

at + -l:o F without failure

11-24 3 	
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Flow capacity:
	

Equivalent to 0.160

diameter sharp edge orifice

Cd 0.6S

Leakage rate:
	

1 scc/hr at 1 SCO PSIG

differential pressure

Cycle life:
	

>54 000 cycles

Hydrogen temperature:
	

Max +  212 O F
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17S

Fib; 8.4:50 Shut-oft 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 b inches long.

Materials of Construction

Valve body:

Solenoid core:

Solenoid shell, end pieces:

Sprinqs:

o-rings:

Leakage Rates

High strength aluminum or stain-

less steel

430 St/St

Cold rolled stee-nickel plated

17-7 PH or 302 stainless steel

Ethylene propylene

r
)

The ASE Mod I 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

production basis today they consider the Mod I requirements	 a

difficult to achieve. At this time Valcor will a,:cept the

leakage specification as a "Target" and firm requirement could

be established after completion of the initial prototypes.

Experience

USSw 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 hydroqen system due to bad 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 792-01S:

".....Our series 680, 800, 27211 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.

Operating pressures varied from S00 - 3 500 PSIG. Ambient

temperature ranged from - 150 0 F to * 1800 F. The valve thruster

system functioned flawlessl y throughout the design mission life.

It also continued to function beyond 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 requirci extremely low leakage rate at

3 500 PSIG helium and nitrogen bas.

In addition to our rather exotic work in the aero space industry

we manufacture a low cost line of commercial valves that are

produced in very large quantities, typically lots of SO^UOU to

1'),000.

I
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8.4.8.11	 NYdr28en-9oo1er -1 M

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 Cie 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.

Fib; 8.3:51 Hydrogen Cooler in Power Control Block 3.

Material: The material of the cooler will be similar to the cycle

coolers.

s
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The ASIi Ndl) I power control system is equipped with three pressure

tranducers.

Transducer 1: Measures 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 I.

Transducer 2: Measures tank pressure. This muisducer is only for

monitoring the tank pressure. The transducer is muuntca

in block 2.

Transducer 3: Sk-asures 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 BHI.-4050-00-250

Bar).

'11iis is an unbonded strain gauge transducer with stainless steel body

and diaphragm. Connecting cable is waterproof.

^. n w r ;, , A ME - E Q 7 5E A,ING

i,	 _	 f CABcE _EtiG'- 'SEE ti:'E 3)
MAA

DENOTED B y SuF rl x T O TYPE NUM BE D ei 4 6J6
— 1000 — 02M5 DENO T ES A CABLE J avG .. C$
2 S METRES

SCWEN a-CA,.

0 5r 0 NAAA

r

,OC NG	 CABLE ♦ CORE SCREE%EO C ROSS	 6w,	 ^,	 SL1 04 .:.) oOL. M EQ 'NSuLA T EJ CONOuC r C Q S	 S{.p	 !►^
AN - IIU"ER Sr+EAT04

Fia. 8.4:52 Pressure Transducer BHL 4050-00-250 Bar
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This tr:uisducer is almost identical to the tank and compressor

transducers i-sed on Pao engine. These transducers have been very

reliable and so tar no failures have been .,vported.

These transducers have following specification:

'r^jv number:
	

BIIL-40SO-00

Input

Pressure range:

Pressure limits:

Rated electrical excitation:

Maximum .e lectrical excitation:

Resistance:

Output

Full range output (FRO):

Residual unbalance:

Natural freyuerce:
(mechanical)

Resistance:

Resolution:

Em, i ronmenta 1

Temperature range:

Thermal zero shift:
Coefficient

Thermal sensitivity shift:
Coefficient

Vibration:

0-25 N!Pa Sealed Reference

Twice rated pressure, when applieL

for 3 minutes will not cause a

zero set exceeding 0.S0 FRO.

10 V d c

12 V d c

350 tl nominal 330 a maximum

at 25 oC

Minimum 36 mV, max imum 48 mV

into open circuit at rated

excitation and +25 oC.

0 m:' +- 50 FRO

Apprax 40 kllz

350 rl +- 10 0 at +25 oC.

Continuous

-10 oC to +120 oC (compensated)

-54 oC to +120 oC (operable)

Maximum 0.05 1. FRO/oC

Maximum 0.030 FRO/0C

At 30 g peak sinusoidal vibratic

from S Hz-2 kllz the response is

less than 0.040 FRO/g
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2 MPa absolute, will not damage

the transducer.

Meets MIL-E-5272

1 000 g half sine wave pulse for

a duration of one millisecond

will not damage the transducer.

17-4 PH stainless steel

Integral sealed cable assembly

R 1/4" to DIN 259

125 g including cable

,"able screen, exitation and

output, isolated from case.

Insulation resistance S00 MR

min at 35 V d c.

Ambient pressure:

Humidity:

Mechanical shock:

Physical

Material in contact with
pressure media:

Electrical connection:

Pressure connection:

Weight:

Insultion:

8.4.3. 13 Safety-Valve-04)

The ASE INpD 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

throuuh 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 hiqh 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 8.1:53 shows a sectional drawingof the components belonging to

the safet y valve.
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Inlet

t'iy. 4.4:53 ASE Mod I Power Control Safety Valve

To assure a leak tight valve the sealing element is an o-iing.

To prevent damage oil 	 o-ring during the opening and closing

phase, srecial attention has been made to design the sealing

elements. Fig. H.4:54 shows the valve in a closed position,

during the opening phase and in open position.

t

s	
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t, i'

Fiy. H. 4 ,. 1 )4 Safety valve Operation

1: show: the safet y valve in closed position

2: shows the safety valve during the opening phase (note that

the outer 0-ring liol(ler prevents the o-ring from blowing away.

is shows the valve in open position.

Tests h. ► ve shown that this valve could be opened several times

and st i 1 1 seal against atmosphere.

Compunent_spccification

Working rnedit.Qn:	 Hydrogen

( )en ing pressure:	 .126  \41a

Closing pressure:	 > 1'.5 Wa

Entrance orifice:	 3 ntn ESEOD
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8.4.8.14	 lhdrogen Storage_Vessel_(18)
--- ----

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 cells connecting tubes from monitoring

manometers and measurement transducers adds a volume equal or larger

than that of the closed dome volumes.

8.4.8.14.1	 Design

The hydrogen storage vessel in ;ADD I will be identical to that of all

P40 engines.

It is a standard off-the -^3helf pressure vessel for compressed air

used for diving and fire-rescuing; purposes. It is designed by the

Swedish company :1M (their designation ORC7) and manufactured by

Industriwerke Karlsruhe (I1%N) 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 nzterial is annealed

and phosphatized.

The bottle neck is thermoformed in rotating tools. The bottle is

also tempered.

Fig 8.4:SS shows a drawing of the hydrogen vessel ORC7.

Design_Criteria

The bottle is designed for a proof pressure of 4S NIPa and a nominal

working pressure of 30 ,IPa (air).

The design, manufacturing, inspection and testing are in accordance

with Druckgasverordnung (German Pressure Vessel Code) and Swedish

Pressure Vessel Code.

II-254



Bottle spy

Volume:

Diameter:

Length:

Weight (e

Wall this

Bottom th

Max charge pressure:	 30.0 MPa

Proof pressure:	 45.0 MPa
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Material specification.

The pressure vessel is made of:

Steel 30 CrNiMo 8, DIN 16580

C 0.26 - 0.335 S < 0.0351

Si O.1S	 - 0.40% Cr 1.8 -	 2.25

Mn 0.3-0.61 Nb 0.3-0.51

P < 0.0351 Ni 1.8	 -	 2.21

Yield strength c S > 100 kp/mm2

Ultimate tensile strength ')B > 111 kp/m2

Elongation > 130

NLulufacturinb_Insne^tion

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 4S N1Pa.

4.1.~.1.3.=	 1hdrogen pressure Variation in the ASE N1UD I Storage Vessel

Depen'.ing on the engine power variations there will be pressure

variations in the storage vessel. The amplitude of these variations

depends on: Tank si:c, gas volume of the Stirling cycles, open or

closed domes, voltime of the outer gas system and gas volume of

monitoring equipment (manometers etc).

AMOLLnt of hydrogen in the engine c ycles (at 15 NIPa Ii)

ASE NDD I off-d 3-00	 =	 0.011S kg

Amount of hydrogen in domes (P) 	 =	 0.0025 kg

(partly open)

f	 Seal filter ISO cm .' (p)	 -	 0.0013 kg
:>Jrniunt of hv drogen in power

control tulx°s, valves, filters

about 80 Cm-' p	 =	 0.0012 kg

Total amount of hydrogen in engine
at IS NIFa T	 0.0165 kg

II-256
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of this total amount of hydrogen a great part is transferred

to or from the enqine durinq enqine operation.

1 , variation from 19.1 MPa (full load) to 4 MPa (idling) gives

an amount of transferred hydrogen of 0.0130 kq.

Lowest practical tank pressure at full load conditions will be

set to 15 MPa. Corresponding amount of hydrogen in a 7 litre

tank at 700C will be 0.0840 kq.

At engine idling 0.0130 kg of hydrogen will be transferred to

the tank giving a total amount of 0.0970 kq. 	 I

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. 'Phis

reserve capacity has been set to 210 standard litres of hydrogen

qivinq an increase of pressure of 3 MPa. As a consequence, dur-

ing engine operation the tank pressure will vary between 20.3 Ml'a

(engine idlinq) and 18 MPa (full load conditions).

In test cell installations an extra amount of about 1000 cm  of

hydrogen (0.0122 kq) must be added to the transferrinq 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.
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Fig 8.4:55 Hydrogen Vessel AGA ORC7
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8.4.8.14.3	 Stress Analysis

The hydrogen storage vessel is made o f tempered steel DIN 16580.

The following material data are valid:

Yield stress (0..'%) o y • 980 IPA

Ultimate tensile strength a u n 1 090 MPa

Fatigue limit a f . 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 ± 1.1S NIPa

in a vehicle and 20.2S + 2.25 N[Pa in a test cell. The vessel has

been fatigue tested with a cyclic pressure of 21.5 + 3.5 h1Pa

at the Swedish National Testing Institute. The test was successfully

performed with 10 million cycles, see the enclosed certificate,

appen ,ix 4.4:2.

Fig 8.4:57 shows a Goodman diagram for the pressure vessel. The

fatigue limit is reduced because of the surface conditions.

The mean diameter formula gives the following hoop stresses using

the nominal si:e of the cross section of the vre.,Sure VC-Ssel:

a
i

4
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1. Test cell - 345 + 21 Wa

:. Vehicle n 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 investiqations.
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P, . r'V-0
t ::VT

1980-04-09	 8011,048a

KB United Stirling
(Sweden; AB i Co
Fack
201 10 Malmd

Object	 Gas bottle

Assignmei,t	 Fatigue testing, your order no 3912

Test procedure Fatigue testing on gas bottle has been completed to
10 7 cycles without failure. The load has been oscillated
between 18 and 25 Mpa at a frequency of 12 9z. The
temperature of the bottle was kept below 35 C during
the test.

Swedish National Testing Institute
Division of solid mechanics

Christer Ljung	 I

0
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8.4.8.1S	 Shut-off-Valve (19)
-------------

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.

- A-j-̂

e

^ 25 	 "i`^ ►^	 I	 11

7 a

J^^

II
., •'1

Fig 8.4:S8 Hydrogen storage vessel shut-

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 hvJrogen will flow directly to 'he atmosphere

from the valve body as there is no outlet tube.

s
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Fig. 8.4:59 Modi fications on Shut Off-Valve
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	8.4.8.10	 Wdroycn_Refilling_Valve (20)
------ -- --------

For refilling the engine from external hydrogen su pply the

power control sy stem is equipped with a simple manual shut-off

valve.

The ASE SIOD I will be equipped with the same tvhe of valve as

the P40 engines:

P.otelm:in 1/4" DN 640

	

8.4.8.17	 Fusible Tem perature Plu1 (21)
---------------------- J

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 moulted at the pressure vessel.

The plug consists of a fitting with a melting plug (see fig 8.4:60).

Fusible !'III-

Fig. 8.4:60 Fusible Temperature Plug
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8.4.8.13

Material of the melting disc: Bi 581 Sn 42% alloy, with

a melting point of 138.50 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.

Sneed Transducer (22)

As a feed back signal of the engine 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:
	

32-4b mil

Output Polarity:
	

Pin "B" positive

Operating Tee-; _%rature: -1000 to +2250 F
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PART NUMBER	 SPECIFICATIONS	 OUTLINE DRAWING

1 .0001 (pickup only)	 7

output Vviage . 30 IOV (P P).
K RMStanCe: 100 130 ohnia, 	 owl
TWal Ineluctance: 32 46 MH
otiput po"fity! Pin 's Dos live
operating temperature. -100 to • 22S*F 	 an
Lead Length: 10 feet of Shielded cabie

11 . 0001 (pickup
	 Mounting Threat % - IS UNF 2A

and cable assembly)

Fig 8.4:61 ASE MDD I Speed Transducer.

Experience:

The same transducer has been used in all P40 engines.
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8.4.'J	 Drawinys

Fiyure	 Drawing

1 1-5-1489

2 1-5-1470

3 1-S-1471

4 1-5-1488

5 3-S-1452

6 3-73281

7 4-73281

A34515

A34898

10 3-73506

11 3-5-1510

12 4-15052

13 4-15053

1	 -1 4-14399

152-106-275-11

1c, 4-13364

Description

Power Control System

Power Control Block 1

Power Control Block 2

Power Control Block 3

Power Control Block 4

Power Control Valve Sleeve

Power Control Valve Spool

Control Valve Actuator

Gas Valve Actuator

Test Unit Hydrogen Compressor

ASE Mod I Hydrogen Compressor

Check Valve

Check Valve Sprinq Holder

Compressor Check Valve Spring Holder

Hydrogen Bottle AGA ORC7

Modification of Valve Body for
Hydrogen Reservoir
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S3fety Valve 

Hvdrogen fil ter 

Sh ut-off Solenoid Valve 
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Fig. 3 Power Control Block 2 
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ankcase, see dwy. 1-8lo58
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Prototype for f•:xl)eriment

10 'Pest Unit Hydrogen Compressor
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Fig. 11 ASE Mod 1 Hydrogen Compressor
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ot: V006,

4-/5053

A

copper Washer m 14/8 x 1

E'iy. 1-1 Check Valve Assembly
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/s45 
a

0	 ^^

Pb 	*T U

_-^ c^

.+ •aK (+	 8 hole	 25 pitch 450
^	 I

/ O,OS A	 ' •oo

A	 ♦/4 ^ SOo1 ^^ a

0, , A

Fig. 13 Check valve Spring Holder
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Article Number
Valve Body 331-100-3f)6

1 I . I-	 M(xitti cat ion of Valve body for Hydrogen Reservoir
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S-H Almstrom/min
	 1979-08-21

ASE MOD I

GIECK VALVE SPECIFICATION

Type:	 Check valves for Stirling engines with working principle
similar to air compressor exhaust valves.

Size:	 Internal flow corresponding to at least 5 mm ESEOD
(Equivalent Sharp Edge Orifice Diameter).

Working gas:	 Hydrogen

Pressure:	 Max total pressure 25.0 Wa
Max diff pressure 22.5 MPa

Cracking pressure: 	 < 0.1 MPa

Gas temperature:	 Min, max check valves < 150 oC
Compressor check valves 2225 oC

Leakage:	 External	 none
Inchecked direction e- 0.001 g/s
H2 at 20 oC and 10.0 DIPa LP

Working frequency:	 10 - 75 Ilz

Material:	 Hardened material in both seat, plate and spring holder
as lar , le !lows ma}' Occur ill open directint,.

Outer dimension:	 As small as possible.

Des'. 	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.

E.'ldur:lnce:	 ,000 tirs continuous operation.

OF POOR QUALITY
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OF POOR QUALnY

Ud.	 nis ;heel: valve was used in the early versions of our
WX engine. Tlie valve has an inner diameter of about 4 mm.
nic 'valve h.as sensitive to rulon dust-oil mixture which
caused the valve to leak. Later the valve has been used as
a :heck valve in the tired supply line (%IX, P40) with good
result. ;he valve has not been tested in the check valve
test rig.

[Tie size of valve ..hlch is too small for the short-circuiting
demand of WD 1 and the ahove mentioned experience makes
this valve not suitable as a min, max or compressor check
valve for 'AID I.

t'Al".:2	 Ul	 l' -	 . i	 . . : ' Ai l', lu:;1.11,UA is a sk,ctlon Valve

in • he thirl stage of ;in air compressor. The valve has been
used by -SS as an ruin and nh:ix check valve in the V4X3 engines
inclulin- the Taunus car. Ilic valve seams to be tolerable
to ruler .asst and has t.orked well in the engines. In drive
units with ver-• hard running; extensive we-. - in the spring
holder mid	 valve plates have occurred after about
400 hour-1. The flow dia:!reter is abc-it 4 rn (similar to

EM) . .il.`, valve has not been tested in the check valve
test rig; and is due to size and wear not suitable to MOD I.

	

P-AMER 7%-'OK:	 17he vale: is the pressure valve in the same air compressor
as BAler 7780K. T1le flow passage is similar to 7730 but the
valve is more ru,;fed and Seems to have stronger and more
heat r-sistant sprint. The design of the valve makes it

.lifficult for us to use it as check valve in our engines.
Tlu valve has heen tested in f-10 	 It shoes good results
and no wear has been detected. The valves have not been
tested in the check valve test rig.

Their size ma'Ne them not suitable for NY)D 1.

	

375:	 Designed as a check valve fa-hydraulic and fuel system in
air crafts. The Jheck valve was the tightest ever tested

in our static t_•st rig and the difference between the hest

and the worst valve was small. TTIc valve has been tested in
PIS 4-139 engine. Flow rate equivalent to xi annr - rmn

iuuler diameter hole. The Jheck valve was extremely sensitive
to rulon dust and after about 10 hours of engine testing
the valve stopped in open position. Due to its s:--c and

	

3. l.f.i:C.(;:n 250: 	 A smaller model of LL-EO :K 37S. The valve has been tested on
a V4X3 engine with the same results as withLLLCIIFK 3S0.

1

0

f

i. LL1:1ila
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6.	 11111 ER2: This check valve has been tested together with the P75
4-189 engine including the Volvo van. The P40 and P75
hydrogen compresbor 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 oaerated with
good results	 (200 hours).

The check valves placed in the P75 corpressors 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 crust be solved before we can choose this valve for
MOD I.

7. 11Atti'E RC2:	 This valve has about the same :low rate as ER2 and was
chosen for the Opel installation in favour of ER2 because
its better mounting facilities. RC3 has the same plate and
spripo as the ER2 but the spring holde r was of another design.
After about 50 heirs 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.

8. tt11.E RC3:	 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 i
but the size makes other valves better suited as MOD I
check valves.

9. BAUER 9312:	 The valve looks like Bauer 7780K but with a 0 5 mm entrance
hole. The valve has been tested in the test rig (not under
W1 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 salve.

10. BAUER 9313:	 This valve is similar to Bauer 7790K but with a 5 mm entrance
hide-. 9313 and 0312 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.

OF POOR QUALITY
Y
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I -	 1J;11. 1' .1, rimn. "M	 WWlll	 ...	 ... .. ......... .^.

I.	 LT S;rcial: This valve is a USS modified 1i-11;E ER2 where we use Cie seat
-Lid plate from !:R' and built our ot•n spring holder (hardened
and use a temperature resistant spring.

The valve has been tested in the check valve test rig
600 hours with good results. No significant gear could
be seen. In our compressor test stand we have achioved
2 000 hours of proper operation. This valve model is also
mounted on our last P40 engines.
This valve is today our choice for '-10D I.

12.	 B:1UER 0US7909: 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. 'fl ►e valve has an internal
restriction and is probably too small for the MOD I engine.

13.	 B:-J:R 0053:59: This valve is specially made for us and is 	 bigger version	 j
of 0057909 and with hardened spring holder. %e are waiting
for the first samples and this valve will be the last valve
to be tested in this selection test at the check valve test 11
The concept loo::spromising and the final choice of %,OD I
check valves will probably be between ITB Special and Bauer
00SS25_l.
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8 . S	 ELEC RON I CS

The electronics of the MDD I engine is built up around the Texas

9900-family microcomputer system. For the prototype system a

IM 9900-microproces3or is used.

8.5.1	 Engine Control Software

The software for engine control is a modular package written in

assembly l#nguage 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 'oa ,. a occurred.

In the prototype version a commtmicatie. module has been included

which will allow data and constants to nave between the engine unit

and the monitor.

3.5.2	 Engine Control Hardware

8.5.2.1	 Processor -Unit-------------

CPU 16 (bit) P-IS 9900-3 Mc clock frequency.

Memory: Static PANT, EPM4.

Other circuits: UART/USRT, 2 timers with 8 interrupt lines.

8.5.2.2	 Input-Svstem

Analogue inputs: OPS multiplexer with input protection, filtering

differential low level inputs (0-100 W) and single ended high

level inputs (0-10 V).

A/D converter: Successive approximation. tune. The converting

time is 30 s.

s

I!
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11-304

Digital inputs: TTL data multiplexer.

MI pulse input: Binary counter with Schmitt trigger.

8.5.2.3
	

Output _ ynn

Analogue output: 12 hit D/A converter with buffered simple

and hold demultiplexer.

Digital outputs: M, latches and relays.
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1	 NM10313-MT
CPU BOARD	 TMS 9800 CFU

1	 ^
1	 I

ENGINE	 I	 1

ELEC17ONIC	 I	 CONTROL-BOARD	 CRT TERMINAL

f	 '

I	 EPROM-BOARD	 UP TO 32K	 BYTES
^	 1
1	 ^

I

1 SRAM-BOARD	
8h BYTES

I	 1

Fig. 8.5:2.2 Engine Electronics (Monitor)
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MOD I ELECTRONICS

INPUTS: Others

I. Max Pressure Transducer input level: 	 2,S-12,S V e q v 0 . 300 ear

2. Tank Pressure Transducer- 	 -	 •'	 - "	 -	 »	 -

3. Compressor Pressure Transducer

4.

S. Temp set input level: 0 . 10 V DC eqv o-10.000C

6. Feedback from airthrottle servo.	 Input level: O . 1S V DC eqv 0-900
angle. S

7. Rpm pick-up.	 Input level 0-3833.33 Ns, •30-70 V (P-P) DC resistance:
100-130 ohm eqv 0-5000 rpm.

1. Accelerator level.	 Input level:	 0-10 V DC eqv zero-full speed

9. Idle.	 Input level 0-10 V DC

10. Reysvitch 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

1
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ORIGIW - PAC-2 13

or ppOR QVALl fY

MOD I ELECTRONIC:

INPUTS: Temperatures (TC • tboriocouple) 	 J

1. Front row TC	 type Cr/AL input level Mr: 32 sV o q • 7700C

I.	 N	 N	 »	 N	 of	 N	 N	 N	 «

3	 N	 N	 N	 N	 N	 N	 of	 N	 N	 N	 N

,.	

_N

of	 tt	 N	 N	 N	 NN

nM	

N	 »	 N

S.	 Rear row	 "	 of	 N	 N	 N , N	 N	 N	 N

6. N	 N	 of	 N	 N	 «	 N	 N	 N	 »	 N

7. N	 of	 N	 N	 N	 N	 M	 N	 N	 »	 N

6.	 N	 N	 »	 N	 N	 N	 N	 N	 N	 »	 «

9. Working Ras "	 "	 of	
"	 "	 "	 "	

N	 N

10. N	 N N	 N	 M	 "	 N	 N	 N	 N	 N

11. of	 N N	 N	 N	 N	 N	 N	 N	 «	 N

12. of	 N N	 N	 N	 N	 N	 «	 to	 M	 N

13. Exhaust	 of
	 ^•	 "	 '•	 '•	 ": 10 MV	 2100C

14. Watertemp	 TC type Fe/konst input level apps: 3.73mV eav 7004

1S.	 Oil temp variable resistance input level 100-161.7 ohs a O v 0-1000,

16. Water temp block variable resistance input level 100-161.7 ohs
*qv o•loo°c

17. Cold junktion temperstur compensation

1

I

i

Fig. 8.5:21 Signal Levels During Working Conditions
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MOO I ELECTRONICS

1. Fuel pump relay

2. Fuel valve relay

3. Ignition relay

4. Materpump relay

1.	 g lover relay

6. Starter relay

7. Short circ valve relay

8. Fan relay

f.	 Rec drive led

10. D"p relay. NOTE: Not controlled via coex+uter

11. Spare

12. Spare

13. Spare

11.	 Spare
I r	 15.	 Spare

Fig. 8.5:22 Outputs: On/Off
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MOD 1 ELUTROMICS

I. Air Throttle servomotor: 	 S 15 V DC.	 S00 aA

I. Pressure transducer P max:	 • 1S V DC.	 20 aA

3. -	 '•	 - ► tank:	 • 15 V DC.	 20 aA

4. -	 "	 '•	 - ► before c..mpr:	 • 15 V DC.	 20 aA

S. -	 - ► after comer:	 • 1S V DC.	 20 aA

^• Spare

1. Spare

t. Spare
!. Spare

10. Spare

i

Fig. 8.5:23 Outputs: Power Supply for
Tranducers and Others
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MOO I LLECTRONICS

1. Air throttle servomotor signal: 0-10V DC eqv 0-90 0 &Rate

2. Air throttle position. Instrumenttignal 0-10V DC 1 M

3. Rpm. Instrumentsignal 0•10V DC 1 mA eqv C-S000 rpm

4. Max pressure. lastrumentsignal 0-10V DC 1 mA eqv 0-200 bar

S.	 Accelerator position. Instruaentsignal 0-10V DC 1 M eqv 0-200 bar

6. MOOG valve poistior.. tastrumentsignal 0-10V DC 1 mA

7. MOOG valve servo signal 0-10V DC

I.	 Temperature front row TC 1 signal 0-10V 1 &A eqv 0-100000

9. . " -	 -"•	 -"- TC 2 - Of_	 of - - " - 0-100000

10. - " -	 •"•	 •"- TC 3 - "	 of -	 " - 0.100000

11. - of -	 -"•	 -"- TC 4 • " -	 to • - " - 0-100000

12. Temperature rear row TC S - 11 -	 of - • of - 0-100000

13. - of -	 -"- •"• TC 6 - "	 - of - - " - 0- 100000

14. - " -	 -"• •"- TC 7 - of - - " • - of - 0-100000

1S.	 - of -	 •"- -"- TC 9 - of - - of - - of - 0-100000

16. Temperature working gas TC 9 signal 0-10V 1 mA eqv 0-100000

17. • of -	 - of - -"• TC 10 • " - - " - - " - 0-100000

11.	 - " -	 - " - -"- TC 11 • of - - of - - of - 0-100000

19. - " -	 - of - -"• TC 12 - " - - of - - of - 0-100000

20. Mater temperature signal 0-10V DC I mA eqv 0.10000

21. Ma: pressure signal 0-10V DC 1mA eqv 0-200 bat

22. Tank pressure -"-	 -	 of - - "	 •"•

23. Spare

21.	 Spare

2S.	 Spare

Fig. 8.5:24 Outputs: Analog Signals
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Input an
Conversion Check

Fl oating	 o nt

N g est	 Thermocouple Temp
lowest

Input
Start Key Decoder

ermocoup a emp	 uar

Reset &ter Temp	 uar

Oil Temp	 uar

RPM Guard
Main

Program Flame Guar

Timers Guar

Start Counter f,uar

Watch Dog I	 Emerjencyotat on

cc.	 Input
Idle	 Check
Temp Set	 Guard

Pressure	 uard

Start and	 r vc	 out ne

(—	 top Routine.

ower Control Ro—utTn—eI

Temp 5nt77 Routine

Output D

Service Routine
(Communication and
Monitor Pro rams

Fig. 8.5:25 Main Program Flow Diagram
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uu
lm . 1500 •

NP11 1600. aft 1
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10 n n . OOJM. FOR IOL[ . OUOYE

A • . 10 A	 CI • OfCTIO44 ODOM. P00 IKE aNIR
L • ACD.PIIOITION (OAT& 111)

02 • OINICTIONAI 000". FOR ACC. POOITIOIIO

Cl n 
-Ir

1	 L'• I .L	 I

1	 Ct • 01r► l'	 I

Fig. 8.5:26, P,iwer Control Board
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Fig. 8.5:28 Pressure Guard
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Fig. 8.5:29 Power Control S Curve
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Fig. 8.5:31 Speed (RPM) Guard
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Fig. 8.5:32 Stop Routine
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OF POOR QUALITY

8.b	 ARRANGD EW

8.o.1	 Arrangement of Auxiliaries, Accessories and Driving Belts

8.b.1.1	 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 b y ,ANG to give sufficient charging

capacity with the chosen Bosch 55 Amp alternator. The radiator fan

drive ratio shown on the drawing is 1.2:1, and space is available for

a clutch arrangement between the shaft and the f.ui huh. The

optimal fan speed ratio and clutch arrangement has to be chosen after

the planned cooling system tests.

Ire 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

respectivel y . 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 speed of driven member divided by

s
	 speed of droving member.

II-341



11 he used for this trwismission.

II-342

other two belts are of the Dayco Polyrib type.

For location of these parts, see photos on page II-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 is 1:1 for this unit.

8.o.1.2	 Left hand Side (Steering_Colurn _Side)
-----------------------

On this drawing is showii the 1.0" HP starter motor, which is

directly mowited on the transmission case, close to the steering;

gear.

8 , b . 1 ..i 	 Ri bit _f l:ind_S idc

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 preheatcr housing;.

The driven pulley o" the variator drive is dirci^tly motnted oil

low speed shaft of the blower transmission. This shrift goes

through the blower transmission case via an overrunning clutch,

and is by means of a toothed belt driving tt,e atomizer air

compressor-oil ptnp unit, which is located 'Oehind the burner blower.

The speed ratio between these two sh:.fts will be approximately

o.9:1.



i

	

	 The same toothed belt 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 ruining. 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 freewheel 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

The inlet pipe for the water pump is located in the front of the

pimp behind and below the atomizer compressor Unit. From the water

pump onl y a short hose is needed to lead the water into the engine.

8.b.2	 Location of Engine Mounted Equipment

8.b.2.1	 Power Control Svstem

The power control system consists of several components such as

safety valves, filters, check valves etc. Most of these components

arc, integrated in blocks. One of these blocks, designated no I, 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 h ydrogen compressor and,

for this reason, be located close to the compressor. 	 These

two units should preferably he motolted on the engine in order to

avoid the need of flexible tubing. The most suitable place for

block no. l is on the front end of the engine close to and above the

hydrogen gas comprr;::or.

Block no 3, will he located behind the compressor.

II -343
Ir.
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of POOR QUALITY

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 Svstem

Components used for the air fuel s ystem are principally mounted on

the vehicle, except for some small valves, connections, inlet pipes,

etc (not shown). See section 8.6.3.

8.6. 1 .3	 Cooling-S^st•m

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 O.D., and

they are not shown on the 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.

8.6.3	 Location of Vehicle `bunted Equipment

S. ti. 3.1	 Power Control Svstem

Block no 2 will be mounted on the vehicle, close to block ao.l.

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 s ystem oil tank.
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8.6.3.2

8.b.3.3

8.b.3.3

Air-Fuel-System

The air-fuel system , chosen for the MUD I engine, is based on

:i separate air flow meter and metering; fuel pimp.

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 pl:uined system. The air throttle is located in the dint
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.

Cooling Svstem
-------

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.

Electronic system
-----------------

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.
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8.6.4	 Drawings

Figure Drawing No. Description

1 0-17150 Front View

2 0-17150 Right Side View

3 0-17150 Left Side View
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8.6.5 Mod I Mock-Up Photon

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

7	 Underside View of Installed Mock-Up

8	 Front View of Engine Compartment with Mod I Mock-Up
Installed
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8.7	 NDD I COOL I SIG SYSTBI

Contents

8.7.1 Scope of Design

8.7.2 Design Approach

8.7.3 Objectives

8.7.4 Radiator Sizing and Positioning

8.73 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

8.7.1	 Scope of Design

The development of a cooling system for the Spirit NDD I

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 :ADD I 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.

8.7.2	 Design .approach

The procedure when designing an automotive cooling system is still

to a large 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 radiate: produced b y 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 t=ie.. These

measurements require the use of a live engine or - in case a wind

tunnel test is chosen - at least a reasonably exact mock-up of the

engine installation.

s	 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.

• If necessary modify cooling system and repeat air flow tests

and computer simulations until satisfactory performance has

been achieved.

I: 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.

8.7.3	 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

.11-e E art of system enyineerinq.

a
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Because of the impact of cooling water temperature on engine

efficiency the mc,st important thing is to minimize cooling

water temperature without excessive use of fan power. From

previous experience at USSw it is judged t:.at it should be

possible to use ram air only at ..peeds above 20 mph. It is

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 0 ' (Fi6oE') 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 oC (86 OF), while cutting off the

fan at all speeds above 20 mph.

This objective is compatible with the standard conditions for

which MUD I SES craps are given, i.e. ambient temperature 20 oC

(68 OF) and cooling water temperature 50 oC (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 oC

(194 OF) while the vehicle is subjected to any of the

following duty cycles at 100 of ambient air temperature

1. Wide open throttle
	

0 i grade

2. 60 mph
	

6 ; grade

3. 30 mph
	

7 o grade

4. Idle, 750 rpm, in gear,

brakes on -- after test
	

No wind
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8...4	 Radiator Sizing and Positioning

To meet the obiective A the radiator must capture as much rain air

flow as possible without fan assistance and make the Im st

use of it, i.e. transfer as much heat as possible to each air

molecule passing by.

The heat resection capability of a radiator can be approximated

by the formula

HEAT REJECTION - K • A	 Q/A (Tw - Ta)

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.

If - 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

CCRE G"N"ESS VUDIBER - K . ^/ Q ( A Pref ) /A

where Q (J Pref ) is the air flow measured for a given reference

pressure drop 4 Pref across the radiator core. It is evident
that the best result is achieved if all the following measures are

taken simultaneousl>.

A. NL•tximize total radiator core area

B. Find a core which maximizes the Core Goodness Number

for a suitabl y chosen Reference air Pressure Drop 4 Pref

C. %nimi =e extra pressure drop and reduction of air flow

caused by blockage before and after the radiator

P. Increase air pressure in front of the radiator by suitable	 o

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 57S mm (33" x 23"). Min.jmn blockage is achieved by

pushing the engine as far back in the engine compartment as

possible and the radiator as fzr 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 of 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 degradation of fan efficiency due

to the necessity to divert the air flo4 thru sharp angles

immediately t+,ind 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 a Pref+ chosen to be representative

of the pressure drop which can be maintained oy a fan without

ram air assistance.

8.7.5	 Candidates for Radiator Core and Fan

E 

E	 8.7.5.1	 Radiator-Candidates

Five different radiator core candidates have been identified.

They are briefly described in Table 8.7:1. They are all expected

to havt higher Core Goodness Members 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.

k

s
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It should be noted that a large part of the radiator core material

used in the automotive industry is supplied fr( ,- Sweden.

The Splitter Fin with louvers is a new product from Grdnges.

The difference between this core material and their previous

developed Splitter Fin without louvers (or Lam-Rad)is that it gives

a significantly 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 is 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 ,)otentially usable fans exist, all with different

requirement for mounting and shrouding. The overall arrangement can

be cothegorized as belonging to one of several groups. Some of these

are:

1. Stiff fan iw. , :nted on engine with shroud mounted on the radiator

covering a rectangular part of the core extending from top to

bottom.

Example: ASE P40 Opel.

2. Flexible fan mounted on engine and without a shroud.

Example: ASE P40 Spirit wi(;ure 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 tw- reasons. 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.

8.7.5.3	 First Choice of Radiator_ and Fan_Svirit NDD_I_Installation

The Lam-Rad radiator which is installed in the Opel is identical to

the first of the Grgnges prototypes except for frontal area. i'ecause

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 Gr1nges 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

is recommended.
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8.7. 5.4	 Fan _Drive _Strategy

The final drive strategy must be elaborated b y 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 oC 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 oC

The accelerator control of the fan is intended to improve performance

in the low speed region.

8. - . 0 	 Prediction of Cooling System Performance

8.-.0.1	 Ram 
-
.fir 

-
Flow 

-
without 

-
Fan -.kssistance

------------------------------

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 mans 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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OF POOR QUALITY

Area
Vehicle Width Height Area A Relative Area Relative

mm mm ml to Opel to P-40 Spirit

Opel 830 510 .423 1.00 1.31

P-40 Spirit 705 457 .322 .76 1.00

Mod I Spirit 835 575 .480 1.13 1.49

Table 8.7:2 Radiator Core Frontal Areas
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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

Area 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 1 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.

8.7.6.2	 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 I.S. 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 NUD I SES

and Opel cooling system using USSw computer code it is now possible

to cal_ulate 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.

i
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Engine Fan Fan Pressure Air flow Heat Air Water
speed speed power drop U	 !U rejection temp temp
rpm rpm kW Pa m^ ^ s	 s W oC oC

600 720 0.12 1 1.6 0.33	 7.1	 59.2	 61

700 840 0.15 90 1.85 0.38	 8.2	 59.3	 61

750 900 0.18 95 :.0 0.42	 8.85	 58.8	 61

1000 1200 0.3 130 2.7 0.56

2000 2400 1.5 300 5.2 1.08

3000 3600 2.8 410 6.3 1.31

4000 3800 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 oC).

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 ks;; (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 SUD I Spirit. Figure 8. 7 :7 gives a scaling

factor of .9.

8.7.o.4	 Tor_14Dk,_1empe_ature_Predictions 
-
and 

-
Conclusion

--------------------

Using the scaling factors computed above and applying the rule of

three on the C`pel test data gives the final results its shown in

Table 8.7:4. The Opel cooling system has been modelled into the

vehicle simulation in order to produce ^VD I heat rejection at

approximately correct cooling water temperature levels.

{
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The conclusion is that the proposed system meets all the objectives.

The reason that no data are given for the 60 mph, 61 grade ease 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 mock-up of the MOD I SES.

8.7.7 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 d p

is related to the size of the radiator b y the following formula

P^	 w1	
h ZL

w2	 -1-pi

when w - width of radiator core or tube length

h - height of core or number of tubes per row

multiplied by the tube spacing
n 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 ?ressure accross the radiator instead of allowable pressure

drop. At maximum engine speed the water flow will be 4.7 kg/s, giving

a certain margin to the 4.23 kg/s, which is the desi gn water flow.

1
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(, Udllt.ity Pure
water

SOS
glycol

50$
ethanol

Engine speed, rpm 2 000 2 000 2 000

Shaft power, kW 16.94 16.94 16.94

Top tank temperature, oC 56.6 55.4 66.2

Coolant flow, kg/s 1.80 1.90 1.65

Engine efficiency, 0 28.53 27.80 27.80

Table 8.7:5 Cooling system performance at constant shaft power output.
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8.7.8 Influence of Antifreeze Additives to Cooling Water

To get an indication of the influence of adding glycol or et

to the cooling water, some calculations were made for the P,;

engine working with the Opel cooling system. The calculatior

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 50a glycol raises cooling water temperature

about 12 oC at the chosen operating point and reduces efficiency

by .7 points or by 2.5 1,. Although the calculations were made for the

P40 they may be regarded as representative of the NpD I as well.



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 tote 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 0 . 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) rearward of the master gage. These dimensions plus their

location with respect to the layout inch-lines are all shown in vigure 1.

STEERING SYSTEM

Significant modifications were required to accotrunodate the Mod I 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 Ackermanti curves and toe-in, toe-out

characteristics.

ACKERMANN

For comparison purposes the printout on the production Ackermann can be

com:)ared to the Mod I vehicle. Program data for Moth vehicles is as follows:
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PRODUCTION VEHICLE

Date: 03-18-77 Front Suspension Program CO25

Time: 8.065 Hours

7701 Front Suspension For Assembly Drawing

Data File Name . . . . . . 77701FS

Table I: Ackermann Turning Data For Constant Ratio Pitman

Ackermann Tread = 51.542 In.	 Wheelbase = 96.00 In.

Turning Dia. (At Wheel Center) = 31.314 Ft.

Axle Req'd. Actual Steering Steering

i
Wheel

Angle BETA BETA Error	 Ratio Turns	 (Deg.)

38.000 28.829 33.090 -4.261 25.549 -865.354

35.000 25.971 30.383 -3.412 25.111 -793.117

30.000 23.785 26.136 -2.352 24.700 -678.008

25 000 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 -0.577 24.082 -345.483

10.000 9.150 9.417 -0.257 24.033 -233.141

-5.000 4.777 4.846 -0.071 24.014 -118.216

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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OF POOR QUALITY

MOD I VEHICLE

Date: 04-22-80 Front Suspension

Time: 7.394 Hours

Stirling-Front Suspension

Data File Name . . . . . . Front

Table I: Ackermann Turning Data

Ackermann Tread = 51.542 In.

Turning Dia. (At Wheel Center)

Program CO25

f	 1
l

-Steering:

For Constant Ratio Pitman

Wlieelbase = 96.000 In.

36.514 Ft.

Axle	 Req'd.	 Actual	 Steering	 Steering Whee

Angle	 BETA	 BETA	 Error	 Ratio	 Turns (Deg.)

32.000 25.075 27.989 -2.915 28.425 -802.441

30.000 23.785 26.308 -2.523 27.848 -750.653

25.000 20.452 22.175 -1.723 27.277 -624.766

20.000 16.933 18.045 -1.111 26.805 -501.545

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	 f

0.000 0.000 0.002 -0.002 26.203 0.u22

Steering Gear Ratio = 20:1

Design Camber	 = 0.36172 Deg.

Design Spring Length = 14.1114"

Design Castor	 = 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.

1
i
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M00 I VEHICLE

Date:	 05-12-80	 Front Suspension Program CO25
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 -2.523 19.494 -525.457
25.000 20.452 22.175 -1.723 19.094 -437.336
20.000 16.934 18.045 -1.111 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. 	

I
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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 0 . This accounts for the

difference of the turning diameter of 31.314 feet for the production

vehicle	 36.514 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 Outside Wheel

Actual BETA	 = Act-al Angle Of Outside Wheel

Error	 = Difference Between BETA Angle 6 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 0 . Interpolation

is required for the 32° angle wheel cut.

STEERING COLUMN b GEAR

The steering gear was relocated by moving it down along the center line of	 t

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 Cardwn "U" joints would produce constant velocity. A slip joint is 	 j

located between the "U" joints to compensate for vehicle deflections.

Critical clearance areas include; steering gear to power steering pump,

r`	 steering gear to starter, steering column to left-hand exhaust outlet.

rnuri Iicrnu

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 in the rebound mode

(the castor change is less). In both cases, the Mod I vehicle castor change

characteristics are in the acceptable range.

Production camber change is in the negative 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 tt^e production toe change is better than the Mod I toe change

characteristics, however, the Mod I cha.-acteristics 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.

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

-?.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

i
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'.++tt	 . . . . . . rt)^.itivt' tilt' chan , It' means t0- ln (tire !r(int-l. -tear tt edd

Chit.

Nominal castor is +1*, nominal camber is +1/4 0 and nominal tot-in is 1/8*.

AUXILIARY DRIVE

. ,	 i I+)w,'t mitl•ut Intl Ivy it lvet tht' .ilt4rnator and fall.	 The tan

1: !ult. .11 lvt':i the I)uwur ';tet't lnti I uml , .ltld all condltlonln,i comple"'Sol.

0 1M01 whlC1, •iriv,' • : tilt' ► At,wt't I ,; pt+wereti tiom the crank ahatt. 	 The

II :•! lt!	 It1 t, t	 ::.	 iut'.Itt'ti 011 till	 t l, i ilt- il,01,i r;Id' 011 tilt' rent	 tildt' 01	 tilt`

t	 I+w,'t .

The fan is an 18.5" d i amete ^ b 1 ad, } ' 1 ex fan with a 2.15 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.
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B,

COOLING SYSTEM

Radiator -

The external dimensions of the frontal area of the radiator are 38" x 23".

All 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

eight corner and the inlet on the upper left hand corner.

Assuming candidate radiator manufacturers use 2" tanks, the core dimensioll

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

0.	 Blackst3ne 2 Rows of Tubes (Tropic Tradename)

E.	 Arco Special	 Rows of Tubes,	 FPI

All 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

II-40'1



reconnect with adequate brzckets, c) remove hydraulic shock absorber bumper

brackets and replace with fixed brackets (presently in Eagle production) 	 i

and, d) redesign the grille and turn signals.	 !
I

All structural components that obstruct the direct flow of ram air to the

core of the radiator will be slotted (if possible).

From an installation e,nd structural standpoint, the end objective is to

develop maximum unobstructed frontal core area for direct ram air impact.

HEATIN; - 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 lOti 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

oversize 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 BU. 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 Conditionin

The system presently in the production vehicle will remain intact, except
R

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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Mod I Vehicles

Mod I engines will be installed in one vehicle by AM General. The selected
vehicles will be a 1981 AMC Spirit 2-door littback and a 1981 AMC Concord 4-
door sedan.

Vehicle Dcscriotion

Concord Spirit

Model Year 1981 4-Dr.	 Sedan 1981 2-Dr.	 Litt Bank
Model 05 Mode 43

E.P.A.	 Car Class Compact Subcompact
Maximum Passengers 2 Frt./3 Rear 2 Frt./2 Rear
Engine Type Stirling U-4 Stirling U-4
Displa;:tment 0.494	 (30.1 cu.	 in.) 0.494 (30.1 cu.	 iv.)
Power 58 KW (77.8 H.P. 58 KW (77.8 M.P.)

0 4000 RPM 0 4000 RPM
Transmission

ype 3-Speed Automatic 3-Speed Automatic
Chrysler 904 Chrysler 904

Accessories
ype Power Steering Power Steering

Saginaw Saginaw

Power Brakes	 Power Brakes
Bendix Hydro-Boost II	 Bendix Hydro-Boost II

Air-Conditioning	 Air-Conditioning
AMC	 AMC

Alternator Alternator
Bosch Bosch

Axle Rear Wheel Drive Rear Wheel Drive
AMC AMC

Ratio (TBO) (TBD)

Tires 75R14 75R14

Wheelbase 2743.2 MM (108.0) 2438.4 MM (96.0)
Front Tread 1464.055 MM (57.64) 1475.49 MM (58.09)
Rear Tread 1449.3 MM (57.06) 1448.22 MM (57.04)

Overall Length 4699.0 MM (185.0) 4247.89 MM (167.24)
Overall Width 1803.4 MM (71.0) 1825.75 MM (71.88)
Overall Height 1303.17 MM (51.306) 1307.89 MM (51.492)
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CONCORD (BASE)
	 7F POOR QUALITY

STANDARD EQUIPMENT

Interior

Armrests - Front 8 Rear
Ashtrays • Front w/Light 6 Rear (Rear Right Side Only)
Cigarette Lighter
Coat Hooks - Two
Dome Light (w/Front Door Switches)
Floor Covering Carpeted Passenger Compartment i Cargo Area (Color-Keyed)

12 oz. (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 - G1o%,e Box
Mirror - 8" Inside Mirror (Non-Tilt)
Parking Brake Warning Light
Safety-Designed Energy Absorbing Steering Column & Wool
Seat - Beoch - Front & Rear
Steering Wheel - Standard (w/Padded Horn Bar)

Exterior

Bumper, Front - Energy Absorbing (Static Rear System)
Dual Headlights - Rectangular
Mirror - Lett Outside Rearview
Moldings: Drip, Wheellip, Hood Front Edge, Windshield

Window Surround, Rocker Panel (Narrow)
Pin Stripe - Body Side
Scutt 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

Surround, Rear
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CONCORD (BASE)
STANDARD EQUIPMENT (Continued)

Horn - Single
Oil Filter, Full-Flow
Self-Adjusting Brake Linings
Single Unit Body Construction
Spare lire - High Pressure
Sway dar e Front
Tires - D78 x 14 Black (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 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
C+yardtLe Lightdr
Coat Hooks - Two
Floor Covering - Carpeted Passenger impartment b 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 Absorbing Steering Column b Wheel
Seats - Front Vinyl Buckets b Rear Bench (Fold Down)
Spare Tire Cover - Color-Keyed Carpet
Steering Wheel - Standard (w/Padded Horn Bar)
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SPIRIT (BASE)
STANDARD EQUIPMENT (Continued)	 4

Exterior

Bumper, Front - 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
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 - 21 Gallons
Heating and Defrosting System
High Energy Ignition
Nigh Level Ventilation
Horn - Single
Self-Adjusting Brake Linings
Spare .Tire - High Pressure
S My l e Exhdua r System
Single Unit Body Construction
Sway Bar - Front
Tires - C78 x 14 White (Unbelted (4)
Transmission - 4-Speed Manual Floor Shift (Fi
Wipers and Washers - 2-Speed Electric

AMC Anti-Pollution Devices

Fuel Vapor Control System
Thermostatically-Controlled Air Cleaner
Transmission-Controlled S p ark System
Exhaust Gas Recirculation System
Air Injection "Air Guard" System
Catalytic Converter
Engine designed to run on non-leaded gasoline

CONCORD OL

Equipment in addition to or in place of Base.
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CONCORD OL (Continued)

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 Morn Cover
Two Rear Ashtrays
Electric Clock (Vacuum Flourescent Quartz Digital)
Two Courtesy Lights (Under I.P.)
Trunk Carpeting - Floor, Wheelhouse & Spare Tire (05/06)
Wood 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,
OL Crest - "B" Pillar (05/08), "C" Pillar (06)
Bumper Guards - Front b Rear
Styled Wheel Covers - Argent (4)
OL Nameplates: Front Fenders

Quarter Window Argent (06)

Moldings - "B" Pillar Overlay (05), Culor-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 will be similar to the P-40 Concord
demonstration vehicle. They will incorporate styling modification; to roof,
deck lid 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 develop 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 light package. We lost the area needed for turn signal
lamps. After an investigation, it was agreed small lamps would be installed
in the bumper slots 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
10 h 4 s type grille, not only for aesthetic val , te, 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.
Tie	 state-of-the-art in the automobile industry is to mount the
air-conditioning condenser in front of the radiator. So serious study as to
the fn_asibility 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

II-4421



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 lid redesigned to maintain trunk space with exhaust
%ants 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
area.

Additional studies were needed to solve the air-conditioning condenser
problems for lift back vehicles (no trunk). Our proposal requires mounting
two condensers in the front, 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.

OF POCO-Z
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9.3 WD I VMI= SYSTEM ANALYSIS

This section presents the results of the vhicle simulation and

optimization study performed on the MOD I system. The basic tool

used in this study was the MTI vehicle simulation program, which is

a growth version of the University of Wisconsin program. ITI has

tailored this program to the specific needs of the Stirling powered

vehicle, while retaining its utility as a general heat engine vehicle

simulation.

9.3.1 Validation

The program was validated for spark ignition vehicles by the University

of Wisconsin. ITI 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.

9.3.2 Cold Start Penalty

The M0D I cold start penalty is now believed to be somewhat 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 somewhat higher due to the low cooling water temperature.

pREcr-DING PAGE SLA 4K NOT FILMED
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P-40 Spirit experience indicates a reduction of the urban mileage by

approximately 6%. Using this 69 penalty one calculates; a fuel equivalent

value of 86^ grams of fuel. Applying a correction factor from the MSD I

to the P-40 Spirit equivalent to the ratio of store heat, yields a value

of 116 grams For the MD I cold start penalty.

9.3.3 ADD I System Characteristics

The Mod I vehicle is a 1982 Lerma. The general vehicle characteristics

are shown, Piglure 2. Additional plots of detailed simulation input

data are shownin Pictures 3 throuclh 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 CD for the k^icle using 10 hp as the

equivalent air dract. One obtains a CD of .62, which is abnormally high.

The feel used in this analysis is unleaded regular with a heatinq value

of 113,52`.) ;flU .igal as specified by NASA. i
The cooling fan has been assumed to be similar to the P-40 Spirit. A

flee: fan horsepower curve was used with an electric clutch cutout at

20 mph vehicle speed and during wide open throttle.

9.3. S OptLruzation

An cptimizatlon study was ?erformed on the HDO I system. This was

accot,lished by optLT,iz:Lng first the shift schedule and then the rear

61
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axle ratio.

P-40 Spirit experience was used in the bDD I shift schidule

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

rotates counterclockwise. Cross plotting the shift curves on to a 	 I

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 pattern. The NDD I shift

schedule is shown in Figure 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 shaves this relationship. Ni: to hardware availability no

axles below a numerical value of 2.0 were run. A further mileage

improvenent 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.

9.3.5 MOD I Projections

The projections for the various mileages and performance tests are

shown in Figure 20. Several notes should be made on various values.

First, t-he five to ten nVjh acceleration is approximately 10 feet per

second squared which is excellent. Secondly, the abnormally high road

Load value used has a significant impact on the highway mileage and 111

of the cruise mileages.
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' •'e expect that the acceleration performance and the cruise mileages

will be substantially higher, as the actual (not EPA) road load applies.

Some of the =re interesting output plots of the MD I vehicle analysis

are shown in Figures 21 thru 32. Figure 25 shows a hp/rpm map with the

oath of the engine through the urban cycle shown. This in conjunction

with a similar plot of the highway mileage will aid in further engine

optimization studies. Figure 28 shows the wide open throttle acceleratic

of the MDD I. One should note however that the velocity profile in the

input included five seconds at idle speed after which the vehicle was

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. 4owever,

the shown value of 0 to 60 acceleration also includes a 2/10ths of a

second delay tine, which might be expected as a result of hydrogen

introduction time.
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P-40 SPIRIT COMPARISON

Value

mj,q

Urban* Highway Combined

Predicted 13.7 22.2 16.5

Measured 13.3 22.5 16.3

Error 3% 1.3% 1.2%

* With Cold Start Penalty

Fig. 1 Code Validation
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1901 SPIRIT

Test Weight	 3421 lb

Inertia Weight	 3375 lb

Total Road Load (A/C) 	 16.50 hp

Dyno Power Setting (AM)	 11.10 hp

Fuel	 Unleaded Regular (113, 525

Btu/gal)

Drivetrain A-904 3-Speed Automatic, 10.75
Torque Converter with Lockup,

Hypo id 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 Fff. calculated using

Ricardo Polynomial

Accessories	 Power Steering, Brakes, A/C

Cooling Fan	 Flex Fan, Cutout at 20 MPH + WOT

Fig. 2 1951 Mod I Vehicle Characteristics
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10	 _ C3-S7T A N A L Y S I S

1 tl . I	 BASE FOR THE ANALYSIS

Layout drawings.

Production progiwn.

200 000 engines/year

comp ar i son 	 I

To be able to mike a fast analysis, cklm iri!-^om has peen

made as foll ows.

A 2.1 liter Otto engine in high production.

A 2.0 liter Otto engine in high production

Earlier caleulatiun for a 74 MV Stirling engine based on

15 000 units a year.

Earlier caiculation for a 40 MV Stirling engine based on

100 000 units a year.

A small Stirling engine based 
oil
	 000 units a year.

i
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BASI C DA FA IM' PIV N Il'1' Il l\ GKI'

The :uialy ,,is is based on:

$:11aI'y avel'age 011 S%^Cdlsll salary all"' social cost for the first

half of 19-9.

Interest, bas:d on 10",,.

.11chlnery illvest:Tlellts, 1 `Ies:erll (;emian ' aPJ 11S (bill's for 19-0.

'fool, Svedish prices for thr f i1st half of 19-9.

Pover, Based oi, Swedish price s foi' 11)"19.

?Ililltenance Based on stat ist ik fit"ores in Sweden.

lo. -,	 L'\Tl M' ()f 7111: A1.*\IASIS

The cost ailil\'sis include:

^^ltei'la1

Sa 1 :1 ry

Social cost

Tool consim ►pt ion

Rental of h1111J1J1t;S for pl'OdUCtlo^n

I'ow e r

Al lilt en:ulcL

Factory overlie,"'

:Lnortization and Interest for machinery

The co: t analysis Joni include:

Interest on wort: in progress (11P)

Cost for storing of ready manufactured engines

Developing cost (design and prototypes)

;ales cos:

Administration cost

Profit

Startillg Lip co`t
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10.4	 1'1,01110,100 ^1 > f l : l

Al  cold parts have been compare(' to similar parts for Otto

or Diesel engines. The machinery for producing cold parts are

chosen as they normally will be in any engine factory situated

in an industrially high developed country.

For this production the following has been foreseen:

Crankcase

Bedplate

Craakshaft

Gil pulp cover housing

Flywheel

Gear rink, starter

Fly%%heel cover

Front cover

Connecting rod

Pistol rod guide

Piston rod

Piston

Cylinder block

Liner

Guide and seats

Hater pump housing

Impeller

Fan housing

Fan .heel

Transfer line

Transfer line

Line production

Machine for complete machining

Line production

Group production

Line production

Line production

Transfer line

Line production

Group production

Line for the lower part, group for the upper

Transfer line

Line production

Machine for complete machining

Machine for complete machining

Group production

Machine for complete machining

Linc production

For hot parts will known methods bo chosed, which means that most

of the P1achineIy :uld equipment are available on the machine tool market.

th<;e mist be more automatic before they can be used for high

production.

The following has been foreseen:

Cas cooler	 Autorrlatic machine for welding and cutting.

Asse;nhl ing machine. \'actraln furnace.

11cater tubes	 Automatic i%eling, binding and rutting line.

II-465
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General and piston housing	 Line production

Assembling, heater	 Assembling machine. Vacuum furnace.

Air prei^eater 	 Cutting and bending line. Automatic
resistence welding

Assembling	 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
electrical driven carriers controlled
by magnetic slings in the floor and a
computor.

The carrier traiisnorts the engine on
a loop from beginning of the assembly
through testing reject and will be
unloaded in the store for ready manufactu
engines.

Testing	 Test cells. Computorized test program

II-466
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10.5	 HATFRIAL PRICES

Sw cr/ky

Cast aluminum	 15.00

Cast iron	 2.50

Huat resistant steel sheet:

t = 1.0	 10.00

t = 0.15	 20.00

t = 0.03	 80.00

CKM or Stellit	 27.00

Normal steel sheet	 2.00

Insulation	 10.00

The 87% rule has been applied to purchased parts when no other

information was available.



Sw cr/h

6.00

Sw cr/man hour
1 man/ 1 mach.

98

Sw cr/mach. hoti
1 man/ 2 mach.

73

12.00 10.3 79

18.00 110 87

24.00 116 91

30.00 122 97

36.00 128 103

42.00 134 109

48.00 140 115

54.00 146 121

60.00 152 127

Investment

100 000.-
(18 000/ 3000 firs)

200 000.-

300 000.-

400 000.-

500 000.-

600 000.-

700 000.-

800 000.-

900 000.-

1 000 NO.-

In.o

ORIGINAL PAGE IS
OF POOR QUALITY

Sr.1 \M' , SOC I AL 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

(h,erhead 16.00

Tota1	 -.Ulu

1 man/ 2 madhines	 67.00

Cost/hour including amortization and interest.

Amortization + interest = 18°)
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