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SUMMARY

The objective of this study was to characterize free-piston and kinematic
Stirling engines for stationary applications up to brake powers of 400 kilo-
watts. Comparison and evaluation of the designs were made on the basis of
mechanical feasibility and engine performance: the influences of various
working fluids, life cycle, heater head material, and optimized engine geom-
etries on engine design were examined. The proposed engine designs for both
the free-piston ana the kinematic Stirling engine were found to be mechanically
acceptable for the designated 50,000 hour life criteria, and could be developed
for stationary anplications, achieving brake efficiency ranging from 34 percent
for a 30 kW autowotive-derived kinematic engine to 46 percent efficiency in the
400 kW power class. Other performance results are:

® A Stirling engine using an aavanced variable-stroke output
control system is a viable stationary alternative to the
presently developed mean pressure control system for auto-
motive applications by offering a multiple of operational
and performance advantages.

e The conversion of a kinematic engine design into a free-
piston counterpart was achicved through the use of a new
hydraulic output system, which shows significant advantages
for direct drive of hydraulic loads.

® With common component materials an automotive-derived stationary
kinematic engine utilizing helium as the working fluid achieves
~he brake efficiency of 36.3 percent, whereas a stationary en-
gine designed exclusive’y for this application reaches a value
of 40.5 percent.

e Hydrogen as a working fluid offers at least a 2 percent benefit
over helium.

® Free-piston Stirling engines over the power classes considered,
and incorporating hyc aulic fluid output, reached within two
percentage points of similar-sized kinematic engines with common
materials. The 400 kW engines were not optimized within this
study, thus further efficiency gains would be expected.

While significant gains in efficiency were achieved with the kinematic engines
optimized exclusively for the stationary application, automotive-derived en-
gines would counterbalance this performance with cost advantages deriving from
both a mature technology base and parts comaonality.

The free-piston Stirling engines, on the other hand while achieving comparable
performance, offer potentially extended life design advantages over the kine-
matic engine, by eliminating the need for high pressure differential rod seals.

In conclusion, the inherent high efficiency and the multi-fuel characteristics
of Stirling engines demonstrate these designs are potentiallvy major contributors
in relieving U.S. dependence on imported petroleum quotas. Future design and
development work should be pursued, especially when today's Stirling engine
technologv (automotive) has reached a level of maturity which proves its suit-
ability for a multiplicity of applications, including stationary power plants.



1.0 INTRODUCTION

This report contains the results of a nine-month study contract awarded to
Mechanical Technology Incorporated (MTI) by the NASA/Lewis Research Center
(NASA/LeRc) to assess the potential of Stirling engines for stationary appli-
cations at power levels up to 400 kW. Both kinematic (crank-driven) and free-
piston engines were analyzed in terms of mechanical feasibility and performance,
which includes the parameters of life, efficiency, and feasibility. Stirling
engines offer high efficiency, low noise, and multi-fuel capability and, in
stationary power applications, they can contribute significantly to the national
goal of reducing our dependence on petroleum resources. The engine configu-
rations include a 3) kW kinematic Stirling engine derived from automotive appli-
cation, a 400 kW conceptual kinematic design, and two conceptual free-piston
stationary engines utilizing hydraulic fluid output.

The starting point of the kinematic engine evaluation was to modify the auto-
motive Stirling engine generated under Contract DEN 3-32, which has been under
development since 1979: this engine is described as the Reference Engine System
Design (RESD). Basically, the design was not changed, but downrated to meet the
stationary engine life requirement of 50,000 hours and all unnecessary auto-
motive accessories and auxiliaries were removed or modified to match the sta-
tionary engine requirements. After evaluation of the downrated version, the
automotive-derived engine was optimized exclusively for the stationary appli-
cation to evaluate performance potential. Changes were limited to those com-
ponents which could be incorporated without interfering or influencing the major
components in the RESD production line. The objective was to evaluate the per-
formance of a stationary engine that in essence could be "pulled" from an auto-
motive production line without special production or development requi~ements.

To determine the impact on design and performance of & higher output power, a

400 kW optimized kinematic engine was developed to achieve peak efficiency and
was not constrained by the RESD producction criteria. These engines were evalu-
ated with both hydrogen and helium as the engine working fluid and also alternate
component materials were considered.

Similariy, free-piston Stirling engines (FPSE) incorporating a hydraulic fluid
output were designed to match the power ocutput of the optimized stationary
kinematic engine counterparts. Here the working gas was helium and no varia-
tions in material were included. The 37.5 kW and 400 kW engines were scaled
from the 37.5 kW kinematic optimized engine.

The complete matrix of engine designs is summarized in Table 1. 1t should be
noted, all the designrs utilized the same analytical codes and have the equiv-
alent mechanical design background. Except for the baseline automotive-derived
kinematic engine, the designs contained in this study are classified as con-
ceptual configurations requiring further detailed analysis and development test
verification.



Task

Type

Indicated Power

(Size)

Brake Power
(Class)

Section

Basis

Heater Tube
Material

Cylinder
Material

Working Gas

srake Efficiency
Percent

Com b b a8 b 1 e e o

TABLE 1

Summary oi Stationary Stirling Engines

1 2 3 4
Hydraulic Rydraulic
Free Free
Kinematic Kinematic Piston Piston
37.5 kw 500.0 kW 37.5 kW 500.0 kW
30.0 kW 400.0 kW 30.0 kW 400.0 kW
1
2.2 2.3 3.0 4.0 5.0
Automotive || Same as Conceptual Conceptual Conceptual
Derived 2.2 ncep P P
Stationary but
Engine Optimized
B 1
Sandvik IN-625 U-700 IN-625 IN-625 IN-625
12RN72
XF818 713LC 713LC 713LC 713LC 713LC
Hop He Hy He Hy He He He He
FS o> S F S Jl & l 4L
35.5 33.9 38.4 36.8 45.6 42.4 40.5 35.4 38.0




2.0 40 kW XINEMATIC STIRLING ENGINE

2.1 Introduction

Task 1 within this Section evaluates the feasibility of adapting automotive-
derived Stirling engines with kinematic output drives to stationary appli-
cations in the 40 kW power class. Two engines are considered: automotive-
derived with minor external modifications only and an optimum configuration
with limited engine geometry and material modifications. In both cases the
performance influences of using either hydrogen or helium gas as a working
fluid are discussed.

2.2 37.5 kW Reference Engine (Baseline Engine)

2.2.1 Design Approach

This engine is a direct application of the Automotive Stirling Reference Engine
designed and developed under the D.0.E. Development Contract (DEN 3-32). To
achieve high life requirements, the automot:ive-derived engine was derated with
only minor component changes. Additionally, this approach has a lower cost
potential by maintaining parts commonality with a mature engine which offers,

in turn, an available production source. The Automotive Reference Engine

System (RESD) design is shown in Figure 2.2.1 and, for the stationary appli-
cation, has no internal engine design changes. Only the actual engine steady
state operating conditions of temperature, pressure, and rpm will be derated

to extend the automotive engine design life of 3500 hours (simulated automotive
duty cycle) to a 50,000-hour stationary engine life (single point, steady state).
Under these conditions, an extension of the design parameters of creep life in
the hot engine parts and a reduction in wear in the seal area are selected as
the primary criteria. Fatigue was not a prime consideration, due to the re-
duced daily start-stop occurrences in the stationary application, as compar-.
with the 3500-hour life of the automotive engine. The complete automotive
engine performance and design is contained in the "Automotive Stirling Reference
Engine Design Report” Reference 1.

The Automotivz Reference Engine provides 60 kW brake output power at a maximum
speed of 40)0 rpm and a mean pressure of 15 MPa. To achieve maximum mileage, the
peak brake <fficiency of 43.5 percent is reached at the part-power condition

of 22.1 kW, 1100 rpm, 15 MPa.

By the direct interrelationship of engine weight and volume with vehicle drag
and weight, automntive engine installations tend to constrain the engine size
and demand high power density. These iimitations can be relaxed in the sta-
tionary engine installation wherevzr optional or performance gains can be
realized. Design changes are proposed, therefore, to the base Reference En-
gine in the external heating system to take advantage of this condition.

While the study includes the influence of hydrogen and helium as working gases,
the final selection will depend upon the engine application and performance
objectives. An analysis of all possible working gases shows that hydrogen and
helium are better than any other gas for the Stirling Engine. Hydrogen has the
highest thermal conductivity and the lowest viscosity, which are the key charac-
teristics for the efficienu Stirling cycle. But, hydrogen permeates easily
through metal and can degrade material properties through embrittlement. Also,
highly effective sealing designs are required to diminish the potential for
leakage of this gas. On the other hand, helium, with twice the molecular weight,
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can be containad more readily. 1Its thermal conductivity is almost as good as
hydrogen, but its viscosity is twice as high, which results in higher flow
losses and loss in efficiency. It follows, therefore, that an engine designed
to run with hvdrogen as 3 working gas runs poorly with helium as a direct-
substitute working gas. But, to minimize these influences, each design was
optimized exclusively with the selected work‘ng gas.

2.2.2 Cyvlinder and Heater Tube Life

The primary life-limited components on the Automotive Reference Engine shown

in Figure 2.2-1 are the piston cylinder housing and the heater tule network. Usiag
the existing materials and design of this engine, the required limiting oper-

ating parameters were determined to extend the 3500-hour automotive life to

50,000 hours. With strength properties of the cylinder material of XF818 at the

1 percent creep strength for selected metal temperatures, the iimiting charge
pressures were calculated and presented in Table 2.2-1.

The strength and stress of the Multimet N-155 (or 12RN72) heater tubes were
checked at the given derated pressure, temperature, and rotational speed con-~
ditions using the Larson-Miller parameter for this material at 50,000 hours
life. Material properties were taken in part from Reference 2. The criteria
of acceptance was the safety factor, which must equal or exceed the existing
Automot ive Reference Engine value of 1.65 at its average operating point.

2.2.3 Seal Life/Engine Speed

Engine operating speed and operating environment have a direct influence on seal
life in the Automotive Reference System Design (RESD) and applying the durability
relationship of piston speed to stroke imposed in Reference 3 to meet 50,000
hours of life, the maximum RESD rotational speed of 4000 rpm should be reduced
to 2200 rpm for the automotive-derived stationary engine. The variation of
power and efficiency with rpm at the comparable pressure and cylinder temper-
ature for the life rriteria is shown in Figure 2,2-2. Essentiallv anv rpm below
2200 rpm can be selected, but constant speed operation below 2200 rpm on a

fixed size engine resunlts in excessive power derating, causing unattractive
power to weight and volume ratios. To provide direct drive capability with
three-phase electric generators, the selected operating speed for this study

was set at 1800 rpm, setting the power class at an indicated level of 37.5
kilowatts.

2.2.4 Selection of Design Point and Operating Conditions

At the selected rpm and life criteria, the variations of power and efficiency

with cvlinder head temperature and pressure are plotted in Figure 2.2-3. As illus-
trated, the near-maximum brake efficiency for the least cvlinder temperature
{(v649°C) occurs at the indicated power around 40 kW, where the limiting cylinder
pressure reads 123 bar. This condition was selected as the design point for
comparisons with other configurations and is summarized as follows:

e 1300 rpm

e 0669°C heater tube temperature
e 37.5 kW indicated power

e 6490C cvlinder temperature

e 123 bar charge pressure

e lhivdrogen as the working fluid



TABLE 2.2-1

LIMITING TEMPERATURE/PRESSURE COMBINATIONS PROVIDING 50,000-HOUR LIFE FOR XF818 CYLINDER MATERIAL

Temperature °c (°r) 593 ( 1,100) 49 ( 1,200) 677 ( 1,250) 704 ( 1,300) 760 ( 1,400)
1% Creep Strength MPa (psi) 310 (45,000) 203 (29,500) 148 (21,500) 110 (16,000) 63 ( 9,200)
Working Stress MPa (psi) 207 (30,000) 136 (19,667) 99 (14,333) 74 (10,667) 42 ( 6,133)
Peak Pressure MPa (psi) 25 ( 3,687) 17 ( 2,417) 12 ( 1,762) 9 (1,311) 5.2 ( 753)

Charge Pressure MPa (pei) 18.8 ( 2,738) 12.4 ( 1,795) 9 (1,308) 6.7 ( 973) 5.9 ( 559)



Indicated Output (kW) and Efficiency (%)

. SES
ORIGINAL Pf\u:-
OF POOR QUAL\TY

60
Piston
Speed Limitation—*
Efficiency
40 -
30 -

Power

Creep Life 50,000 Hrs.
Pressure 123 Bars

20

Cylinder Temperature 649°C
Heater Tube Temperature 669°C

10 Cooler Temperature 57°C
Working Gas H,
0 1 1 J
1000 2000 3000 4000
Speed (rpm) i

Fig. 2.2-2 Performance of Automotive Reference Engine -
Variable RPM, Fixed Temperature

8



Power Output (kW) and Efficiency (%)

ORIGINAL PAg:

i I3

OF POOR QUALITY

60
188 ba
50 Indicated Cycle Efficiency
Indicated Power
40+ 123 bar
Brake Efficiency
Selected
G Design
30 L Point
Brake Power
20}
Creep Life ' 50,000 Hrs.
Constraints r
Material XF818
10 Working Gas Hop
Cooler Temperature 57°C
Speed 1800 rpm
L
N | | | N
0 600 650 700 750

Cylinder Head Temperature (°C)

W

Fig. 2.2-3 Performance of Automotive Reference Engine -

Fixed RPM, Variable Temperature




Performance ior Hy and He working fluids are compared in Tsble 2.2-2. At constant
tube temperature and fixed geometry, the introduction of helium as a working gas
results in about a 5 percent loss in brake power and a drop of about 1.6 to 2.0
percentage points in brake efficiency.

2.2.5 Auxiliary Loads

Auxilisry components are supportive systems necessary for the complete operation
of the Stirling engine. Although the irtegrated system design of the auxiliariea
and controls for stationary applications are outside the scope of this report,
their actusl loac requirements are included in the performsnce quotations. Cer-
tain vehicle auxiliaries are not applicable to the stationary installations, thus
providing small gains in er  ine output power and efficfency. Table 2.2-3 sum
marizes Lhe auxiliary requirements of the Automotive Reference Engine and those
tequired for the stationary engine system. Car accessories such as the steering
and brake pumps are eliminatcd, and also the variator drive system for tue cowm-
bustor air blower can be removed for this application. The derated engine allows
resizing of the working gas compressor, air blower, and alternator. Cooling and
lubricating systems would be unchanged. Figure 2.2-4 {liustrates the modified
auxiliary {nstallatfon for the statfonary engine when viewed from the {ront.

2.2.0 Prcheater and Combusto~ Evaluation and Optimization

The original automotive engine external heating system design was reviewed to
detrrmine «f {mprovewments can he made exclusively for the stationary power svstem.
This svstem {ncludes the preheater, ducting, exhaust, combustor, and heater tube
components and the results are discussed f{n the following sections.

2.2.6.1 Preheater

Without a preheater, all the hesat energy in the exhaust iz lost to the atmosphere.
A preheater allows recovery of part of this rejected heat bv providing a heat ex-
changer between the exhaust gas and the incoming ambient air. By raising the
temperature of the ambtent air prior to the combustion process less fuel is re-
quired to raise the temperature up to the design operating temperature.

tvaluat ion of the preheater disclosed that two areas could be improved for a
stationarv application where volume, diameter, and height restrictions do not
exist as thevy do in an automobile. The two areas are:

I. Reduced pressure drop - achieved bv increaxing preheater volume.
2. Reduced conduct icn loss - achfeved through increased insulation.

oubliag the inner and outer diameters of the prehecater was tound to improvs
heat transter efficiency bv almoat six points Crom 84 to 89.3 percent, while the
arca expozed to outside heat loss increased only 30 percent. Therefore, a large
freheater i3 vecommended for the stationary engine application.

2.2.6.0 Ftxternal Heating System

Three arcas were reviewed for possible improvement for the Automotive Reference
Eugine tn the atationary application. Considerstion for compatfbility with
oxint ing ptoduction parts was included in conjunction with the desire for low
cost impact changes.

10



TABLE 2.2-2

REFERENCE ENGINE MODIFIED AND DOWNRATED FOR 50,000-HOUR LIFE

Section

Engine Type

Working Fluid
Temperature Heater Tube
Temperature Cylinder
Temperature Cooler
Pressure

Speed

Displacement Engine
No. of Cvlinders
Indicated Power
Auxiliarv Power

Drive Power

Brake Power

Indicated Efficiency
Combustion Efficiency
Brake Efficiency
Heater Tube Material
Cylinder Material
Heat Input

sfc

Torque

Bar

rpm

cm

kW

kW

kW

kW

e

kW
kg/kW

Nm

11

2.2

—

Kinematic
4,
669
649

57
123
1800

453

37.5
2.25
4.64

30.61

48.34

90.0

35.51

12RN72

XF818

86.2
0.24

162.2

2.2

Kinematic
He
669
649
57
123
1800

453

35.71
2.25
4.64

28.82

46.61

90.0

33,87

12RN72

XF818

85.09
0.25

152.7



TABLE 2.2-3

AUXILIARY COMPONENTS AND POWER REQUIREMENTS AT BASELINE ENGINE OPERATING PCINT

e Eliminatea

- Variator Drive Svster for Combustion Air Blower

e Uptimized

- Working Gas Compressor (Electrically Activated) 0,343 kW
- Comhustion Air Blower (Fixed Ratio Drive) 0.524 kW
- Altemator 0.242 kW

e Unchanged

- Cooling System;

Water Pump 0.181 kW
Radiator Fan 0.980 kW
- Lubrication Pump 0.220 kW

e Operating Point
- 123 Bar

- 1800 rpm Speed
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The effort explored:
¢ Combustor loading
¢ Combustor dynamics
o Heater tubes heat transfer

Combustor volume loading for the existing automotive RESD engine is already
relatively low when compared to recuperative small gas turbine engine com-
bustors, therefore, no change is proposed for the stationary engine application.

In the evaluation of the gas dynamics through the combustor to the heat tubes
in the existing RESD engine, a recontoured combustor using a ceramic material
to control diffusfon ratio would be recommended.

Heat transfer was calculated for a typical automotive RESD combustor to de-
termine the effect of a skewed inlet velocity profile. A flat profile entering
the heater tubes was compared to one in which various flow rates were concen-
trated across 50 percent of the tube area. The net effect, shown in Table 2.2-4
for the first row of tubes only, was a reduction in heat transfer of 21.4 percent
at low power and 26 percent at high power. It can be assumed that some of this
heat would be recovered by the seccnd heater tube row and also by the preheater.
With the volume restrictions of the automotive Stirling combustor, it is :ssumed
the stationary application will allow a design giving uniform velocity resulting
in performance gains by improved aerodynamic wmatching. Furthermore, if ti :se
improved designs result in shorter heater tubes there is an added efficie:cy
advantage by reducing dead volume and friction loss.

The results of the estimated heat system analysis for the stationary engli.e com-
bustor is i{llustrated in Figure 2.2-5 and shows two major design changes:

® An enlarged preheater with extra insulation to recover more
heat from the combustor exhaust.

® A recontoured combustor using a ceramic material to control
diffusion ratio and unify the velocity distribution around
the heater tubes.

2.2,.7 Performance Map Generation

By use of an MII performance prediction code, described in Appendix A, a family

of indicated power, cycle efficiency, and cylinder life trends as a function of
charge pressure (Figures 2.2-6 to 2.2-11) were developed at the following operating
conditions:

Cylinder Heat Temperature: 538°C 649°C 760°cC
Heater Tube Temperature: 558°C 669°C 780°¢C
Cooler Temperature: 27% 57°¢ 87%

14
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TABLE 2.2-4

EFFECT OF FLOW DISTRIBUTION ON HEATER SYSTEM PERFORMANCE

Mass Skewed Flow Condition Concentrated Flow
Condition
Flow 2/3 Flow for L/2 All Flow for L/2
Rate (g/s 1/3 Flow for L/2 No Flow for L/2
Q0
Percent Heat Transfer Percent Heat Transfer :%
Loss Due to Flow Skew Loss Due to Flow Skew 8 E
52
Low Power 10 Negligible 21.4% ‘3'
23
Intermediate 40 1.5% 25.4% 0
High Power 80 2.0% 26.0% =¥
L
2
L
L 3
2
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These maps (Figures 2.2-6 to 2.2-11) show the sensitivity of power and efficiency
to heater and cooler temperature variations and permit system studies to assess
the performance of the Automotive Reference Engine at various operating con-
ditions. These curves were generated using hydrogen as the working gas only.

In Figure 2.2-6 the 50,000-hour creep life criteria is exceeded whereas the
cylinder life jis displayed in Figures 2.2-7 and 2.2-8 at higher set temperatures
as a function of charge pressure. Figure 2.2-7 highlights the base design point
at 123 bar, €499C cylinder temperature. By comparison, Figure 2.2-8 illustrates
gains in efficiency at the higher cylinder temperature, but with considerable
loss in life.

2.2.8 Summary

The ASE Reference Engine was downrated to meet the 50,000-hour creep life criteria.

Improvements in the external system are possible due to the lesser volume con-
straints in the stationary application. .

The engine produced 30.6 kW brake output power at a brake efficiency of 35.5 per-
cent using hydrogen as a working gas. If helium is selected as a working gas,
hrake power is 28.8 kW at a brake efficiency of 33.9 percent.

2.3 Optimized Reference Engine

2.3.1 Introductlon

In the previous section, the direct use of the ASE Reference Engine for stationary
engine application was explored. It determined the use of the Reference Engine
at a derateu operating point was feasible.

In this section, the requirement for '"direct substitution" is relaxed to allow

changes in materials and engine dimensions. 7The engine, in effect, becomes a

tailoreu '"Reference Engine" for the stationary application. The optimization

proceduvre is limited to the upper end of the engine and considers only the par-
cula:s component dimensions rather than basic structure. The lower drive end
-anl.case, crankshaft, etc.) is not changed. The engine speed (1800 trpm} and
sign life (50,000 hours) are held fixed.

The philosophy to retain maximum commonality with the automobil: productic:t nard-
were is still maintained.

2.3.2 Conceptual Design

Because of the need to operate with the same engine drive, major medifications

of the engine dimensions was not practical. The piston diameter was allowed to
vary only by a limited extent due to drive geometric and constructural cor-
straints. This provides also common block castings with the Automotive Reference
Engine. The layout, which resembles closely the baseline engine, is showm in
rigure 2.3-1.

The present ASE Reference Engine selects Climax Molybdenum XF8)8 for the cylinder
and regenerator housings. The seamless heater head tubes are drawn from Sandvik
12RN72 {an iron-bhased alloy). For the optimum Refereuce Engine these materials
were replaced with Inconel-625, which is a nickel-based alloy with better creep
rupture properties than the Sandvik 12RN72. Inconel-7?13LC replaced the ariginal
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XF818 used in the regenerator and cylinder castings. These material changes
allowed operation at higher working gas temperatures giving better overall
engine efficiency.

2.3.3 Cycle Analysis and Optimization

With the life, power, speed, and lower end selected in Section 2.2 on the derated
Reference Engine, the cycle optimization effort concentrated on optimizing com-
ponent sizes and materials.

A ccmparison of reference and optimized engine hot side mate-ials is given in
Table 2.3-1, where again the Larson-~Miller parameter was utilized as a quali-
tative tool for each material.

With the materials chosen, an iterative study was conducted to determine the
highest efficiency for variatioms in charge pressure, cylinder temperature, and
piston diame*ers. Figure 2.3-2 summarizes these results. The sensitivity of
efficiency to temperature, pumping, and conduction losses at higher pressure re-
sult in a wmaximum efficiency around 700°C. The corresponding variation in piston
diameter is also i{llustrated in Figure 2.3-2 and, with consideration of keeping
the overall block dimensions the same, the overall optimization point was se-~
lected to be:

e 1800 rpm

e 100 bar charge pressure

® 724° heater head temperature

o 37.5 kW indicated power

o 704° cylinder temperature

® hydrogen as the working gas
Helium gas was substituted for hydrogen in this optimization effort and again
certain dimensions were allowed to vary. The results of both hydrogen and
helium optimizations on component dimensions are given in Table 2.3-2.
The overall performance of both hydrogen and helium engines at 100 .ar oper-
ating pressvre is shown in Figure 2.3-3. Table 2.3-3 summarizes the performance
difference of a 1.7 point efficiency loss at constant power if the hydrogen

working fluid is replaced by the helium and the engine reoptimized.

2.3.4 Engine Component Evaluation and Optimization

Structurally the heater head was satisfactory with its original dimensions and
the main change in this area was the selection of the Inconel-625 tube material
in place of the Sandvik 12RN72, resulting in a small reduction in tube outer
diameter.

The combustor and preheater improvements incorporated in the Reference Engine
(Section 2.2) were included in the optimum engine.

Regenerator dimensions were changed as indicated in Table 2.3-2 and cooler dimen-

sions remained unchanged. 25
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TABLE 2.3-1

MATERIAL CHANGES FOR OPTIMUM ENGINE

Component Reference Engine Optimum Engine
Heater Tubes Sandvik 12RN72 Inconel-625
Cylinder Wall XF8138 713LC
Regenerator Housing XF818 713LC

26
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Piston

Regenerator

Coonler

Heater Tube

TABLE 2.3-2

CYCLE ANALYSIS AND OPTIMIZATION

Summary of Optimum Engine Geometry

Dimension

Piston Diameter (mm)

Rod Diameter (mm)
Crank Radjus (mm)

Swept Volume (cm3)

Diameter (mm)

Top Area (cm2)
Length (mm)

Wire Diameter (mm)

Filling Factor (%)

Number of Tubes
Tube 1.D. (mm)
Tube Length (mm)

Effective Length (mm)

Tubes/Cylinder
Tube 1.D. (mm)
Tube 0.D. (mm)
Tube Length (mm)

Effective Length (mm)

Reference (HZ)

Opt imum (H2)

Optimum (He)

65.1
13.0
17.0
113.0

67.0
35.25
48,0
0.05
32.9

400.0
1.0
69.0
57.0

22
3.0
4.5

259.0
224.0

67.5

13.5

17.0
121.58

57.7
26.18
55.33
0.05
32.9

400.0
1.0
69.0
57.0

22
3.0
4.2

259.0
225.0

67.82

13.55

17.0
122.84

59.2
27.57
45.6
0.05
25.57

400.0
1.0
69.0
57.0

22
3.0
4.2

259.0
224.0
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TABLE 2.3-3

H,/He OPTIMIZATION

e Engine Optimized for Both Gases

e Same Operating Point (704°C, 100 bar, 1800 rpm)

e Differences Found:
Cycle Efficiency (2)
Indicated Power (kW)
Brake Power (kW)

Brake Efficiency (%)

i,
50.70
37.50
31.56

38.44

30

He

48.52

37.50

31.56

36.75

A Change
~2.2
0
0

~-1.7



The optimized engine required less power to overcome friction and auxiliary
loads due to:

e lower operating pressure - reduced from 123 to 100 bar
e redesigned water pump

The impact is summarized in Table 2.3-4 where auxiliary and friction loads are
reduced from 6.88 to 5.95 kW (a 13.5 percent reduction).

2.3.5 Performance Map Generation

Performance maps (Figures 2.3-4 to 2.3-9) were generated for the helium gas
version of the engine. The selected range of heater aud cooler temperatures
is given in Table 2.3-5.

The indicated torque characteristics of the two optimized engines and the Re-
ference Engine are given in Figure 2.3-10. The corresponding brake torques
are shown at 1800 rpm.

2.3.6 Summary

The ASE Reference Engine has been downrated for utilization in a long-life
(50,000 hours) stationary engine application and a second configuration was
optimized using both hydrogen and helium working fluids. A summary of the oper-
ating and performance parameters of the four engines is given in Table 2.3-6,
and shows the optimized engine is approximately three points higher in brake
efficiency for both hydrogen and helium gases. The helium design imposes a two
point efficiency penalty over hydrogen. A significant portion of the efficiency
improvement in the optimized engine is due to reduced frictional drive losses.
As a guideline on the impact of efficiency gains, a plot of fuel consumed as a
function of efficiency has been prepared. Figure 2.3-11 illustrates a threes
point gain in optimizing the engine saves 30,000 Kg of fuel during the life cycle.
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TABLE 2.3-4

ENGCINE COMPONENTS - AUXILIARY POWER CONSUMPTIUN AT DESIGN POINT

System

Reference Engine

Optimum Engine

Explanation

Drive Friction
Cooling
Water Pump
Fan
Combustor
Air Blower
Atomizing

Lube 0il Pump

Total Power (kW)

4.64

0.18
0.98

0.52
0.34
0.22

6.88

TABLE 2.3-5

3.8

0.09
0.98

0.52
0.34
0.22

5.95

Lower Pressure

Optimized Geometry
Fixed Ratio Drive

PERFORMANCE MAP GENERATION - OF..{MUM ENGINE

e Optimized for He

e Matrix of Data for He

Cylinder Head
Temperature (°C)

Heater Tube
Temperature (°©C)

593
704

816

613
724
836

32

N

= 1800 rpm

Cooler
Temperature (°C)
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57
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Indicated Power (kW) or Cycle Efficiency (%)
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JABLE 2.3-6

REFERENCE AND OFTIMI™ ENGINE SUMMARY

. f’;’f,, -
Engine Type

Working Fluid

Temperature Heater O,
Temperacture (vlinder oC
Temperature Cooler oC
Pressure bar
Speed rpm
Displacement Engine cm3
No. of Cylinders

Indicated Power kW
Auxiliary Power kW
Drive Power kW
Brake Power kW
Indicated Efficiency A
8rake Efficiency %

Combustion Efficiency 7%

Heater Head Materijal
Cylinder Material

Heat Input kW
.,k

BSFC ;%

Brake Torque (Nm)

Reference (Section 2.2)

Kinematic
Hy

hHY
549
57
123
1800
453
4
37.50
2.25
4.64
30.61
48.133
35.51
90.0

12rN72
XF818

86.2
0.24

162.2

Kinematic

He

669
649
57
123
1860
453
4
35.71
2.25
4.64
28.82
46.61
33.87
90.0

12RN72
XF818

85.09

0.25

152.7

Optimized (Section 2.3)

Kinematic
Hp

124
704
57
100
1800
486.67

37.5
31.5%6
50.7
38.44
90.0

In-625
713LC

82.1
0.22

167.2

Kinematic

He

124
704
57
100
1800
491.30

37.5
2.15
3.8

31.56

48.52

36.75

90.0

In-625
713LC

85.9

0.23

167.2
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3.0 400 kW KINEMATIC ENGINE (TASK 2 ENGINE)

3.1 Introduction

The objective of Task 2 was to develop a conceptual design for a high-efficiency
400 kW engine which is not burdened by prior automotive constraints. Ease of
fabrication, durability and cost were considered in the selection of overall
design, design features, and materials. The cycle optimization effort includes
alternate heater head materials and working fluids.

The performance was established for an Inconel-625 heater tube, helium gas
engine with the same operating tewperatures and speed as the optimized 37.5
kW engine (see Section 2). An alternate case, using Udimet-700 heater tube
materials and H? gas, reached a brake efficiency level of 45 percent, the
highest efficiency level achieved under this study. Primary credit for this
improvement derived from a significant reduction in the drive system friction
losses.

3.2 Conceptual Layout

The conceptual layout of the 400 kW kinematic engine is based on the same four-
square, double-acting (Rinia) configuration as the automotive engine. The
50,000-hour life and 1800 cycles/minute speed values were maintained. The lay-
out jincorporates three improved features: the variable-stroke Z-crank, concentric
regencrators (rather than canister type), and individual cvlinder head combustors
in place of one large central combustor. Figure 3.2-1 illustrates the overall
engine lavout.

3.2.1 Variable-Stroke Z-Crank

The variable-stroke Z-crank is a significant departure from the conventional
crankshaft reciprccal-to-rotary motion svstem. A simplified schematic of the
Z-crank svstem it shown in Figure 3.2-2. While somewhat similar to the wobble
plate svstem used on the Phillips/Ford automotive engine, the Z-crank avoids the
deficiencies found in both svstems.

The 7Z-crank concept has been under study at MTI for some time and a number of
patents have been filed. A description of its mechanical c¢peration can be found
in Reference 4.

Adapting the Z-crank te the 400 kW stationary engine proved attractive for the
following reasons:

e Significant (%50 percent) reduction in drive system friction loss.

e Increased volumetric and geometric power densities.

e Elimination of gears for reduced noise and cost.

e Simplification of power controls. The fact that the subject engine
is a constant-specd machine Jdoes not imply constant load. The
variable-stroke feature allows power to be controlled at constant

cngine pressure. his svstem replaces the more complicated mean
pressure control system used in the automotive engines.
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e Simplicity. Fewer overall parts are required for this system than
for a conventional Stirling crankshaft systenm.

3.2.2 Concentric Regenerator

A regenerator stores end reclaims cycle heat as the working gas reciprocates
between the engine's expansion and compression volumes. This reclaiming of
heat is vital to the high efficiency performance of the Stirling engine, which
requires a large temperature difference to maintain a high Carnot efficiency
(Reference 4), i.e.

where: k = function of engine design

‘1‘E = expansion space temperature

Tc = compression space temperature

For the reference and optimized engines of Section 2.0, canister-type regen-
erators were used (see Figure 2.2-1). These regenerators create pressure
losses which result from ducting the working fluid from the quadrant design
of the heater head tubes to the circular canister.

A concentric regenerator design was selected in the 400 kW kinematic engine,
which has tiie same heat conduction loss rates as the canister design, but mini-
mizes the pumping loss and reduces dead volume. The engine design has four
concentric regenerators, one for each cylinder. Figure 3.2-3 illustrates the
concentric regenerator location relative to othar system components.

3.2.3 1Individual Combustors

Design values for heat transfer and heat release rates dictated that heater tube
,lengths must be short. Further, the concentric regenerators, described in
Section 3.2.2, require that the tubes be directed from the expansion space of
the cylinder to the regemerator, concentric to but at a larger radius than each
cylinder. For this tube configuration, it is convenient to use four combustors
of 125 kW each, one on each cylinder centerline. The alternative of one central
combustor results in a geomatry which makes uniform heat distribution difficult.
The combustor is discussed in detail in Section 3.4.

3.3 Cycle Analysis and Optimization

3.3.1 Optimization Summary

Cycle analysis and optimization results were incorporated into the conceptual
layout. The performance code was held to the constraints listed in Table 3.3-1
and dimensions were optimjized without exceeding the given limits. A total of
three optimizations were accomplished - all with an indicated power level of
500 kW. Table 3.3-2 coatains the different material/working gas combinations,
the displacement and indicated efficiency of each engine. A dimensional com-
parison of the three optimum engines is given in Table 3.3-3 and a summary of
heat energy input, output, and efficiencies is given in Table 3.3-4. An expla-
nation of the displayed heater tube materials is given in the following Section
3.3.2,
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TABLE 3.3-1

CYCLE ANALYSIS AND OPTIMIZATION

Cycle Constraints

® Speed: = 1800 rpm

e Temperature, Heater Tube: 2 800°c

e Temperature, Cooler: = 57°¢C

e Pressure: < 150 bar

TABLE 3.3-2
400 kW KINEMATIC ENGINE OPTIMIZATIONS
Heater Tube Working Engine Indicated
Material Gas Displacement (cm™) Efficiency

Udimet 700 Hy 4915 58.71
Udimet 700 He 5400 54.51
Inconel 625 He 6089 52.4
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Regenerator
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TABLE 3.3-3

GEOMETRY COMPARISON: H, and He
H,

Crank Radius (mm) 23.81
Piston Diameter (mm) 181.27
Displacement (cm3) 4915.,77
Tube I1.D. (mm) 5.15
Tube 9.D. {mm) 7.21
Effective Length (mm) 331.8
(per cylinder)
Number of Tubes 63
(per cylinder)
Material u-700
Frontal Area (cmz) 313.17
Wire Diameter (mm) 0.0762
Filling Factor (%) 34.34
Effective Length (mm) 83.14
Tube I1.D. (mm) 3.45
Number of Tubes 400
Effective Length (mm) 10G.00
Temperature 800°cC
Pressure 150 bar

He

23.81
190.00
5400.66

5.15
7.21
348,57

66

U-700

340.32

0.0762

30.63
71.91

3.99
400
105.3

80N°cC
150 bar

He

23.81
201.74
6088.68

252.51

218

In-625

356.25
0.0762

34.09

53.72

3.94
400
119.00

724°C
120 bar
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TASK

Type

Working Fluid
Teppyerature Heater
Temperature Cylinder
Temperature Cooler
Pressure

Speed

Displacement Engine
Number of Cylinders
Indicated Power
Auxiliary Power
Drive Power

Brake Power
Indicated Efficiency
Brake Efficiency

Combustion Efficiency

Heater Head Material
Cylinder Material
Heat ’nput

sfc

Torque

TABLE 3.3-4

400 kW KINEMATIC ENGINE SUMMARY

°C
°C
°C
bar

rpm

kv
kW
kW
kW

kW

kg /kW

H
800
780
57
150
1800
4915.77
4
cnn
35.8
32.2
432
58.71
45.65
90.0
U-700
713-LC
946.2
0.17
2289

variable Z-Crank

He
800
780
57
150
1800
5400.66

500
35.8
32.2

432
54.51
42.41
90.0

U-700

713-LC

1018.8
0.20
2289

He
724
704
57
120
1800
6088.68
4
500
41.36
29.04
429.6
52.4
40.5
90.0
1-625
713-1C
1060.6
0.21
2278



ORIGINAL PACE IS
OF POOR QUALITY

3.3.2 Material Change

The optimization process requires an iteration of the code results until coa-
vergence to a satisfactory solution. Such was the case when Inconel-625 ma-
terial replaced Udimet-700 in the heater tubes. A number of 50,000-hour life
solutions were generated based on the Larson-Miller parameter for the Inconel-

625 material, but because Inconel-625 has significantly different high temperature
properties than Udimet-700, it was necessary to drcp head temperature, resulting
in a lower indicated efficiency. Multiple runs of the optimization code were
performed to minimize this decrease. It should be nnted Udimet-700 is consid-
ered not practical for this application, but was ir.iuded to show the gains of
performance at a higher temperature.

Figure 3.3-1 summarizes the relationship of charge pressure, temperature, factor
of safety, and indicated cycle efficiency for the Inconel-625 material heater
tube version of the engine. The 1>cus of cycle efficiency acliievable at the
minimum safety limit of 1.65 (same as Section 2) is shown. This chart concludes
optimum efficiency occurs at 724°C heater tube temperature with a charge pressure
around 120 bar pressure. Figure 3.3-2 illustrates a two point reduction in cycle
efficiency at 1800 rpm when the material was changed from Udimet-700 to Inconel-
625, which requires a reduction in operating temperature and pressure to main-
tain 50,000-hour life.

3.3.3 Working Gas Change

This study was initiated with hydrogen (H;) working gas and extended to include
helium (He) working gas for both the Udimet-700 and Inconel-625 heater tube ma-
terial versions. The impact of the gas substitution is illustrated in Figure 3.3-3,
which indicates a four point drop in efficiency with the substitution of working
gas and reoptimization.

While performance comparisons have been held at 1800 rpm, it has been demonstrated
in Figures 3.3-2 and 3.3-3, gains in brake efficiency are possible at lower rpm,
at the loss of power output at full stroke. However, higher losses in efficiency
occur below 50 percent stroke at the lower rpm, as described in Section 3.3.4.

3.3.4 Variable Stroke Output and Efficiency

The variable stroke feature of the 400 kW engine provides a simpier control
system than the mean pressure control to modulate power at constant engine speed.
A set of characteristics were generated for power and indicated eifficiency as a
function of both speed and percent of stroke for the helium engines.

The stroke is controlled by a hydraulic actuator system incorporated into the
variable angle Z-crank design. Reducing stroke to 50 percent reduces power
output by 70 percent, with an advantageous efficiency gain of 2 points; effi-
ciency drops off much more rapidly below 5G percent stroke. A reduction to 25
percent stroke resulted in an approximate 10 point drop in cyclc otficivney.
rigures 3.3-4 and 3.3-5 jllustrate the characteristics for tae variable Stroke
Udimet-700 «nd Iinconel-625 helium engines, respectivily.

J.4 Engine Components Analysis and Optimization

wyvele optimization is performed for the engine itself, cxciudiay 1t o7t rna
components such as the combustion and cooling systems. Thia <o ion sow revies.
these svstems in relation to the specific requirements and logiscic adventages
o 1 statiorarv engine in the 400 kW power class.
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As described in Section 3.2.3, the combustion system consists of four separate
combustors. Two combustor designs were generated: the first, a more coanven-
tional single-pass design; and the second, a morc complex but potentiallv high-
pertforming double-pass design. Both designs were gencrated for the following:

o allowance for fuel vancrization and mixing;
e sufficiently long residence time in the main combustion zomne to
etffectively consume the hydrocarbon components of the fuel, vet

without producing large quantities of NOx or COU;

e combustor loading volume desigr within limits of current Stirling
engine combustors;

e improved aerodynamics in the combustor and diffuser leading to the
heater tubes to obtain optimum heat transfer at the tubes;

e preheater heat transfer rate similar to the ASE Reference Engine,
e adequace combustor wall cooling; and, incorporation of swirl in the
primary -one¢ to improve mixing and produce a flame stabilization

Zone .

3.4.2 Single-Pass Combustor

The single-pass combustor shown in Figure 3.4-1 satisfies the stated design re-
quirements. ‘ts features include:

e a large combustion volume above the heater tubes to promote good
fuel vaporization, adequate mixing volume, and smooth flow through
the heater tubes; and,

e low-cost, low-load ceramic liner and flow divider to sepzrate com-
bustion from exhaust air and to direct flow through the tubes.

Because of space limitations imposed bv the adjacent cylinder, the preheater was
placed abeve the combustor. The volume of the preheater is double that of the
Reference tngine for the same heat transfer loading in order to favor higher
combustion efficiency. Insulation thickness is increased to about three inches
to compensate for the larger exposced surface arca. Turning vanes in the duct
approaching the heater aid in reducing flow losses.

The combined aerodvnamic and thermodynamic area diffusion ratio for this com-
bustor is 8.7, of which approximately 2.0 can be attributed to heat release.
This leaves aerodvnamic diffusion at about 4, which is too large a ratio for
non-senarated flow. The tlow passapges are designed to minimize these {low
separtation losses, which cannot be completely eliminated.

Although a double-pass combustor design was considered, it was decided to use
the single-pass combustor due to its simplicity, lower potential cost, and good
cfficiency level. This level was estimated, somewhat conservatively, at 90
poercent.,
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A final consideration for the combustor system is the method of controlling
the heat input to each cycle. Because of the Stirling engine's high thermal
inertia, a relatively simple, slow-rate system could be utilized to monitor
heat required and to adjust fuel and airflows to provide tube temperature
control as the power level varies and as the engine and combustor degrade with
time. This system has the advantage of allowing the engine to keep operating
at high output if one combustor or cycle deterjorates.

3.4.3 Cooling System

A well designed cooling system is critical to achieve good engine performance,
For example, Carnot efficiency (the maximum efficiency a Stirling engine is theo-
retically capable of achieving) is more sensitive to cold end temperature change
than hot end temperature. For a heater temperature of 650°C (923k) and a

cooler temperature of 509C (323k), Carnot efficiency is 65 percent. If the
heater temperature is increased 100C, Carnot efficiency increases about 0.4
points. However, if cooler temperature is decreased 10°C, Carnot efficiency
rises about 1.1 points. Thus, at these temperatures, a degree change in the

cold chamber has over a two-fold effect over a degree change in the hot chamber.

Stationary applications are not overly restricted by size, weight, engine com-
partment pressure, and styling of a vehicular installation. This is counter-
balanced by the lack in readily available ram cooling airflow.

It is assumed the stationary application is either a self-contained cooling
package installation or an external coolant source.

In a self-contained cooling system, a radiator with fan will be required. At
a standard ambient temperature of 200C, Table 3.4-1 summarizes the performance
characteristics of the radiator and fan cooling system.

Scalc from the 40 kW engine, the radiator has a frontal area of 3.71 mZ. A
corservative estimate of water-sfde pressure drop would be equal to the 40 kW
engine, or 3.73 psi. The hydraulic power is then:

3.73 x 240 x 583 x 1076 x .746 = .39 kW

It is assumed the radiator core raises cooling air temperaturc tc one-
half of the difference between the coolant inlet cemperature (37°C) and the
cooling air (219C), therefore giving an 8°C rise.

If an cxternal water supply, suc.. as a river, pond, or cooling tower, is avail-
able, a lower t:an ambient temperature coolant will increase engine efficiency.
Cooling ponds could cool 12 to i8 pounds of water per hour: 10° for each square
foot of pond surface area.

The pressure drop losses through the radiator would be replaced by those of a
strainer; furthermore, with brackish or salt-water cooling, a liquid-to-liquid
heat exchanger is recommended to protect the engine.

Analvses of the 400 kW engine in this report assumed the more general radiator/
fan configuration rather than the cooling pond.

3.5 Performance Map Generation

A full set of performance maps was senerated for the Udimet 700 Lolium
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TABLE 3.4-1

PERFORMANCE OF A RADIATOR WITH FAN (21°C AMBIENT TEMPERATURE)

Indicated Power Output
Indicated Efficiency
Total Heat Input

Heat Rejected to Radiator
Cooler Tube Wall AT
Coolant Temperature
Coolant Flow HZO
Hydraulic Power

Pump Efficiency

Pump Power

Radiator Cooling Air AT
Cooling Air Flow Required
Air Densitv (84°F)

Volume Flow

Radiator Frontal Area
Face Velocityv

OP

Fan Efticiency

Fan Power

500 kW

58.7 percent

852 kW

352 kW

2.2°C

42°C Out, 37°C In
15.1 Kg/sec.

.39 kW

50 percent

.78 kW

8°C

2700 Kg/min.

1.17 Kg/m3)
‘ 3, .

2309 m” /min.
3.71 m2

16.4 m/sec.

12.7 mm H2O

0.5

9.6 kW

(2.906 x 106 Btu/hr.)
(1.2 x 10% Bru/he.)
(4°F)

(108°F Out, 98°F In)
(240 GPM)

(0.522 HP)

(1.04 HP)

(14°F)

(5954 1b/min.)

(.073 1b/fe.7)

(81,565 cfm)

40 fr.%)

(34 ft/sec.)

(0.5 H20)

(12.85 HP)



working gas engine. The required operating matrix points about the original
design point are given in Table 3.5-1. The full set of performance curves is
given in Figures 3.5-1 through 3.5-3, where the abscissa is a percentage of
full stroke rather than charge pressure. Indicated power and cycle efficiency
are shown along lines of constant cooler temperature.

This data set is augmented by additional curves of the Inconel 625 helium con-
figuration engine (Figures 3.3-5 and 3.5-4).

3.6 Summarv and Comparison - 400 kW Kinematic Engine Summary

Table 3.3-4 provides a convenient summary of the cngines explored under this
task. The programs highest efficiency of 45.6 percent is achieved with the
Udimet 700 heater tube material and the Hy working gas. The engine has a
displacement of only five liters and operates at a high brake specific output

of 87.9 kW/% or 117 bhp/#. Brake specific fuel consumption was a very attrac-
tive 0.17 kg/kW-hr. U-700 however, as mentioned earlier, is a strategic material
with fabrication limitations. Therefore, such a material is considered imprac-
tical for this application.

The Inconel 625 heater tube/He working gas engine provides a bsfc of 0.21 kg/kW-hr
and a brake output power of 429.6 kW. External dimensions between the engines

did not varv significantly and the weight of this engine and drive system has

been estimated at 1000 kg (2200 lbs.) The brake efficiency is 40.5 percent.

A comparison was made on a brake output basis between the two engines of Section
2.0 and the Udimet 700 heater tube material cngines of Section 3.0. Table 3.6-1
compares the hvdrogen (Hy) working gas engines and also includes a column for a
400 kW engine with Z-crank and a U-crank (automotive engine type) drive svstem.
Table 3.6-2 is a similar comparison for the helium worxing fluid engines. The
large difference between the optimum 37.5 kW engine and the 400 kW engine is
essentially due to the Z-crank drive system efficiency and higher operating tem-
perature.
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TABLE 3.5-1

PERFORMANCE MAP GENERATION

e Optimized for He

& Matrix of Data

Cylinder Head Heater Tube Cooler Pressure

Material Temp. (°C) Temp. (©C) Temp. (°C) (bar)
L=-700 668 688 27 150
Heater Head 780 800 57 150

891 911 87 150
Inconel 625 704 724 57 120
Heater Head

Ao T

Sy POOR QuUALdid
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Indicated Power (kW)

ORICIA. 7ol

Cycle Efiiciency (%)

OF IO 700
600— —60
Cooler 1.D. 27°C
Efficiency 57°C ~—
5("D+‘ 87m(: -d!SO
400 a0
Cooler 1.D. 27°C
300 S7°C —30
87°C
200 —20
100 —10
Heater Tube O.D. Temperature 688°C
Charge Pressure 150 bar
Engine Speed 1800 rpm
0 | L 1 1 0
25 .50 .75 1.00 1.25
% of Full Stroke
Fig. '.>-1 He Gas, Cvlinder Temperature = 668°C

A00 kW Kinematic
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Indicated Power (kW)
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400

300
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Heater Tube O.D. Temperature 800°C
Charge Pressure 150 bar
Engine Speed 1800 rpm

Cooler 1.D. 27°C

Efficiency

Cooler 1.D. 27°C
57°C
87°C

l | |

40

Cycle Efficiency (%)

Fig.

.25 .50 .75
% of Full Stroke

3.5-2 He Gas, Cylinder Temperature = 780°C
400 kW Kinematic
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Indicated Power (kW)
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700
Cooler 27°C —\ I—Cooler 57°C
600~ L -
Efficiency /
5001 Cooler 87°C ]
400~ Cooler I.D. 27°C Power  —
57°C
300+ -
200 |- -
100 Heater Tube O.D. Temperature 911°C =]
Charge Pressure 150 bar
Engine Speed 1800 rpm
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Fig. 3.5-3 He Cas, Cylinder Temperature = 891°C
400 kW Kinematic
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Indicated Power (kW)
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Heater Tub2 O.D. Temperture
Charge Pressure
Engine Speed

724°C
120 Bar
1800 rpm

Efficiency:
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Fig.
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% of Full Stroke

3.5-4 1In-625 Heater Tube Material, He Gas

400 kW Kinematic
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4 and

Operating Conditions
(Bar)

Vressure
' ater Tube Temperature f°C)
Cooler Tube Temperature (°C)
Engine Speed (rpm)

Indicated Power (ki)

Heat Input to Heater Tubes*
Heat Rejection*

Pumping Lossx*

Drive System Power*

Auxiliary Power*

Brake Power (kW)

Indicated Cycle Efficiency (%)

Brake Efiiciency (%)

*Per Brake kW Power

870 K

TABLE 3.6-1

Reterence (H,)

123
669
57
1800
37.5
2.55
1.23
.08
0.15
0.06
30 61
48.33

315,51

Engines
Optimum (Hzl

100
724
57
1800
37.5
2.3
1.06
0.09
0.12
0.07
31.56
50,74
38.44

L ENGINE COMPARTSON (M, GAS)

400 kW (H,)
"z2" -Crank  "U" -DLrive
150
800

57
1800
500,00

1.97

0.72

0.09

0.07 0.14

0.08
432.00 404.5

58.71

45.65 42,75
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3.6-2

TABLE

400 AND 37.5 kW KINEMATIC ENGINE COMPARISON (He CAS)

Operating Conditions

Pressure (bar)

Heater Tube Temperature (°C)
Cooler Tube Temperature (°C)
Engine Speed (rpm)

Indicated Power (kW)

Heat Input to Tubes¥*

Heat Rejection*

Pumping Loss¥*

Drive Svstem Power*
Auxiliary Power¥*

Brake Power (kW)

Indicated Cvcle Efficiency (%)

brake Efficiency (2)**

* Per Brake kW Qutput.

Engines
Reference (He) Optimum (He)
123 100
669 724
57 57
1800 1800
35.71 37.5
2.68 2.45
1.25 1.13
0.18 0.13
0.16 0.12
0.09 0.07
28.58 31.56
46.61 48.52
33.58 36.75

% 0.9 Combuscor Efficiency Included

400 kW (He)
vign LT
150
800
57
1800
500
2.12
0.79
0.18
0.07 0..6
0.08
432 398.6
54.51
42.2  39.1
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4.0  SMALL FREE-PISTON (37.5 kW) WITH HYDRAULIC OUTPUT (TASK 3 ENGINE)

4.1 Introduction

This section describes the design and analysis of a single-cylinder free-piston
Stirling engine (FPSE), which provides 37.5 kW of power for staticmary :ppli-
cations. Since existing FPSE single-cylinder designs are an order of magni-
tude smaller than the target size, a scaling algorithm is developed to allow
use of proven design technology. The starting point for scaling was the op-
timum engine described in Section 2.0. After converting from kinematic to
free-piston, the task effort concenirated on developing a matching hydraulic
output system. A selection process resulted in development of a hydraulic
pumping unit compatible with the output power characteristics of the FPSE.
Performance curves for the engine, comparisons to the original Task 2 engine,
and a description of the hydraulic system are included in this discussion.

4.2 Free-Piston Engine Size Scaling

The design of this FPSC engine was scaled from an existing engine system td
gererate the initial engine layout. Numerous scaling algorithms were reviewed;
each had its particular advantages, capabilities, and limitations. However,
four scaling algorithms, identified in Table 4.2-1, were considered for the
definitior of the initial 37.5 kW hydraulic free-piston engine. Yinally,
algorizhm 1 was selected, since it provided the most direct scale-up in the
range required. The sequence of the scaling and subsequent design refinement
are laid out in Table 4.2-2. The algorithm was applied in Step 4 to generate
the FPSE design that was then optimized by the same procedurcs applied to the
kinematic optimum engine. The conceptual layout process described in Section
4 3 ensures that dimensional constraints (wall thicknesses, allowance for ccol-
ing flow, structural integritv) were properly taken into acccunt.

4.3 Conceptual Layout - Engine

Although the cngine design shown irn Figure 4.3-1 was "scaled"” from the optimized
kinematic 37.5 kW engine of Section 2.3, the two engine lavouts bear little geo-
rat-jc resemblance. The major differences between the designs are as follows:

¢ c=‘ngle-cylinder design (current FPSE's are all single-cylinder)

® gas springs to replace kinemati: (crankshaft) linkages

® concentric regenerators and coolers ratner than canister type
(current FPSE state of the art)

e freedom of stroke rather than fixed piston stroke
e 37., .W power diaphragm to replace the engine rod seal

e additional dead volume to allow overstroke o displacer during
power transients

8
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TABLE 4.2-1

HYDRAULIC FPSE SCALING ALGORITHMS

Objective - Determine practical limits
of scaling up a FPSE while
aaintaining constant efficiency.

D = Displacer d = Heater R * Regenerator C = Coolar
Case ! Jombined aultiple cvlinders into 1 cylinder i
-] ]
\dd regeneratsr and covlers in narallel D R o RC
Limit.  Ceumetry gc_ <
—
Ares = X Area ® NX

Stroke = Coustant

Case I arv Geveetrv and Operatiang Potnt (P, T, Frequency)
ivld constant component etffectiveness
icld conmtant losses unit outpat

.31t Scalable o single cvlinders below | MW

‘ase Il Multipie Scaling Factors

$F)
SF, = Eagine ceometsy
SF, = Heat Exchanger Dimensions 5 2
SF‘ e Number ot Passages iu Heat Exhanger c
Limit sood onlv below SO kW &SR

sn
Tase IV ecmetrv and as 3ipring 3caiing
P 2.8 ll
reometry 3— * ¥ X
‘ H
p] R
5?— = Power Output Ratio C
v e  harge Pressure Ratto

X = Engine eometrv Factor

B1t. Tube (ranster area and regenerator frontal area
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Engine lype

Start Kinematic
Step 1 Kinematic
Step 2 Free-Piston
Step 3 Free-Piston
Step 4 Free-Piston
Step 5 Free-Piston

*Overstroke is an extension of the piston amplitude beyond design
to allow margin for transient conditions when amplitudes may

exceed design.

37.5 kW FPSE SCALING PROCESS STEPS

No. of Cylinders QOutput
4 37.5 kW
1 9.375
1 9.375
1 9.375
1 37.5
1 37.5

Comment
Optimum Engine, Section 2.3 (Task 1.2)

Optimum Engine, Section 2.3 (Task 1.2)
Per Cylinder

Nonoptimized

20 Percent Overstroke* and then
Optimized (100 percent Stroke = 10.16 cm)

Combined Paralleled Heaters, Regenerators,
Coolers

Optimized
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Fig. 4.3-1 37.5 kW FPSE w/Preheater and Combustor (Power Diaphragm Not Shou.n)
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The design cousiraints and freedoms imposed during the optimization process
are pgiven in Table 4.3-1. This table contains a listing of the critical
dimensions of the new engine and a comparison of the equivalent dimension in
the optimum engine.

Additional fcatures otf the engine are:

e External Combustion System - The combustor developed in Section
3.2.3 was scalad down for use in this engine.

e Heater Head - A siogle row of heater tubes was found to be adequate.
The tubes vector the working gas directly into the concentric regenerator.

4.4 Conceptual Layout - Hydraulic Motor

fhe output of the conceptualized 30-Hertz FPSE engine acts through a recipro-
cating metallic diaphragm. The power available at the diaphragm interface is
approximately 33 kW. To convert this energy into hydraulic output, a new power
conversion unit was designed to satisfy the following requirements:

® compatibility with FPSE power/frequency characteristics, i.e.
stability

e maximum design efficiency
e 50,000-hour life

e manufacturability

e scalability

The selection prccess considered different versions of three hydraulic power
unit families: vane type, piston type, and gear type. Eight preliminary lav-
outs based on these schemes were generated. A listing of the schemes is given
in Table 4.4-1.

An assessment of each scheme was conducted for mechanical constraints and per-
formance qualities. Each performance attribute was given a weighting factor
based on its relative importance. This process resulted in the selection of
the cam-driven piston design shown in Figure 4.4-1. A list of diaphragm pump
dimensions is given in Table 4.4-2 and rhe operating sequences for thue pump are
described inm Table 4.4-3.

Some mechanical features of the hvdraulic pump are given -~ - .. .44, 1t is
important to stress certain additional features of the s:- 4y 1 i Lly:

e The chosen devign has a high fill rate that rejuires a -~ ipercharging
system. This car be achieved by pressuriziug the supply tank or by
use of some of the hydraulic pump output to provide a pre-sure nead
to the supply line,
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COMPARISON OF ENGINE GEOMETRY AND PERFORMANCE BETWEEN
37.5 kW FREE-PISTON ENGINE AND SECTION 2.3 KiNEMATIC ENGINE

Engine Type Free-Piston Kinematic
Operating Condition
Charge Pressure bar 100 ind
Maximum Cylinder Temp. °c 704 704
Maximum Heater Tube Temp. °c 724 724
Output kW 37.5 37.5
Number of Cylinders 1 4 combined
Displacement cm3 1349.2 491.3
Displacer Dia/Cyl mm 205.2 67.82
Displacer Area cm2 330.7 144.5
Displacer Amplitude mm 20.4% 17.00
Displacer Rod Diameter me 60.04 13.54
Piston Amplitude mn 27.7%* 17.00
Phase Ar-le ° 45 90
Engine opeed rpm 30 Hz 1800
Heater ube I.D. mm 5.63 3.0
Heater iube 0.D. mn 7.87 4.2
Tube Ef' 'ctive Length mm/tube 1069 224
Number -~ Tubes 65 88
Regencrator Frontal Area cm? 409 110.0
Regenerator Length mm 44.1 45.6
Regene:ator Wire Diameter mm 0.05 0.05
Regen:rator Filling Factor y4 23.1 25.56
Cooler Tube 1.D. mm 1.945 1.0
Tube Effective Length mm 81.38 57
Number of Tubes © 1600 1600
Heat Input @ Heater Tubes kW 77.46 77.3
Indicated Cvcle % 48.41 48.52
Efficiency
Brake Output kW 36.0%* 33.74%%%
Brake Efficiency Z 46.5 43.6%%%
Brake Efficiency with Z 41.8 39.24

Combustor (90% Efficiency)

*With 20% ~verstroke
**Indicated power less power loss at the capillary tube and gas springs
***Indicated power less lower end drive friction only
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PRELTIMINARY HYDRAULIC OUTPUT SCHEMES

CHOICES

VANE PISTON GEAR

Cingle Stepped Interrupted
Multi Cam-Driven

Concentric

SELECTED

Cam-Driven Piston

FEATURES
Stability
Simplicity
Efficiency

Scalability
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Power Diaphragm Diameter
Pump Drive Piston Bore
Pump Drive Piston Stroke
Pump Output Piston Bore
Pump Output Piston Stroke
Overall Length
Overall Height

Width

Overall Volume

TABLE 4.4-2

HYDRAULIC PUMP DIMENSIONS

76

19 in.

4.3 in

Variable

1.125 in

Variable

28 in.

50 in.

23 in.

18.6 ft>

48.26 cm

10.92 ¢m

2.85 cm

71.1 cm

127 cm

58.42 cm

526.7 ¢
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TABLE 4.4-3

HYDRAULIC PUMP OPERATING SEQUENCE

Start Action at Extreme Limit of Power

Effect

Energy transferred to power disphragm
fluid forcing motion of Pump Drive
Piston (PDP).

As PDP moves toward mid-point of
stroke, four Pump Output Pistons move
to decrease volume in pump output
cylinders. Output fluid leaves
cylinders at desired pressvre.

As PDP moves avay froa anid-point,
volume in the pump output cylinders
increases. Check valvas oper to
allow filling by supercharged input
fluid.

Incompressible fluid connections
transfer some of energy through PDP
to transfer fluid on other side.

Transfer fluid moves counterbalance
pistons to offset inertia of PDP.

Incompressible bouuce space fluid
responds to counterbalance piston
movement by displacing another dia-
phragm against a gas spring (compres-
sible fluid).

Th» bounce space now has stored the energy not absorbed going

The power diaphragm, having passed one-half

amplitude, is now being displaced by a negative pressure dif-
ferential across it (engine pressure lower than pump pressure).
The bounce space pressure becomes the highest in the system and

Bounce space fluid moves two counter-
balaace pistons

T.ansfer fluid acts upon pump drive
piston.

Pump output pistons, pump nntil mid-
stroke point of PDP.

After mid-point, pump output cvlinder
volyme decreases; filling process.

Diaphragm
1. Power Diaphragm i{s displaced. [
*
°
2. Pump Drive Piston (PDP) is °
displaced.
o
B _ounterbalance Pistons are .
displaced.
through the pump.
the gas spring diaphragm begins to move.
4. Gas Spring Diaphragm is displaced. o
5. Counterbalance Pistons move. .
.
°
6. PDP motion. °

77

Transferred via power diaphragm fluid
to power diaphragm. Process repeats.



TABLE 4.4-4

IMPORTANT FEATURES OF FPSE HYDRAULIC PUMP

One FPSE Cycle -+ One Hydraulic Pump Drive Piston Cycle + Two Hydraulic
Pump Output Cycles, i.e., 30 Hz input frequency + 60 Hz output frequency

Incompressible fluid transfer energy with minimum losses.

Three Separate Fluid Volumes: .

- Power Diaphragm Volume (power diaphragm to pump drive piston).

- Transfer Fluid (pump drive piston to counterbalance pistons (2)).
- Gas Spring Fluid (counterbalance pistons to gas spring diaphragm).

Power transfer fluids are not part of output flow system. They are

a separate self-contained system.

Four output pump pistons which balance loads on punp drive piston

globe (3-dimensional cam) for long life and low wear.

Two diaphragms.
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o The dynamics of the chosen pump design pr.+~: ‘e a stable interaction
with the Stirling engine, i.e. the rate o: -..ange of pump power demand
as a function of stroke is greater than that of the engines output.
Thus, a change ir stroke (whatever the cause, i.e. “,Jp in engine power,
etc.) produces a reaction driving the system to ti tabilized oper-
ating point. See Figure 4.4-2.

4.5 Cvcle Analysis and Optimization

The requirement that the FPSE engine be as comparable az possible with the optimum
kinematic engine was satisfied by applying the chosen scaling process to one cylin-
der of the optimum engine. This starting point was used in the five-step process,
shown in Table 4.2-2, to achieve an optimized engine. The optimization process of
Step 5 produces a final nressure and temperature very close to the base kinematic
optimum engine. Hence, the same operating parameters were chosen. The results of
this final optimization are given in Table 4.5-1, which connrares the FPSE to all
17.5 kW kinematic engines developcd in this study.

¢ Similarities

- operating temperature
- mean pressure
- frequency

e Differences

- Larger displacement in FPSE. This is required to provide over-
stroke margin (20 percent) to prevent displacer contact during
transients, to provide space for the displacer gas spriry volume
and to provide space for gas to distribute acrosz the face of
the power diaphragm. The gas volume for these needs increases
dead volume and, thus reduces engine pressure ampiitude, which
must be offset by an increase in total engine displacement.

- Higher drive power required for the FPSE. This is counterbalanced
* the fact that a hydraulic pump is included. To be consistent,
1 1ydraulic pump would need to be added to the optimum kinematic
'n,ine drive system. This would raise its drive power requirements
. approximately 3 kW.

4.6 liydraulic System

A full hydraulic system utilizing the FPSE/hydraulic pump design as a component
is shown in Figure 4.6-1. This system drives a hydraulic motor at a location
remote from the engine/pump. The motor output is considered to be a rotating
shaft. The chosen configuration provides a consistent btasis for comparing the
FPSE/hydraulic pump with the optimum kinematic engine. A typical application
for the system might be in earth-moving or loading equipment. Other appli-
cations include fluid pumping through pipelines or within industrial facili-
ties. Use of the hydraulic motor includes the potential for application in a

motor vehicle, such as a car, truck, bus or for mi’ tary purposas, such as a
tank.

While e{fort to define a fu.l control unit for this system was not in the scope

of this task, the control valve "G" and motor "H' of Figure 4.6-1 must. be linked
to the engine unit "D" for the system to respond to varying power demands.
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SECTION

Type

Wor«ing Fluid
1emperature Heater
Temperature Cylinder
Temperature Coole-
Pressure

Spread

Displacement Engine
No. of Cylinders
Indicated Power
Auxiliary Power
Drive Power

Brake Power
Indicated Efficiency
Combustion Efficiency
Brake Efficlency
Heater Head Material
Cylinder Material
Heat Input

bsfc

Torque

PERFORMANCE SUMMARY OF 37.5 kW ENGINES

°C
°C
°C
Bar
rpm

cm

Pl

N N

kW

kg /kW

Nm

TABLE

é:éf}

Reference
"2
669
649
57
123
1800
452.68
4
37.5
2,25
4,64
30.61
48. 34
90.0
35.51
12RN72
XF-R18
86.2
0.24
162.2

123
1800
452.68
4
35.71
2.25
4.64
28.82
46.61
90.0
33,87
12RN72
Xr-813
85.09
0.25
152.7

2.3

2.3

Optimized Reference

Ha
724
704
57
100
18C0
486,67
4
37.5
2.15
3.8
31.56
50.7
90.0
38.44
In-625
713-LC
82.1
0.22
167.2

He
724
704
57
100
1800
491,30
4
37.5
2,15
3.8
31.56
48.52
99.0
36.75
In-625
713-1.C
85.9
0.23
167 .2

4.0

Diaphragm
Free Piston
He
724
704
57
100
3O Hz
1349.29
1
37.5
2.15
4,86
30,49
48 .41
90.0
35,41
In~625
713-LC
86.1
0.23
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4.7 Performance Maps

A set of periormance curves (Figures 4.7-1 through 4.7-6) were generated for
three different levels of cylinder head temperatures (592°C, 704°C, and 836°C)
and cooler temperatures (27°C, 57°C, ard 87°C). The FPSE engine described in
this saction varies in frequency dicectly as the square root of charge pressure.

The result of this pressure to frequency interaction is shown in the behavior
of the efficiency lines. While cycle efficiency was essentially insensitive
to pressure changes in the kinematic engine, efficiency shows a significant
drop-off as pressure increases on the FPSE system. This is a result of the
increase in frequency which increases pumping losses. The kinematic engine
holds constant speed as pressure increases and does not suffer this frequeancy
/speed) related loss. The effect could be diminished by controlling the dis-
placer dynamics, through the control of the displacer spring or damping to
maintain near-constant frequency.

(.8 Cowmparison with Kinematic Engines (See »iso Sectiom 2.0)

Table 4.5-1 provides a summary of operating point characteristics for all 37.5
kW output machines covered by this study. Comparison is limited to size and
efficiency considerations especially since working flvid, indicated power, and
materials are the same for the optimum engines. A further comparison is msade
on the following items:

e Control systems

e Seal life

e Ease of manufacture

® System-to-system comparison

4.8.1 Control Systems

Stirling engine control svstems are a currently developing technology. In
kinematic Stirling engines, the mean pressure control system (Referemce 5) has
been proven effective in the highly transient automotive application. The
system, however, is complex. A stationary Stirling engine could use a sim-
plified version of this system.

The FPSE engine/hydraulic pump would require development of a control system
suited to the intended application. Such a system would integrate the cox-
bustor, engine, pump, and motor to handle transient requirements and to main-
tain stability. Start-up, shutdown, and emergency procedures would be in-
cluded in the system plan.
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Fig. 4.7-1 37.5 kW FPSE Performance @ 593°C Cylinder Temperature

84



Indicated Pov er (kW) or Cycle Efficiency (%)

viaaiAL PA2T i3

OF POOR QUALITY

60 ~
50 |-
Selected
S - Desi
e wowamﬂ
g -
20
Working Gas He
tfeater Tube Temperature 72¢4°
10 =~
O 7/q 1 | 1 1 i |
40 60 80 100 120
Charge Pressure (bar)
803662

Fig. 4.7-2 37.5 kW FPSE Performance @ 704°C Cylinder Temperature

85



Indicated Power (kW) or Cylce Efficiency (%)

20

g
Fig.

ORIGiAL FRZZ 5
OF POOR QUALIIY

H,7-3

Efficiency:
-— Cou
— kr ’-D. 27°C
37°C
87°c
e
/<,
S
) (9)
o°°
Power:
Working Gas He
Heater Tube Temperature 836°C
l\' § i L 1 __J
40 60 80 100 120
Charge Pressure (bar)

803663

37.5 kW FPSE Performance ¢ 816%C Cylinder Temperature

86



ORIGINAL FAGE !5
OF POOR QUALITY

Efficiency:

Indicated Power (kW) or Cycle Efficiency (%)
w
e
|

/
/ Working Gas He

10 -

0 | 1 1 1 I |
A 40 60 80 190 120
Charge Pressure (bar)
803667

Fig. 4.7-4 37.5 kW FPSE P-:rformance @ 279C Cooler 1.D. Temperature
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4.8.2 Seal Life

The kinematic engine portion of the study proceeded on the assumption that the
lower piston speed and steady-state operation of a stationary engine would ex-
tend seal life to the 50,000-hour life. The rod seals must withstand very high
pressure differentials while allowing relative motion between the seal and the
connecting rod. The piston seals, separating the expansion and compression
volune, experience significantly lower pressure differentials, but both sets of
seals are susceptible to damage and wear. There is a minimum of four of each
type of seal in a kinematic engine and the loss of one would seriously affect
engine performance.

The single-cylinder, diaphragm free piston engine eliminates these seals. The
rod seal is replaced by a flat oil-backed power diaphragm. Such diaphragms are
presently used in very high frequency compressors. Recent experimental work

at MTI aimed at evaluating the high cycle fatigue capabilities of such dia-
phragms has been very encouraging. The piston seal is replaced by a nom-
contacting displacer clearance seal. The ability to use a clearance seal is
based on the fact that the pressure across the displacer in a displacer-type
engine is approximately ten percent of that across the piston in a Rinia engine.
The reduction in pressure differential is critical since clearance seal loss
varies as the square of the differential.

4.8.3 Ease of Manufacture

The two engines offer different routes to ease of manufacture. The kinematic
engine will benefit from its commonality with an established automotive engine
production line and mass production techniques. The FPSE benefits from a sim-
pler overall design and fewer parts. The heater head is substantially simpler,
having eliminated the hot-conduit manifold, however, the FPSE requires a gas-
spring-displacer-support system. The tighter tolerances required in the gas
spring hardware offset some of the benefits of the overall, simpler FPSE design.

4.8.4 System-to-System Comparison

Table 4.8-1 summarizes a comparison of the two engines for specified types of

output. Rotary or hydraulic fluid output, conversion of kinematic drive shaft
output to hydraulic flow through a pump, or conversion from hydraulic flow to

remote rotary fluid through a motor were considered.

-

4.9 Summary

The results of this effort are:

® A scaling algorithm was used to allow one cylinder of an essentially
proven kinematic design to be upsized by a factor of 4 into a free-
piston unit.

e The dynamics of using a power diaphragm rather than a power piston
were found acceptable in the conceptual cesign process.

® A hycrauic ,ump was designed which matched the output character-

i s of the FPSE, thereby providing stability and a readily
ca b nvdrawi e output,
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TABLE 4.8-1

BRAKE POWER AND EFFICIENCY FOR ALTEQNATE OUIPUT DRIVE SYSTEM - 37.5 kW ENCINES

Kinematic FPSE
Location/Output o Power Efficiency Power Efficiency
At the Engine: Rotary Shaft Output 31.56 kW 36.757
Hydraulic Fluid Ouiput 30.49 kW 35.4%
Convert Kinematic* to Hydraulic 29.04 kW 33.81%
Flow Through Hydraulic Pump
Convert Hydraulic** Flow to 27.59 kW 32.117% 28.97 kW 33.63%

Rotary Motion Remote from the
Engine Through a Hydraulic Motor

% Hydraulic pump assumed 92 percent efficiency.

** Hydraulic motor assumed 95 percent efficiency.
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e Using He gas, brake efficiency for the resultant FPSE engine is
35.4 percent with hydraulic output and 33.6 percent with rotary
output.

Efficiency and power levels for the free-piston unit essentially matched those
of its kinematic counterpart, i.e., the optimum engine of Section 2.3.
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5.0 400 kW Free-Piston Engine with Hydraulic Qutput (Task 4 Engine)

5.1 lntroduction

In an attempt to more clearly define the size limitations associated with tree-
piston engines, a 400 kW design was explored. The resulting engine design was
derived by scaling the engine thermodynamics from the 400 kW kinematic design
described in Section 3.0. A four-cylinder configuration was wused to provide
the same per-cy’ 1der power output as the kinematic design and to allow the use
of a single hyu, ,ulic synchronization and balance system.

5.2 Conceptual Layout - Engine

Three potential conceptual design routes were considered:
e Totally new single-cylinder design.

® Scale-up of Section 4.0 engine 37.5 kW diaphragm free piston (an
order of magniiude increase).

e Conversion of Section 3.0 engine 400 kW kinematic to FPSE (four-
cvlinder, 400 kW engine).

With the knowledge o*tained in the development of a satisfactory hydraulic out-
put system, the thiil route was selecced as the most direct, i.e., the 400 kW
kinematic engine was converted from £ Rinia-type engine to a four-cylinder dis-
placer-power-diaphr: sm device. The impact of this conversion on a number of
eng.ne dimensions is given in Table 5.2.1.

The adapted design, 'esignated as a multi-cylinder, dynamically balanced,

hydrauiically linked free-piston Stirlirg engine design is shown in Figure
5.2-1, and has the *:llowing features;

® Smooth application of power to the hydraulic output system, four
smaller sequenced power ~trokes rather than one large rower stroke.

e Balanced displacers and pistons. Moving in two parallel planes, .he
displacers and pistons cancel any induced axial forces and mome..cs,
thus eliminating the need for ot.er engine balanciag systems. A
two-cylinder unit would not provide the equivalent benefit - it would
be balanced axially, but would still havz a rocking couple.

o Self-Synchronizing. The four power diaphragms were linked rcgether
using a noncompressible working fluid in the hydraulic pumping section
of the engine. This nonmechanical, but yet essentially fixed hydraulic
linkage forces the work out of each cylinder and simplifies the control
system of the cagine, i.e., no one cylinder can "run away" or "act out
of phase'" with the others.

5.3 Counceptual Design - Hydraulic Pump

The hydraulic pumping system developed for the 40C kW engine is a modified ver_ion
of the unit designed under fection 4.0. It is scaled up in size and connected in
such a way to synchronize the engine and pump units,
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TABLE 5,2-1

COMPARISON OF 400 kW KINEMATIC AND FREE-PISTON ENGINES

Mean Pressure Bar

Max. Cylinder Temp. °C
Max. Heacer Tube Temp. °C
Output kW per cvlinder
Displecer Dia. ma
Displacer Amplitude mm
Displacer Rod Dia. mm
Piston Amplitude mm

Phase Angle

Engine Speed rpm

Heater Tube I.D, mm
Heater Tube 0.D, mm

No. of Tubes

Tube Effective Length mm
Regenerator Area cm?
Regenerator Lengtn mm
Wire Dia. mm

Porosity %X

Cooler Tube I.D. mm
Effective Length mm
No. of Tubes
Indicated Eff. X

Kinematic

(Sec. 3.0)
120

704
724
125
201.74
23.81
42.028
23,81
90°
1800
3.316
4.642
218
252.5
356.25
53.718
0.0762
65.91
3.945
119.
400
52.416

FPSE
w/Overstroke
(Sec. 5.0)

120
704
724
25
222,31
28.572
46.313
38.513
45°
1800
3.647
5.106
219
250
457.18
42.572
0.0762
60.83
3,945
119,
400
50.76
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The features of this overall pump design include:

Simplified design. Relative to the pump design generated in Section
4.4, the modified design changes the pumping volume from the outside
face of the four-pump piston to the volume between the pump piston and
the drive piston. This allows the use of one large ring valve for each
pump.

Smoother pumping of output fluid with four pump actions per engine
stroke rather than two for the single-cylinder design.

Minimum scaling. This new design requires a scale up by a factor of
four rather than ten (as would be the case with a single-cylinder 40 kW
unit).

No counterbalancing needed. As with the engine, the motion of the four
pump drive pistons eliminates any system couples and, hence, the need

for counterbalancing pistons (as would be the case with the Section 4.0
design). Each pump unit, with four pump output pistons, acts to counter-
balance loads on each piston drive pump extending pump life.

Separate but not incompatible fluids. As in the Section 4.0 pump system,
an essentially permanent work transfer fluid is used to transfer energy
from the power diaphragms to the working pumps. The {luid mayv be the
same as the actual output fluid, or, if that is not feasible, the fluid
may be optimized for the pump application. The key consideration is the
criticalicy of any leakage or contamination. As it is, all moving com-
poionts are exposed to a fluid presumed to have good lubricating, heat
transfer, and wear properties. Seal degradation with time is not as
critical as the case of the dry seals in the kinematic Stirling engine.

Elimination of gas spring. The multi-cylinder incompressible fluid/
counterbalance design of this unit eliminates the need for the piston
gas spring used in Section 4.0 FPSE's. Instead, the displacement of
one diaphragm/pump piston stroke is directly returned to an adjacent
pump piston unit. Figure 5.3-1 illustrates further the hydraulic link-
ages between the four pump vnits. The primary transfer fluid provides
balancing between piston numbers 1 and 4, as a set, and numbers 2 and 3.
To keep the two pairs of wistons synchronized, an additional link, a
secondary transfer fluid. is established between numbers 1 and 2, as a
pair, and numbers 3 and 4.

5.4 Cycle Analysis and Optimization

the design process was performed via the steps outlined in Table 5.4-1. Ma-
terials were unchanged. The given four-cylinder kinematic engine was first
considered as a single-cylinder, 125 kW unit. Analytically, the engine was
then converted to a free-piston unit of the same size. Dead volume was in-
creased to allow for the 20 percent displacer overstroke condition that car
exist in FPSE's during transient operation. Finally, the single 125 kW was
recombined to form a four-cylinder package of the desired size. The close
thermodynamic relationship and matcrial commonality with the 400 kW kinematic
engine concluded the optimization point would not shift significantlv. So, the
optimization was omitted in this case. However, gains in efficiency can srill
be expected.
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TABLE 5.4-1

4011 kW FPSE - SCALTNG PROCESS

Indicated
Engine Type No. of Cylinders Output Comment
Start Kinematic 4 500 kW 400 kW Kinematic (Section 3)
Step 1 Kinematic 1 125 kW 400 kW ¥inematic (Section 3)
Step 2 Free-Piston 1 125 kW No overstroke
Step 3 Free-Piston 1 125 kW 20 percent overstroke
Step 4 Fiee-Piston 4 500 kW Combined - Not final

optimized
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Table 5.4-2 lists the cycle results for the combined FPSE and compares the
results to the optimized engines of Section 3.0; the closest comparison exists
between the He working fluid, Inconel-625 version. Engine displacement has in-
creased approximately 50 percent due to the need for 20 percent overstroke and
volume requirements to mate with the four power diaphragms.

Estimates for auxiliary and drive power, both of which exceeded the levels of
the kinematic version, resulted in a minimal decrease in brake output and brake
efficiency. The anticipated heat input requirement indicates the combustion
and cooling systems as sized for the kinematic version would be suitable for
the free-piston engine.

5.5 Free-Piston and Kinematic Engine Comparison with Altermative Output Drives

Only a limited comparison was accomplished between the two large engines of this
study. In terms of application, i.e., use of either engine for pumping or rotary
power needs, the results are summarized in Table 5.5-1. Once again, as in Secti-n
4.0, the two engine designs are sufficiently close that the efficiency advantage
changes with application.

5.6 Summary

In this study, a conceptual design was developed that achieved an output ex-
ceeding 400 kW using a multiple-cylinder free-piston engine driving a hydraulic
pumping unit. This conceptual design, by nature rather than size, uses a unique,
simple, and compact balance and synchronization system.

Performance levels were estimated to be competitive with the kinematic version
upon which the conceptual design was basad. Since a full optimization of the
FPSE was not accomplished, the performance advantages of the kinematic engine
over the free-piston, if any, are not quantified in the higher power class.

In order to achieve the operation and efficiency of the engine unit, the pro-
posed matching hydraulic pumping system was considered necessary. The pumping
system concept described under this program offers simplicity, compatibility,
and efficiency to wate ideally with FPSE's. It is, however, a new design
requiring further design development.
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TABLE 5.4-2

STATIONARY STIRLING ENGINE STUDY PERFORMANCE SUMMARY - 400 kW

001

SECTION 3.0 3.0 3.0 3.0
Type Kinematic Kinematic Kinematic FPSE
Working Fluid HZ He He He
Temperature Heater °C 800 800 724 724
Temperature Cylinder °C 780 780 704 704
Temperature Cooler °C 57 57 57 57
Pressure bar 150 150 120 120
Speed rpm 1800 1800 1800 30 Hz
Displacement Engine cm 4915.77 5400. 66 6088.68 8872.35
No. of Cylinders 4 4 4 4
Indicated Power kW 500 500 500 500
Auxiliary Power kW 35.8 35.8 41.36 44,13
Drive Power kW 32.2 32.2 29.04 40.00
Brake Power kW 432 432 429.6 415.9
Indicated Efficiency % 58.71 54.51 52.4 50.76
Combustion Efficiency % 90.0 90.0 90.0 90.0
Brake Efficiency 45.65 42.2 40.5 38.0
Heater Head Material U-700 U-700 In-625 In-625
Cylinder Material 713-LC 713-1LC 713-LC 713-1C
Heat Input kW 946.2 1018.8 1060.6 1095
bsfc kg/kW 0,17 0.20 0.21 0.22
Torque Nm 2289 2289 2278 -
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BRAKF PUWER AND EFFICIENCY FOR ALTERNATE OUTPUT DRIVE SYSTEMS - 400 kW ENGINES

Kinematlic FPSE
Brake Brake
Application Qu*put Efficiency Qutput Efficiency
Rotary Power - Direct 429.5 kW 40.5%
Rotary Power Through 95% 395.1 kW 36.1%
Motor Efficiency
Hydraulic Power Through 92% 395.23 kw 37.26%
Pump Efficiency
415.9 kW 38%

Hydraulic Power - Direct
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6.0 OVERALL RESULTS

The results of this study are:

Task 1

- With qualifying assumptions regarding seal life, an automotive
Stirling engine can be adapted for stationary use by downrating
output to achieve a 50,000~hour life and by removing extraneous
auxiliaries.

- The downrated engine has a brake efficiency of 35.5 percent at
30.6 kW brake cutput power with H? gas and 33.8 percent at 28.8
kW brake output power with He gas.

- By changing materials and making small upper end dimensional
changes, it is possible to optimize an automotive-based engine
for the 50,000-hour stationary application. Optimized engines
achieved brake efficiencies of 38.4 percent and 36.8 percent
with H2 gas and He gas, respectively, at 31.5 kW brake output
power.

Task 2

- 400 kW kinematic engines can be designed with He working fluid
and can achieve a brake efficiency of 42.4 percent with Udimet-
700 heater tubes and 40.5 percent with Inconel-625 tubes with
50,000-hour operating life.

- For the same material and working fluid (Inconel-625 and He gas),
efficiency is increased relative to Task 1 optimized engine by
improved geometry and reduced drive system losses associated with
the variable Z-crank design.

Task 3

~ A single-cylinder 30 kW hydraulic output FPSE can be designed for
the same operating point and materials as in Task 1.2. A diaphragm
is used in place of the power piston and supporting seal. Brake
efficiency is 35.4 percent for hydraulic output, 33.6 percent for
rotary output.

-~ A "cam-driven concept” hydraulic pump, actuated by diaphragnm
motion, can provide stable pump and engine operation in a rela-
tively small package.

Task &

- A 400 kW, four-cvlinder, free-piston diaphragm engine with hvdraulic
output is feasible,

- Brake efficiency for this configuration is estimated at 38 percent
for hydraulic output and 36.2 percent [or rotary output by using

inconel-6295 material and He gas.

- A unique hvdraulically actuated synchronization and balancing
avstem can be easily incorporated into this design.
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7.0 CONCLUSIONS

The major conclusions of this study of kinematic and free-piston Stirling
engines of moderate (V30 kW) and large (V400 kW) size were found to be:

30 kW Kinematic (Task 1)

- 50,000-hour life is feasible for the contemplated automotive
Stirling engine if it is sufficiently downrated in power and
speed.

- Higher efficiencies can be achieved in such a unit if it is
properly optimized for this lifetime requirement.

400 kW Kinematic (Task 2)

- A Stirling engine of this size using an advanced, variable-
stroke output control system is potentiallyv viable and de-
serves further investigation.

30 kW FPSE (Task 3)

- An FPSE design incorporating a hvdraulic output system can
nrovide operat ing efficiencies in the same range as a kine-
matic Stirling engine.

~ A hvdraulic ou nut system design compatible with an FPSE's
power/stroke characteristic is feasible and deserves further
investigation n a single-unit version.

400 kW FPSE (Tax &)

- The conversion of a kinematic engine design into a free-
piston version, while maintaining similar size and effici-
ency levels, was achieved through use of a new hydraulic
output svstem that promises to have significant impact on
free-piston engine designs for fluid applications.

This studv characterized free-piston and kinematic Stirling engines for sta-
tionarv applications from 30 kW to 400 kW load demands. Within the quali-
fving seal lif. assumptions, the proposed designs were found meckanically
acceptable for the 50,000-hour life criteria and offer attractive effi-
ciency levels from 34 to 45 percent. Further efficiency gains would be
expected with extended design detailing and optimization studies bevond

the scope of this studv.
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APPENDIX A

A.1 First Order Computer Code Description

The First Order Code was developed to provide:

Basic understanding of engine operation

Accurate predictions at reasonable cost

Its system of differential equations describing the engine can be solved to
first order by assuming harmonic motion. The assumption of periodic solutions,
coupled with an in-depth description of the thernodynamic cycle, has delivered
satisfactory results.

A basic description of the code's calculations and assumptions includes:

Basic Engine Layout (see Figure A-1). Note .nat Pistons E and C
operate harmonically and that an external heat systcm to provide
energy is not included in the code. The code also operates on
alternative configuration Stirling engines.

Continuity Equation

- Basic Cvcle Pressure Wave

- Flow Distribution in Heat Exchangers
- Assume:*

Harmonic displacement
Adiabatic expansion/compression spaces
Isothermal heat exchangers with linear variationms

Momentum Equation
- Pressure Drop in Heat Exchangers
- Assume:

Harmonic flow

Steady flow friction factors
Periodic effects on friction
Inertial and convective momentum

Energy Equation

- Temperature Amplitude and Phase in Expansion/Compression Spaces
- Mean Temperature Distribution in Heat Exchangers

- Heat Transfer In/Out of Working Fluid

- Assume:

Steady mean tlow in each flow direction
Steady flow convection neat transfer correlations

Figure A-2 displays the temperature-to-position relationship for a typical
Stirling engine design as generated by the code. Figure A-3 provides a
tvpical heat conduction network.
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Parasitic losses evaluated by the code include:

® Seal leakage - coupled with thermodynamics

e Thermal hvsteresis - first order

e (hermal shuttle loss - tirst order

e Conduction loss - coupled with boundary network
The code can operate oan two-piston (alpha), relative-displacer (beta), and
absolute-displacer (gamma) Stirling engines. The input requirements include

a geometric description of the engines and its thermodynamic and dynamic
operating levels. The output of the code includes:

o Input review
e ttficiency
e Component state and performance

e Pressure wave amplitudes and phase angles

In addition, the code also provides for optimization of key engine geometry
dimensions, namelyv, the heater and coolcr tube wall inner diameter {cm) and
length/diameter ratio and regenerator frontal area, length, and porosity.

Heater tube life, required for tlie study, was not part of the First Order
Code. To generate this information, material properties as defined by the
Larson-Miller parameters were used to predict long-term creep rupture. This
allowed optimizairion based on tube life as a function of geometry and oper-
ating point comparison with the performance effects of the tube's wall thick-
ness and internal volume.

Since maximum pressure and thermal stresses occur at the inner surface of the
heater tube, only the combined stress at this point was used to establish the
criteria. Thick wall theory was applied for pressure and thermal stresses in
terms of 0.D./1.D. ratio as follows:

For hoop stress:

o e p K

L4 k2 -1
where:

_ 0.D.

K=10D.

p = maximum pressure
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For thermal stress:

. SN
2., Ix

g = ATaE
E 2(1-v)

where:
v = Poisson’'s ratio (assumed 0.3).
AT = Temperature gradient across tupe wall,

E = Modulus of elasticity at the corresponding
temperature.

a = Coefficient of thermal expansion at the corres-
ponding temperature

Combine these two siresses. The procedure for this portion of the optimiza-
tion is shown in Figure A-4.

Another modification to the code was an option to provide multiple rows of
heater tubes rather than only a single row. The assumed gap between the

tubes was one aquarter of the diameter of the tubes in each row.

A.l.1 Validation

The main portions of the code were validated against actual data from the engines
giver in Tat'e A-I. Table A-I7 lists the engine efficiency and indicated power
at differenr speeds for a kinematic engine illustrating the similarity between
actual and modsled data. Similar comparisons were completed for the other engine
configurations.

A.l1.2 Conclusions

Review of the information available resulted in the following conclusions:

e Good agreement with USS analytic prediction for Reference Engine
(Basis for Stationary Stirling Study).

® Good agreement with Sunpower prediction for GASCON I Free-Piston
Eng.ine.

® Reasonable correlation with available data for USS P-40 and NASA
GPU-3.
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TABLE A-I
ENGINES USED FOR VALIDATION

USS Reference Engine

~ Comparison of Indicated Performance with
United Stirling Prediction

GASCON I

~ Comparison of Indicated and Component

Performance with Sunpower Prediction
United Stirling P-40 (Engine #7)

-~ Comparison of Indicated Performance with

Acceptance Test Data
NASA GPU-3

~ Comparison of Indicated Performuance with

NASA Initial Test Data
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Indicated Power (kW)
Model (prediction)

Actual

% Change

Efficiency
Model (prediction)
Actual

A Percent

15 mPa pressure

TABLE A-II
ACTUAL AND MODELED DATA

1k

16
14

14

33.8
27.8

6.0

2k

31.6

31.6

39.8
38.2

1.6

Speed-rpm
3k

44.2

44.2

41.1
38.7

2.4

800°C Heater Temperature

Vi

4k

50.5
48.3

42

37

35
2.0



