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ABSTRACT

A complete re-write oENAP, Stirling Numerical Analysis Programas been undertaken to
expand it's capabilities, improve accuracy, speed up optimizations, provide an improved
interface and expanded and improved graphical outputs.

Major additions include the following: Free-piston dynamics have been integrated into the
program so this additional class of engine can be simulated. Clearance and lip seal losses
have been included so that this important loss can be factored into new designs at an early
stage. Forced work to the crankcase is include#®lil@matic engines. The ability to use both
metric and English units has been added for those not yet comfortable with the metric system.

The graphing outputs have been expanded. For free-piston engines any parameter can be
varied with power, efficiency, phase, piston stroke and the geometric constraint displayed
across that parameter's range. oematic engines three curves for one parameter as a
function of a second parameter can be run with power and efficiency displayed as a set of
curves. Particle trajectories, PV diagrams and losses and heat inputs are also displayed
graphically.

The genetic algorithm has been streamlined, it can optimize up to 20 parameters at one time
then display the best 50 results, any of which can be put into SNAP for graphing and further
evaluation. This version runs ten times faster than its predecessor and will handle free-piston
as well akinematic engines.

SNAP is written in Excel and can be run on Windolwegdows or Mac systems. User
modification of the code is still easy, but is hidden for normal use to allow a clearer, cleaner
user interface. A variety of dasalysis, graphing and other tools in Excel are also available.

INTRODUCTION

SNAP was written in 1999/2000 to provide an economical user modifiable Stirling engine
design program. Constant incremental improvements over the last four years have resulted in
the basis for a total rewrite of SNAP. Every equation was re-evaluated and compared to more
recently published works. The interface is totally new to provide feedback for every change
on the same screen. Graphic display of results has been expanded and improved to make
engine performance easier to absorb at a glance as well as identify design areas that might
benefit from modification.
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SNAP PEDIGREE

To those unfamiliar with the last versions (1,2,3), SNAP is based on the work of the late Dr.
Martini (4,5). The free-piston portions and clearance seal equations are based on Dr.
Berchowitz's linear analysis (6,7). Forced work to the crankcase is baBedsenft's work

(8,9). Heat transfer is based on varicogrelations including the analysis of regenerators by
Dr.Thomas (10,11). Lip equations contributed by Rob McConaghy (private correspondence).
Particle trajectories based on Dr. Organ @neli (12,13)Genetic algorithm based on
description from an expiradebpage (14). SNAP has been validated against the RE-1000
(15), AndyRoss's engines (16) as well as used to design a series of engines in current
development including prediction and validation of results through an ongoing component by
component modification program (unpublished proprietary data).

INTERFACE LOGIC

SNAP uses a series of Dropdown lists to set up basic design decisions and operating
conditions. Numerical data is entered in color coded boxes whose descriptions and units are
only visible if needed for the current configuration to reduce confusion (Fig. 1, 2). Note that
to the right of each input block is a similar block showing the major and minor output values
that would be affected by these inputs Output power and efficiency are also visible from each

page.

Graphical outputs have been expanded to include improved graphs that allow engine
sensitivity to be graphed as a function of any single parameter for free-piston engines (Fig 3).
Power, efficiency, frequency, oscillation criterion, phase lag and statikeare then

displayed over the parameters range. The graphs are modifiaddoratic engines to

generate a series of curves for any 2 parameters (Fig.4). Power and efficiency are displayed
for 3 values of one parameter over a range of values specified for the second parameter. Both
graphs allow a choice of the most likely to use graphing parameters in a dropdown box or the
specification of any input in the program. Additionally loss/heat input and PV diagrams are
displayed (Fig 5,6) Particle trajectories have also been added in order to assess exchanger and
regenerator performance from the standpoint of excess dead volumes (Fig 7). All screen
shots are from the beta version and the final program may be modified slightly.

SNAP OPTIMIZATION

The optimization in SNAP is based on a custom written genetic algorithm contained within
the program (Fig 8). The genetic algorithm can vary up to 20 parameters within specified
ranges. The only user inputs is the cell row number of the parameter and its range limits,
check boxes are used to specify integer only values if desired. The description is
automatically inserted and acts as a check to catch erroneous inputs. Execution has been
improved by a factor of 10 from the previous version as a result of better coding and program
control. The number of cycles run is user specified. There is a built-in selection of hard
constraints and target functions as well as the option to specify custom ones for either or
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both. Any of the best 50 outputs can be placed in SNAP and graphs generated if desired.
Execution time on my 228lhz G3 for a free-piston engine with 10 variables is about 6
minutes for 1000 iterations, enough to attain optimized solutkomsmatic cases are
somewhat more rapidNewer and faster computers will run several thousand iterations in
under a minute making it practical to attempt optimization at an early stage in the design
process.

ADDITIONAL DETAILS OF INTEREST

Further improvements include improved stability in the iterative loops including the option to
recover from accidental crashes (such as inputting a zero in an unfortunate location) without
any loss of data or unsaved setups. Internal error checking for non-convergent cases,
undersized heat exchangers and free-piston engines that do not oscillate are built-in. These
cases output sufficient data to allow determination of the engine design elements needing
modification.

Metric and English units are supported in this version giving another option to those not
comfortable using the metric system. .

SNAP runs under Excel 98 or newer on Mac and PC platforms, it should also run under
Lindows with Excel. All of Excel's built-in functionality is available allowing further data
analysis, sensitivity studies and graphing capabilities. The ability to modify SNAP to meet
differing user requirements is included though hidden to present a cleaner and clearer
interface until needed.

CONCLUSIONS

A new expanded and improved version of SNAP has been written. SNAP is based on the best
available equation arzbrrelations published to date. It offers an easier to use interface,
improved graphical outputs and a much faster optimization algorithm. Validation using
published engine results and directly from design and component level improvements in an
ongoing engine program has been done.
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2
i Hotes and work area Gas temperature CLOSED LOOP :
3
& ITERATION IS OKAY OKAY
T 1 1
& BASIC POWER DUTPUT 146560 W
Ll 1.0 Which measurement system? | METRIC s Fluid flow losses 126.16 W
10 = Indicated power 1339.44 W
1 Seal losses 0.88 W
12 Forced work 0.00 W
1z Friction losses 7328 W
14 BRAKE POWER 1265.28 W at Tgas
15 2.0 Dperating Conditions HELIUM S
16 Indicated efficiency 46 57%
17 Working Fluid in engine BRAKE EFFICIENCY 44 00%
12
19 ¥Working mean pressure in engine- gauge 7 MP# abs Basic heat input ZZ287.44 v
20 Reheat loss 396.10 W
21 Hot end metal temperature 923 Kelvin Shuttle heat conduction 12.56 W
22 Cold end water cooling temperature 325 kelvin Static heat conduction 87.69 W
23 Cooling water flow rate 4 Liter/min Pumping loss 10913 W
24 Temperature swing losses 35.60 W
25 Heater fregen windage credit 52.63 W
26 Het heat input 2875.89 W
27 Cooler reject heat 161062 W
pri} 3.0 Engine configuration “BETA S
23 Heater delta T 4.90 Kelvin
20 N/A 60 Coeler delta T 1.96 Kelvin
E4l LFLY N 1800 Coeling water delta T 5.79 Kelvin
32
33 ID of displacer bore 9.8 cm Pmax 8.40 MPhabs
4 Stroke of displacer 1.145 cm Pmin 5.83 MPhabs
35 | ID of power piston bore by 5.718 cm Pressure ratio 1.44 absolute
36 N/A 1.145
37 Displacer rod diameter N 1.667 cm Dead Space Ratio 5 3.43
35
33

B
Fig.1 Input and matching output blocks for a free-piston engine, note N/A for parameters

calculated by for free-piston engines
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40
41 FREE-PISTON DYNAMICS
42 | 4.0 FREE-PISTON DYNAMICS ‘

_az | Frequency of oscillation 37.18 Hz
44 Displacer mass 0.426 KG Does the engine oscillate Dacillates 1
45 Geometric constraint 0.74 -
46 Displacer springing GAS SPRING OMLY : Power piston phase lag 72.04 deqrees
47 Power piston stroke 209 cm
45
49 Displacer spring K 0 Nim Total exchanger pressure drop 0.04
S0 Displacer gas spring volume 30 cm™3
51
52 | Power piston mass by 5.97 KG Undamped displacer freq 45.75 Hz
53 | Power piston spring K {can be 0} 0 Mim 1 of displacer 0.14 -
54 | Load damping constant D 400 N sec/m Undamped power piston freq 35.41 Hz
55 Q of power piston 0.53 -
=)
=1
52
59 5.0 Hot end & conduction path
&0 STATIC CONDUCTION LOSSES
&1 Displacer dome
62 Displacer /hot cap gas cond. 2.64 W
&3 Displacer length 12.7 cm Displacer /hot cap gap 0.0% '
&4 Displacer wall thickness 0.0762 cm Displacer /hot cap wall 12.04 W
(=5 * of radiation shields 2 shields Cylinder wall 12.48 '/
=3 Regenerator wall 31.63 W
&7 | Cylinder wall Regen. matrix free flow 214w
68 Regenerator matrix 22.84 W
69 Cylinder wall thickness D.0762 cm Radiation in displacerfhot cap 3.87
o APPENDIX GAP N 0.0254 cm
1 TOTAL CONDUCTION LO5S 87.69 W
Tz Regenerator ¥all
7z BRAKE POWER/EFFICIENCY 1265.28 44.00%
T4 Regenerator ¥all thickness 0.078 cm
75 < Shuttle loss 1256 W
76 HOT to COLD conduction path length Pumping loss 10913 w
77 HOTEBICENGTHI [ Temperature swing loss 35.60 W
i) N7& 3
7a N/A 5
20

T

Fig. 2 Additional screen shot illustrating input and output block configuration, note power
and eff|C|ency are repeated in each screen so that they can be monltored durlng optlmlzatlon
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2
3
4
5 | GRAPH TYPE [ FPSE POWER/FREQUENCY / PHASE/STROKE V3. LOAD DAMPING 2] custom
]
7
a8 H-AKIS ¥YALUES MIN 200 LOAD DAMPING 37
el MAX 500 LOAD DAMPING
10
1 500 [ UPDATE GRAPHS 34
1z 700
13 200
14
13 OSCILLATION<1 FREQUENCY &
16 POWER STROKE EFFICIENCY THET A
17
12 200000 1 - 450 50.00 T 20.00
13

45.00

20

= 1eon.on .00 (""'-'-—_'_—__ 200
] 4000

55| 150000 T I \

23 =+ 76.00

25.00

za]| 0 \ T* FOWER \

231 20000 20.00 FREQUENCY

26 \ Taso |—* \ e %

27 25.00

1000 00 ; \ u
28 1 —— STROKE 4
\ 200 000 72.00 THETA

29 200,00 — ——DSCILLATION<1
=0 T150
H 600,00 15.00

32 T 1.00
400,00 10.00
33

= 200,00 =+ 0.50 5.00
=5
36 0a0 — 0.00 0.00 66.00
57 200 230 260 290 E20 350 FA0 410 440 470 500 200 230 260 290 320 350 330 410 440 470 500

B
£ LOAD DAMPING LOAD D AMPING
40

<
Fig. 3 Main graphs, this example for a free-piston engine graphing performance with a
varying value of load damping. There are 3 built-in combinations for free-piston and
kinematic engines plus the ability to input custom graphing by just specifying the cell
numbers of the desired parameters
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Fig. 5 Graphical depiction of losses (heat input breakdown also available)
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. 6 PV diagrams referenced to mean pressure plus volumes and pressure vs. crank
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Flg 7 Particle trajectories map as a function of mass on the x - axis. Note some gas doesn't
leave the regenerator during the cycle, perhaps it could be decreased in volume
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1 |Stirling Numerical Analysis Program Pro Yersion © 2001-2003 Alan Altman All Rights Reserved

z |Genetic Algorithme@2002-2003 Alan Altman All Rights Reserved

2

4

5 [ RUN GENETIC ALGORITHMM l CONTINUE ‘

&

7 Al

3 Z00 ITERATIONS S 200 ORIGINAL S

3 2 DRIGINAL ORGANISM POPULATION - MEMBER NUMBER

10 |Cell Description INT_ Minimum Cell ident 1 Maximum 1 0 1 2 3 4 H
11 Working mean pressure in e 4 19 g* T 795251142 795351143 77551142 739205976 7.5927204¢
12 Displacer rod diameter 1 37 2.5|% 1667 1.11987788 1.11987788 1.11987788 1.19487788 1.2449133
13 Displacer length 10 63 15|* 127 12835426 12835426 104134151 106946412 13.08542¢
14 | Owerall length of tubes 10[ 131 28| * 15.4 12.7049493 127049499 110899017 19.5110082 11.002757
13 Number of tubes 24 1335 43 |* 40 335 36 36 23 26
1& Langth of regenerator 2.54 152 7* 669 254 266183228 439490067 29433415 25
17 Depth of annulus 0.1 193 1]* 097 041421273 038921275 026921270 043921273 0.5018627
12 Overall length of annulus 5 177 12|# 792 542642206 742469134 SETIEISSS 6.72469134 T.074E913:
19 | Depth of slots 025] 179 0.5]* 0.376 025683416 025683416 0.256834H6 025 0.z
20 Width of milled channel 0.03 188 0.06|* 0.0508 004545380 0.04695308 0.04613954 0.04025371  0.0576305¢
21 1] #

22 1] #

22 1] #

24 o ®

25 1] #

% 0 "

27 1] #

28 1] #

29 1] #

20 1] #

21

z2 | HARD CONSTRAINT CUSTOM h 1 Yalidity 1 1 1 1 i :
53 Brake power | 541.6985766] 919.053986] 568.649714 | 866.326112] 949.044394 | 847 75826¢
4 Brake effic. | 0.393986252] 038525691 | 0.37715008 | 0.39759509 [ 0.40059166 | 0.3866462:
25 | TARGET FUNCTION m CUSTOM 1 1 Target opt Tl GUGG766 910.055056 50640714 DE6.326112 540044394 547 750280
6 Fitness 0.559409z202 1 094515635 09426251 092352429 0.9224245¢
z7

kS

39 Roulette total 432763729

40

41
el

Fig. 8 Genetic algorithm shéet, only cell numbers and minimum/maximum limits need be
input to start optimizing an engine. The hard constraint and target function can be selected
from a list or alternately custom functions can be input.



