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~ Abstract

Thiz thesis describes means and analyses far application {o the greliminary design and
optimisation of Stirling cycle engines. To this end, snalyticet models for engine thermodynam ics,
hest exchangsr performance, engine tynamics ang various parasitic Josses are developed The
engine thermodynamics are besed upon & lineerised version of the ideal adiabatic oycle. An
iter-ative method is used to soive the thermodynamic equalions which, for similar sccurecy, is
shown th be nesrly two orders of magnilude faster than the typically used time stepping routines
{ explicit methods). Perssitic losses ere subtrected from the ideal pecformence in order io
ohtsin & more realistic messure of & real engine's perfor mance { referrad to s the second order
method). By this method the degradstion of the ideal performance due to the various losses is
clesrly identified snd offers insight a3 i how ihe aciuel performance might be improved
Comparison with experimental deta teken from three feirly weli documented engines shows good

agreement. -

A simotifiad analysis of the hest exchangers is aiso included. This anslysis simulianeously
evalustes the irreversibilities due tp viscous effects and tempersiure gradients thus allowing
for simple Dpttmisation for minimum temperature gradients end fiow 10SSes. A regeneraior
effectivaness-NTU modei is developed in closed-forem which is shown to give simiiar results o a

previous method which required numerical integretion.

Since {ree-piston configurations ars considered to offer substaniial sdvsnteges to ihe practical
implementation of the Stirling cycle, en pratysis of these mechines is also presented. Previous
snalytical work is extended by more accurstely accounting for pressure drop effects snd by
including the cesing mess in the dynamic equations. Approx imate closed-form solutions for the
demping on the moving parts ane inctuded.

In the fina? chaptar., the anatytice) methods end modeis are brought logether in order to puttine
an approach to preliminery gesipn. The selection of source temperaturs, charge pressure and
working ges is puttined ond the veiue of scaling in the preliminary isyout is discussed
Optimisation end sensitivity siudies are then used to refine the design. Simuistion is used to
abisin thermodynamic and ges dynamic details not addressed by the second order: epprosch and is

also useful in the final stages of desipn refinement.
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List of Symbols

wherever possible, the symbols for physical quantities are those in
common use. Stirting engtne .nmmaz covers 2 wide _,.mam_m of engineering
disciplines, and In some cases the common symbol for a quantity could not
be used since it had already been used efsewhere. For example velocity is
generally denoted by ¥ but this symbo! also denctes specific volume. Thus
in this case velocity has been denoted by & and in vector form by U. Other
examples will be noted in the nomencilature list.

Subscripts are mainly used to differentiate between components to which a

particular variable has been prescribed. Thus 5 refers to heater volume

and :.n refers to coociler volume. where a subscripted variable is used

uniquely it is tisted fn the main list, eq, a,.

Roman
a dimension [m); grouping of terms (Equation (3.28) and (5.55)); tube

radius; gap between fins
a solid particie surface area per unit bed volume fm™'}

a, Fourfer coefficient
amplitude defined by Figures €.5 and C.6

a, total particle surface area per unit total particle volume
A area, free-flow area [m2}; cylinder area (unsubscripted); constant

A canister free-flow area [m?]
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free flow area per flow passage [m?]; amplitude defined by Figure
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wetted area im?)
dimension m); height of fin
Fouriar coefficient
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grouping of terms (Equation {5.71)); clearance seal gap {m]
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clearance between piston and displacer at mean positions [mn]
clearance between displacer and cylinder head at displacer mean

position im}
value of Reynoids number at transition

constant
1aminar Tiow friction coefficient

laminar flow head 0SS coefficient
bulk specific heat capacity at constant pressure [J/kgK]
derivative with respect to an independent varfable

diameter [m}
clearance seal half-gap [m}
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hydrautic diameter (Equation (4.36)) [m]
wire diameter

diameter of gas spring puck

deri{vative with respect to time (d/d?)
damping coefficient [Ns/m]; cylinder diameter; casing diameter

defined by Equation (4.73)
gas spring damping coefficient

eccentricity of clearance seal
Fanning friction factor

steady flow friction factor
Reynolds friction factor (/4 = /Re)

frequency (Hz]
force [N]

sliding fricttonat force [N)
rate of entropy ganeration per unit volume [W/Km?>)

rate of entropy generation {w/K]
mass flux density [kg/s m?] (Equation (4.73))

heat transfer coefficient [wW/m?K]

bulk heat transfer coeffictent [w/m?K]

nysteresis heat transfer coefficient [W/mK]
distance from gas spring wall to gas spring centre line [m];

appendix gap [m]
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im

T, X

s
L gas

shlim

imep

LHP

appendix gap at which shuttle loss reaches a constant limiting

value

enthalpy [W/K}

internal energy per unit length [J/m]
enthalpy transported along clearance seal [W]

shuttle heat transfer [J]
gas enthalpy transport in appendix gap ]
limiting value of shuttle loss

indicated mean effective pressure {Pa]
v=1

Colburn factor (Equations (4.78) and (479))
thermal conductivity [w/mK]

thermal conductivity of wall

thermal conductivity of displacer wall

therma) conductivity of regenerator wail

spring rate [N/m]
length [m)
length of zero feakage seal im]

left half plane
mass {kg]

effective mass (kgl

component mass {kgl
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mass of gas in appendix volume

seal leakage (kg/s}

number of paraliel paths

unit normat vector

pressure [Pal

gas spring pressure

power (W]

specific heat transferred [J/kgl

heat fiux [w/m?]
vector of heat flux components [W/m?]

‘heat transfer [J]; stored energy/energy dissipated per cycle

appendix loss [w]
conduction heat transfer (Wi

regenerator unidirectional heat transfer [J]

stroke ratio; grouping of terms (Equation {4.25) or Table 4.4

volume ratio (Equation {220
gas constant [J/kgk]

real value

pressure ratic (Equation (6.82))

temperature ratio (Equation (6.82))

stroke to length ratio (Equation (6.82))
_,az half plane

specific entropy [J/kgKl; sinusoidal guantity
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as o

o

Laplace variable [s™']
entropy [J/K]; grouping of terms (Equations (3.28) and {5.50))

time [s); walt thickness [m)
temperature K]

conditiona) temperature
grouping of dynamic terms (Equations (5.9) and (5.13d))

gas temperature
lower fixed temperature in appendix gap

spatial mean gas temperature in appendix gap

local mean surface temperature; external wall temperature

wall temperature
specific internal energy [J/kg; instantaneous velocity im/s]
internal energy 1]; velocity [m/s]

..a_.on:q vector [m/s]

piston vetocity [m/s]

specific volume [m/kg]

volume [m°]
phasor

" appendix volume

bounce volume

gas spring mean volume

reduced dead volume (Equation (3.54))

grouping of terms (Equation (4 12) or Table 4.4) {m3]
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¥ 4=
E
L=

volume towards hot end of double acting gas spring ( in spring)
volume towards cold end of double acting gas spring (ouwt spring)

mean volume

grouping of volume terms (Equation (3.68))
grouping of volume terms (Equation (4 11))

swept volume Im®)
swept volume of piston

mass flow rate [kg/s!
mass flow at entrance to appendix gap

specific work [J/kgl; inverse of thermal wavelength in solid [m™1]

work [J]
work lost against seal friction

work lost against constant frictional force

working gas hysteresis 1085 {w]

gas spring hysteresis 105S
work delivered to displacer step (at seal)

wark given by Schmidt analysis (s3.4) [J]

length, displacement [m]
fength, coordinate [m]

coordinate [m)
wetted perimeter per flow passage fm)
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R
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phase angle between expansion and compression space volume
variations: thermal diffusivity Im?/s)

therma? diffusivity at mean wall temperature and mean pressure
therma) diffusivity of watl material

therma?l diffusivity at hot wall temperature and mean pressure

thermal diffusivity at mean wall temperature
pressure nn.ﬁ_ ing between piston motion and displacer force

{N/m]

thermal coupling between displacer motion and piston force {N/m]
iagging phase angle of compression space volume to piston motion
angle, pressure phase angle; inverse of thermal wavelength [m™'];
angle defined by Figure C.5 {pressure phase angle for adiabatic
analysis)

phase angie between pressure and piston motions

phase angie between regenerator heat transfer and compression

space volume
ratio of specific heat capacities
collection of terms (§3.7); radial of fset between cylinder and

piston [m]
pressure fraction (| p| /<>
temperature fraction ( AT/TY

differential quantity
regenerator effectiveness (Equation (2.8} and Equation {4.14))
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=
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$ o3¢

dimensioniess work (Equation {2.6)); angle defined by Figure C.2
indtcated or thermat efficiency

head 10ss coefficient (Equation (457))

crank angle or angte

angle obtained from Figure C.4

temperature difference [K]

phase angle defined by Equation (4.25)
phase angie between regenerator temperatures on either sige of

regenerator
swept volume ratio (Equation {3.530))

thermal wavetength [mi
dynamic viscosity [Pa sk ring friction coefficient

kinematic viscosity Im?/s)

angle defined by Figure C3

I.14199, ..
density ?a\auw dead volume ratio (Equation {3.53c))

stress tensor [Pa)

hoop stress [Pal

temperature ratio (Equation (2.3) and Equation(C.15) for the
adiabatic analysts)

volume ratio (Equation (C.24)}

gr/dzx
phase angle between displacer and piston motions

phase angle defined by Equation {6.83)
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lost work dissipated against viscous friction [W)
viscous digsipation in clearance seal [W] |

angle defined by Figure C.5
porosity (void volume/total volume)

anguiar frequency [s™"]; component resonance [s™']

subscripts

exC

ext

=-

h
hp

actual value

average vatue

bulk averaged value

compression space

compression space clearance volume
expansion space clearance voIlume

displacer
displacer to casing
displacer to piston
expansion space
heat exchanger

external
evaluated at film temperature

gas

gas spring

heater

head 1088

hatf peak vaiue

ideal value; inlet conditions
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k cooter

kr cooler-regenerator interface

loc local
L laminar

max maximum or peak value

n per flow passage

0 outlet conditions; oscillatory conditions; reference conditions
P peak value

P piston

r regenerator

R rod

rh regenerator-heater interface

5 steady flow conditions

sw swept volume

t total, transition value

v volumetric mean

w wall or wetted, mass flow

wg wall to gas interface

wh heater wail

wk cooler wall

Non-dimenstional SrOUDs

N number of transfer units (Equation (4300
Nu Nusselt number (Equatton (42))

Pe Peciet number (Pe m Re-Pr)

Pr Prandt] number

Re Reynolds number
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