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\
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1979 Ceperley

30 %

50 W

(50)

3 1998

1999 Backhaus

(55)(56)

100 kg

700

- 15 -

(57

(59

1000

(52)

(54)

(58)

250 300



Generator

Expansion piston
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x| Cooler
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1929 A. F. Toffe
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CuNi
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200 Bi,Te; 300 600 Pb-Te 400 1000
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Si Ge Sn

Bi-Te
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Bi-Te

(69)
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2.1

2.1.1

22

PV

23

(7

90
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2.1

PV

1969



Helium

. . Heater
Displacer piston

I~~~
Regenerator
Expansion piston

Cooler

2.1 v
A
' Isothermal
Heating expansion
at constant
volume
g
=
2 .
E Cooling
at constant
volume
Isothermal
compression
Volume

22
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Cooler Regenerator Heater Helium

Displacer piston

23

2.4

1/4 24
0 m/s
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Expansion piston

B-C



Generator Expansion piston

Cooler

Regenerator
Heater Open end
Resonant tube

Helium

Position X 0
A
A
Pressure
< 0 .
Position x  C i B A Fluctuation
Ap
2.4
2.5
2005
(72)
1
1 2
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Orifice

Pulse tube
2.5
1 10
2 30 3 90
2
(73)
2.1.2
2.1.1
2 2
2 2
373 K 288 K
(74)
(75)
2.1
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2.1

Function of displacer

Single phase

Phase change

Solid

Stirling engine

Two-phase Stirling engine

Liquid column

Water Stirling engine

Wave resonance

Thermoacoustic engine

Thermoacoustic engine with
gas-liquid phase change

Delay of heat transfer

Pulse tube engine

2.13

(b)
2.6 (a)

26@ b (o

2.7 (a)
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(80)

2.6 (b)

2.6 (c) 2.6 (b)

2.8
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Steam

accumulator

Top dead center

Solid piston

Steam

Heating section

Cooling

section

Liquid piston (Water)

Flywheel
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Solid

piston

Steam

Heating

section

Cooling

section

Water
Flywheel

(b)
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Flywheel

Steam

Heating

section

Cooling

section

Water

(©

2.6
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Loop tube




Heating process

Steam accumulator

Top dead center

Heating section
Liquid piston

(Water) Cooling section

Compression process Expansion process

Cooling process

(@)
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Heating process

Cooling section

Water
Heating section

Compression process Expansion process

Cooling process

(b)

2.7
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as-liquid interface

Cooling section

Heating section

2.8

2.2

@D First

order
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2.2.1

29

(82)

2xa

-37 -

2.1)

@2.1)



3 Hz 1 MPa
0.5 mm 0.5 MPa 0.75 mm d5 mm
2.10
(22) (2.3)
V, (t) =V, {1 + sin(et) | (2.2)
my(t

POV(D) = T RT 23)

V Vpi t w

m, M R P
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Temperature [ ]

100 190
Steam accumulator
Top dead center _
Heating section Design
10 mm
Cooling section
Design
2.9
3.0
2.5
g
g
= 2.0
)
ERIN
5
= 1.5
g
15
2 \
210
<
T N~
0.5 —
0.0
0 0.5 1 1.5 2

Pressure [MPa]

2.10
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222

2.11 Vis =05cc 08 cc 1.2cc
1.16
(83)
0.8 cc
®5 mm
4.0 MPa
1.0 MPa 190
2.13
®5 mm (0]
2
(84)
(85) (86)
d5 mm
MPa 100 1
(2.4)
W = f Px Adx
W P A, X
PHL-A-10MP-B
AS1302
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2.1

1.0
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AA2000XG

SC10000W

2.5 +10Pa +0.04 mm

90

dSPACE

JULABO

1.2
203 4
1.0 [ . .
I Heating section volume
[
[ —— Vi=12cc
?0‘8 (I \ ---- Vi, =0.8cc
& (I — Vis=0.5cc
= [ !
o 0.6 Vo
3 L
g (T
0.4 Vo
Vo
N
0.2 N, \‘~\\\
1 5
0.0
0 2 4 6

Volume [cc]

2.11
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Indicated work

“““ Expander losses

w

Energy [W]
o

_—

2.12

0.2 0.4

0.6 0.8 1 1.2 1.4

Heating section volume [cc]

2.2

Heating section

Material

Copper

Size

Inner diameter ¢@ 4.4 mm

Length 40 mm

Heat source

Electric heater

Heating 190 (max)
temperature Measured by K type thermocouples
Material Glass
i Inner diameter ¢@ 4.4 mm
ize
Cooling section Length 200 mm
Cooling 90
temperature
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(Electric heater) \

Cylinder
X+ Piston

Bottom "
dead M

point

Load Q .j:i

Kinetic energy is

Insulation
Experimental heat source

\

Al

/

Heating section

Cooling section

Pressure sensor

consumed

by mechanical L -

friction

Position sensor
2.13
2.3
2.3.1
2.14
2.15 1
0 ms

ms

- 43 -

2.13

33 ms

Therr_l{ocouples

167



232

2.16

P-v

Heating section:
Copper block wrapped with

insulating material and electric heater k

Piston

Flywheel

ad

[ | |
Scotch yoke drive !

0 Position sensor

2.14

(87)

1

-44 -

ye

Pressure sensor

cc 5 cc

P-v



Gas-liquid ]
interface - |
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90

22 W

Pressure [MPa]
o o o - - —
s o o0 o to N

e
o

0.14 MPa

P-V

1.9 Hz 273 W

0.82 % 190 90

20.1 % P-v

—— Experimental result

---- Numerical calculation |

—————

Volume [cc]

2.16 P-V
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(88)

3.1

Kutateladze®” Zuber®?
Kutateladze®"

Han & Shikazono ©?
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3.1

(93)(94)(95)

3.2 (a)

Kutateladze

Direction in wh

water moves

]

(96)
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3.1

Liquid Film

32 (b)

Kutateladze®”

o7

Han & Shikazono®

3.1)



2.3 0.67
Q, =3.12x107"" x £ P x[ g J x Pri7x (T, -T,f xS G.1)
Uthgva g(p pv)

L

Q A P g p he
1% g Pr T
1 \% w S
Zuber™  (3.2) Kutateladze™ (3.3)
(98)(99)(100)
0.25
/31k12
Q 0.75 EAE L S _
cr_SUB =1+53x (’Dl] X o (Cpl (TS Tl)} (3.2)
Qer SAT Py c My
g(pl - pv)
o (p —p ) 0.25
ch_SAT=0.16thgxpvx{%} (3.3)
C:pl kl chﬁSUB chﬁSAT
Han &
Shikazono® (3.4) 5o (3.5)
Qr (3.1) 3.3)

% 0.698-Ca™® - B0, iur o
D - - (3.4)
D acceleration 1+4.838- Ca2/3 -Bo 0414

acceleration

Qr =5x8x(T, -T,) (35)
0

Ca Bo D S
Ca (3.6)
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Steam accumulator

Top dead center

Nucleate
boiling

Heating surface
Heat transfer to the
liquid piston from

the heating surface Liquid piston

(a) Only liquid piston exists in the heating section (no liquid film)

Steam accumulator

Frimem i = e : TOp dead center

B R . |

Liquid film
evapor ation
Heat transfer to th
liquid film from th
heating surface

Heating surface

Q Liquid film
'''' Nucleate _
boiling !
I
Heat transfer to th — Liquid piston

liquid piston fro
the heating surfac

(b) The liquid film and liquid piston exist in the heating section

3.2
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(3.7)

_ alp(p_liq - p_gas)D2
o

Bo

a, P g
(3.8)

_ Qp + Qf
My,

b

3.1.2

Qc = hc ><Sc ><(Twic _Ts)

a (3.10)

P _gas

-51 -

My b

(3.9)

(3.6)

Bo

(3.7)

(3.8)

3.9)



A

(3.11)

190

3 Hz

270

5000 W/m*K
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Han & Shikazono®>

70 um

(3.4)

(3.10)

(3.11)



mg
PV =L R(T, +273.15)
\ m,

(3.13)

wzﬁpx%dx

(3.14)

Mopv =

©O|=

Npv Q.
33 (101)
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(3.12)

(3.12)

(3.13)

(3.14)

1000



' Start }
N=N+1

Y
>
A

A

Give liquid piston
displacement as sine wave

Is boundary between the
liquid piston and steam
in the heating section?

- No
Is there the liquid film?

Yes

Is there the liquid film? Calculate amount of
exchanged heat between
Yes Calculate amount of liquid film and heating
exchanged heat between surface
liquid piston and heating —
surface
< | Calculate steam condensation
v from heat transfer rate obtained
Calculate amount of exchanged heat between from the thickness of the liquid
liquid film and heating surface film
< ]

Calculate the amount of
steam generated from the
heat exchange amount

!

Obtain pressure by
calculating amount of steam
and internal volume to
obtain from piston position

No

Yes

Calculate indicated output
and thermal efficiency

End

33
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3.2

3.2.1
3.1
270 5.0 MPa
(3.11)
DC
3.1
Material Copper
Inner diameter (4.4 mm
Size

Heating section

Length 60 mm

Heat source

Electric heater

Heating 270 (max)
temperature Measured by K type thermocouples
Material Stainless steel
Inner diameter 4.4 mm
Si
Cooling section 1ze Length 200 mm
Cooling
temperature 90
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3.2.2

(@)

3.4

3.6

3.4 (¢)

35

3.4 (b)
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Ths =202 225 270

3.7

3.4



Pressure [MPa]

Pressure [MPa]

W

[\

W

\S)

Heating section temperature
— Ths =270
---- Tps=225
— = Tus=202

(2)

Heating section temperature
— T =270
---- Tps=225
— = Tps=202
>~ . S~
0 1 2 3 4

Volume [cc]

(b)
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34

Pressure [MPa]

Indicated work [W]

35

25

[\
(e}

—
(9]

—_
(==

Heating section temperature
™\ — Tw=270
\ ---- T =225
—— Ty =202
S PR R BN
0 1 2 3 4 5
Volume [cc]
(c)
P-V
¢ Experimental results
Numerical analysis
with liquid film ¢
____ Numerical analysis
without liquid film
¢
L 4 /
*— Pt
180 200 220 240 260 280

Heating section temperature [ ]
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700 : :
& Experimental results
600 | Numerical analysis
with liquid film V'S
---- Numerical analysis
z 500 without liquid film .
en
£ 400 *
S
o *
2 300
g 2
]
£ 200 -
//
100
. -
180 200 220 240 260 280
Heating section temperature [ ]
3.6
16 o
¢ Experimental results
14 | Numerical analysis
— with liquid film
X . .
=12 | Numerical analysis e
> ~ without liquid film
= 1
210 P
=1 -7
l% L
= 8
g ’/’¢
2 6
—8 /
g
2 2
V'S 2
0
180 200 220 240 260 280
Heating section temperature [ ]
3.7
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3.3

3.3.1
3.8 270
34 (a)
(102) (103) (104)
3.9 270

Qr

my, =

& |2

hie (3.16)

- 60 -

(3.15)

AS

1

(3.15)



Am,

Pressure [MPa]

Quantity of heat exchange [W

AS = Am, x hfg

TS
1 Ts
3.17) As
Téoward toﬁ Toward bottom Toward top
dead centef . dead center % dead center
5 ] ;
Pressure P i . Volume 5
: 3
VA :
1 Top dpm‘? repf&ﬂ'\'ir \ 1
0 b ¥ 4,
800 7
—— Pool boiling
600 o .
---- Liquid film evaporation
400 [t R s Condensation
200
0 7 — ——
-200 \
-400 ,; '
; The liquid film evaporation
/! and condensation occurat | i
-600 the same time
-800
0 0.1 0.2 0.3 0.4 0.5
Time [s]

3.8
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Volume of the steam space [cc]
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500
—— Numerical analysis
- --- Ideal cycle
400 :
Vaporization rate [%]
_ 0., 50 %100
[ 300 | LA L
) Y S N
E / \
S ;/ \
2 200 / '
: / \
= / \
V B A \
100 LA gt S \
. N
/ AN
/ AN
0

o 1 2 3 4 5 6 7 8 9
Specific entropy s[J/(kg  K)]

39

AS
As=— (3.17)

m,

332

3.10
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® 4.4 mm

0.3 cc
3.11
0.2 mm 270 15 % 45 %
0.02 mm 270
21 % 63 % 3.12
3.13 T-S
T-S
(3.18)
NTU
NTU = %o (3.18)
PiC,G
Oh Ahs Pl Cpl G
NTU
(3.19)
A
= (3.19)
ap 5,
On 3.14
NTU
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Diameter of heating section
_’I ——

Top dead center

Diameter of cooling section

3.10

25
_ ~ Diameter of heat section | -
< 20 / —— dy,=0.02mm
E ----- d,=0.2 mm
g . e dy=2mm |
& 15 ,/, \\
o AN
E .
£
()
< 10
-
2 —eb.
8 P -
5 =l
S 5 R

0
0 10 20 30 40 50
Length of heat section [mm)]
3.11
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Volume of the

Quantity of
heat exchange [W]

steam space [cc]

]

Temperature [

A~ o

1600
1400
1200
1000
800
600
400
200

300

280

260

240

220

200

180

160

140

120

100

yd //ﬁ\\
/ N
/ \
Diameter of heat section |
— dy,=0.02 mm
_——— dh =02mm |
ij """ dh =2 mm
0 005 01 015 02 025 03 035
Time [s]
3.12
N /
_i‘f,' /‘ﬂ\‘
lf{, / g
s // /
,,}/ /’_, J //
f'/ G : // Diameter of heat section |
/ A dy = 0.02 mm
[\ /7 —————— d,=0.2 mm
‘ A\”v’: """" dh =2 mm
V) : : .
1 2 3 4 5 6 7

Specific entropy [J/kg K]

3.13

T-S
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3.4

3.14

Indicated thermal efficiency [%]

25

0 | Diameter of heat section /
—— ¢,=0.02mm 7\
""" dy,=0.2 mm ‘
15 1 e .. dh=2mm ;: <
I'/ )
10 ,
5 ;f'/
0
1 10? 10* 10° 108 10"
a S
Dimensionless number NTU = onys
plcplG

ahAhs

(105)
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3.4.1

3.15 3.16 Ve

TLP =90 105

120 3 3.17

3.17 PV 8

TLP = 90 120
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Steam accumulator volume [cc]

3.16
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4 :
€ Experimental results
3.5 — Numerical analysis T;p= 90
g 3 [~~~ Numerical analysis T;p=105
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Volume [cc]
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Pressure [MPa]

Pressure [MPa]

Steam accumulator volume
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(d) Experimental results
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0.5 cc
0.3 cc 1

3.4.3

45 mm

50 mm
3.19 45 mm 50 mm

0.5 cc PV

Heating section length

—— L=50mm
---- L=45mm

— = L=40mm
—— Experimental results |.

1.5

Pressure [MPa]

03 ri\
0
0 1 2 3 ! ’

Volume [cc]

(a) TLP =90
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Pressure [MPa]

3.19

1.5

Pressure [MPa]

1.5

0.5

&\ ' %
0 1 2 3 4 5
Volume [cc]
(b) TLP =105
Heating section length
—— L=50mm
---- L=45mm
——- L=40mm
—— Experimental results [~
= T
- —
0 1 2 3 4 5

L =50 mm
---- L=45mm
—— L=40mm

Heating section length

— Experimental results |...

Volume [cc]

(C) TLP =120
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3.2

TLP = 90

TLp = 105

Wagner and Pruf3 (3.19) (106)

p(éa‘[) r
————==1+5¢ 3.19

¢r5 = inidi5di71‘[ti J,_inieﬂsci [5di—1z_ti (d| —Ci5ci )]
i=1 i=8

< 5dv t o (6-¢; )zfﬁv (z=7; )2 di 2 (5 ) < Aq 5 61// aAq 5
+izzszni T'e |:E— Qi —&j :|+i_zssni (l//'f’ 5]*’5 v
(3.20)
5=l (3.21)
Pc
TC
=t (3.22)
A=6>+B [(5—1)2]“ (3.23)
1
0=(1—c)+ A5 1P A (3.24)
w=eC (6-1)-D;(z-1)? (3.25)

p P_gas Pc T Te

& b & A B CG D tin oa fi oynos
Wagner and Prufl

33 460 K (107 Wagner and
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3.2 Wagner and Pruf3

i Ci di ti n;

1 1 -0.5 0.012533548

2 1 0.875 7.895763472

3 1 1 -8.78032033

4 2 0.5 0.318025093

5 2 0.75 -0.26145534

6 3 0.375 -0.00781998

7 4 1 0.008808949

8 1 1 4 -0.66856572

9 1 1 6 0.20433811

10 1 1 12 -6.6213E-05

11 1 2 1 -0.192327

12 1 2 5 -0.25709

13 1 3 4 0.160748

14 1 4 2 -0.04009283

15 1 4 13 0.000000393

16 1 5 9 -0.00000759

17 1 7 3 0.000563

18 1 9 4 -0.0000156

19 1 10 11 1.15E-09

20 1 11 4 0.000000366

21 1 13 13 -1.33E-12

22 1 15 1 -6.26E-10

23 2 1 7 -0.108

24 2 2 1 0.0176

25 2 2 9 0.221

26 2 2 10 -0.402

27 2 3 10 0.581

28 2 4 3 0.005

29 2 4 7 -0.0314

30 2 4 10 -0.743

31 2 5 10 0.478

32 2 6 6 0.0205

33 2 6 10 -0.136

34 2 7 10 0.0142

35 2 9 1 0.00833

36 2 9 2 -0.0291

37 2 9 3 0.0386

38 2 9 4 -0.0204

39 2 9 8 -0.00166

40 2 10 6 0.002

41 2 10 9 0.000159

42 2 12 8 -0.0000164

43 3 3 16 0.0436

44 3 4 22 0.035

45 3 4 23 -0.0768

46 3 5 23 0.0224

47 4 14 10 -0.0000627

48 6 3 50 -5.57E-10

49 6 6 44 -0.199

50 6 6 46 0.318

51 6 6 50 -0.118

i ci d; ti n; aj Bi Vi Ei
52 3 0 313062 20 150 121 1
53 3 1 315461 20 150 121 1
54 3 4 252131543 20 250 125 1
i ai b Bi n; Ci D A B
55 35 085 02 -0.149 28 700 032 03
56 35 085 0.2 0.318 32 800 032 03
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3.3 Wagner and Pruf}

Temperature T 370 400 450
(K]
Thermophysical | Pressure P [MPa] 0.090452 0.24555 0.93134
property Density p 0.5375 1.3687 4.8094
[kg/m3]
Wagner and Pressure P [MPa] 0.0905 0.2456 0.9317
Pruf8’s equation Error [ ] 0.0110 0.0346 0.0371
Ideal gas Pressure P [MPa] 0.0913 0.2498 0.9665
equation of state Error [ ] 0.91 1.73 3.78
Temperature T
460 500 540
(K]
Thermophysical | Pressure P [MPa] 1.1698 2.637 5.234
property Density p
5.9795 13.195 26.622
[kg/m3]
Wagner and Pressure P [MPa] 1.1703 2.6381 5.2321
Pruf3’s equation Error [ ] 0.0389 0.0409 -0.0357
Ideal gas Pressure P [MPa] 1.2201 2.8147 5.7340
equation of state Error [ ] 4.30 6.74 9.55
Pruf} 0.0389 % 43 %
Wagner and Pruf3
0.3 cc

2%
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4.1

4.1.1

4.1

4.2

¢ 35 mm

0.02 mm 0.2 mm
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¢ 40 mm



7 cc

l 40 .

Block of copper

Microscopic flow path Steam reservoir

Unit: mm

4.1
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\ e |
Y
e
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Block of copper Sintered copper Steam reservoir

Cross section A-A

SEM image of sintered copper

100 um

Copper granule Contact Microscopic flow path

4.2
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Indicated thermal efficiency [%]
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272
363 % 4.5
40 o Experimental result
Numerical analysis
3B ----- Carnot efficiency o
30 .
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15 -
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D D
0
100 150 200 250 300

Operating temperature [ |
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4.5

4.4
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Indicated thermal efficiency [%]
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e  Experimental result
—— Numerical analysis :
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4.7

4.8

500 : — '
— Experimental result
----- Numerical analysis
----- Ideal cycle
400 - ‘
— Vaporization rate [%]
= 0 / 50 \ 100
£ 300 AR R Y
2 (P -
e b Seao |
[P -
o , R
: 4 pe
£ 200 / / Pt '
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Experimental result
""" Numerical analysis
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2.1) 270
0.02 mm
¢ 35 mm 0.5 mm 1.7J/K

MPa 0.14 J/K
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0.178 mm

1 cc



5.1

5.1

-85 -

(76)

5.1



Bottom
dead
point

Load

Kinetic energy
is consumed
by mechanical
friction

Piston

Position sensor

0

Amplifie

(110) (111)

Experimental heat

(
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source

Electric heater)

Insulation

\ @35 /

— i 4
S
7* I
V4 LY
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Thin-film Heating
Pt temperature sensor section

Cooling section

Amplifier

Pressure

s€nsor

0o

5.1

Amplifier

o
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5.1

Material Cupper
Diameter ¢35 mm
Size
Gap 0.1 mm
Heating section Heat source Electric heater
Heating 190 (max)
Temperature Measured by K type thermocouples
Material Stainless steel
Size Inner diameter 4.4 mm
Cooling section Length 200 mm
Cooling
Temperature 90
5.1.2
52
3 Hz 1 200 1 kHz
Lee
12 MEMS
) 0.33 um
0.5 pm 1 kHz
5 10 15 mm I mm 120
(114) 53
SiO, 7 pm
TiO, TiO, 0.175 pm
0.15 pm TiO, 0.0125 um
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20 pum

SiO; 2 pum
0.1 1 kHz 5.4
25 70 130
190 250 3
5.5
® 90 Details of the sensor portion
Sensor
Lead 0 02__. u u .0. (.)i U
. e () .
O O 1

Unit : mm

52

-88 -



 — 110>
™~
Pt

TiO,

0.175 um |

7 pm_

(a) SiO; 7 um deposition (b) TiO2,Pt,TiO2 0.175 pm deposition
mask

SRR T

g
=1
~

(d) SiO; 2 pm deposition

(c) Etching

Sensor

Details of the sensor portion

Connection to the conductor

5.4
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Yatsuzuka, et al.®)
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522

5.9

adapco
5.10 (b)
5.10 (a)

mm

(b)

5.11

5.10 (a)

t=20.15s

r =15 mm

5.11

-03-
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5.2.1

5.12

r=>5 mm



Two-dimensional axisymmetric model

Insulation

&— Uniform heat flux

Linearly interpolated temperature

profile from the thin film sensor data )
i Insulation

Insulation

59
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3 —— Numerical analysis 2.5
- Experimental results
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4
1.2.1 24 L
6.1
6.1
6.2
Battery Electricity

Internal combustion engine

Cooling water

Exhaust pipe  Self-excited vibration-type Generator
steam engine

6.1
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Steam path ~ Sintered copper

Heat exchange with
the exhaust gas

Qin

Generator

Cooling water =P (==

6.2

6.2

6.2

Tg Mexg K

6.3

6.4
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6.3

Tupper

Tupper Tlower

Tupper

cherm 6.5

( Start )

[
»
A

y

Heat exchange rate calculation

elect mode

Thermal storage
eneration or thermal storage?

Generation v

Calculation of the temperature

i lculati . . .
Generation amount calculation rise of the heating section

A

End of cycle?

6.5
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Wel

Wei = Qug X7py X Mexy X Mgen XMt (6.1)

Qtherm = Mexg X €, ¢ X (Ty = Tr) x17, (6.2)
Qtherm npv

Hexp Hgen
Mexg Cp,g Tg Ths
R
(Tiowes Tupper) (240, 270) (270, 300) (300, 330) 3
W = 80 %
Nexp = 80 % 7gen =80 %7 5o =90 %
(6.3)
ney = 0.000976Ty - 0.1446 (6.3)
400W
150 mm 100
5 20
6 kg
6.4
6.6 6.7
(a)
80 km/h
80 km/h
6.8
80 km/h
(270 300)
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400 W

54 %

134 W 27 %
(300, 330)
365 W 3 %
(300, 330) 652 W
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= 100 fﬂ‘ o
= 80 p; 400 &
3 o0 n 1 | - °
a2 a At ol || 200¢g
o RYAREAYAL TRRVIE RN l g
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(b)
6.6
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300

300

270 90 12.7 %
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300

190 90
P-V
0.82 %
20.1 % P-v 8
Kutateladze Han & Shikazono
0.02 mm
270 21 %
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0.02 mm

mm
270
12.7 % -
1 ms
150 nm 20 um 26 mm
X 1 mm 26 r=5 10 15mm
3
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24L 400W

270 300
134 W 2.7 %
300 330
365 W 3 %
(300,
330) 54 % 652 W
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