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ABSTRACT

Stirling engines can be operated with various heat sources. We have developed several
Stirling engines, included a low temperature differential Stirling engine using hot spring heat
and a high temperature differential Stirling engine using a combustion gas as the fuel. These
engines have different features and characteristics, and have different thermal performance.

In this paper, the performances of these difference types of Stirling engines were measured,
were compared using the normalized values.

INTRODUCTION

In the field of the low temperature
differential  Stirling engines, several small
Stirling engines have developed by |. Kolin, J.
R. Senft and so onY?. We have being
developed the low temperature differential
Stirling engine with several hundreds wattage
of an output power?. The engine uses hot
spring heat or hot water from industrial waste
heat as the fuel.

In this paper, we measured heat losses and
powers of the engine in order to estimate the
engine performance. Then the performance of
a prototype of the low temperature differential
Stirling engine (LDSE) was compared with
that of a high temperature differential Stirling
engine (HDSE) after their experimental results
had been normalized.

Figurel Featureof LDSE



STRUCTURE OF LDSE

Figure 1 and Fig. 2 show the features and structure of LDSE. Table 1 shows specifications
of this engine and HDSE® used to compare the performances.
LDSE uses a gamma-type configuration, because this type engine can keep a large heat
transfer area of heat exchangers. The crank mechanism is covered with a buffer tank, and the

engine can be pressurized above atmospheric pressure.

The heat exchanger is located around the displacer cylinder as shown in Fig. 2. The heater

and the cooler are fin-tube type heat
exchangers. The hot water flows in
the heater tubes. The cooling water
flows in the cooler tubes. The
working gas flows out of these
tubes.

The crank mechanism of the
power piston is a rotated
Scotch-Yoke mechanism.  This
mechanism makes the crank
assembly compact and decreases
the side force on the power piston.
The crank mechanism of the
displacer piston uses a normal type
crank mechanism. These
mechanisms dont wuse any
[ubricating devices like an oil pump.
The lubricant for the mechanism is
only grease in the bearings. An
one-way-type piston ring, which
has being developed in our
laboratory is used as the seal device
on the power piston®.

It has the same effect as a pump,
and a mean pressure in the working
space is kept higher than the buffer
Space pressure. It is a suitable seal
device for the low temperature
difference Stirling engines, because
it has low leakage of the working
gas and a low friction loss. Two
one-way-type rod seals, which have
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Figure2 Schematic view of LDSE

Tablel Specifications

Low temperature difference
Stirling engine (LDSE)

High temperature difference
Stirling engine (HDSE)

Enginer type

Gamma configuration

Gamma configuration

Power piston

Swept volume 25100 cm® 81 cm®

Bore / Stroke 400 mm /7 200 mm 72 mm / 20mm
Displacer piston

Swept volume 40200 cm® 81 cm®

Bore / Stroke 800 mm / 80 mm 72 mm / 20mm
Phase angle 90 deg 90 deg
Heater type Fin tube type Moving tube type
Regenerator

Type Stacked mesh Spring Mesh / Stacked mesh

Material Copper Stainless steel
Cooler type Fin tubetype Moving tube type

Crank mechanism

Scotch-yoke

Scotch-yoke

Heat source

Hot water (Hot spring)

Combustion gas

Working gas Air Helium / Air
Mean engine pressure 0.1 MPa 0.3 MPa 1 MPa
Expansion space temp. 403 K 923 K

Compression space temp.

313 K (Water cooling)

343 K (Water/Air cooling)

the same construction are used as the seal devices on the displacer rods.

STRUCTURE OF HDSE

Figure 3 shows the structure of HDSE, which was used in the following experiments. The
displacer piston of this engine has both heating and cooling inner tubes for the working gas




lemp., Tw /7 g | b Heater

which flows to and from the outer tubes. A e 41

generator islocated in the displacer piston. W‘L " Regenerator
A Scotch-Yoke mechanism is used as the gas temp, TE -~ |/ Displacer

crank mechanism. This keeps the crank | £/ Gooler

mechanism compact. A 4-piece-type piston ring | | g s & " Powerpiston

A .Qﬂl:lli shaft

is used as the seal device of each piston. A
mechanical seal is used as the sed device £
between the buffer space and the atmosphere.

ESTIMATED METHODS

Figure 4 shows a heat balance, which is s i
discussed in this paper. This figure shows that an Figure3 Schematic view"of HDSE
overall efficiency of the Stirling engine is
calculated in Eq. 1 using a burner efficiency,

h, (FQW/Qw), an indicated efficiency, h, (=Li/Qin) and a mechanica efficiency,
h,, (FLJL5).
Nw =hy ™ 0" Dy, (1)

By the rough considerations, the burner efficiency is affected by the shape of the heat
source, the indicated efficiency is affected by the heat flow in the engine, and the mechanical
efficiency is affected by the mechanism and the operating conditions. The burner efficiency is
difficult to consider because the engines used for this testing have different shaped heat
sources. The following heats and efficiencies are based on the heat input, Qin.

HEATS AND LOSSES

The heat input, Qi is the overall heat that enters the engine. The heat input, Qi is
calculated by Eg. 2 using indicated power, L; (measured using P-V diagrams) and rejected
hest, Qrgect 8 described later.

Qi =L +Qreject )

The expansion space power, Lg is calculated by EQ. 3 using an expansion space pressure,

Pe, a volume change of the

expansion space, dVe and the |
engine speed, n (rps). The ‘ Quea o Qs Total heat input
expansion éce ower. Le is : Qe: Heat input

y ® power, & Qother —Qn | [ Bumerloss
measured using the overall heat : L. Tl A

that flows from the heat source to
the working gas through the
heater. L

I_E = @:)EdVE L (3)

The compression space power, 5 e
Lc is calculated by Eg. 4 using
the compression space pressure, Figure4 Heat balance
Pc and a volume change of the

Clones; Other thermal loss

L:: Compression space power
Li Indicated power

Qiea: Rejected heat

Ls: Cutput power

L Mechanical loss




compression space, dV¢.
Lc =- @Dcdvc ol (4)

The indicated power, L; is determined by the difference between Lg and L¢ as shown in Eq.
5.

Li = @DEdVE + @Dcdvc :LE - Lc (5)

The output power, Lsis calculated by Eq. 6 using break torque, Ty which was measured in
the experiments.

L,=2p>T,>n (6)

The rejected heat, Qrget IS Calculated by Eq. 7 using a specific heat of the cooling water, ¢
(JKkgK), an inlet water temperature, Ti,, an outlet water temperature, T, and a water mass
flow, Myae (K/S).

Qreject =C°M, e (Tout - Tln) (7)

Other thermal loss, Qqher IS calculated by Eg. 8. It is considered that this loss consists

mainly of aheat conduction loss and a regenerator |oss.

Qother = Qin - Le = Qreject + Lc (8)
A pressure loss, Lyoss is defined by Eq. 9.

I-plos's =- @Pe - Pc)dve ol (9)
A mechanical loss, Ly, isthe difference between L; and L as shown in Eq. 10.

L.=L - L, (10)

NORMALIZED SPEED AND HEATS

In order to compare different types of Stirling engines, the engine speed and each heats
should be normalized. The performances of LDSE and HDSE can be estimated directly using
the normalized values.

The engine speed band is different between that of LDSE and HDSE under al operating
conditions. A normalized speed, N is defined by Eq. 11 using the engine speed, N and a rated
engine speed, N ae.

N
N rate

In the case of HDSE, the rated engine speed is set to 1000 rpm. This value is the rated
speed of this design. This engine speed, 1000 rpm is the maximum permitted speed with
continued safe operation. The maximum permitted speed of LDSE is higher than its power
output band. In the case of LDSE, the rated engine speed, N4 is assumed to be set to the
engine speed when it operates at the maximum output power.

In the case of the heat and losses, Q, each normalized heat, Q is defined by Eq. 12.
-_ Q
Q = (12)
Qin

N =

(11)

EFFICIENCIES

The indicated efficiency, h;, the mechanical efficiency, h,, and an internal conversion



efficiency, h,, aredefined by following equations.

h, = (;— (13)
h =t— (14)
= (15)

Table2 Experimenta conditions of LDSE
Heat source Ethylene glycol

EXPERIMENTAL METHODS OF LDSE

Temp. of heat source 403 K
. . Working gas Air
Table 2 shows experimental conditions Buffer pressure 0.1MPa (atmosphere)
of LDSE. The buffer pressure was Regenerator Stacked Mesh (#24x 30 seats)
maintained at atmospheric pressure (0.1 Cooling type Water cooling
MPa) in this experiment. Ethylene glycal, Piston ring One-way-type

maintained at atemperature of 403 K and the

volume flow to 20 I/min was used as the heat source. The compression space pressure and a
pressure difference between the expansion and the compression space were measured by
strain gauge type sensors. Several thermocouples were used to measure temperatures. The
expansion gas temperature, Te and the compression space temperature, T¢c were measured as
representative gas temperatures at points shown in Fig. 2. The load to the engine output was
adjusted by arope break, and the engine torque, T, was measured by spring scales which were
located at both ends of the rope.

EXPERIMENTAL METHODS OF HDSE Table3 Experimental condition of HDSE

Table 3 shows experimental conditions
of HDSE. A mean pressure of the working
gpace was set to 0.8 MPa. A 1 kW (max.)
electric heater was used to heat the engine.
Heat input from the electric heater was
adjusted to maintain the heater wall

Heat source

Electric heater

Heater wall temp. 973 K
Working gas He
Mean engine pressure 0.8 MPa
Regenerator Spring Mesh
Cooling type Water cooling
Piston ring 4-piece-type

temperature, Ty shown in Fig. 3 to 973 K. T, indicates the highest temperature in the engine
system. The expansion temperature, Te and the compression temperature T were measured at
points shown in Fig.3 using thermocouples. The load to the engine output was adjusted by
changing a value of aresistance which was connected to a generator. The arm attached to the
generator was connected to an electric balance to measure the engine torque, Ty,

EXPERIMENTAL RESULTS
ENGINE PERFORMANCE OF LDSE

Figure 5 shows the relation between the engine speed and the indicated and output power



250

o ﬂ-h"'l\
200 . |
3
[ - / = N‘I_
£ 100 f.~L A
o rira S
/ L
50 —| ® Indicated power, Li \
A Qutput power, Ls *'t
| I I
0

o 50 100 150 200 280
Enging speed N {rpm)
Figure5 Power asafunction of engine
speed (LDSE)

of LDSE. This figure shows that the maximum
output power reached to 146 W at the engine
speed, 143 rpm. The maximum speed reached
247 rpm at no load.

Figure 6 shows the relation between the
engine speed and the expansion and
compression temperatures, Tg and Tc. These
values of the temperatures changed somewhat
by changing the engine speed. Tg was 381 K
and Tc was 313 K at the rated engine speed,
143 rpm.

Figure 7 shows the relation between the
engine speed and the heat input, Qi,, which is
determined in Eq. 2. From this figure, the heat
input increases proportionally with higher
engine speed.

ENGINE PERFORMANCE OF HDSE

Figure 8 shows the relation between the
engine speed and the indicated and output
power of HDSE. In the HDSE, the maximum
points of the indicated and output power
cannot be seen. In this experiment, the gas
temperatures were not affected by the engine
speed hardly, and Tg was about 733 K and T¢
was about 309 K.

Figure 9 shows the relation between the
engine speed and the heat input, Qi,, which is
led to Eg. 2. From this figure, the heat input
increases proportionally with higher engine
speed too.
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Iargq rate than that of HDSE. . Figure9 Heat input asafunction of engine

Figure 11 shows tpe relation between the speed (HDSE)
normalized speed, N and the normalized
rejected and other heats, Qrect and Qotner - From
this figure, Qger Of LDSE is higher than that of HDSE, and reaches 0.95 at the rated engine
speed. Quier Of LDSE increases with higher engine speed, though that of HDSE decreases
with higher engine speed. It means that LDSE doesn't use the heat input effectively at the high
engine speed band. And a next subject of LDSE is how it uses the heat input effectively.

Qother Of LDSE converged to that of HDSE, and their values are about 0.5. As described
above, Quiner IS mainly the heat conduction loss and the regenerator loss, but accounting for
these losses and these heats in this experiment was difficult. A detailed accounting of these
losses is needed.

Figure 12 shows the relation between the normalized speed, N* and the normalized
pressure 10ss, Lyioss - IN thisfigure, Lyess of LDSE islower than that of HDSE somewhat. The
pressure loss and the mechanical loss in the LDSE determine the engine speed band. A way to
decrease these |osses should be considered.
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Figure 13 shows the relation between the normalized speed, N° and the normalized
mechanical loss, Ly, . In this figure, L, of LDSE is much lower than that of HDSE. L, of
HDSE increases with higher engine speed, but that of LDSE keeps constant value without the
effect of the engine speed. This is one of the characteristics of LDSE, which operates in the
low engine speed band.

EFFICIENCIES

Figure 14 shows the relation between the — %2° = iy
normalized speed, N° and the indicated o HDSET |
efficiency, h,. This figure shows that h; of .. .
LDSE is 0.05 and that of HDSE is 0.2 at the ol
rated engine speeds. The difference between that
of LDSE and HDSE is explained clearly with a
consideration of a theoretical efficiency (Carnot
efficiency) which is determined by the gas
temperature ratio. The indicated efficiency can
be increased by decreasing the other therma
losses, Qother- 0.05 i " e—ey

Figure 15 shows the relation between the “"%..-
normalized speed, N and the mechanical *o-
efficiency, h. It is difficult to compare these 0
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engine speed. It is one of the good characteristics of LDSE.
Figure 16 shows the relation between the normalized speed, N° and the interna
conversion efficiency, h,,. The value of this efficiency is affected by that of the Carnot

efficiency. The Carnot efficiency (=1-Tc/Tg) of LDSE is caculated to 0.20 using the
expansion and compression space gas temperatures, Tg and T at the rated engine speed. That
of HDSE is calculated to 0.58 with the same condition. This figure shows that of LDSE is
about 50% of the Carnot efficiency at the rated engine speed. The internal conversion
efficiency, h, . of LDSE can beincreased by the decrease of the pressure |oss.

int

CONCLUSION

The difference types of Stirling engines are compared. The summary of the experimental

and estimated results is shown below.

(1) LDSE reached 145 W of output power at the engine speed, 142 rpm and the buffer
pressure, 0.1 MPausing 403 K of the heat source temperature.

2 The indicated efficiency of LDSE reached to 0.05, when it operated at the maximum
output power.

(3) The heat input of LDSE is used in order to cool the working gas with alarger rate than that
of HDSE. And the normalized rejected heat of LDSE was higher than that of HDSE. A
subject for further research on LDSE is how it uses the heat input effectively.

The Carnot thermal efficiency of the low temperature differential Stirling engine will not
reach that of the high temperature differential Stirling engine. But the low temperature
differential Stirling engine can use many different kinds of heat sources effectively. It needs to
be developed more. We will have developed it using the above experimental results.
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