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ABSTRACT

We have researched a multi-cylinder Stirling engine for a waste heat recovery system.
The multi-cylinder Stirling engine has a possibility to achieve higher efficiency than a
sngle-cylinder engine. In this paper, we discuss a simple thermal analysis for the
multi-cylinder engine. And based on the analyzed result, a prototype engine is designed and
built in our laboratory. The prototype engine consists of three engine units that have
different piston stroke for each unit to getting the optimal thermal condition. Also it has
unique components, such as a heater made from a block of aluminum alloy and an assembling
cooler. Asthe result of the previous operating test, it is confirmed that the shaft power of the
prototype engine is bigger than the sum of shaft power of each engine units.

INTRODUCTION

It is important to develop a waste heat recovery technique in a viewpoint of the global
energy saving. Since Stirling engines can utilize various heat sources. The feature is
valuable to the waste heat recovery system. However the temperature of the waste heat,
such as waste energy from plant facilities, is almost lower than that of a fue combustion gas.
Also the quantity of the waste heat is not often sufficient. Therefore, the optimal design
method and the engine structure for the waste heat recovery Stirling engine are very
important.

In this paper, we discuss a multi-cylinder Stirling engine used for the waste heat
recovery system, and introduce a prototype Stirling engine for experiments.

DISCUSSION OF MULTI-CYLINDER STIRLING ENGINE

Quantity and temperature of a waste heat are not often sufficient. When a waste heat
recovery Stirling engine is developed, it isimportant to establish the working gas temperature
in the engine suitably. In this chapter, we discuss the engine structure for development of a
high efficient Stirling engine using the waste heat, and propose a simple thermal analysis

corresponded to the heat conditions.
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Figure 2, Concept of Multi-cylinder Stirling Engine

T, decreases with increasing of the heat input, Q. In the case of a general Stirling engine,
the expansion space gas temperature, Te is lower than the outlet temperature, T;.  Then the
thermal efficiency of the Stirling engine decreases with increasing of the heat input, Qin, and
the maximum power cannot be obtained when the heet input, Q. is over the optimal point.
Namely, the Stirling engine has the optimal point of the heat input and temperature range.
The single cylinder Stirling engine cannot achieve an ideal high performance.

Figure 2 shows a design concept of a multi-cylinder Stirling engine. The engine is
composed plural engine units arranged in the series.  When the engine units take in the heat
in order, the emperature of the waste heat becomes low. Therefore, the multi-cylinder
Stirling engine can recover the waste hesat efficiently. It is note that the swept volumes of a
displacer piston and a power piston of the engine units must be adjusted suitably, because
each engine units have different thermal conditions.

Simple Thermal Analysis for Multi-Cylinder Stirling Engine
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parameter, the heat input into the first engine unit, Q1 [W] is calculated by Eq. 1.

Figure 3, Analysis Model for Multi-cylinder Engine

Qu = Cm(To - Tl) ()
The Carnot efficiency, hcar1 Of the first engine unit is calculated by Eq. 2.
hcarl =1- h 2
TEl

Here, Tc; is the compression space gas temperature, and Tg; [K] is the expansion space
gas temperature. The expansion space gas temperature, Tgi [K] is calculated with a



temperature drop, DT; [K] by Eq. 3.
T, =T, - DT (3)
The indicated efficiency, hinq1, the engine efficiency, hsi, the shaft power, Ws; [W], and
the generated power, Wy1 [W] are calculated by Eq. 4 to Eq. 7 using the Carnot coefficient,

Kcar1, mechanical efficiency, hyy and generator efficiency, hgi.  The Carnot coefficient, Kear is
used to revise the effects of thermal loss and pressure loss from the ided efficiency.

inas = Kear ™ Neant (4)
he, =Ny " Ny (5)
Wg =Qy heg (6)
Wy =W, ~ hgl (7

The generated power of the first engine unit is obtained from above equations. Also,
when the inlet temperature to the second engine unit equals to T, and the inlet temperature to
the third engine unit, T, equas to the outlet temperature, Ts, the performance of the
multi-cylinder Stirling engine is calculated.

Additionaly, in the case of a two-cylinder Stirling engine, the optimal outlet
temperature from the second engine, Tt Can be obtained analytically corresponded to
optional temperature, T1 by Eq. 8.

T20pt = DT1 + '\]TCl (Tl - DT15 (8)

In the case of the three or more-cylinder engine, the optimal temperature conditions are
obtained from matrix calculations in follows analysis.

Analysis Results of Multi-Cylinder Stirling Engine

The performance of the multi-cylinder 100
Stirling engine is caculated from the
analysis model. Figure 4 shows the
calculated results of a single-cylinder engine
and a two-cylinder engine. The calculated
conditions are listed in Table 1. From the
figure, the maximum generated power of the
sngle-cylinder engine is obtained about 62
W a T1=230 degC. The maximum
generated power of the two-cylinder engine
is about 83 W a T:=290 degC and at
To0p=184 degC. It is confirmed that the
power of the two-cylinder engine is 1.3
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Figure 6, The Maximum Power of Multi-cylinder Stirling Engine

PROTOTYPE OF MULTI-CYLINDER STIRLING ENGINE

Based on the above discussion, we designed and built a prototype of the multi- cylinder
Stirling engine for experiments. The prototype engine is decided three-cylinder structure.
The target performance and design temperature of the prototype engine are decided based on
the calculated results shown in Fig. 5.

Outline of Prototype Stirling Engine

Figure 7 and 8 show the photograph and
the schematic view of the prototype engine,
respectively. Table 2 lists the specifications
and target performance of the prototype engine.
The three engine units are located on the crank
case. The crank shafts of each unit are
jointed with the couplings. As one of the
important characteristics, the piston stroke of
each engine unit is adjusted to get the suitable
power and the heat input. Also the piston

Figure 7,otogr of Pfototype
Stirling Engine
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Figure 8, Schematic View of the Prototype Stirling Engine
Table 2, Specifications of Prototype Engine

Engine Unit No. No. 1 | No. 2 | No. 3
Engine Type Betatype

Working Gas Air

Mean Pressure Atmospheric Pressure (101.3 kPa)
Piston Phase Angle 90 deg

Expansion Space Gas Temp. (Design) 270 degC 190 degC 110 degC
Compression Space Gas Temp. (Design) 60 degC 50 degC 40 degC
Displacer Pls;?gon Dia x Siroke 84 x 52 mm 84 x 54 mm 84 x 46 mm
Power Plstonpiston Dia x Siroke 84 x 48 mm 84x44mm | 84x46 mm
Target Engine Speed 1100 rpm

Target Power 43W 33w 20w
Tota Target Power 9% W

diameter of each engine unit is the same size,
and many of engine parts, such as a cylinder
and heat exchangers, are the same features.

It was very difficult to decide the suitable
piston stroke and other specifications, because we
could not predict the mechanical loss and the engine
speed of the prototype engine accurately. We
decided the piston stroke based on a simple
isothermal  model with constant mechanica
efficiency. Figure 9 shows an example of the Y = : : ,
calculated results. In this figure, it is confirmed ¥ EJUE . _I:“IJ:J ﬂm;& S
that the prototype engine gets the target power, 96  Figure 9, Calculated Power of the
W at 1100 rpm of the engine speed. Also, the e -
power of each engine unit is set to the idea Prototype Stirling Engine
conditions shown in Fig. 5 approximately.
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Components of the Prototype Stirling Engine

The prototype engine has unique components. A heater and a cooler have very simple
structure, because the shapes of these parts are decided to fit our processing machines.

Figure 10 shows the configuration layout of the heat exchanger. The heater consists of
a heater head and inner tubes as shown in Fig. 11. The heater head is made froma block of
auminum aloy. The operating temperature of the prototype engine is lower than that of
general Stirling engine. Then we use the aluminum alloy that has high heat conduction
coefficient. Twenty of the inner tubes are inserted into the heater head. The tubes are made
of copper, and they have 6 mm of inner diameter and 8 mm of outer diameter. The heater
type is called bayonet type, the working gas flows from the expansion space to the regenerator
through the outside and inside of the inner tubes.

A regenerator housing consists of two parts, and arolled regenerator matrix is located in
the housing. As the material of the regenerator housing, a low heat conduction material,
such as stainless sted, is suitable. But the regenerator housing of the prototype engine is
made of aluminum aloy from the limitationof the machining ability of our machine tools.
It is clarified that the prototype engine has a large heat conduction loss, and we must change
the material to improvement of the engine.

The specia cooler is arranged outside of cylinder in the same axis. In order to get high
heat transfer performance, the outer surface of the cooler inner ring has plura vertical fins as
shown in Fig. 12. The cooler outer cover is located around the cooler inner ring, and the
water jacket is located around the cooler outer cover. These parts are made of aluminum
dloy.

As a piston drive mechanism, we adopted a Scotch-yoke mechanism as shown in Fig. 13.
In order to be compact, the yoke boards of the displacer piston and the power piston are
shifted from the center line of the cylinder. As guides of the yoke boards, the Teflon plates
are attached to side of the yoke boards.
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The displacer piston
and the power piston are
made of stainless steel.
The cylinder is made of
aluminum aloy. The
power piston and the
cylinder touch together
with small clearance, 0.03
to 0.05 mm of diameter.
In order to get smooth
motions for the displacer
piston, the specia joint
mechanisms is adopted in
the piston and the end of
the piton rod as shown in
Fig. 13. The rod sedl in
the power piston is made
of Teflon.
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Operating Tests of the Prototype Engine

After four engine units had been built, we tried the operating tests on all engine units.
Measuring points of wall temperature, Th1, Tre, and T, are shown in Fig. 10. Electric heaters,
which have each 1 kW capability, are rolled at the heater heads as the heat source in the
operating tests.

Figure 14 shows the relation between the engine speed and the shaft power of each
engine units. Four engine units are tested. The specifications of No. 1, No. 2 and No. 3
engine units are listed in Table 2. A specification of a reserved engine is the same of No. 3
engine unit.

From the figure, the maximum shaft power of No. 1 engine unit is 1.5 W at 130 rpm of
the engine speed, Th1=330 degC, T1»=250 degC and T,=55 degC. The maximum shaft power
of No. 2 engine unit is 4.7 W at 160 rpm of the engine speed, Tr1=340 degC, Tn,=280 degC
and T,=50 degC. In the case of these engine units, the heater heads could not be enough

heated by the electric heaters, then they were unstable operations.
The maximum shaft power of No. 3 engine unit is 1.8 W at 210 rpm of the engine speed,

Th1=390 degC, Tr=250 degC and
T,=80 degC. And the maximum

& Engine units
shaft power of the reserved engine = - ® No, 1
unit is 3.2 W a 210 rpm of the & 4 - - : s Ui
eng| ne $eed, Th1=390 degC, IT.—: - / O o H{'z;"\.‘l"t'{‘l.l
Th2=270 degC and T,=60 degC. = o : o &0

The shaft power of the each
engine units did not reach the
target power fairly. It is
considered that the engine units
have large friction loss between
the pistons and the cylinder. In
order to improve the engine
performance, the engine should
have a small mechanical loss and
high engine speed.
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Figure 14, Test Results of Each Engine Units



Based on the above tests, the 16
multi-cylinder Stirling engine is
assembled with No. 2, No. 3 and
the reserved engine units. Figure
15 shows the relation between the
engine speed and the shaft power
of the multicylinder Stirling
engine.  Additionaly, the test
result of the engine assembled
with No. 3 and the reserved engine
units is shown in the figure.
From this figure, the maximum
shaft power of the engine is 13.5
W a 210 rpm of the engine speed.
This power is bigger than the sum
of shaft power of each engine units.
It is consdered that the
multi-cylinder engine has a smaller mechanical loss. The multi-cylinder engine gets a
smooth motion with small torque changes in acycle by plural engine units.

In the present situation the prototype engine is operated with the electric heaters as the
previous operating test.  As the next step, we will try to operate the prototype engine using
hot air as the heat source, which is the simulated waste hest.
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Figure 15, Test Results of Prototype Engine

CONCLUSIONS

In this paper, we discuss a multi-cylinder Stirling engine as the suitable engine structure
for awaste heat recovery system. Also we find the optimal conditions for the multi-cylinder
engine using a simple analysis model. Based on the analyzed results, a prototype of the
multi-cylinder Stirling engine is designed and built for experiments. The prototype engine
consists of three engine units, which have different piston stroke.

As the result of the previous operating tests, it is confirmed that the shaft power of the
multi-cylinder Stirling engine is bigger than the sum of shaft power of each engine units.
Therefore, we consider that the multi-cylinder Stirling engine is effective for the waste heat
recovery system.

On the other hand, it is difficult to design the engine units that are fitted to the optimal
points. It is required to develop a high accurate simulation for the multi-cylinder Stirling
engine.
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