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ABSTRACT

A small 100 W displacer-type Stirling engine, Ecoboy-SCMS81 has being developed by a
committee of the Japan Society of Mechanical Engineers. The engine contains unique features,
including an expansion cylinder which is heated by either combustion gas or direct solar energy.
Also, a simple cooling system rejects heat from the working gas. A displacer piston has both
heating and cooling inner tubes for the working gas which flows to and from outer tubes. A
regenerator is located in the displacer piston.

To improve the engine performance efficiently, an analysis model for the prototype engine
was developed. The analysis model is based an isothermal method considered a pressure loss in
the regenerator, a buffer space loss caused by a leakage of the working gas, and a mechanical
loss. In the case of a calculation for the pressure loss, the analysis model adopts a new
suggestion that considers effects of entrance and exit area on the velocity distribution in the
regenerator. The buffer loss is calculated with three kinds of methods, an isothermal, an
adiabatic and a heat transfer model to consider a suitable method for the buffer space model.
Some improvement methods for the prototype engine are discussed after the effectiveness of
the analysis model is evaluated.

INTRODUCTION

From 1994 to 1996, a committee called RC127, was organized in the Japan Society of
Mechanical Engineers. One of the projects of RC127 developed a small 100 W displacer-type
Stirling engine". The goal of the engine performance was an output of 100 W with 20 %
thermal efficiency. The engine was constructed based on detailed blueprints and was named
Ecoboy-SCMS81. From the initial experimental result, it became clear that the prototype engine
has a maximum output power of 74 W at 0.8 MPa mean engine pressure operating at 1300 rpm
engine speed”. In order to collect adequate information for design methods, an evaluation of
the engine performance and analysis methods of the experimental results of the engine have
been discussed.

In this paper, one of the considered analysis models for the prototype engine is presented.
The analysis model is based on an isothermal method considered some thermal losses, and have
been developed to discuss the improvements for the engine performance. The engine
performance was also measured by using nitrogen or helium as the working gas to evaluate the
effectiveness of the analysis model.



ANALYSIS MODEL

Figure 1 shows the prototype engine. Table 1 shows its specifications and target
performance. It is difficult to analyze temperatures in the working space in detail, because the
heat exchangers have particular features. Then, in the analysis model, the engine pressure is
calculated by an isothermal model. And
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Figure 2 shows the analysis model.
The working space is divided into five fL
spaces, an expansion space, a regenerator
space, a compression space, a pass space,
and a piston space as shown in this figure.
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Figure2 ANALYSIS MODEL



regenerator. In the case of the prototype engine, it is difficult to estimate the pressure loss by
using generally proposed equations for stacked mesh. Because Spring Mesh, which is a porous
type matrix consisting of pressed zigzag stainless steel wires is used as the matrix®?. Then, an
estimated method which is defined from a porosity of the matrix and a hydraulic diameter, is
used for the calculation.

The hydraulic diameter, hyy is calculated as shown in Eq. 2 using the porosity, e and awire
diameter, d.

ed
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A pressure drop at both ends of the regenerator, DP iscalculated as shownin Eg. 3using a
friction factor, fr, a length of the regenerator, Hg, a density of the working gas, r ;and a
velocity of the working gas in the regenerator, Ug.
Ho Fole” ©
d, 2

The friction factor, f is calculated as shown in Eq. 4 proposed by Tanaka” using Reynolds
number, Re.

175

fo = &g T160 (4)

The velocity, ur is calculated as shown in Eq. 5 using a gas mass flow in the regenerator, Qg
per porosity, e, asection area of the regenerator housing, A and the density, r ;.

_ Qg
" eAr, ©)

Reynolds number, Re is calculated as shown in Eq. 6 using a viscosity of the working gas,
m.

DP=f,

Ug

Re: dhyuRr R

(6)
m
The pressure losses of many kinds of the regenerators including Spring Mesh can be
estimated by above equations.
Next, effect of entrance and exit area

on the veocity digtribution in the Table2 SPECIFICATION OF HEAT EXCHANGER

regenerator is considered®®. A section SYS,LieMr Sl
ratio, m is defined as the section area of [Type Double tube Double tube
the regenerator housing, A, by that of [No.tubes 10 24
. . Diameters of tubes

regenerator end, B. A dlstanc_e, x_(mm) IS (0D, ID) (mm)
defined as alength of flow direction from inner 95,7.0 5.0, 4.0

: ; ; outer 13.8,12.4 8.0, 7.4
th_e end. A section area, S is consdered Conath of tubes (mm) ” o5
with the effect of entrance and exit area |material Stainless steel Copper

on the velocity digtribution in the

regenerator. A flow section area ratio,

S/A at the distance, X, can be calculated

asshownin Eq. 7.

S

A =1- (1- m)sexp(- 0367xmx) (7)
Table 2 shows specifications of heat

Regenerator

Type

Annular tube

Unit No.

1

Diameters (mm)
inner
outer

27
66

Length of tubes (mm)

35

Matrix material

Stainless steel




exchanger system of the prototype engine.
In the case of the prototype engine, the
section ratio, m at the heater side is led to
0.135, and that of the cooler side is led to
0.106. The section area ratio, S/A is
calculated by Eq. 7 as shown in Fig. 3.
This figure shows that the working gas
flows without an enough extending in the

regenerator.
Then. the analysis model is needed to & 0.2 Heater side
correct the velocity of the working gas oifF |- Cooler side
with the consideration of the section area 0 L L L L L L
ratio, S/A. But it is difficult to analyze the o 5 10 15 20 25 30 35
flow pattern in detail with the effects of Distancer from heater end x (mm)
both the heater and cooler side. A value Figure 3 SECTION AREA RATIO

of the section area ratio, S/A to 0.55 is
used following calculations. This value is an average of that of the heater and cooler side.
The total pressure loss, L. considered with the effect of the entrance and exit area on the
velocity distribution in the regenerator can be defined as shown in Eq. 8 using the pressure drop,
P and the engine speed, n (1ps).

L. .= © PxdV.xn (8)
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LEAKAGE OF WORKING GAS

The gas leakage between the working space and the buffer space is supposed as an adiabatic
flow in a Laval nozzle”. The gas leakage flow rate, dm/dt is calculated as shown in Eq. 9 and

Eq. 10 using a specific heat ratio, , a higher pressure, Pug, a lower pressure, Py, a gas
temperature at upper flow side, T;,, and an equivalent diameter of the nozzle, d;c..
. _tl 2
When, D2 \odm_ ey 2, D 9)
P.. +1 dt 4 +1 RT,
5 2 +1
_ 5 2 =
When, Ppian S 2 . 1; d_m= d e 2 APhigh Phigh+ Phigh+ (10)
low + 1 dt 4 1 RTin low low

In the following calculations, the equivalent diameter, dic.x, is equaled 0.95 mm. This value
was derived from an experimental result with the prototype engine.

BUFFER SPACE LOSS

It is difficult to analyze thermal characteristics of the working gas in the buffer space.
Because there are some mechanical parts which heat themselves in the buffer space. Then three
different calculated models were used for the buffer space in this analysis model.

(1) Isothermal model

The buffer space pressure, Py, is calculated by Eq. 11 from the mass of the buffer space,

my,r and the buffer volume, Vi, under an assumption that the buffer space maintains the gas



temperature, Ty during the cycle.

m, . RT
Py = =2 (11)
buf
(2) Adiabatic model

When there is an assumption that the buffer space gas changes adiabaticaly, the energy
equation is shown in Eg. 12 using a specific heat at constant volume, c,, a specific heat at
constant pressure, ¢, and the gas temperature of the upper flow space, Tin.

d(mbuf Tbuf) _ d_m M

= T -P 12
Cv dt Cp dt in buf dt ( )
Equation 12 is changed in EQ. 13, using acrank angle, q.
dTy _ Kk dm s (k- 1) Tt Vs (13)
dq buf dq Vbuf dq

The buffer space temperature, T Can be calculated by solutions of above differential
equation. Then the buffer space pressure, P, is calculated by Eq. 11.
(3) Heat transfer model

In the case with consideration that the working gas in the buffer space is affected by heat
transfers from the buffer space wall and the mechanical parts, an energy equation is shown in
Eq. 14, using a heat transfer coefficient, h, a heat transfer area, Aps and a buffer space wall
temperature, Twbut-

d(Myy Toe) _  dm AV

C, dt —Cp dt - Pbuf dt +hAbuf( whuff ™ Tbuf) (14)

Equation 14 is changed in Eq. 15, using a number of heat transfer unit, Ny, defined by Eq.
16.

dT,, _ ko dm T (k- 1)t Ty dV

dg = my, dq Vi
hA
Ny = o — (16)
2pnc,my,
When the number of heat transfer unit, Ny, is set adequately, the buffer space temperature,
Ty @nd pressure, Py can be calculated by solutions of above differential equation.

—r + k XN tu( whuff Tbuf) (15)

INDICATED WORK AND POWER

An expansion power, Lg, a compression power, Lc and a piston space power, Lp are
calculated as shown in next equations, using each pressures and volumes.

= OP:dVe 0 (17)
= - P.AV, (18)
L, = @P-dV, M (19)

A buffer space loss, Ly, is calculated as shown in Eq. 20.
Lo = = ©Pps AV X0 (20)
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Figure 4 FACTOR OF MECHANICAL LOSS

An indicated power, L;, considered the buffer space loss is calculated as shown in Eq. 21.
Li=L; Lc+L, Ly (21)

MECHANICAL LOSS

Figure 4 shows factors of the mechanical loss of the prototype engine. The mechanical loss
consists of a coulomb friction loss and a viscosity friction loss. The coulomb friction loss is
affected by mechanical forces only. The viscosity friction loss is affected by lubricating devices
mainly.

Figure 5 shows a calculation model of the mechanical forces"*. The coulomb friction loss
is calculated to be based the mechanical forces.

In the case of the prototype engine, lubricating oil for the mechanical seal and grease in the
bearings cause the viscosity friction loss. It is difficult to calculate these losses analytically.
Because the losses are affected from operating conditions like temperatures. In this analysis
model, the viscosity friction loss is led by an approximate equation based experimental results.

COMPARISON TO EXPERIMENTAL RESULTS

EXPERIMENTAL AND CALCULATED CONDITIONS

Table 3 shows experimental conditions. Table 3 EXPERIMENTAL CONDITIONS
A 1 kW (max.) electric heater was used to Heat source Electric heater
heat the engine. Heat input from the electric | Expansion gas temp. 703 K
heater was adjusted to maintain the Working gas He / N,
expansion space gas temperature to 703 K. | Mean engine pressure 0.8 MPa

On the other hand, the temperatures for Regenerator Spring Mesh
following calculations are set the expansion Cooling type Water cooling
gas temperature, Tg to 703 K, the Piston ring 4-piece type




compression gas temperature, Tc to 323 K, the 70

piston space gas temperature, Tp to 303 K and | | | |
the buffer space mean gas temperature, Ty, to 60 I Calculation, N2
313 K based the results of the experiments. The [ [ 777 Calculation, He
regenerator gas temperature, Tr is set to the *  Experiment, No
> 50 Ao Experiment, He

value of average between Tg and T¢. The pass =
space gas temperature, Tcp is set to the average o
between Tc and Thp. % 40 /

>
PRESSURE LOSS @ 30 pd

& / ¢

Figure 6 shows the relation between the 20 7 .‘o' -

engine speed and the pressure loss for both the o 7 a
calculation and the experiment. This figure 10 /.)0? A‘ et
shows that the difference of working gas are /
expressed well, though the calculated result was 0 —f
Sllghtly hlgher than the experimental results. 0 200 400 600 800 1000 1200 1400

The section area ratio, S/A was set to 0.55
in the calculation as described above. These
results indicate that the working gas flowed
without an enough extending in the regenerator.

Engine speed (rpm)

Figure 6 PRESSURE LOSS AS A FUNCTION
OF ENGINE SPEED

BUFFER SPACE LOSS

Figure 7 shows the relation between the engine speed and the buffer space loss for both the
calculation and the experiment. In this figure, the calculated results of the isothermal model and
the adiabatic model were greatly smaller than the experiment results.

On the other hand, the result of the heat transfer model corresponded with the experimental
result, when the number of heat transfer unit, N, was set to 0.1. This value of the unit number
doesn't have a basis analytically. We should have more detail discussions about the heat transfer
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in the buffer space.
The buffer space loss using helium as the working gas was about two times as large as that
of nitrogen. It is considered that the effect of the gas leakage appeared strongly.

MECHANICAL LOSS

Figure 8 shows the relation between the engine speed and the mechanical loss. This figure
shows that the calculation of the coulomb friction loss has a quadratic increasing to the engine
speed. This means that there is few effect of piston inertia forces.

As one can see from this figure, the mechanical loss can be simulated well, when the
viscosity friction loss based the experimental result is considered.

INDICATED POWER AND SHAFT POWER

Figure 9 shows the relation between the engine speed and the indicated and output power.
This figure shows the calculated results agree with the experimental result well. In this
calculation, the heat transfer model with N,,=0.1 was used for the buffer space.

The indicated and output powers with nitrogen are larger than the powers obtained with
helium greatly. It is considered that the cause was the large gas leakage from the piston ring and
the lip seal mainly.



DISCUSSION BY ANALYSIS MODEL

As described above, it was confirmed that the analysis model can simulate the performance
of the prototype engine. The way of improvements of the engine performance are discussed in

this chapter.

EFFECT OF GAS LEAKAGE

Figure 10 shows the relation between the equivalent diameter, di..x and the output power at
the engine speed, 1000 rpm. Other conditions are the same to above experiments as shown in
this figure. This figure shows that the power using helium is higher than that using nitrogen,
when the equivalent diameter is smaller than about 0.7 mm. In the case of above experiment,
the engine power using nitrogen was higher than that using helium. It is considered that the
large gas leakage caused the characteristic of the prototype engine.

EFFECT OF EXPANSION SPACE TEMPERATURE

In the above experiments, the expansion gas
temperature was contained to 703 K, because
the electric heater had a limit capacity. This
temperature is greatly lower than that of a
design process, 923 K.

Figure 11 shows the relation between the
expansion temperature, Tg and the output
power at the engine speed, 1000 rpm. The
calculated result shows that the output power
reaches the target power, 100 W approximately
at the expansion temperature, 923 K.

EFFECT OF BUFFER VOLUME

The prototype engine has the small buffer
space volume compared with that of a general
Stirling engine, because it designed as small as
possible. It has a possibility to increase the
buffer space loss.

Figure 12 shows the output power and the
buffer space loss at 1000 rpm which were
obtained with the volume of the current buffer
space without any auxiliary buffer tank. When
helium is used, especially the power changes
with the buffer space volume which influence
the buffer space loss.
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CONCLUSIONS

The summary of the results is shown below.
(1) The analysis model, which is considered the
pressure loss at the regenerator, the gas leakage
and the heat transfer in the buffer space was

presented. It can simulate the engine \ "‘A‘ .
formance adequatel N xperment He
per q Y 30 X, Experiment, He
(2) The buff§r space loss of the protqtype BN Experiment, N2
engine is estimated adequately, when it is 20 ~ Calculation, He

considered the heat transfer with the number of
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