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A New Program to Design an Alpha-Type Stirling Engine Using
Ebow-Bend Transposed-Fluids Heat Exchangers
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Abstract

In this work, the elbow bend heat exchangers were suggested to be used as a heater and a
cooler in an alpha type Stirling engine. Elbow bend heat exchanger is a bank of tubes
arranged in a quadrant either in line or staggered with different normal and parallel pitches.
Eight of the suggested heat exchanger of different dimensions were tested experimentally for
steady flow (in a previous research by the same authors). The experimental results were
correlated for heat transfer and pressure drop. In the present research, two parallel pistons on a
common crankshaft alpha Stirting engine was designed to use elbow bend heat exchangers as
a heater and a cooler. The heating fluid flows inside the tubes of the heater, the coolant flows
inside the cooler tubes, while the gas circuit fluid (working fluid) flows past the tubes in both
of them. A computer program was prepared to analyze the working fluid cycle in the vision of
Schmidt theory and it was solved numerically by the program. After that the effect of heat
transfer and pressure drop were taken into consideration. Upon calculations, the most suitable
values of each of the stroke/bore ratio, the crank phase angle between the hot and cold pistons
and the speed range were found out for nitrogen as a werking fluid. In a comparison between
the proposed engine and practical ones by the literature, it was found that the proposed engine
delivers higher power per unit swept volume per unit temperature difference between the heat
source and sink in addition to higher values of the efficiency.

Key words: Stirling engines, Elbow bend heat exchangers, Alpha Stirling engine.

Introduction
One of the amrrangements of the heating and cooling processes may be
conventional alpha-type Stirling engine achieved through the walls of the two
consists of two parallel cylinders. The cylinders as shown in Fig. (1-a); one for
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heating and the other is for cooling.
Another technique of transferring the heat
to and from the working fluid is by using
two heat exchangers; heater and cooler.
The conventional heater and cooler in this
case consist of a number of tubes that are
bent in the form of a quadrant as shown in
Fig.(1-b). The working fluid flows through
the tubes and it can be heated by the
flowing of a heating fluid past the heater
tubes and cooled by passing the coolant
past the cooler tubes.

In this paper, eight elbow bend heat
exchangers were designed and
manufactured to be used as a heater and a
cooler in an alpha-type Stirling engine.
The geometrical shape of the elbow bend
heat exchanger is shown in figures (2-a)
and (2-b). The main dimensions of each
heat exchanger are presented tn Fig. 3. The
suggested elbow bend heat exchangers
were tested experimentally in a steady flow
test rig to investigate their thermal

performance individually. The
experimental results were expressed as
empirical correlations for heat transfer and
pressure drop as given in [1].

The empirical correlations were deduced
as follows:

Nug=AxRef (L
S =C/xRe} +CxRe, +C, (2)
Where the constants; A, B, C,, C, and C,
are given in [1].

In the present work, referring to Fig. 4, the
elbow-bend heat exchanger will be
introduced as a heater and a cooler in a
twin-piston alpha Stirling engine. The
working gas flows past the tube bank of
the elbow-bend heater and cooler. In the
heater, flue gases or heating fluids flow
inside the tubes while the coolant flows
inside the tubes of the elbow-bend cooler
as wetl,

Engine

The present work considers that the engine
has a bore of 100 mm and a wire mesh
regenerator. In the wvision of Schmidt
assumptions [2 and 3], a harmonic
vartation of expansion and compression
spaces is to be assumed, thus the
instantanecus volumes of both are:

Ve=(x/8)D*S, (I-cos¢) (3)

Ve =(n/8) DS, (1-cos(¢-a)) (4)

The total volume of the engine work space
is as follows:
V. o=V,

, TV AV AV, Y )
Vo Ve tVace
According to Schmidt assumptions, the
instantaneous pressure is the same within
the engine work space. The engine work
space can be divided into three isothermal
spaces; compression and cooler spaces at
7. , expansion and heater spaces at 7, and

regenerator space at an intermediate
temperature 7, which is as follows:

To=(Tg -Tc¥ Ln(Te [Te) (6)

The charged mass of the gas is:
Mot =Pch V.'.n‘tax/ R Tc.‘i

=p(Vg +Vy ¥V, ( YRT +p(Va YRT, (7)
+p(Ve Ve +V, c YRT

The instantaneous Schmidt pressure is:
Mg R ’TE

oo, o e
+(l'{‘§)(VC +VK b+Vc!,C ) (8)

A computer program in the form of a
spread sheet was prepared in which the
above equations were inserted to find the
Schmidt p-¥ diagram represented in Fig. 5.
Referring to Fig. 4; and applying the mass
conservation equation between the spaces
of the engine workspace, [3].

For the expansion space;

r

dmgldt =0.0-my_, )
For the heater space;
dmy ldt =mp_, —~my (10)



Mansoura Engineering Journal, (MEJ), Vol. 34, No. 4, December 2009, M. 62

For the regenerator space;

dmpldt =my_p —mp (11)
For the cooler space;

dmy ldt =my_, —my o (12)
For the compression space;

dme ldt =my - -0.0 (13)

From the equations (9, 10, 11, 12 and 13);
one can find;  mp_,, my_a, Mpx
andmj . Hence the instantanecus flow

rate and Reynolds numbers through the
heater, the regenerator and the cooler were
found as:

The iniet temperature of the flue gases was
taken 750°C, [4 and 5]. The flue gases flow
rate was considered to be constant at
(m=0.1378 kgls) which ensures
minimumReg =5000. Thus, the heat
addition rate is, [6];
QH = N{PE ave

= AH,o Uy (Tg -T;) (20)
Where; 1/ Uy, =1/ b4, +1/ hyd, (1)

The expansion space temperature 7

which had been calculated from the heater
performance was used to calculate the
engine performance. The temperature 7

My = (Mg + My )2 (14
Mp =My o+ )2 (15)
my ={Mpy_x +My_c W2 (16)
Rey, =my xdy g xay on) (17)
Rey=mpxdy, g g xag) (18)
Rey =my xd g Ny xag ) (19)

Fig. 6 shows the cyclic mass fluctuations
via the heater, the cooler and the
regenerator during a complete cycle of the
engine.

Heater

was calculated’ with the matching of the
heater calculations using iteration method,
sinceQ, =W,.

The pressure drop through the heater is,
(7]:

AP, =1.Tx[fxpxv) 12}, (22)

The values of both Ay and f,, were

calculated using the correlations (1 and 2).
However the value of hg was calculated

from the following correlation, [6];

Nug =0.023 Re)® Pr)? (23)

Regenerator

The regencrator has a  horizontal
cylindrical shape of 0.1 m diameter, as
shown in Fig. 4. It is formed of successive
circular layers of stainless steel wire mesh
having the same mesh size. The layers are
supposed to be homogenously stacked
beside each other without a revolving
angle. Mesh of ¢ =100 pores/inch and wire

diameter of J, =0.112 mm were proposed

for the regenerator fabrication. The
pressure drop of the gas due to its flow
through the regenerator is, {8]:

8pp =[f x(L1dy,yxpxv?12], (24)

Where; D, =d, I-W—
Y

I#IOOOEXEXG,”
254 4
The friction factor, /| is expressed as

follows, [8]:
log (fz)=1.73-0.93 log (Rey)

25)

(26)

for 0.0<Re, < 60

tog (f;)=0.714-0.365 log (Re,) (27)
for 60=< Re, < 1000

log (f4)=0.015-0.125 log (Rey) 28)
for Rep, »1000

The regenerator effectiveness is, [8]:

Ep =NTU 1+ NTUy) (29)

s NTU, =28t x Ly idyy o (30)

And St, =0.595/Re,"* x Pr, 1)
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The iniet temperature of the cooling water
was assumed 10 be 40°C. The water flow
rate was considered to be constant at

(m=0.3462 kgls) which ensures

minimum Re, =5000.The heat removal
rate is, [6];

Q=N ‘jP c V¢

= Ay, Uy I -7,) (20)
Where; 1/ Uy =1/ B, A, +1/ h A, (33)
The compression space temperature 7.

which had been calculated from the cooler
performance was used to calculate the

engine performance. The temperature 7,
was calculated with the matching of the

Cooler

cooler calculations using iteration method,
since Q ¢ =We.

The pressure drop through the cooler is,
(7%

AP, =1.7x[fxpxvi /2], (34)
The values of both Ay andf, were
caiculated using the correlations (1 and 2).
However the value of %, was calculated
using the following correlation, [6];

Nittw =0.023 Re2® pr2? (35)
The hydraulic losses AP,, 4P, and
AP, were taken into consideration to get

the actual pressure inside the expansion
and compression spaces £y and P, that in

turn used for calculating both the power
and the thermal efficiency.

Power and efficiency

The elliptic p-¥ diagrams of the expansion
and cempression spaces when taking the
hydraulic losses into consideration are
shown in Fig. 7. The indicated power is,

9 and 10];
P =Wnei.cyde xN ’ (36)
Wm‘-‘,cydc = (WE + WC )cyc.’e (3 ?)

i=n
Wi =(JPc Ve =2 (P xaV,), (38)
i=|

f=n

We gae =[P Ve =2 (B %A V), (39)

f=]

The thermal efficiency of the engine is;
T =P/ Q4 (40)

Results and discussion

Two different design approaches were
suggested to select the most suitable
engine dimensions as ratios of the bore that
result in high engine power. The first
design approach considers non-equal
strokes for both the expansion and
compression pistons, while the second one
considers equal strokes. The experimental
results of the heat exchanger No. (I) were
inserted in the computer program of the
engine design. The main dimensions of the
engine were varied several times to find
the engine power and efficiency. By trial
and error method, the dimensions and
conditions that lead to the best power and
efficiency were recorded. The same
procedure was done for each heat
exchanger. The results are shown in table

(1) for the first approach and table (2) for
the secoud approach. Referring to table
(1); one can say; the heat exchanger No.
{(II) is the most suitable candidate as a
heater and a cooler for the first design
approach. As a consequence; the results
will be ongoing discussed when the heat
exchanger No. (II) was used as a heater
and a cooler in the proposed engine. The
working fluidd used in the engine is
nitrogen and all the calculations were done
for a maximum pressure limit of 40 bar.
The increase in the regenerator length
increases both the dead volume and
hydraulic losses that in turn reduces the
power, so, the most suitable length of the
regenerator is about 0.0503 m as shown in
Fig. 8.
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In the typical Stirling engine design, the
engine indicated power has a linear
proportion with the swept volume in the
vision of the classical Schmidt model
without hydraulic losses. Furthermore, in
the vision of this concept and for the same
dead volume, the indicated power
increases with the increase of swept
volume as the percentage of the dead
volume comes down. This is more
accentuated in figures (9 and 10) where;
the increase in the hot piston stroke or cold
piston stroke causes the indicated power to
go up although the present model attributes
the hydraulic losses. For too long strokes,
the charged mass of the working fluid
increases and as a consequence the
velocity through the heat exchangers
increases which increases the hydraulic
losses, so, the indicated power comes
down. The engine efficiency decreases

when increasing any of the strokes for the
same reason.

The variation of the phase angle varies the
maximum and minimum total volume of
the engine work space. This is due to the
shift between the crank angles at which the
minimum and maximum volumes occur.
So, the vanation in the phase angle causes
a varlation in the compression ratio. Fig.
11 shows that the optimum phase angle
between the hot and cold pistons of the
proposed engine is about 86° It can be
noted that the indicated power increases
with the engine speed up to a certain limit
as the number of cycles per unit time
increases. At higher speeds, the indicated
power decreases with increasing the engine
speed due to the hydraulic losses and the
inadequate heat transfer at higher speed
levels. For the proposed engine; the
optimum speed is around 500 rpm as
shown in Fig. 12.

Comparison between the present work and literature

An alpha engine of 1AW target with a heat

source of  300C  was tested
experimentally by Takeuchi [11] at
different engine speeds. The engine has a
compression ratio of 1.23 and it developed
a power of 805 W at 700 rpm.

A prototype alpha Stirling engine API-
10/250 used a heat source of 300°%C and a
heat sink of 20%C  was tested
experimentally at different engine speeds

by Takeuchi [12]. It generated a power of
104 kW.

An alpha engine with a heat source of

237°C and a heat sink of 30°C was tested
experimentatly by Isshiki [13] at different
speeds and different values of temperature
difference. The results showed that the
relation between the maximum power and
the temperature difference between the

heat source and the heat sink is almost
linear.

Fig. 13 compares the indicated power per
cc per unit temperature differential
between the heat source and the heat sink
versus engine speed of the present engine
with the corresponding actual power of the
engines of [11, 12 and 13]. A quite
agreement among the present results and
those by the literature was more attained.
In low speed range, the present engine
delivers higher indicated power per cc
petAT ; this is. due to the higher
temperature differential of the present
engine than that of the three engines which
causes adequate heat transfer rates at low
engine speeds. However, at high speed
range; the inadequate heat transfer rates
cause the power to come down. As the
present engine has higher AT than that of
the engines in comparison, the present
engine operates at higher efficiency than
that of the others as shown in Fig. 14.
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NOMENCLATURE
Symbol Description Unit Symbol  Description Unit
A Surface area mt Re Reynolds number
a Cross section area m’ S Stroke _ m
ec Cubic centimeter St Stanton number
D Cylinder bore m T Temperature K
d Diameter m AT Temperature difference K
S Friction factor f Time §
h Heat transfer coef. Wmt kK | U Overall heat transfer Wimt K
coefficient
i Wire mesh Poresfinch | V/ Volume s
L Length m AV Volume difference m
m Mass kg id Work J
i Mass flow rate kg/s v Velocity mis
N Speed rpim o Phase angle rad
NTU Number of transfer & Regenerator effectiveness
units
Nu Nusselt number P Crank angle rad.
P Power W n Efficiency
Pr Prandtl number Ho Viscosity kgims
p Pressure N/ m? ¢ Temp. ratio = T, /7,
Ap Pressure drop Nim? be Density kg In’
O Heat transfer rate 4 4 Porosity
R Specific gas constant  Jkg K
Subscripts
Symbol | Description Symbol Description
C Compression space K Cooler
ch Charging max Maximum
cl Clearance min Minimum
E Expansion space o Outer conditions
/ Working fluid R Regenerator
g Flue gases { Total
H Heater th Thermal
hyd Hydraulic w Wire of the regenerator
i Inner conditions wi Cooling water

Conclusions

The current work 1s concerned with a
somewhat new innovation of an alpha
Stirling engine using elbow bend heat
exchangers with straight tubes, The elbow
bend heat exchangers were integrated with
the engine as a heater and a cooler. The
experimental results of eight elbow-bend
heat exchangers were used in designing the
proposed engine. The proposed engine has

twin cylinders on a common crankcase and it
uses mitrogen as a working fluid at a
maximum operating pressure of 40 bars. The
main dimensions of the engine that result
m higher power were found out. The
concluded items of the present trial are:

I- The elbow bend heat exchangers
having straight tubes are easy to
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manufacture, have long life time,
reliable, light weight and quite
cheap to be suitable candidates in
Stirling machines compared to the
conventional  heat  exchangers
having curved tubes.

2- Elbow bend heat exchangers reduce
the hydraulic losses but they
slightly increase the dead volume
when compared with the other heat
exchangers used in  Stirling
machines.

3- Upon calculation, a target of about
9 kW at a speed range of 400 rpm
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AR

C: Compression space,

E: Expansion space,

H: Heater,

K: Cooler,

P.: Compression space piston,
Pg: Expansion space piston,
R: Regenerator.

Fig I-a. Alpha-type Stirling engine with heating
and cooling through the cylinder walls.

Fig. 1-b. Alpha type Stirling engine with curved-

tubes heater and cooler.

%

-

Figure (2-a), Elbow-bend heat excﬁa.nger during
assembly.

Figure (2-b), Elbow-bend heat exchanger after

assembly,

Fig. 3-a. Heat exchanger No.([),

163 tubes, (Staggered arrangement).
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Fig. ' 0. Heat exchanger No.(II),

169 -1 oes, (In-line arrangement). ]
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Fig. 3-c. Elbow-bend heat exchanger No. (1II),
136 tubes, (Circular arrangement).
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Fig. 3-d. Elbow-bend heat exchanger No. (IV),
125 tubes, (In-line arrangement).
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Fig. 3-e. Elbow-bend heat exchanger No. (V),
142 tubes, (In-line arrangement).
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Fig. 3-f. Elbow-bend heat exchanger No. (V1),
124 tubes, (Circular arrangement)
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Fig. 3-g. Elbow-bend heat exchanger No. (VII),
113 tubes, (Circular arrangement).
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Fig. 3-h. Elbow-bend heat > changer No. (VIII),
111 tubes, (Circular arrangeimant).

Figure (3), Specifications of the eight elbow-bend heat exchan zers.
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13- Coolant outlet
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Fig. 4. Scheme of the work spaces of the proposed alpha-type Stirling engine.
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Table (1}, Maximum power developed for each elbow-bend heater and cooler for first design

approach (non-equal strokes).

Heat

exchanger no. | I 11 I | IV \4 Vi VII VIII
Lp/ D 0.505 0.503 0.503 0.505 0.505 0.506 0.506 0.506
Sg/ D 2404 | 2437 1.998 1989 | 2117 |2.096 |2.148 | 2.337
S¢/ D 1.6 1.66 1.5 1.5 1.55 1.5 | 1.50 1.55
 (degree) 96 86 112 106 106 110 110 106
N, (rpm) 491 500 512 500 494 510 505 7 492
Power (kW) 8.175 8729 | 7456 [7270 |7.592 7.507 7.533 8.161
7, (%) 42470 | 43.660 | 42.040 | 42.180 | 42.320 | 41.700 | 42.190 | 42.860
&g, (%) 97.882 | 97.938 | 97.844 |[97.920 |97.882 | 97.831 | 97.819 | 97.801
Tg, (°C) 3672 | 3685 3754 3779 |3766 |3674 |369.6 | 3584
7. ("C) 74.1 65.4 80.3 80.4 77.1 779 75.5 67.9
Tg-Tc,(°C) | 293.1 303.1 295.1 2975 2995 |289.5 {2941 290.5
NCarnot 45.78 4724 | 4551 45.71 4611 45.21 45.76 | 46.02
T,,,(°C) 626.7 | 621.9 |6365 6398 |6352 |6348 |6358 | 628.1
£n ,(%0) 30.3 31.4 28.6 27.9 29.0 28.5 28.5 29.5
my(g) 54.04 51.05 4779 | 48.25 50.68 50.56 5298 | 5431
Pen ibar) 11.847 | 10.877 | 12.888 | 12.54 12.564 | 12.976 | 13.19 12.722

Y dead s {c¢) 862.254 | 905.023 | 509.817 | 639.37 | 662.799 | 598.498 | 663.393 | 688.25

Vowept> (€€) | 314473 | 3217.78 | 274732 | 274025 | 2880.06 | 282429 | 2865.13 | 3061.48
v, (cc) 400699 | 4122.8 | 3257.14 | 3379.62 | 3542.85 | 3422.79 | 3528.53 | 3749.73

V dead s (%) 33.94 32.03 33.78 34,67 34.39 34.44 35.38 33.63
Specific power pe
Watt / cc) 2.6 ot 2. 2.65 2.64 2.66 2.63 2.67
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Table (2), Maximum power developed for each elbow-bend heater and cooler for second
design approach (equal strokes).

Heat exchanger

no. Il 11 h)] v \% %! VII VIl
La/ D 0,505 0503 0,503 0,505 0,505 0,506 0,506 0,506
SID 2 2,06 1,77 1,77 1,85 1,815 1,842 1,957
a (degree) 96 86 109 106 102 107 106,5 101
N, (rpin) 498 500 505 500 495 507 504 494
Power (k1) 8,098 8,650 7,408 7,127 7,515 7,443 7,478 3,091
7, (%) 42,28 43,41 42,13 38,43 41,97 41,49 41,79 42,39
&g, (%) 97,943 97,952 97,890 97,922 97,923 97,870 9786 97,853
T, (°C) 36327 36697 37444 37578 372,77 364,03 36429 353,04
Te, (°C) 72,64 6435 7987 7932 7680 77,32 7522 676l
Tg-Tc, (°C) 290,63 302,62 294,57 296,47 29597 286,71 289,07 28544
NCarnot 45.68 4729 4550 4569 4583 4501 4536 45.59
T, (°0) 626.5 6223 6375 6399 6354 6352 6355 6278
11,{%) 29.9 31.0 28.2 27.8 28.5 28.0 28.0 29.0
My (g) 53.75 50.8) 46.63 48.01 49.24 49.44 51.73 52.54
Py, (bar) ‘11,859 10,833 12430 12,413 12,064 12,586 12,767 12,223
Y dead » (€€) 839,72 88432 51503 61688 679,67 599,49 665,82 701,59
Y swept > (c0) 314159 323584 278031 278031 290597 2851,00 289341 307405
Vi lee) 3981,31  4120,16 329534  3397,19 358565 345048 355923 1377564
Y dead » (%) 34,16 32,05 33,39 34 49 33,98 34,16 35,07 33,40
Specific power
(Watt / ¢¢) 2,58 2,67 2,66 2,59 2,59 2,6 2,58 2,63
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Fig. 12. Power and efficiency versus N for
@ =86°,

S,/ D=2437,8./D=166and L,/ D =0503.
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Fig. 13. Comparison of the power per cc per
AT between source and sink temperatures of the
present work and those by the literature.

Fig. 14. Comparison of the efficiency of the
present work and those by the literature.




