6.8 Application
The ideal power t input heat rejected are respectively modified by
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where the subscripts indicate the following:

M haater

h
a: actusl i T
i ideel
b:  bounce space .
C: compression space Jj:  index
ler
¢/: §'th conduction path k °°°‘ -
“th
d: displacer Lj l‘s:*
prpiston
e: expansion space
c: compression space hysteresis r mﬂtﬂ"
&/: j'thring seal
oe: apummwhm-"
gs: gesspring
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whereas in the Schmidt analysis it is not. Since wa
irreversibilities are not included in the above equations, the ideal

quantities are based on the bulk gas cooier and b
the heat transfer, the temperature drop from gas to wall is calculated

“from the heat transfer coefficient as outlined in 54 Depending on heat
exchanaer loading, the gas temperatures will vary and thus change the

ideal power.

Note once again that the reduction of power due to dissipating effects

occurs mainly by reducing the pressure phase angle with respect to the

piston.

Table 6.1 lists loss inventories for the three example engines contained in
o the losses are difficult to measure individually,

Appendix A. Since tnhé 1055
comparisons are based on the overall performance figures (1
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arrar analveia for the RE-1000 or GPU-3 engines seem to be

~
Ww WITWVI RSy ywrw ¥

available. The GPU-3 data comes from a single steady state point, the
set of data, one test point of

which was done at Sunpower, the rest being done at NASA-Lewis. Figures
6.19 and 6.20 are typical performance curves from the NASA data [Sc83.2].
Most position and pressure (or force) transducers are fairly accurate (less
than 1% error), the usual source of error is in measuring the phase angile
between the pressure (or force) and position in order to calculate power
(Equation 6.45). Sunpower's experience is that the error on smaiier phase
angle measurements (around 20°) is in the neighbourhood of 5% or slightly
larger. The error in power would therefore be around S®. Efficiency is
generally more difficult to measure. The usual practice is to measure the

cooling water flow rate and entrance and exit temperatures from which

the heat removed at the cooler is calculated with good accuracy. The heat
into the engine is then assumed to be the indicated work plus the heat
removed at the cooler, the indicated efficiency is then based on this
calculation. Obviously, calculating efficiency in this way does not account

other than the cooler. This

for heat leaving the engine from sources oOtner tnan
approach should not lead to large errors provided that the heat leaving the

engine's other surfaces is by free conve ction. The degree of this error has

not been estimated. In the case of the RE-1000, the engine is well

insulated from the ambient and the heat input is done by electrically

heating the heater tubes (see Figure A4), the heat input is thus well
age and cur! > error here would be less

be assumed that the efficiency

than S%. For the other engines it must
istic.
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Table 6.1 Calculated Loss Inventories
GPU-3 RE-1000 | SPIKE.S | SPIKED
Viscous dissipation {wl
Cooler 101 22 147 182
Regenerator 938 38 290 358
Heater 162 42 10 33
Gas hysteresis [W}
Compression space 31 7 1 10
Expansion space 83 17 27 20
Gas spring 0 8 101 109
Bounce space 56 small 25 33
Seal leakage [WI:
Displacer ? small small small
Piston ? 74 small smaii
Gas spring puck - - - 63
Rod (at displacer) - 30 31 small
Rod (at piston) 7 0 28 142
Conduction [W}
Gas 94 25 112 81
Regenerator walls 987 178 290 207
Internal walls 686 69 148 113
Seal friction [wl
Displacer 0 24 small—{—small
Piston 0 small 147 158
Rod (at dispiacer) 0 | small small small
Rod (at piston) 0 - small | small
Gas spring 0 - - smatl
Appendix 10ss (W}
Gas enthalpy 524 123 168 142
Shuttie 676 79 29 a4
Regenerator enthalpy loss
(w] 1620 680 523 909
Temperature dif ferentials
{Kl:
Cooler 242 6.3 8.6 11.9
Heater 33.9 209 88.3 30.6
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~ Table 6.2  Comparison with Experimental Results

1 2 3 3
GPU-3 RE-1000 | SPIKE.S SPIKE.D
Operating parameters:
Hot wall temperature [K] 977 873 846 710
Cold wall temperature [K] 288 303 297 320
Charge pressure [bar] (abs)| 413 71 " 12
Frequency [Hz] (crank type)| 41.72 - - -
Piston amplitude [mm] 13.8 13.1 140 144
Displ. ampl. [mm] (crank) | 15.6£65° - - -
Experimental performance
parameters: _
Engine power [kW] 3.96 1.2 1.57 1.25
Engine efficiency [R] 35 29 26 18-20
Experimental free-piston
dynamic parameters:
Frequency [Hz] - 30.2 60.0 61.9
Stroke ratio - 1.1 0.72 0.97
Dispiacer/piston phase [*] - 476 65.7 57.5
Caiculated performance:
1 479 1.4 1.29 1.27
pV power (kW] 485 1.4 1.46 1.46
Engine efficiency [%] 37 35.4 247 18.4
Calculated free-piston
dynamic parameters:
Frequency 30.3 99.2 60.4
Stroke ratio 0.87 0.76 0.99
Displacer/piston phase [*] 59.2 59.9 56.7

1) Data from [Th79] _
2y patafrom[Sc83.4,S8321
3) Data from Sunpower files
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In practice, the performance of a particular engine varies significantly
with extraneous issues, eg, dirt in the engine or significant wear on one of

the parts allowing greater leakage to occur, etc. Where poss

therefore, the data chosen are taken from significant steady state runs, ie,
where the engine’s performance remains steady for in excess ¢

From Table 6.2, the largest discrepancy between experiment and
calculation is for the GPU-3 engine. This engine the highest

PP ad hare and tions of the

compression ratio of the engines presented here and U
moving parts are non-sinusoidal. Therefore errors associated with

linearization are iikﬂmmwmmmmJﬂlh—

leakage and friction could not be estimated since detailed information of
the seals was not available. These dissipating losses could have a
significant effect on the calculated power. Tew ef 2/[TJ78] did include a
leakage loss in their simulation calculations of the GPU-3 and found it to

greatly change the time taken for convergence even at a net loss of only

79W. However. the leakage factor used was arbitrary and may not be
akage losses in this machine. Displacer friction losses

would certainly be significant since they would increase the amount of

energy fed back to the cycle by the mechanism.
The discrepancy in the single acting gas spring SPIKE seems to suggest a

higher displacer resonance than that calculated (phase angle calculates

low). From Figure 5.17 it can be seen that the displacer was indeed not

centering properly, ie, it was oscillating at a point lower down on the rod

thus reducing its gas spring volume and so increasing its resonan
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~ As may be expected, closest correlation occurs for the more linear double

acting gas spring SPIKE engine. The non-linearities for the GPU-3 and the
the RE-1000 and the

double acting spring SPIKE, and therefore correlation may be expected to
be poorer for these engines. However, for the three widely differing
engines analysed here, it can be seen that the simple linear type analysis
and discrete loss calculations can return realistic results. The important
aspect of this type of analysis is to indicate the structure of the various
processes in the cycle so that the relative magnitudes of these processes
may be judged. Great accuracy is thus not necessarily required, though in

the examples treated here, the linear analysis has predicted the
performance of some of the sample engines with good accuracy. Figure
6.21 is a computer simulation of the RE-1000 (also taken from [SC83.1]),
showing power as a function of hot end temperature and piston stroke.
This simulation appears to have been done with fixed dynamics since the
power growth with stroke seems to be linear. In a free dynamics

simulation it would be expected that the displacer amplitude would also

iommrae 621 the agreement can be
lu\li\f wedie § i VW ’ w we

e §

simpie anaiysis (Table
seen, in this case, to be reasonably close with 2 typical third order

——t el
Caicuiaton.

Table 6.3 lists the pertinent equations derived in this section.
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Gas Hysteresis
Gas spring
Wrgs = VIAwy (Y - D7 <Pk (AV/ Vg P A,

or

CHrgg = (AWA2E) Yly - DI ALY Wy 2

Working spaces
g = VDT AylpP/Ay<p)

Leakage dissipation

' R in _s _ b.'l
¢%H¢t¢m%ﬂmm;ﬂlm 2p, B, kcost®, - &) + 1B Pl s
Zero leakage length
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Table 6.3 Parasitic Losses Summary - Continued

Appendix Gap
Shuttle (general)
Hyd == (/D0 kX L (T = TPALR)

Shuttle (1imiting value)

CHepdum ™= = (n/ﬂW

Gas enthalpy transport
Hro = —cakmp g /X Ty = TPL12- K/ kwh)](1/m = cosbp/4)

g ien -h

where 1 =[(rgcos® + 7y - rgl® + (rgsing)? J# and

W, = - guo|pinygusin®

Energy balance

< da> = (—¢ /é.h>) + (=< %)ws) -< “.’)s“l
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Table 6.3 Parasitic Losses Summary - Continued

Morhnnicnl' Erirtinn
P Wl ISR ! l ! !!'!!:l

, = waxT|(] pglcos g | pplcos o] + (n721]C] pglsineg - [ ppleiney] ]

+ AR

Energy Balance
Output power

‘a1 L.J"'J A gs] <&~

D F—3 D Tahs -?‘ M--. S‘( “’)_c Z(¢>ﬂ-(-(//-i)ﬁi§—<mﬁ=)
Krh db ce dp.gs

- Z( W)SJ
dp.gs

Heat in

(>, =< Oppi - @ = +<Tp >,(1—e)+Zacj e = (~<Hop)
j=1

Heat out

(D> = B>y = @y — @ —<dpi(1-€) - Zacj-un XYY

is‘l (_I#_g_s
dp.gs
a: :j::m indicats the fo g w-ﬁ-‘—!h‘,’!!m! p piston
b: bounce space gs:—gus spring r:___ regensrstor
€ compression Space h:  hester sf:  jth ring seal
c/:  jth conduction peth i:  idesl
d: displacer J: index
e: oxpansion space ki cooler
gc:  compression spacs hysteresis £Jj:  jth lesksge path
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7 A DESIGN PROCEDURE

71 Nnaratine Tamnarafturae
s UPTIUIIITY IVIIPW Bwr v

For maximum available efficiency the gas temperature ratio ( 7,/ /) must
be maximized. All else being equal, maximum temperature ratio also gives
the greatest work output for a giVen size engine. Optimum efficiency is,
however, not always appropriate. Particularly where the trade o
engine base cost and operating cost favours a lower base cost which would

generally compromise the efficiency and soincrease the operating cost
[BeB4).

The cold end temperature is usually close to the sink temperature which,
in most cases, is the ambient temperature. An example where this is not
the case is in cogeneration, where the re jected heat may be used to raise
steam or produce hot water. Where heat is supplied by combustion or solar

nd temperature is more typically a design variable since

the maximum hot temperature is limited mainly by materials and, to some
is section the effect of geometry and material

Heaters in Stirling engines are generally either constructed from a

multiple of finned tubes or a monocoque finned head. Heat may be supplied

directly by combustion gases or indirectly by way of heat pipes. Tubular
heat exchangers involve many small components which must be assembied

and brazed with gas tight integrity. Such heat exchangers tend to be
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expensive compared to a cast head with integral fins (monocoque type).
High pressure engines (S0bar and above) are of small diameter thus making

it difficult to configur I‘-_egral external heat exchanaers in the available

(R 1] u l e L ] T 33 YW IR WY W TEP RS TW WV TW T

space. Higher heat fluxes on integrally finned heads make it necessary to

use 2 combination of larger combustion blowers and hmhpr surface

S B SWE ! W W YV W W s ¢ e e

temperatures in order to transmit the required heat. Both these

an expensive construction often requiring super alloy

= g v b ot

temperatures to be used. Also, since the pressure stresses are

thinner, thus reducing the temperature drop across the wall. An example of
a tubular heat exchanger is shown in Appendix A, Figure A.S. This 2.5kW
RE-1000 derivative required only 10W to the combustion blower and the
highest temperature on the fins was 700°C. The low power blower is also
very quiet which is often a further advantage.

However, the problem of expense associated with the complexity of the

tubular heat exchanger is always a concern, particularly in engines of
lower power where the cost of the head tends to be a larger fraction of the
system cost.

Since the strength of the heater head material drops off sharply with
temperature; the higher the temperature, the thicker the wall needs to be

to contain a fixed pressure. The conduction temperature drop across the

wail aiso increases with waiil thickness, thus there is a finite upper

temperature which maximizes the internal wall temperature. A simple
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. calculation illustrates this effect.

Neglecting bending due to end conditions, the major stress is the hoop

on = pO /(2t)

where 2 is diameter and t is thickness.

-
~J
.

[
S

From Fourier's conduction 1aw, the temperature gradient across the wall is
given by

AT/t=qlk (7.2)

where ¢ is the heat flux [W/m%K]

~Thusfrom (7.1) and (7.2) the internal wall temperature is
= Ts - qp0 /(204 K) (7.3)

Both o}, and & are functions of temperature. Figures 7.1 (a) and (b) show

the effect of temperature on the rupture strength and thermal conductivity

of 300 series stainless steel. Using 347 type stainless steel, Equation 7.3
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is piotted in Figure 7.2 for engine parameters similar to the SPIKE engine

in Appendix A.3 and for a larger 4kW engine. Both engines are assumed to
I - ) | 1] r. I I | l I - l I | I f 11 s . l -
SPIKE: < p> = 12bar, § = 122kW/m%, 0 = 174mm
4KW: < p> = 24bar, § = 400kwW/mZ, 0 = 231mm.

From Figure 7.2 it is Clear that for this type of material and head design,
the 4kw engine’s hot end temperature is strongly compromised by the
temperature drop across the wall. For higher powers the temperature drop

will be greater which will reduce the internai wali temperature to beiow
700°C. On the other hand, the 1kKW engine’'s hot internal wall temperature

is limited by corrosion considerations on t

temperatures exceeding 700°C and may
fin

order to use an integrally

P o D% p> and the heat transfer area is proportional to diameter,
reducing the heat flux would produce a larger diameter lower pressure
engine which would be of lower specific power. Higher power engines
(greater than 4kW) would generally use tubular heat exchangers, though
With super alloys and the newer ceramic materials it shouid be possible to
extend the practicality of integrally finned heads. In reality, the effect of
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Convective heat transfer surface area is also limited at the larger power
levels for integrally finned heads. Therefore, in order to transfer the

required heat, the heat transfer coefficient is increased by increasing the
combustion gas velocity. This leads to higher blower powers which reduce
the system efficiency. Similar disadvantages apply to the internal
convective heat transfer, but generally to a lower degree than the external
convective heat transfer.

In the SPIKE engine the integrally finned head requires only 10W of blower

power, however, the engine has a fairly large diameter to obtain a low
heat flux and the charge pressure is only 12tar (maximum). Even so, the
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engine/alternator package is compact as can be seen in Figure A9

(Appendix A) and has a2 mass of 30kg.

The details of the above arguments would be modified by the use of some

novel heat exchangers. For example, heat pipes have been proposed by
Meijer and Ziph [MZ82], Dunn e¢ 2/ [DRB2] and Musikant e/ 2/ [MCB5]
which would, to a large degree, remove the exterior convective heat
transfer restriction. Heat pipe configurations vary, but one possibility is
to pass the heat pipe through the pressure vessel wall so that the

condenser is in the expansion space. The heat transfer wall is then across

the relatively small diameter of the heat pipe.

1.2 Selection of Working Gas

The following is partially taken from [BRB5]. Discussion on the practical

merits of various working gases is not entered into since it is felt that

these considerations are generaily either obvious or dictated by the

application at hand. The impact of working gas on the choice of materials
~insofar as corrosion, embrittlement and gas permiation is concerned is

beyond the scope of this work.

To give a preliminary idea of the comparison between various working
gases consider that in order to obtain similar performance between
engines of similar power using different working gases, the total engine

irreversibilities should also be similar. Irreversibilities are functions of
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_ similar in engines with different working gases and similar powers, then

the overall performances should also be similar.

Temperature change in the direction of flow in the heat exchangers is

somen b s

given by

d=wcA7 (7.4)
from §3.8, the mass flow is proportional as follows

w oW p> Vg /(RT) (7.5)
Thus from (7.4) and (7.5),

ATIT & G(y = /P YIVW Ky (76)
From Table 3.2, for large unswept volumes, fixed temperatures and volume

~.
| =)
”~
~
-4
L 4

where the swept volumes are assumed to be of similar order.

In terms of power, (7.7) becomes
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P cuxpy 2 b (7.8)

From (7.6) and (7.8)

AT/ T & Gty - 1)/yXNux p> PY T2 (7.9)

Heat exchangers with similar A 7 will have similar A 7 irreversibility.
Thus comparing engines charged with hydrogen and helium to air with

=1 -

identical @ 2 w, <p> and i, we have:

AT/ DA T/ Digyp = 1.01 (7-10)
(AT7/T)ye/(A T/ Mgyp = 1.40 (7.11)

which suggests that air has lower axial A 7 irreversibility which is

be shown that engines optimised for air charging lead to higher pressures
and large i

particularly at higher power levels. Thus from (7.9) it can be seen that the
axial A 7 irreversibility is an even bigger advantage for air in such cases.

Heat transfer per unit viscous dissipation is also a useful measure to
Compare the performance of different working gases. From $4.4, Equations

(4.44) and (452), the heat transfer per unit viscous dissipation for both
Jaminar and turbulent flow is proportional as follows:



<>/ e[k ATy M (pu? Yy D] (A4ym)? (7.12)

From (7.8) and (7.12) and assuming (for the sake of simplicity) that the
dead volume is proportional to the flow area, the following is obtained:

(PPA  pwP [k A ng)[c &/« ] (7.13)

where A is the total free flow area.

Therefore, for similar <&>/<«®, A ATyq and w, the following ratios are
obtained:

[<p> Ay /[« P> Al = 0.070 at 300K and 0.067 at 1000K (7.14)

[<p>Aly, /[<p>Alye =0.354 at 300K and 0.22 at 1000K. (7.16)

which indicates that the product of charge pressure and flow area for air

tfivalantiv narformina hudraonan ar
WY IwItRry prwr W Il'l!" UU"' v”‘"l s

helfum engines. This suggests that an equivalently performing air engine

greater or both higher pressure and larger flow area. The hydrogen engine
~_ offers the best opportunity for lowest pressure and smallest flow area
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Again from (7.8) and (7.12), assuming dead volume to be directly
proportional to the flow area and eliminating the flow area between the

equations, the product of swept volume and pressure scale according to:

Vew< P> o [p/tk & rwg)]*/2 [«d>i«» M2 p (7.17)

which leads to

Vo< P> Jne /[ Vo< P> Jair = 0.445 at 300K and 0.552 at 1000K (7.19)

—

[ <2 Iy /[ Vow< P> JHe =0.595 at 300K and 0.469 at 1000K.  (7.20)

which again shows that the equivalently performing air engine will have a

much larger swept volume and/or pressure than either a helium or
hydrogen engine. ‘ | |

It is instructive to compare engines of identical performance and charge
pressure. To do this it will be be assumed that the swept volume cross
sectional area is equal to the flow area for the engine with smallest flow
area and that the engines have identical strokes. Thus from (7.14) through
(7.16) and (7.18) through (7.20), the total engine areas would scale as

follows:

292



[ 4 v 2 / [ A cogins Jair = 0-11 (7.21)
{’4 engine ]He /,[Am]atr = 0.33 (7.22)
[Aongim Tte 7 [A qogive Jhe = 0.36 (7.23)

Thus an equivalently performing air engine of similar power may be some
nine times greater than the total cross sectionai area of a hydrogen engine
and three times the cross sectional area of a helium engine. This is some
three times larger on diameter than the hydrogen engine and just under —
twice the diameter of the helium engine. The helium engine diameter is

about 1.7 times the diameter of, an equivalently performing hydrogen
engine for these conditions.

There are a few provisions that must be made concerning the above
results. The first ts that flow tndqced compressibility is not considered.

also due to a significantly higher sonic velocity. At the onset of
significant flow induced compressibility, the simple working gas
AARmEanianma ana 1ibalu A hraal dawn Tho coacand nravicinn ic that far ¢

LUIIPAI TDVID aif € TIRTIY LV VI VAR UVWIL 11V SVwViiv Pl VYV IGIvil 19 WAL TV UIT

had very high'NTU heat exchangers as shown in Figure 7.3, it is clear that

293



1.0
___maipmeppnt
/f

(0] /

o0

[ 1]

[

2 £ o

o S e
- «

° e e >

- / < T I

0 { -

NTII

Figure 7.3 The Effect of Different Working Gases on a High NTU Heat

Exchanger

(The effectiveness ~ NTU relationship is not a function of gas properties for fixed heat
capacity ratio [Ho76])

the effectiveness of the heat exchangers would be aimost constant over a
large range of NTU. Replacing the working gas with air in this situation
will reduce the NTU due to the lower heat transfer coefficient, but mot
necessarily to a point where the effectiveness suffers significantly.

Charging with hydrogen would increase the NTU of an already effective
heat exchanger and therefore also not make much difference. The heat

Capacity ratio (Cp“’)min / (cp W )may CoOuld be maintained constant by
be considered in this argument (see Holman [Ho76] pp403-405). Various

—WW%MMW%MMMMMM

noticed that at low speeds a Stirling engine charged with air could have
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about the same performance as when charged with helium or hydrogen (in

some cases the performance with air may even be better [Ur77]). Since the

heat exchangers are generally designed to operate at higher frequencies

o _ 25080
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i 0>z ﬂt"‘ﬁ’ﬁ'&i{—;‘r
L3b  air \\ H,
3 400 rpm He
=
0355 hrp Jeylinder
Heater: 700°C
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Figure 7.4 Performance Curves for Different Working Gases [Me70]
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losses would of course also favour air. A comparison of performance of

geometrically identical air and helium charged engines is given in Table
7.1. It can be seen that in order to obtain comparable power, the pressure
of the air engine is higher as would be expected. In this particular engine
the gas flow areas are large and the heat exchangers have high NTU.

Table 7.1 Loss inventory of Helium and Air Engines of Identical Size

it
(Data obtained from commeWaﬁorrtBR&S} )

Air _Helium
Power [kW] 4.57 4.63
Efficiency [%] 29.1 33.9
Pressure [bar] 23.0 iS.0
Frequency [Hz] 60.0 60.0
Leakage Loss [W] i 269.0 236.0
Gas Spring Loss (W] 89.3 365.0
Cooler Pumping [W] - 117.0 37.0
Heater Pumping (W] 502.0 324.0
Regenerator Pumping [w] |1146.0 618.0
Regen. Enthalpy Loss [w] |3119.0 1097.0
Displacer Conduction [W] | 44.1 142.0
Regen. Gas Cond. (W] 28.9 84.8
Appendix Gap Loss [W] 255.0 196.0
wall conduction [W] 201.0 166.0

Working gas hysteresis iosses are accounted for in the simulation at a

basic level and are therefore not listed here. These losses reduce the
mechanical work and alter the heat transfer. Note also that pumping losses
referred to here are the viscous dissipation 10sses.




- A general conclusion that may be drawn from this section is that air,
helium and hydrogen engines can perform to similar powers and
efficiencies but air and helium engines will have significantly poorer

specific power with air being the poorest. Furthermore, an equivalently —
performing air engine will have much more extensive heat exchangers than

either the helium or hydrogen charged engines. However, at the lower

powers or situations where specific power (or power density) is not of

particular importance, air may be the petter choice due to its appreciable

practical advantages in sealing, replenishment and simple engine design.

1.3 Selection of Charge Presswe

Since ideal power is directly proportional to charge pressure (Table 3.2),
Stirling engines are generaily pressurized to improve their power density
(kw/m3). However, there are two 1imiting factors to pressurizing to high
levels, viz as the power density is increased, the available area for

external heat transfer is reduced and secondly, since leakage losses are

proportional to the square
leakage becomes dominant at high pressure. ANl other parasitic losses are

pressure. Thus if leakage loss was neglected, the power would essentially
be directly proportional to pressure until the point where transferring the

external heat across the available area becomes impractical.

IKE engine, 3 5.5kW low technology air engine [wC82] and a recent

it =1

3kW free-piston air engine [BRB5] are all relatively low pressure engines
d h

therefore have characteristically large diameters. Low pressure
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" finned heat exchangers thet can be easily manufactured by investment

castina. The heat flux limit varies with the design of the heat source (and

100kw/m? to Aoome The hig\er value corresponds to mgher blower
powers and/or tomporatwes and smaller heat transfer area.

The following fllustrates the effect of some design parameters on heat

flux for an integrally finned head.

From the definition of engine efficiency, the heat transfer to the engine
may be written

d o P/ | (7.24)

The heat transfer surface area is proportional to engine diameter and
s generally required for a longer stroke),

thus for fixed power the heat flux becomes

(@7 Ay) x P /D Xp) | (7.25)

Rewriting the sim) ple po wer proportion (7.8)

P p> Yoy i W (7.8)
SwW D .
(repeated)

Assuming that dead vmwmpmﬁmatel%pmpmwm swept

volume, (7.8) becomes



P o w<py ¥, (7.26)

This approximate relationship was first identified by Beale and has been
mentioned many times in the literature [Wa80)], [WeB1] and [WS85], the
constant of proportionality has become known as the Beale number (Be).

Writing swept volume in terms of diameter and stroke, (7.26) becomes

A e s

gives

(07 A,) o (I/mWPu p>,/xﬁ (7.28)

the effect of internal leakage losses.

From Table 6.1, writing the seal leakage loss for a piston clearance seal,
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