gl > oy
which, from (6.51), leads to an expression for the length of seal that will

theoretically give zero leakage:

For machines that have centre ports <py,> = <p,>, we have

Ly == (1/6”?3'(:’/ (u 'Uplsm‘bg) (6.53)

where ¢, is negative, thus giving a positive value for /,.

An example is of interest here. The following parameters are taken from a
low pressure 1kW free-piston engine (the AT-1000, 2 prototype of the

SPIKE):

|yl = 1.0x10F P2 b, =-26.7°
¢ =14pm A"p = iSmm
-5
w = 377rads/s (60 Hz) p =20.8xi0°Pas

for which the ideal seal length is 58 mm, which is a practical number:

Consider, on the other hand a high pressure 2.5 kW free-piston machine:

|py| = 7.6x10° Pa ¢, =~ 37.6°
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Here the ideal seal is 346 mm which is likely to be impractical. This, of
course, does not mean that a practical machine of these parameters cannot

be constructed, but rather that the centre ports would have to be more
substantial

Though it is good practice to design 2 seal for minimum leakage, it should
b hat th 1 will leak somewhat in reality. Se, for

engine. As an approximation, the mass flow through the centre port in a

h flow past the seal

in the preceding half cycle. This s not strictly true, but it does not seem
to be too serious an assumption and it does make the analysis easier.

o

S Annandiu Can | asens

'Ilrpvurum WA mww—

Frequently it is necessary to use a long piston or displacer to keep the
seal remote from the working gas temperature. There is also a clearance
gap extending from the hot end to the seal. It is this clearance gap that is
responsible for the losses known 2s appendix gap losses. There are three
identifiable irreversibilities that contribute to the appendix gap loss:

(1) shuttle heat transfer

(ii) gas enthalpy transfer
(i11) hysteresis heat transfer.
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" The shuttle heat transfer is, in effect, a conduction |

displacer (or piston) wall, enhanced by the waill's oscillatory motion.

—IWFWWWSWWMW
dead centre, the displacer wall has a lower local temperature than the

corresponding cylinder wall temperature at any point along its length.

Thus, heat is transferred to the displacer. Conversely, when the displacer
is at bottom dead centre, the temperature relationship between the

nmem M thao
Voa Uuvw LIiIC

displacer and cylinder is reversed so that heat is transferred from the
displacer to the cylinder. Therefore, for the part of the cycle in which the

trmn = lmsasam Pam
s <

dispiacer has everywhere a iower
moves from the cylinder to the displacer. This heat is carried physically

erature than the cylinder, heat

1)
(22! 4 bW W

d back to the cylinder at a different axial

by the dispiacer and is tran
location where the displacer has everywhere a higher temperature than the
- matisn thus serves to shuttie heat from the hot end

cylinder. The dispiacer motion UiuS
to th 1d end. Heat transfer to the d splacer is by both convection and

—Z‘rmmermanandtongswwthMM [zL701

The gas enthalpy transfer is simply the net enthalpy transport down the
gap by virtue of the working gas motion, pressure and temperature. This

=% __ 4

loss is sometimes referred to as ‘pumping’ 10SS but it is not reiated to

viscous dissipation.

Finally, the hysteresis heat transfer is the net heat transfer from the gas

adients set up by the pressure—————
to the cyhnder due to temperature gradi
The mechanism is similar to that

variations in the expansion space.
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outlined for the gas spring losses. There is, of course, hysteresis loss
associated with the displacer wall, but this is evaluated together with the

shuttle loss and is therefore difficult to separate out as anindependent

mechanism. Typically, the hysteresis loss does not seem to be significant

and will be neglected here. However, the hysteresis loss has beenobtained

in closed-form by this author and is reported in reference [BBB1].

Hest transported Tempersture distribution in
physicslly by motien  displacer snd cylinder st
| of displacer mid-stroke
h i AN AN
\ ..-"'er -
o | Displacer st bottom v ~ - Wit
d L .
. - Displacer at top
? |~ \__ desd contre
- u
Hest to displacer
7 L~ Heat to cylinder »
LS ]
< StF > I
— T
L —

Figure 6.9 Shuttle LosS Mechanism

The following analysis follows that of Rios [Ri71] with some
modifications in the treatment of the boundary conditions. However, it
d that there is a rigorous but considerably more complicated

version of the appendix 10SS analysis available. Thisanalysis—was————

leted by the author at Mechanical Technology Inc (MTI) for NASA
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Lewis under the United States automotive Stirling engine programme
[BBB1]. For typical engine configurations, the difference between the

P e e e .l - AT

simpiified analysis presented he he rigorous analysis done at MTi

has been between 5% and 10R.

The geometry of the appendix gap and coordinate axis are indicated in
Cimicmm £2 4/ P 22 £ Lin manmdimads avia ia Ffivad $n tho rvlindar
FIYUI'e 0.1V, 1ne Ol‘lgln O71 tne COOraiNale dAla 19 1 IATU LV UiV Ly jaiuavi .

F NAA NN B AN NN G aA ARNAN R

Figure 6.10 Appendix Gap Geometry.

The assumptions made in the analysis are:
1 Static axial conduction is independent of the appendix loss. The thermal

effects due to the appendix loss penetrate the wall only as far as the
thermal wavelength which 1s very sma)l compared to the wall thickness.

2 Leakage past the displacer seal is negligible.

3 The gap geometry is treated as two dimensional. This 1s reasonable

4 End effects are negligible.
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~ 5 The displacer stroke is short compared with the length of the gap. This
assumption allows the temperature distribution to be reasonably

approximated by a linear function for the length of stroke.
6 The radial temperature and velocity profiles in the gas are assumed to

be linear. In most cases investigated this has been true, since the

thermal and viscous boundary layers have been of the same order of size

as the gap.

7 Pressure variations and displacer motions may be adeguately
represented by sinusoids.

8 Transport properties are constant at their mean vaiue.

9 Identical local axial temperature gradients exist in the walls and the

gas.

10 The entire assembly is at cyclic steady state.

The prescribed conditions are then:
(2) pressure variation

{6:54)

p=<p> +|pl|sin(wt + ¢)

(2) displacer motion

Iy = Aysinwt (6.55)

Referring again to Equation (6.2), the governing differential energy

equation may be simplified by noting that the y direction velocity

component is zero and that for the stroke length, the axial temperature is

N
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where T =d7/dz and is taken as constant at the wall axial temperature

gradient.

An order of magnitude study on (6.56) shows that the viscous dissipation
term is much smaller than the next smailest termn and that the time

idh . Y.Y. SV}

variation of density is only about 10% of its mean va

density in the y direction is a little stronger being about 20% at the cold

pc@rpt+ UT)= k3% 7 /8y? + 8p/dt

rofile in the gap is assumed to be instantaneously linear and

The velocity p
is therefore given by
77 v - n.\..jmt (6.58)

nd pressure, the energy equation becomes
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30/8t - X riymel®t = age/ey? +[|plel®/p c) - K T]wel
(6.59)
By separation of variables, the solution of this is
6 = [ 4expl(1 + j)Byl + Bexpl[-(1 + J)BY] - jX4TY/R
- il pleI®/epc,) - ayrifeiot (6.60)

where B = vin/(2a) and 4 and 5 are constants of integration.

The condition for small gaps is that 2 < v2a/w which is generally true

for practical machines. in these cases equation (6.60) may be simplified
to

o=[4+ Bpy-xgTum - L plel®/pc) - xyr}leiwt (6.61)
where 4 and 5 are now different constants. This is the final form of the

gas temperature field within the appendix gap.

Before the boundary conditions may be applied, the temperature fields for
the displacer and cyiinder are required. The displacer temperature field is

modelled by the temperature field in 2 solid for a periodic boundary

condition. 1The Wmﬁﬁmﬁm—

¥= 7%+ (Cexpl(1 + )Imyl + Oexpl=(1 + j)myﬂe:"""—(&@—

Td
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where m = \/w/(2ad5 and a4 is the thermal diffusivity of the displacer

(denoted by the asterisk). We require the solution to be referenced to an

—aﬁsﬂ*eueﬁmmmaeﬂmmmmamsf orm the axis

by replacing 7i* with 75 — TAysinwt Written in terms of ©, Equation

(6.62) becomes

04 = {Cexpl(1 + jymy] + Dexpl-(1 + jymyl + j'!‘Xd}ej“’t. (6.63)

The cylinder temperature field is simply

0, = {Fexpl(1 + gyl + Fexpl—(1 + j)qyDel*~. (6.64)

where ~Ba) snd a. is the thermal diffusivity of the cylinder
wnere g = vu)/ua.c) anag @, 1S thc thciia ), .

material.

There are six constants in equations (6.61), (6.63) and (6.64). therefore
six boundary conditions are required. These-are as follows:

| The heat transfer on the inside wall of the displacer is very much
smaller than the heat transfer in the appendix gap. Under this
condition, the inner wall may be assumed to be adiabatic:

Therefare at y=-h, d0ydy=0.

2 The cylinder wall is thick enough so that the outer wall temperature is
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constant at Alternatively, the regenerator, which 1s often placed in

o

The four further boundary conditions relate the interface temperatures and
conductions.

3 y=0, e‘ed

4 y=0, oMy = kdded/dy

5 y=h 0=0,

6 y=h, koMY =k 46,y

iviti ' and
where kg and k. are the thermal conductivities of the displacer

Cylinder respectively.

N
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For practical machines why > 1.5 and k/kg € 1. Using these facts the A4

and 5B constants may be simplified a great deal while still retaining good

accuracy. Carrying out the above yields:

A= - |pl /> ¢ )sing + 3| pl /<> )08 & = XgTk/WhKS)) (6.65)
and
b5 =0 (6.66)

ich are the

required, eg, for machines where the walls are made of lower conductivity

and heat capacity mateﬁa‘*ﬂeﬂﬂﬂﬁw ere Aand 5 have been

calculated to greater accuracy).

The heat transfer to the displacer wall may now be found from the
temperature gradient at the wall by differentiating Equation (6.61) with

respect to i

- Y W l lnll_21
qa= ICO(:)/O'yI iw/m~j
y=0
= KB - jx 4T/ eIVE. (6.67)
Noting that # is approximately zero and taking the real part
(6.68)

g = kX 4(T/R)sinwt
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which is the heat transfer per unit area to the displacer. As explained

previously, the shuttle loss mechanism consists of transporting this heat

____ physically by the motion of the displacer.

Figure 6.11 shows the displacer at two different time instants, zandy

are fixed to the cylinder while x* and y* are fixed to the displacer.
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»

/ );5//////2%//!"/;/ ///’///////}/’7/7/555,//5 Cylinder
xz N

S

LR & &

er

000 cytinder

t=20

Figure 6.11 Displacer Coordinate Notation.

Defining an internal energy per unit length of the displacer, /{I:

(6.69)
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where p4,Cgzand 74* are the density, specific heat and local temperature

of the displacer. At time ¢ apply an energy balance to a differential
——lengthof the displacer located at x*:

JAr* t) = Myl brg o(z*, 6.70)

The energy transport across 2 plane at zand at time ¢ over the instant d ¢

may be expressed as follows:

w - 2 Aid2/de)dt (6.71)

where the first term is the gas enthaipy transport and the second is
energy transported by the displacer. d&/dtis he displacer velocity and x*
has been replaced by z—Z£. Substituting Equation (6.70) into Equation

(6.71) and integrating over a cycle yields the net energy flow across the z

plane:
Hy = §(Hy )it + § Aglz - LONALAENE + no §( !"éd(z - L2 )tdLat)at

(6.72)

- 1,0) is constant

nu’

The second integrai is zero s since £is p

with time. The remaining two integrals are the gas enthalpy transfer and
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the shuttle heat transfer respectively. Noting that

L= X sinwt

and substituting for g4 from equation (6.68), the integration for the

shuttle heat transfer may be performed, giving

K = = (M2/0) D kA AT/ 1] (6.73)

or in terms of the mean rate

<Hgpp == (1/2)D kxj'!‘/h fw] (6.74)

which is the final form of the shuttle loss.

true in engines. Berchowitz [uBB4] neglected the change of gas
temperature in the gap volume. This assumption could also introduce

with the displacer motions. Both these assumptions are not

significant error and can be avoided by taking a slightly different

approach.

N
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Gas enthalpy transport is evaluated in the vicinity of the entrance to the
cavity. By so doing it is possible to estimate the effect of the expansion

space gas entering and leaving the appendix cavity. It is assumed that the

temperature of the gas entering the cavity from the expansion space is 7,

- — - a— b susma s : ’

égseivﬁg avynS&..

NI

tha auarana temnerature arross the
LIIG UV Wi Wy wwisne L2851 LBt Ve Wi

gap.

The instantaneous enthalpy transport is given by

H o =wyCT (6.75)
bl = r

whara 7 Fean w 20and T « T for w. <0

Wil /7 < /J 1\ Wa - W G

Negiecting leakage, the mass flow into the cavity is simply the negative

rate of change of the mass of gas resident in the cavity. The mass of gas

in the cavity is given by

A~
o
)
o]
o’

Mg =pV /(R T)

where f is the mean gas tempei‘ature (bulk temperature) averaged in

L

length (£ ) and width ( ») but varies with time.

The average gas temperature across the gap is obtained by integrating the

temperature across the gap
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~J
~J
A4

7 is obtained from (6.61) and, since the approximate form of the gas
he constants A and & may be taken from

tamnaoratiire ic ade )
SwITIM W w o WWwWw Fl -

Equations (6.65) and (6.66). The real part of the temperature is then

T = 7y - xgY[1/2 - k/kgwh)]sinwt (6.78)

where the surface temperature ( 7g) at the cavity entrance is such that 7

never exceeds 7, the maximum cycle temperature.

For positive flow, the temperature at the gap entrance may therefore be

written

7= T = xg1/2 - k/(kswh)]u + sinwt).

To find the bulk temperature in the cavity, (6.78) 1s averaged along the

cavity length assuming 7g is

—
[ 1]
(o }]
Q
S

7= (R - TN Ry T - ¥gTL1/2 - KikguR)]sinwt

The volume variations of the cavity are given by

’ (6.81)
Vy=TDORL + Xgsinwt)
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and the pressure variations by equation (6.54).

Substituting (6.54), (6.81) and (6.80) into (6.76):

Mg = <Y< pp/(RTIIL + Tsin(wt + $))1L - rysinwt)/1 - rsinwt)
(6.82)
where 1, = lpl/<p> . ry=Ay/L and

ry = XgM[1/2 ~ kfkgwh)]InC B/ TPA Ty = 7.

Expanding the denominator by binomial expansion and noting that for

Mg =< V< p>/(R ;i)“ + (rgpos + 1y - ry8inwt + rgsingcoswt...+ HOT]
(6.83)

where the higher order terms are small.

The mass flow is therefore

Wy = - dmg/dt = - wmepllrLose + 1y - ry)cosut — rpsingsinwt]
(6.84)

where <m,> = < V., X<DY/(RT)
Il.a a r L

Substituting for w, into Equation (6:75) and-integrating over a cycle,

noting that for positive flow, Tis given by (6.79) and for negative flow 7



- isgivenby 7%, the net enthalpy transport becomes:

AN cpwwﬁmﬁw}%*eeﬁbw#&éﬁ—

where 1 =[(r£os¢ + 1y - ) + (rysing)? v

o = tan"l[(rpcosda +ry - rz)/(rpsincb)]
and noting that here ¢ is defined as the angle at which the pressure leads

the dispiacer (or piston, for alpha machines). ¢ is usually negative (ie, in

practice, ¢ is a lagging angle).

In practical engines, the displacer leads the piston by around 60° and the
pressure lags the piston by around 20°, the pressure therefore lags the

displacer by approximately 80°. If this is assumed in (6.85), then ¢ = —80°
and_the cosine terms approach zero while the sine terms approach -1.

Furthermoré, for typical operating temperatures (7, = 973K and =

310K), ry = Xg/(2£) and for typical operating parameters, 7z = 0.1, Ty

ximations a useful approximate form of Equation

a. £ 4 2 &
~ U.l. Wil
8

CHy> s % = Y /ly = 10D RPN/ Tlxg@F + (plk p P14y
6.86)

o~
g

where the negative sign indicates a net Tlow of energy towards the cold

end.

257



To find the net cyclic energy transported down the appendix gap it is
necessary to consider a control volume as shown in Figure 6.12. Since the

pressure gradient is small, 3 good ring seal results in negligible leakage
loss. If leakage loss is neglected there are still two energy flows required

before an energy balance can be made, namely the heat transfer to the
cylinder and the o2 ¥ work on the seal face. The net heat transfer to the
cylinder is usually very small compared with the other energy transfers

and will therefore not be included here (again, see {BB81]). However, the
£V work against the seal face may be significant and should be accounted

for.

| L
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Vit / """""""""""""""""" R %
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<0 p l <’;'sh’ %
H i B

Figure 6.12 Appendix Gap Control Volume.

N\

Neglecting viscous dissipation within the cavity, the gV work is obtained

as follows:

pd Vv =-[¢p> +|plsin(wt + $)IND hx Loswt dwt.



s =—n 0| plnxgwsing (Wi (6.87)
Se8

Since the cyclic change of internal energy is zero, the net-energy flow ———

down the displacer is given by

, = {— . - 4 - ' (6.88)
<Gy ("%h))*'( <_Hi_>ﬁ_i) W

(positive enthalpy flow towards hot end).

Substituting for each loss and simplifying to the approximate form, the

net appendix 10ss becomes

<Gp =m0 rRY{ KxgMX i, = T/

+ wepr g (yty = I Ty T LA/ @L)F + (pl 1 p> P J2m

- (ipi /K< p))}} (689

Wwhich is the final form of the appendix loss. A positive value indicates an

energy flow towards the cold end.

Figure 6.13 shows the variation of the appendix loss with gap ratio. Also
included, for comparison, is the more exact solution in which the gas

rofiles. It

_ temperature field s solved for non-iinear radial tempera
can be seen that the linear approximation is good for practical gap sizes.
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Figure 6.13 Appendix Gap Loss.
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The more exact solution [BB81] shows that the shuttle loss reaches a
constant value for increasing gap size for gaps larger than twice the gas

A= ~/2ﬁh /w (6.90)
therefore,
Riim = 2V 28, /w0 (6.91)

where &, is evaluated at the mean pressure and hot temperature.

Substituting into (6.74), the limit shuttie loss would then be

Hepd, = — (/4 DX TV (2T (6.92)

<HepPim =~ (ﬁ,4)0k,¥d2‘./m/\-5—h5 (7= 7P/ (6.93)
SN lim

The effect of this limit on shuttie o

nce shuttle 10 '

limiting value is reached), and the gas enthalpy loss increases with gap

tt i i i loss is
Size, it i1s clear th

minimised.
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Figure 6.14 shows a comparison of the appendix ioss caicuiation with an
experiment involving a P40 engine run with different diameter piston

domes. This experiment was done at KB United Stirting(Sweden) AB-&CO———
The appendix gap loss was assumed to account for the increased heat
rejected at the cooler. Details of the experiment are unavailable, therefore
an error estimation of the experiment is not possible. However, the trend
is clearly an increase of rejected heat with reduced piston dome diameter.

4

10 ] ]
Appendix Loss in P40 Engine

@ 1000 RPM and 112.9 bar (abs)
h,

\ O = experimental points

10® \\ /
Tulnng';

G il \ ' /

S
10 /)*ii:

AN

" N

1 —y -2 -1
10”4 107> o 10

Figure 6.14 Experimental Appendix G
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It now remains to determine how the appen
performance of the engine cycle. The shuttle component has the effect of

simply reducing the resistance of theconductionpath-down the displacer

wall. Therefore, additional heat is transferred to the cold end by

conduction, i i

enthalpy is more difficult to deal with since for part of the cycle enthalpy
is being added to the expansion space and, in the remainder part, enthalpy
is extracted from the expansion space. At the same time there is work and

heat transfer over the boundaries of the expansion space. Since, in
ace is nearly adiabatic owing to limited

heat transfer surface area, it may be assumed that the heat transfer
expansion space is negligible compared to

------ _A—-'
1 1UJal

across the bou

other energy flows. |f a control volume is now drawn to inciude the

he aopendix gap and contain a fixed mass of gas (Figure 6.15),
the energy transfers across the boundaries would be the appendix gap
halov. oV work at the moving boundaries and enthalpy convected by the

working gas itself. The enthalpy convected by the working gas would be

small if temperature gradients within the control volume are small

compared to gradients along the appendix gap. This condition is likely in

= 2m am . s s

practice since the path length of a gas molecule is small compared 10
linear dimensions of the expansion space, that is, the gas flow does not

B
-

penetrate far into the expansion space before returning to
Thus, gas mixing in the expansion space is not isentropic but occurs

mainly around the ports to the heamﬂeavmgihreweﬁhmpmﬂi

space essentially adiabatic. For determining the effects of gas enthalpy

SUALE ©aJITl]

transport in the appendix gap, the working gas enthalpy will be neglected.

This leaves only g¥ work on the free boundary and on the displacer dome
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itself and the gas enthalpy transport into the appendix gap. This situation

is identical to the seal model in §6.4 and from first law considerations,

displacer motion. in a free-piston engine, this effect would be included by

the same method as outlined in §5.6 for gas spring hysteresis. It should be
noted, however, that the appendix gap enthalpy loss can be handled in a
more complete form in numerical simulations as discussed in Appendix D.
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6.6 geses dua a Adiahatic ll_'l inn 599.;33

in practical machines the engine speed and cylinder wetted area are such

spaces. Thus the working spaces are usually considered adiabatic. Some
~ workers [L580, C684, CRBS, Fi60.2] have theoretically demonstrated that if
heat transfer is forcibly arranged in the working spaces (eg, by way of
extended surfaces), it is possible to actually degrade the efficiency and
power of the engine unless the heat transfer is unrealistically high. Benson

[BR8O] and Martini [MH77] have suggested the use of intermeshing
- fins (referred to by Benson as 7/hermizers and by Mertini as

/sothermalizers ) in order to obtain the necessarily high heat transfeff,
however, no experimental data seem to be available to indicate their

efficacy. Figure 6.15 is taken from Chen, GrifTin and West's work [CGB4Jand

indicates the efficiency and power variation versus heat transfer

coefficient in the working spaces. By their own account, they could not
justify heat transfer coefficients greater than 1000 W/m2K which, from
their figure, would suggest that the adiabatic assumption is reasonable. To

indication of the degree of heat trans
will be shown in the next section, for the engines analysed here, the

—WWWMWWWMWLWDL&T—

this work, therefore, adiabatic working spaces are assumed to be

fwmmﬁrmmﬂ%awmﬂs been made to

separate out the loss due to adiabatic working spaces as compared to the
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isothermal assumption. The effects of the adiabatic working spaces are
accounted for in the development of the basic analysis of the cycle. This
cycle has been referred to as the pseudo Stirling cycie {RU77] or the ideal

adiabatic Stirling cycle [UBB4L A semi closed-form analysis of it is
described in detail in Appendix C.
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Chen ¢ 2/ have compared the reduction in efficiency of the ideal
adiabatic cycle to the isothermal cycle for increasing compression ratio.

 Figure 6.17 is taken from Chen ef a/'s work [C684] and ciearly indicates

the drop off of efficiency with increased compression ratio. It is

_interesting to note that though this comparison was obtained Dy second

order methods, the trends are very similar to the simple cycle analysis
done by Rallis (discussed in §2.2 and §2.3).
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6.7 Mechanical Losses :
In the case of crank driven machines, mechanical losses simply reduce the

. : I
output power by an amount equal to the work dlwpatedqgamsﬁneehaﬁ*ea_.

friction. Typically this would include seal friction and bearing friction. For
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free-piston machines the situation is a little different in that added
mechanical friction on the displacer results in not only the obvious
dissipated power, but also in a reduction of the displacer amplitude which

bl s

then reduces the available power even more. There is also a secondary

effect on the displacer/piston phase angle. |f care is not taken, it is
possible for a small mechanical loss to greatly reduce the output power and
make the engine difficult or impossible to start (see §5.4, Equation (5.64)).
in order, therefore, to obtain a meaningful analysis of free-piston engines,

it is necessary to evaluate the mechanical losses. Since in a crank machine
the mechanism losses do not have a fundamental effect on the cycle they

will not be included in this work.

Ry P Y naine

The major mechanical loss in free-piston engines
friction. Figure 6.18 shows @ ring seal in a groove of a reciprocating

is the geal or rino
<

[ =4
7  Wiiw s W v wiw

element with a differential pressure across it.

‘a
T

a linear pressure profile across the face of the seal, the work

done by the force exerted on the moving surface by the seal is given by




W, = $Fdz = $u(Ap/2) Adz
_ =05pA§apldz/e)ds (6.94)

where | is the coefficient of friction and As is the seal area in contact

with the sliding surface.

For arbitrary sinusoldal pressure variations on either side of the seal (as in

§6.4) and motion given by

I = }sin®,

the seal work becomes

W, = 0.5 4 x $][| plsince + o) —| pplsin(® + o) ]cose e

= pASX[l( | glcosdg - | pblcos¢b)| + /2| pglsineg - | pblsincpb)l ]
(6.95)
oaded which results in a constant friction

force over and above thewggsureﬂeﬂmeﬁm. In this case there is

“additional seal work as follows

w.
5

(@]
(7]
[g]

(6.96)

where /A, is the constant friction force which would be determined

empirically.
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