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HOM LEAKAGES IN VALVES CAN INFLUENCE THE VOLUMETRIC AND
ISENTROPIC EFFICIENCIES OF RECIPROCATING COMPRESSORS

Erich MACHU
Hoerbiger Ventilwerke AG
Vienna, Austria

ABSTRACT

This paper discusses the importance of tightness of semaling elements. It
will show that in some instances the tightness of valves in closed position has a
greater effect of efficiency (volumetric and isentropic) than good flow areas
when the valve is opemn.

1. ATION OF EQUATION

Let us consider a compressor with one double acting cylinder. When the aut-
side conditions are statiomary then, for every complete revolution of the crank-
shaft, it takes in a mass of gas M (kg) at normal suction conditions p,, T1 from
a suction pipe, and delivers M to the discharge pipe with higher pressure Pyt

Lluyg +py-vy)

i”_ o, r.*_-_|
Fig. 1:
Schematic drawing of a ik === |surface
double acting cylinder W
with a control surface Q et T
around it.
| P it L
gl i I
B 5. p—
_*M.(u1+p=.v,)

If we draw a control surface around such a cylinder as shown in Fig. 1,
then, for a mass of ga=s M (kg) entering the suction flange or leaving the
discharge flange, the following amounts of energy pass through this control
surface (changes in kinetic and potential energy of the gas are neglected):

As energy input, we have +W (J) for the work from the piston rod, +@ (J) for the
heat transferred from the cylinder block to the gas (in the werking chambers,
suction and discharge plenums), + - u (J) for the internal energy carried by
the inflowing gas, and +M -+ 1Y (I} for the flow work due to the inflow of
gas. In the same way, we have as e*ergy output -M - u, (J) for the internal
wnergy carried by the outflowing gas, and —M - Pg - ¥a (J) for the flow work due
to the outflow of gas.

By definition the sum of internal energy and flow work is equal to enthalpy, i.e.
M{u+p-v¥v)=M-h (I ... (1}

faccording to the lst law of thermodynamics, when conditions inside the
control surface are stationary, the energy input has to be equal to the energy
output, and we get

W+@+H-h =M-hy 3 e @

ar
=" - - ves (3D
w+a ] (I'|E hl) (I 3
If heat exchange is neglected, a hypothesis usually not too far from reality
(see [1D), i.e. if @ =0, equation (3) becomes

= B - (3 cow (&)
W M (hE hl)
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2. THE IDEAL AND THE REAl COMPRESSOR
s TR e LUMPRESSOR

In the ideal compressor the only change of state is an isentfupic pressure
rise from pl, Tl to pa, TE is"The required compression work -is given with
1]

Hideal = “is =M - (ha,i.r. hl) (I ... (5)

In the real compressor however, heat exchange may already take place between
the suction plerum and the gas. It is also assumed the suction valves leak,
thereby allowing hot gas to mix with the gas at T y thus raising the temperature

i érmally higher T1 spl® The

intake process through the suction valvé causes a pressure drop ne¢gBs tating
extra work AW , defined by the area bemeath the suction line in the indicator
diagram. This eéxtra work, delivered by the driver, results in an additional
increase of specific enthalpy and temperature rise to T s according to equation
(&), which is equation (4) applied to the suction prucesl!

= - ~ (I ... (&)
u5 "5 (hl,s hl,spl)
In the same way, an extra amount of work AW, is required for the discharge
process, raising the enthalpy of the gas from hE £ (at p,, T c at the end of the
compression) to hE,dpl (at Pas TE,dpl in the diZefarge pTeruf’

W N

d d (hE,: - ha.dpl’
With leaking valves, the mass M_ of the gas flowing through the suction
valve during the suction phase in th& normal direetion is bigger than the mass of

Yas M passing the whole cycle from the suction to the discharge flange, since
part of M_ leaks back when the suction valve is closed, and the same is true of
the mass ﬁd passing through the discharge valve during the discharge phase.
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Each of these streams of 93s leaking back represents a loss of compression
work already supplied by the driver, They also carry enthalpy from the chambers
with the higher Pressure and heat to chambers with lower pressure and temperature
thus raising there entropy, enthalpy and temperature in a most undesirable way.
In fact, reciprocating compressors are veolumetric machines, such that the amount
of work required for intake, compression and delivery of a given mass of gas M
will be the smaller, the smaller jts volume, i.e. the lower its temperature and
viceversa. Let 4 h. be the increase of enthalpy due to all irreversible
dissipations of energy until the gas finally leaves the compressor through the
discharge flange, i.e.

ha'f= n‘:_,’is + Ahin_ (I/kg) ... (@)
then equation (4) for the real compressor becomes
ureal =hn- 'hE,is 1"Ahirr - hl) =n- (hE,f - hl) e 9

Dividing equation (5) by equation (9) we get the ratio of work required tog
compress a mass of gas M from (- 7 Tl to p,, isentrupically in an ideal machine to
the work in the real one. This ;atio is cdlled the isentropic efficiency,

= = - - e
7is = MigMgar = thy Rty & =)

et - -
L Tx””e,f T, (%/100) ... (10)



in the last line of equation (10), we replaced the differences of enthalpy
with the differences of temperature, which is allowable under the assumption aof
ideal gas behaviour and constant specific heat between T, and T, . This means
the isentropic efficiency of a compressor can be determified knowlng TI' TE,f and

TE,is'

It should also be noted that the term "volumetric efficiency", defined as
the length of the suction stroke, has to be used to calculate indicated power,
but is not appropriate to find M, the mass of gas delivered per revelution,
becausa it contains no information about temperatures or leakage losses. Ta
correlate M with the nominal suction demsity ., and the stroke volumes of bath
compression chambers V , it seems better to use the term
effiency of delivery’ §§F3¥EGH§ya¥HeVE$EgEE!g@ter A,

A=100 - WCP - Ve e (%) ...410

It can be determined empirically by measuring the mass of gas M delivered by
a compressor cylinder during one revolution of the crankshaft, or thegretically
by integrating gas flow through all suction valves or all the disgharge valves
gver one revolution of the crankshaft.
3. ESTABLISHING THE HMODEL

o O  ——————

The following indices shall be used:

k=1 for the working chamber hegad end

k=& for the working chamber crank end

k=3 for the suction plenum

k=4 for the discharge plenum

k=5 for a clearance pocket on the head end

By differentiating the equation of comservation of emergy {3) with respect
to crank angle X, the rotative speed of the crankshaft assumed to be constant,
i.m. dX/dt is constant, the emergy balance in every chamber "k is

dukldx + dﬂk/dx + dEk/dx = duk/dl (J/rad) ... (12)

The term dU /dX on the right hand side signifies that the conditions are no
more stationary. Any external unbalance of the energy passing through the control
surface remains in the system "k to change its internal energy Uk. The differen—
tial guotients of (12) have the following significances:

For the work imput from the piston rod:
duk/dx = - Py

The expression is negative since if werk is delivered to the gas from
outside its volume must decrease. It should be noted that no work can be dome in
suction and discharge plenums or in the clearance pockets, i.e. dualdx =0,
duk/dx = 0 and stldX = 0.

Far the heat transferred from the walls, we have

- deIdX - (I/rad) ... (13)

dﬂk/dx = f(Ak,Rek,Nuk,Prk) {I/rad) ... (14}

We shall leave the term d@/dX as it is and refer to the bibliography [1] and
[2] for determining the instantaneous rate of heat exchange between the walls of
the chamber and the gas therein as a function of the instantaneous wall area Ak
of the chamber "k", the temperature difference between wall and gas and the
coefficient of heat transfer &l . which in turn is a function of the Reynolds
number Re,, the Nusselt number Nuk and the Prandtl number Prk of the gas whirls
therein.

dE. 7dX represents the total change of enthalpy due to streams of gas flowing
into (positive sign) and out of (negative sign) the champer "k" through different
grifices "j" with gas state functions Pys Ti' hi upsiream of each orifice. The
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orifices represent open or leaking valves, otc.

dEk/dl = 2:(hi-hu) - dﬂj/dl (I/rad) ... (15}

We wrote dE /dX and not dM, /dX since enthalpy H or specific enthalpy h are
functions of stake (see (31, vel. 1, chap. 2) and must have a camplete differen-
tial, which is not the case for the right hand side of eguation (15).

The gas stream dM./dX through an an orifice "j" from a neighbouring chamber
with the comditian Pis T, and specific enthalpy hi carries the energy
h. -~ dM./dX. To obtain the complete energy change due to the in- and outflowing
gés ee Have to total all h, - dM./dX for all orifices *j", see equations (33)
through (3a). 1 )

For the specific enthalpy hi of a real gas at Pys Ti' we have the
relationship

. P
hi—hu=L?v'°-dT+/‘-[T-(;:Jv —p]'dv+R-Ti-Zi=

1]
= - . - L) - . [4 naa
ch,o AT+ R« T -z, » X -R-T, J7kg) ... (16)

where

= h_ is the specific enthalpy at the ideal gas state P Tu where P, 15 a
pressure tending to zero. T_can be chosen arbitrarily, since we are looking
only at monophase systems and are interested in differences of (specific)
enthalpy only. In this case the specific heat © in the 1st term of the right
hand side of (1&) is the ¢ of the ideal gas. Their values for different
temperatures can be taken ¥?3m published tables (21, [3]. The first integral of
{16) can therefore be evaluated.

R - 7T. - 2. stands for P; " v

in equation (1), at p, T we have of course Z
Jandlxaéo. e o e

i

ni

-R - Ti - ]ﬂi is the evaluation of the segond integral in the first line of
gquation (16). It is the real gas deviation of the specific internal energy u. at
P., T.. The formulas needed for evaluating the second integral on the basis o

the Rédlich-Kwung or the Redlich-Kwong-Soave equation of state can be taken from
any goad textbook, for example {31 or [4l. For dUk/dX we get

uk—uu=nk - - ) (I e, UM
uk—uu=£cv,u-dT+R-Tk-XJk (... us
/K = () -GN /AX - M, - du, 0K =
=(f°cv’°-ur+n-1k-xk)-dnk/ux +

*RoM T '{[‘:v,u”“ ST+ KT+ VXY - aT sax

+ (X /%) - dpk/dxj Jfrad) ... (9

Finally, the change of mass in a chamber "k" is the sum of mass flows

through all orifices "j" as in equation (13, i.a.
dm, sdx = X dm /ax (kg/rad) ... (20)
From equations (12) through (20) we can by rearranging establish a linear
differential equation for each chamber, still contained both differential quotients
of pressure and temperature with respect to crank angle. To separate them we
need another equation, like

Pt V=2 s M R T (I ... 21
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which after differentiating with respect to crank angle becomes

(llpk) - dpkldl + fl/VkJ - deIdX = (1/zk) - de/dl +

kldx + (llTk) - di/dX (1/rad) ... (22)

The derivatives dp,/dX and dT_/dX can be found by solving eguations (12) and
(282). They are also cun‘t"ained in terms like deldX and dxk/dx, since

+ “/"k) = dM

d2, /dX = (Dzkibp) - (dp, /dX) + (sz/’bn - (T, /dX) (1/rad)...(23)

The solution for d X /dX is similar. The partial differential quoﬁchl‘s (23)
can be solved as long as an analytical expression for Z and 7Lk are available,
for example from the Redlich-Kwong or the Redlich-Kwang=Soave eguation of state.
Finally, after separating derivatives and rearranging we get one ordinary, linear
differential equation for the variation of pressure Py in each chamber "k" with
respect to crank angle X

dp 1 C+A dv c da M. C-E+A
_k = - - - —F LR __i -
dXx B-C+A-D \ dX pk-Vk dx dx Hk

(Pa/rad) ... (24)
Selving for Tk with respect to X, we have:

d‘l’k 1 pP-B dv D [} de D-€ - B

dX B-C+A-D \Jk dX Fk

o= L —

— t —

-Vk dX ax "k

(K/rad) ... (29

where
A= (1/z) '[‘v,u”“"k’ + xkn'k + 'BRV)T (1/K) ... (26)
B = (1/z) VX, BP ‘ (1/Pa) ... (D)
€= (/T + (/2 -?zk/'b'r (/K ... (28)
D= (/p) —1/2,) -32,7p (1/Pa) ... (2N
A
E ’U;‘v,u - dT + R - (T,- ’Xi - Tk-xk + Ti-zi)]/(n-zk-Tk) (=) ... (3O)
For the ideal gas Z_ = 1 and = 0, therefore all derivatives of Z and
being then equal to zero and we get
A =c_ /(R-T, )} = 1/(T -{%~1)) (1/K) ... (Bb.a)
a 40 k k
B, =0 (1/Pa) ... (27-a)
C, = /Ty (/) ... (28.a)
D, = (1/p) (1/Pa)...(89-a)
E, = (wTi/Tk—l)/('xﬂp (=) ... (30.a)

The actual volume of the head end compression chamber is

3

Vg = (ua)-SZHE-VW_ME'HE (8 ... (31

where the valume function Szk for any chamber k" is defined as
= . (=) ... (3@)
R8N

With crank radius r and connecting rod length 1, we get for the head end,
the crank end working chamber and a plenum

SEFE =1+2 - S’E - rosX + (r/2-1) -~ Einax (=) ... (32.a)
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A .
“ _ piston,CE . . -
GE-————I—-(2+2 Sy * 25 .QHE) (32.0)

Apistun,l-E

=B =) s b
.Qplenuu 2 vplenunlvstruke,HE ¢ (a2

Let @ =dX/d% (rad/s) be the rotational speed of the crankshaft. Then we qget
for the following expression for the term (dﬂj/dX)IHk

dM. dt  dM. 1 ¥ |
A R, f-‘fﬁf’y 2-R-T..2.« V. (kg/rad)...(33)
dX  dXx dt @ i1 1 J .
Inserting this in equa'tinns (24) and (29) we get the actual gas flow rate in

a valve "j", with gas state p,, T. upstream of the valve, divided by the mass of
gas M contained in ¢chamber "k*. E»’ipansiun ratio E’j in valve "j" is given by

&; = pdnunstrean/pupstrea- =) ... @
where of course 5j must be within the limits
@/ ™™ 2 g = E,=1 =) ... (35

; being the expansion fumction in the valve "j*. For isenthalpic throttling,
with negleqgible upstream and downstream velocities we get:

v, =.! ", [621- _ é(ﬁl)/n]_‘,=]’_('l — ) - 61.5&5/::'(_) e (38)

[}

where m is the expunent of isentropic volume change. For M the mass of gas
. e :
in the chamber "k", whose volume is given by vstrokp,l—E'Rk/e’ we get

P T2y

m, = (Qk/a) * Vetroke e .P1 - — (kg) ... (37)
P %

With the mean gas velocity Vo, according to APIALB(1984), mot in the
geometric but in the equivalent valde area I however always calculated for

the head end cylinder side

= - Ll
Ve, i HE wst“kE,HE/qS RN (m/s) ... (3B

we obtain, by substituting the espressions according to equations (31) through
(37) in (33)

At N [T V7

xM v, P Ty 2«

= l— - Pi T . \‘Ti.zi LW (L/rad) ... (39

Y%, AcTiE 1T 2,

In the valve throttling comstant q. y we have lumped together all
constants depending on the geometry of 3Ai*§e ;3 the rotational speed w, the
stroke \_rolume of the head end working chamber stroke,HE® 35 well as gas
properties and gas duty R.T’..Zl = pl.v1 = p]./-Pl' PrEr

9 4 = CTE) . < Py - "-.je ) =) ... (40

This throttling constant q for the head end suction valve can be

interpreted as the maximum pressufe drop in the suction valve, divided by p,. We
proceed as follows: By assuming ideal gas behaviour, i.=. using equations (26.a)
through (30.a), a long connecting rod (r/1=0), and small maximum pressure drops
in the 11 = =

suction valve Ap_“'sv,HE. such that T /T, Tl,spl/Tl-E i, where

487



Apmax,SV,HE = P Pain,HE = pl'(l_snin,l-E) (Pa) ... (41

ar?a’w ~=Y(1-£), then we have for this maximum dp - /dX=0, X=T7/2 and
d E/§¥=1, and it follows from equation (24) that

gy, "= APM!,SV,HEIPI (=) vuu (02D

When solving equations (24) and (29) simultaneously, the mass of gas M
delivered per revolution is found by integrating gas flow in both directiuns
(normal and leaking) -through suction or discharge valves, indicated power from
integrating equation (13}, and final temperature TE F a8 the mean temperature in
the discharge plenum. '

4. Results

The model was run with hydrogen Ha and methane CH# at the following
pressures and temperatures

Py = 16 bara = 232 psia, Pp = 50 bara = 725 psia,

T1 =30 *C = B4 'F, such that
= = L 1
TE,is 144.87 "C = 296.37 *F when compressing HE' and
T. . = 119.83 *C = 247,49 *F when compressing CH,
2,1% 4

with clearance volume ratios 13.2% on HE, and 12.82% on CE, the piston area on
the CE side was 94.2% of the one om the HE side due to the piston rod.

The size of the equivaéant pasgage araasf_f#"v,n) of éhe opered valves was
respectively equal to B0 ca~, 40 ca”, and g0/ 10 =85.30 cm , to have normal,
4-fgld and 10-fold nominal valve throttling for intake and discharge. The nominal
leakage areas QQ(V,I) of the closed valves were set egual to 0.04 cm”. This
value could be multiplied by a valve leakage factor, such that valve leakage
factor.zeru means tight valves, and valve leakage factor 10 means leakage area
0.4 cm“. Similarly, for piston rings, leakage factor zero means that the latter
were assumed to be tight, and d@ -factor zero means calculation without heat
axchange between the gas and the walls of working chambers and plenums.

For each case, four diagrams were plotted:

- plp1 versus crank angle,
- p/p1 versus crank piston travel,
- T/T, versus crank angle,
- TITl versus crank piston travel.
Those diagrams that differ only by the leakage factors were plotted one over
the other. The tables beneath these diagrams give, for each set of leakage
factors, the following results:

VE = volumetric efficiency (= efficiency of delivery 9\) acc. to (11),

TE F° final temperature in the discharge plenum,

Po'T = indicated power acc. (13) neglecting the negative sign,

P/VE = indicated power P divided by volumetric efficiency VE to give an idea

about the increase of specific pawer,

For the two extreme cases, namely

- Ha-service with large valves (¢=BO:mE. q=0.68%), and

- CH,-duty with the smallest valves ( @=25.3ca”, q=56.13%),

the computed diagrams of pressure and temperature versus piston travel and crank
angle are shown in Figures 4 and S.
Figures 3a through 3c give plots versus leakage factors of

- final temperature T oy,
- volumetric efficiency ("efficiency of delivery®) VE (%),
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= indicated power/vol. efficiency, which, in a way, shows the variation of
specific power consumption. -

5. COMMENTING THE RESIATS:
S.1. Influence of valve leakage on pressure and tesperature variations.

It can be seen from figures 4 and 5, that as valve leakagé increases,

- there is little variation in cylinder pressure, such thdt leakages of valves
can hardly be detected by taking indicator diagrams, .

- there is a considerable impact on the variations of temperature, resulting in
a rise of final temperatures. According to equation (10), these variations are
a direct measure of isentropic effiencies.

S5.2. Influence of valve leakage on efficiency of delivery (volumetric efficiency)

It may be trivial to state that valve leakage must have a direct influence
on the efficiency of delivery, but it is surprising to see to what extent the
latter can be reduced when leakage factors are increased from O to 10: In the
case of H_, there is a fall from B3% to 544, with CH from BO% ta 70%
appruxima%aly, for valve throttling coefficients g smaller than 25%.

Indicated power rises as valve leakage increases: Im fact, when suction and
discharge valves have identical leaking areas that are not too large, the curves
of compression and expansion are deflected towards the outside of the indicator
diagram (see figures 4 and 5, compression line), with the surface increasing as a
consequence of this, always on comdition that suction and discharge pressures
remain unchanged.

From the changes in gas flow rate and indicated power, the change in
specific indicated power "power/VE" can be computed.

5.3. Influence of valve throttling on the performance figures of the tight
cospressor.

From equations (&) and (7) it can be seen that the incrementt&H of
indicated power during intake and delivery required to overcome valve throttling
results in an increase in enthalpy of the gas. The corresponding temperature rise
decreases the mass of gas contained in a working chamber at the end of the intake
stroke, and thus decreases the efficiency of delivery.

For hydrogen H,, as vslve throttling is increased by the factor 10, from
q=0.48% to g=6.0%, ?E F rises from 150.9°C to 159.9°C, and VE falls from B83.78%
to 82.8% only, ’

For methane CH,, a reduction of eguivalent valve area from 80 cmE to 85.30
em- results in a rise of 5.61% to S4.1% for Q. This produces an increase in final
temperature T f af 187.7°C to 163.9°C. Simultaneously, VE falls from B1.1% to
&7.4%! ., Never@ﬂeless, for g-values bigger than 16%, part of the loss in
efficiency of delivery is due the cylinder pressure reaching suction pressure
after the piston has passed the outer dead center pesition (in this case a real
loss in volumetric efficiemcy, to be considered when calculating indicated
power), and part due to heating of the gas,

S.4. Relative importance of valve throttling and valve leakage.

Let us compare two compressors by looking at curves n=1 and n=3, or n=% and
n=4 in Fig. 3. One compressor haé small valves with equivalent valve_areas for
normal flow gbl vyn) = 56.97 cm~, the ather has qb(v,n) = B0.00 cm~. If the
small valves are tight, the large ones leaking, performance data will equalize,



when working with methare (CH,), curves n=% and n=é,

4
- as to T £ with leakage factor 5.7,

- as to spdcific power (power/VE) with leakage factor 4,
- a5 to VE with leakage factor 3.7.

When both comprgssors work on hygrngen tH.), then valve size, whether
dhv,n) = 80, 40 cm or even 25.3 cm has almost no importance: The advantage of
the bigger but leaking valves is completely affset

- as to T £ with leakage factor 2.6,
- as to spécific power (power/VE) with leakage factor 1.7,
- as to VE with leakage factor 0.8.

The differences between calculated results for T £ and specific power -~
which, according to equation (10), should vanish or a?Most - come mainly from
the fact that, in the calculation, pressures and hence power figures converge
faster tham temperatures, and calculated final temperatures are perhaps somewhat
optimistic, depending on the termination of an iteration process.

5.5. Conclusion

The above comments clearly show the importance of tightness of compressor
valves. When compressing light gases, good valve tightness becomes considerably
more important than good flow passages. An ever increasing percentage of newly
built reciprocating compressor are for the compression of hydrogen! Qverall valve
performance, i.2. the cumulated effect of normal flow passages and tightness of
the closed valve, can easily be measured on site by measuring the discharge
temperature as close as possible to the valves, in addition to the commonly taken
readings.

&. NOMENCLATURE

Syahols:
m2 area
Pa absclute pressure
K absolute temperature
m3 volume

%7100 volumetric efficiency

%/100 efficiency of delivery

m /kg specific volume

m/s velocity

kg/m gas density = 1l/v

] time

kg mass of gas

J/kg.K specific gas constant = 8314.51/mal.weight
- real gas compressibility factor

J quantity of heat exchanged with walls
mechanical work

rad crank angle

cmE equivalent area of a valve

- expansion function, equation (36)

- volume function, equation (32)

rad/s rotational speed

g #) *g § *x T o N3 't < < 9 < 4O D
~

J enthalpy
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h J/kg specific enthalpy

v m3 valume

S %/100 clearance volume ratio

u I internal enmergy

u J/kg  specifiec internal energy

X - real gas deviation of spec. internal energy, divided by R.T

E J energy

<, J/kq.K specific heat capacity at constant volume

cp J/kg.K specific heat capacity at constant pressure
- Cp/Cv, for the ideal gas only

Yo a/s mean gas velocity in

q - valve throttling coefficient

m - volume change exponent of an isentropic

1 nominal suction state Py Tl

e real discharge state, at pa, Ta

is isentropic discharge state, at Par TE,i5

f final state, normally at Pay TE,f

-] ideal gas state

spl in the suction plenum, at Pl' Tspl

dpl in the discharge plenum, at pa. pol

5 in a working chamber, at the end of the suction stroke, at p=py T5

c in a working chamber, at the end of the compr. stroke, at p=pg! Tc,hc

k index of chamber “k", e.g. Pys Tk

i index of a valve (or throttling orifice) "j", 2.9. to describe the gas
flow rate in it: de

i index of chamber upstream of a throttling orifice

HE head end side of double acting cylinder

CE crank end side of a double acting cylinder
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n=1: H2 80.00 0.04 0.680 2.72E+086
n=2: H2 40.00 0.04 2.719 2.72E+06
n=3: H2 25.30 0.04 6.797 2,.72E+06
n=&4: CH4 80.00 0.04 5.614 2.45E+07
n=5: CH4 56.57 0.04 11.227 2.45E+07
n=6: CH&4 40.00 0.04 22.455 2.45E+07
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Fig.3-Variation of final temperature,
volumetric efficiency and
specific power with leakage factor.
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10.0 10.0 0.0 0.0 365,00 203.38 54.47 1.61 1257.13 23307.74

Fig. 4 - Hydrogen (H2), q(v,n)=0,68%
above: p/pl = f(p;ston travael)
below: T/T1 = f(crank angle)
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3 2.0 2.0 0.0 0.0 365.00 165.22 65.96 16.07 1346.23 2041.1l3
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Fig. 5 - Methane (CI-M), g(v,n)=56.13%
above: p/pi = f(p:.ston travel)
baelow: T/T1 = f(crank angle)
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