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VALVE THROTTLING, ITS INFLUENCE
ON COMPRESSOR EFFICIENCY

AND GAS TEMPERATURES

Part I. Full load operation
by Erich H. Machu
HOERBIGER VENTILWERKE A.G.
Vienna, Austria

Abstract

The paper derives simple formulas for temperature rises in the compressed gas due to leakage and
work losses in valves, to estimate volumetric and isentropic efficiencies of reciprocating compressors at full
load, by proposing simple analytical dpproaches to every single one of the factors of influence considered,

1 INTRODUCTION

Due to @ number of physical effects unavoidable in real reciprocating compressors, the volume of gas
transported per compression cycle from the suction line to the discharge line is smaller than the volume
displaced by the piston, and the gas inside this already reduced volume is at a higher temperature and
hence thinner than the gas at nominal suction conditions P and T1. Both effects reduce compressor
capacity. Furthermore, the work W,y required by a real compressor will be higher than the work W;,
necessary for isentropic compression of the same mass of gas from py, T; to pg and T3 4,, and it is the task
of the engineer to minimize these adverse effects. Many approaches have been proposed so far to forecast
volumetric and energetic efficiencies of reciprocating compressors, we shall mention here only those that
have recently been presented here at Purdue, in particular

* H.J. Kleinert and H. Najork (1986 [1]) use a number of different efficiencies (indicated, isentropic,
of utilization, volumetric, of denseness ete.), some of them being defined by analytical formulas,
others are determined empiricially, to forecast compressor performance.

¢ T. Morel and R. Keribar.(1988 [2] and (3]) use elaborate Finite Element Methods to completely
model the compressor and forecast gas flows and heat transfer as well as gas and component tem-
peratures. ’

J.A. McGovern (1990 (4]) presents a simpls and clear, physical approach to account for some of the
effects to be considered hereafter. ‘
¢ £ H. Machu (1990 [5]) uses a system of differential equations to account not only for valve throttling,

but also for heat transfer and valve leakage to find indicated power, gas temperatures and efficiencies
of delivery.

If the papers presented in [1] or [4] cover only part of the problem, the methods presented in 2] and
[3], or [] require highly specialized software and time consuming computations, they are therefore not
available to everybody and, above all, they are unable to allow a rapid quantification of the different
factors of influence. In the present paper, pulsations are neglected, i.e. pressures in suction and discharge
plenums are assumed constant, all formulas assume ideal gas behaviour with constant specific heats Cp
and C,.

2 EFFICIENCIES OF A RECIPROCATING COM-
PRESSOR

To compare different designs, the following efficiencies are useful:
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1. The volumetric efficiency 1, is defined geometrically as the ratio of effective intake volume to stroke
volume. The resulting 7, is the base length of the isentropic part of the indicator diagram.

_ length of the effective suction stroke
e = length of piston siroke

=1-Az4- Az, (2.1)

where Az is the well known expansion loss

Azes= s [% (S:-)l: - 1] (2.2)

The other volume loss Az, is due to heavy suction valve throttling, it occurs only for ¢ > 0.16
approximately, when cylinder pressure in the outer dead center is atill below suction plenum pressure.

- 0.16 V2 o« g _ A
Az, = max (0, L ) where = (_‘) w8 SPma 2.3
5 =\%) T 0~ (2:3)

This definition of Az, seema more correct than using the ratio of cylinder pressure in the outer
piston dead center to nominal suction pressure py, since, as long as cylinder pressure is smaller
than py, the suction valve will be open, gas will still flow into the cylinder even after the piston has

passed its outer dead center position, and "% # li;_"_%.

2. With M as the mass of gas delivered per compression cycle, nominal suction gas density g, at p1,
Ty, and T}, as the temperature inside the working chamber at p,, after the intake stroke and before
compression, the efficiency of delivery A is defined as

M T V&Y .
A= M (- AN S = AT 2.4
Vieer (n 0 Ta T @4
such that M is given by
n p4i) -
= AV = =B AV = — A"V, .
M= oA Vie = g Ve g @)

3. Leaking valves cause a volume loss AA] a5 well 2s a mass loss AX. Since valve leakage distorts the
indicator diagram, compression and expansion lines are no more isentropes, and it,is preferrable
not to account for it in n,. Indeed, if a valve is not broken but only worn normally, leakage is
not excessive and its influence cannot be taken with sufficient precision from & measured indicator
diagram, except perhaps when using sophisticated disgnostics software ([7], [8]) or other rather
complex computer programs ([2], [5]). An approximate formula for estimating AX; analytically,
together with the associated temperature rise, is given below, equations 4.4 and 4.7. .

4. The isentropic efficiency 7, is defined as the ratio between W, the work required for lossfree
isentropic compression, to Wieal, which is the work required by the real cycle to compress a.mmass .
of gas M, i.e. .

17“:—-—%-———-——— (2"6)

The right hand sides of equation 2.6 after the approximate sign assume AQ =.0, see equation 6.1.

W;, is given by )
__ T Lt K (pz)‘—I‘
Wi =V T, 2% k-1 " -1 2.7

Nate that W;, (equation 2.7) is the work necessary for compressing a mass of gas M under tem-
perature T, and not T3.., the gas tempera'ture inside the working chamber at pey = p1, after the.
suction event, before compression. Wy, corresponds therefore to the part of the indicator diagram
between py and py, with base length r],% which is smaller than 7,.

168



3 SURVEY OF THE TEMPERATURE CHANGES OF
THE GAS

During its path through the eylinder (in the wider sense of the word, i.e. including suction and discharge
plenums) of a reciprocating comprassor operating at full load, the gas will take the following temperatures,
starting from nominal suction temperature 13 in the suction pipe:

Typt is the suction plenum temperature at pressute pr. Ty can differ from T3 due to late closure of the
suction valve allowing hotter gas to flow back, due to heat exchange and due to valve leakage, the
only effect to be considerad here, for full load operation.

Th, is the temperature in the working chamber at the end of the suction stroke, at p.y = py.
ATy, =Ty, ~ wt ¢an be found from equation 6.8 when AQ, and AW, are known. It shonld
be noted that temperature Ty, is the one having the biggest impact on compressor capacity and
isentropic efficiency: In fact, the higher Ty, the smaller will be the mass of gas contained in the
working chamber at the beginning of the compression stroke, while the work required for isentropic
compression remains unchanged. For this reason, ample suction valve flow areas are more important
for good efficiencies than ample discharge flow areas.

a1

Togu =T (;—:) “ is the temperature at Pz on the isentrope starting at P, 1.

T, is the temperature in the working chamber at the end of the COmPpression stroke at p,, = py, on the
isentrope (i.e. neglecting any heat exchange during compression, and considering discharge valves
to be tight) starting from py, Tt ,, i.e. T.= Ti',r-,e"'—'.

T34 is the final dischm-gé temperature of the real compression cycle, in the discharge plenum, at Peyl = Pa,
to be found from 6.15.

Tap is the temperature in the discharge pipe, as the result of mixing of two gas streams, one from
the head end and ope from crank end working chamber, both leaving their discharge valves with
different temperatures T32,4, and having poasibly undergone heat exchange in the discharge plenum:

(M T20)8 + (M T2 4)ce
Mg + Mgg

To be exact, each of these states has to be associated with its own compressibility factor Z, however,
for simplicity, we shall assume that, on the suction side .

Tup= (3.1).

Zh ®Zypi~ 2y, andon the discharge side Z; = Loy = By ia gy Zuyl (3.2)

4 INFLUENCE OF VALVE LEAKAGE

Even when closed, a leaking valve offers a small-flow area A; considered to be proportional to total

length of seat lands, also called valve opening periphery, of that valve, where leakage lift h; is the factor .
or proportionality. Typically, we can assume A — 0.25 x 10=3[mm] = 10=%(in]. With nominal lift &

corresponding to a nominal valve port area A, we have' ’

A .
A= Ay 7:' (41)

4.1 Volume loss due to valve leakage

Figure 1 shows in the upper part a typical p-f-chart of a reciprocating compressor operating at full load,
and in its lower part the resulting leakage gas flow rates 4M . The areas under these curves represent
¥ Ef‘ff-dﬂ = AM,, the total mass of gas leaking back. With small leakages, neither the indicator diagram

On compressor capacity:



1. Leakage through the suction valve:

(a) During the expansion event, the gas leaking from the working chamber to the suction plenum
does not infAuence compressor capacity, since all the gas leaking back will be taken in immedi-
ately afterwards, in addition to the gas normally taken in from the suction plenum.

(b) During the intake stroke, the suction valve is open and can by definition not be leaking.

(¢) During compression and discharge, any gas leaking back towards the suction plenum reduces
the mass of gas in the cylinder, and hence compressor capacity.

2. Leakage through the discharge valve:

(a) Any particle of gas leaking back through the closed discharge valve during expansion and
intake is missing in the discharge plenum, and is in surplus inside the working chamber, since
it takes the place of another particle of gas that otherwise would have come in from the suction
plemum. Consequently, leakage through the discharge valve during the expansion and intake
reduces compressor capacity.

(b) During compression, any particle of gas leaking back through the discharge valve will imme-
diately be recompressed and discharged shortly afterwards, consequently it does not reduce
compressor capacity.

The above statements can be summarized as follows:

s During the first half of a crank shaft revolution, it is the leakage through the discharge valve that
reduces compressor capacity, it is given by the area hatched vertically in Figare 1.

» During the second half of & crank shaft revolution, it is the leakage thruu-gh the suction valve that
reduces compressor capacity, this reduction is given by the area hatched horizontally in Figure 1.

From Figure 1, it can be seen that the sum of the areas hatched horizontally and vertically (repre-
senting the total leakage volume loss per compression cycle through suction and discharge valves with
identical leaknge areas A;) is only slightly smaller than the area of the rectangle a~b-c—d which equals
the mass of gas leaking back per crankshaft revolution through the discharge valve during zero load
operation, with the suction side being unloaded, discharge plenum pressure and temperatire being those
of full load operation. This mass of gas can therefore easily be calculated. With teference to Figure 1,
we define a correction factor  (in most cases 0.6 < ¢ < 1.0)

sum of the hatched areas
area of the rectangle a-b—c-d

o= (42)
Let pz, T be the gas state function in the discharge plenum during full load operation, g4y and

Zypt the corresponding gas density and real gas compressibility factor, further let um be the mean gas

velocity in the suction valve gap area Age,. With ¢ = max(0.5, Be=matream) 55 the expansion ratio,

? Pupstraam

and ¥ = /(1 - 5)5"‘9-]—' as the expansion function (see [5]), the rate of gas fow M, through the closed
but leaking discharge valve, as well as the mass of gas Mipos, delivered during full load operation per
compression cycle with tight valves, are given by

. . . k
Mo = A0t 0 ¥ [2BTapiZap 3nd  Myoon = 0.5 01 Agap tim X [T’] (4.3)

L
With the ratio of gas densities !':]L = (;l}) =, the reduction in efficiency of delivery AA} (the suffix *

signifying not yet accounting for temperature increase in the suction plenum) is given by the ratio of M
over M]OO%
y 0.5x107°
AN = .M' ~p———— W\ /2 RTupt -—p:’l
1

4.4
Mooy hm A ( )
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4.2 Rise in suction plenum temperature due to valve leakage

Any gas leaking back from the discharge plenum to the working chamber, or from the working chamber
to the suction plenum will increase the enthalpy and hence the temperature downatream. This effect will
take place for all gas particles leaking back, independantly of whether they reduce efficiency of delivery
(and correspond to the hatched aress in Figure 1) or whether they do not, ie. enthalpy is carried
backwards from the discharge side to the suction plenum by a mass of gas > M;. .

On the other hand, only the gas leaking back from the discharge plenum (the place with the highest
cycle temperature Tyy) will carry highest specific enthalpy Rept, those leaking through the suction valve
are generally cooler. To simplify matters, we shall not comsider a bigger leakage mass (the one that
reduces efficiency of delivery, and the one that does not) carrying a smaller specific enthalpy, but calculate
total enthalpy input into the suction plenum due to gas leakage to be equal to M AX} hygpy. Mixing in
the suction plenum of a mass of gas M (A" — AJ}) from the suction line with T}, with another masa
M AX; lezking back through closed suction valves and having = temperature T will result in a mean
temperature 1, in the suction plenum

= /=
MTopd" = MT (X - AN} + MT5,AX  or -"',:_;.';‘=1+A7"_-‘-(~Tﬂ—1) (4.5)
- 1 1

Assuming that the increase in final temperature in the discharge plenum Tyy is approximately pro-
portional to the increase in suction plenum temperature Topt, we have

T, T T,

Lot lapt el (4.6)

FAR S Y
This increased Tyy in the discharge plerum will in turn send hotter leakage gases to the suction plenum
and increase there T, Substituting for Z;.‘I!‘- from equation 4.6 in 4.5 we get the new relationship

" - AXF T,
Lot —’\_A"T'_," amd  Ax=ax 2 - (4.7)
” =*4
oA~ AN e 1

A, is an estimate for the real loss in efficiency of delivery due to valve-leakage, for small AA < 5%.

4.3 Conclusion

Frorm equation 4.4 it can be seen that the leakage loss AX; is the higher,
1. the smaller the product of valve lift b multiplied by mean gas velocity u,, in the valve gap,
2. the smaller the efficiency of delivery A,

3. the smaller the molecular weight M of the compressed gas, since the gas constant £ - ’—:’:.’ﬁ is
inversely proportional to M. '

Other leakages may occur along piston rings, they are not considered here, Leakages along piston rod
packings leave the system and have no influence on temperatures,

5 HEAT TRANSFER BETWEEN THE DUCTS OF
THE SUCTION VALVE AND THE GAS FLOWING
THEREIN

The following is a very simplified approach, just enough to estimate the order of magnitude of this
influence. Ifit appeared to be of any significance, some research work would have to be done, in particular
on heat transfer constants . N eglecting the heat which eventually is transferred by conduction between

the suction valve and the surrounding valve pocket, the amount of heat given to the flowing gas during
intake must equal the amount of heat exchanged with the valve during the remainder of the cycle. Since
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heat transfer coefficients increase with flow velocity, it is sufficient to look at the heat transferred when
there is no flow in the valve to get an estimate for AQ. Considering the generated surface of the guard
(or of the seat in the case of a discharge valve) perpendiculat to the valve’s sealing surface as a rectangle,
whose base length equals the valve opening perimeter AEZ and whose height to the guard’s or seat’s
thickness £, the surface of the suction valve Agy (3 X the basis surface: valve plate, upper and lower face
of the guard) or of the discharge valve Apy (only one basis surface) exposed to the working chamber can
roughly be estimated as
Agv = 3D§y§ + Ay t—L‘;:-’-‘-‘ and  Apy & wa% + Agap t—‘,';‘ﬁ (5.1)
where Dgy or Dpy are the valve’s outer diameters. Simplifying by assuming further that gas tem-
perature in the working chamber equals 73 during one half* revolution of the crankshaft, and equals
T, during the other half, the suction valva’s surface temperature Tsy will be the arithmetic average
between T3, and Tj. With these simplifications, we get for the heat AQ, given to the suction valve's

surface during half a crankshaft revolution, and the corresponding temperature rise ATg,,
N :

AQ, = Aoz %Q = MC, ATq, - (5.2)

The heat transfer constant e is, in a first approximation, proportional to Reynolds number to the
power 0.8, see equation 7.4. Reynolds number in turn depends on gas velocity (whose variations inside
the working chamber are neglected, since we consider heat transfer between gas in the working chamber
and the. suction valve during compression and discharge events) and gas demsity. With molar mass

M = 22.711g, we get

@ 0.8 ™ . 53
““"(Zz?;) Gt B=ten o (5.8)

a, =35 (W/m? K| at standard atmospheric conditions is a good assumption... From equations 5.2, 5.3
and 2.5 and rearranging, we get in Sl-units (366 is not dimensionless!)

004 k-1 Asvan (Pa T].ZI)D:(TSH )
=T — — e | = — -1 4
Algu=h=" =7 % (m TZ.) \T (5-4)

The same algorithm can of course be used for the heat exchange during flow through the discharge
valve. The heat given up there reduces the temperature of the gas arriving in the discharge plenum, and
increases the gas temperature in the working chamber during the expansion event, which in turn may

reduce 7,.

6 RISE IN GAS TEMPERATURE DUE TO WORK
LOSSES IN VALVES o

Let us draw a control surface around the working chamber of a compressor which is pumping gas from
P1, Ty to pz, T2. When conditions are stationary, the sum of all streams of energy entering or leaving
the control surface (mechanical work AW supplied by the piston, heat transfer AQ from the walls to
the gas, change in internal energy M(u; ~ u;) and change in flow work M(pyvz — p1v1)) must equate
to zero. Remembering that specific enthalpy k is defined as k = u + pv, putting AT =T - Ty and
Ah = hy — hy = C, AT, we get the required relationship

AW +AQ = AH = MAh= M C, AT = M R—— AT (6.1)

According to equation 6.1 and with constant Cp or &, the two temperature tises, ATq due to AQ and
ATw due to AW can be found separately and then added.
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6.1 Temperature rise due to the suction work loss

Let &p; sy be the mean effective pressure of the suction work loss in the indicator diagram referring to
the full length of the indicator diagruq (ie. Apisv = 1yApm,sv), with gas density g1 in the suction
plenutn and constant volume flow rate V; = = %
- 2
=31, (N (6.2
Ap; sy = 3.18 328 (st) (6.2)
(see [11] or [12], chapter 2) then the suction work loss, with suction plenum temperature T, instead
of 71, is given by

T
AW, = Vi Apisv T—‘l (6-3)
-

Applying equation 6.1 to the suction stroke, the temperature rise from Tt to Tw, is obtained by
substituting from equations 2.5 and 6.3 in 6.1. We obtain

T Viepr - K
v = B sep F T, 6.4
Vet Opi sv Ton = BTw. 2 AR ——(Tw.s ~ Tupi) (6.4)
or
. - T
Ay I X s 1- 'P‘) (65)
n T Z, -1 Tw,
For abbreviation, we introduce a constant C,
AP:‘ SV Tl Z k-1
C' = = L .= 6.6
P1 Temt A" " (6.6)
such that equation 6.5 can be written in the form C,=1- TMA,L", and we finally get
TW. 1 - Cn
=0 ATw, =T, N
Tep 1-0C, & ATWe=Twmi—e 1)

The total temperature increase during intake is obtained by adding those from equations 5.4 and 6.7:

AT, = ATw, + ATy, (6.8)

6.2 Temperature rise due to the discharge work loss

Neglecting heat exchange inside the working chamber and assuming tight suction and discharge valves,
compression will be isentropic, and the mass of gas M given by equation 2.5 and entering through the
suction valve will be the sarne as the one leaving through the discharge valve. With these assumptions,
the discharge stroke will start from inside the working chamber from p; and Ty, according to equation
6.9.

Tpe=Th, (2—) - (6.9)

The discharged gas will arrive in the discharge plenum with temperature 7, 4, the final discharge
temperature of the real compression cycle. Let # be the length of the discharge stroke, then we have
from continuity ’ -

014 P\ Z
v =, 7 (6.10)



It follows from 6.10 that equation §.2 can be used to find the discharge loss Ap; py as well, using 2pv

instead of $g. The work required to overcome the pressure drops in the discharge valves is then given
by

T2a T
AW = Va Apiov 75 = Va Apioy 2 (6.11)
2 Tl,n
Substituting in equation 6.1, considering that the work input AWy causes the gas temperature to
increase by ATw 4

T _ Vapr = &
E V" AP|IDV = R_ZT',Z A"R IG_—T ATW.d (612)

Simplifying, using equations 6.9 and 6.10 and rearranging, we get

T, Apipy Vv & 1
N Bmpv _ v R L am 6.13
e P2 Z; k-1 T, "¢ (613)

Again, if for abbreviation we introduce a constant Cy

we obtain, with ATy 4 found in analogy to equation 5.4

ATwg=T2.:Cy and ATy g = ATwa+ ATga (6.15)

2.00
—

1.60

A, e 1,15
L

¢ TR, P /PL N 1. oo

1.20

—e= p/pl, T
1
H
£
'5 B
L.

0.000 0.001 0.003 0.0040.300

——e= dH],valve/M 3,1

0.000 80.0 160.0 240.0 320.0
crank angle =—w-—ee

Figure 1: Pressure and temperature in the working chamber,
leakage gas flows in suction and discharge valves, drawn over crank angle
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