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The two—dimensional motion of the valve plate

of a reciprocating compressor valve

by
Erich B. Machu
HOERBIGER VENTILWERKE A.G.

Vienna, Austria

Abstract

The paper derives the equations of motion of a valve plate in two dimensions, translation
and rotation, with the objective of forecasting valve behaviour and valve life more realistically.

1 Introduction

To the knowledge of the author, all attempts to model the dynamic behaviour of automatic
valves for reciprocating compressors published so far' consider the valve plate to be a point
mass having only a one-dimensional motion perpendicular to the valve seat, they assume the
impacts of the valve plate against its stops (seat or guard) to take neglegible periods of time and
relate the velocities after impact to those before the impact by using coefficients of restitution.

Reality however is different: Valve plates have finite dimensions, the resultants of the different
forces (due to gas drag and impacts in particular) acting on them may not pass through the center
of gravity, such that the total motion is composed of a translatory displacement perpendicular to
the seat, and two rotatory displacements about two perpendicular axes parallel to it, resulting
in a tumbling motion. Unfortunately it is difficult to quantify with reasonable precision the
excentricities of forces causing this tumbling motion for a given application, and one might
question the benefit of a more-than-one-dimensional approach. However, once the valve plate
arrives at a stop having an oblique position, its first impact will be on its periphery, with the
biggest possible and well known excentricity. The resulting angular acceleration will be high,
the second impact will take place at a velocity considerably higher than the first, and higher
than the impact velocities found with identical parameters using a one~dimensional model. In
addition and unlike a one-dimensional model which assumes the valve to be tight whenever
there is contact between plate and seat, a valve plate tumbling near the seat will allow gas to
flow into the cylinder or out of it, such that the pressure gradients inside it will remain moderate
and the unrealistic reopening of the valve often seen with simpler models is avoided.

Both effects, the one of increased impact velocity and the other one of ounly partial closure
of a valve plate tumbling on the seat, are shown by a simpler two-dimensional model as well,
which will be treated in the following paper.

‘the two investigations [2] and (3] were available to a limited number of persons only
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2 Tumbling motion in two dimensions

The translatory displacement or lift h., of the center
of gravity and the rotatory displacement v are the two T_

dependant variables to be found. For small rotatory valve plate ¢
displacements, i.e. with siny ~ <, and cosy ~ 1, the '
. lift h and the velocity 2 of a point in a valve plate at

Fy

. . . . v ‘
the distance e from its center of gravity are given by es ——’- heg hy

I
dh d hcg ﬂ l 2 valve seal

h=hg+ey and . o= @ te— (2.1)

If e; # 0is the excentricity of the resultant force Fy of all closing springs with total translatory
stiffness C'y,, the spring force will change with hy and not with h.,. The apparant stiffness will
therefore be ks C, where k; is a leverage factor to be found from equation 2.1 as follows:

dFy dFy 1 dh dy dif

el et S h that =—3 = L.
Cre = Gy =~ dhy Ry hat  ky= gp =1V % dh,

(2.2)

A similar expression has to be used for the force due to an elastic impact at the periphery,
in this case e; = :I:%“. Sign convention: All excentricities e are positive when on the right hand
side of the center.

th

3 Translatory motion of the valve plate in the n*™ step

All equations, those for displacements of a valve plate as well as those for pressures in working
cylinders, are differential equations and are usually solved in steps. At the beginning of the nth
step, during which time changes from t,, to t.4-At and crank angle from 8,, to 6,+A6, the position
of the valve plate is given by its translatory displacément hegn = hnYin (where 0 < Y7 < 1)
and its rotatory displacement v, = YN Yz (where —1 < Y; < +1), with hy and 7~ = %’f
as the maximum displacements the valve plate can take between its stops, in other words its
nominal translatory and rotatory lifts. The starting point of every step is selected as origin of
a new coordinate system with crank angle increment ¥ as independent variable, 1 = AT':-‘ and
Yo = %} as the two dependent variables. During this nth step the gas drag force F, = A, C, Ap
changes with 9 since Ap shall be given by the polynome Ap = pi (a0 + 619 + a;9°), while the
spring force Fy = Fyn + ks CpeAbeg = Fin + ks Csshny changes with 3. The same holds for
the impact force F; = local stiffness C;x local deformation of the valve plate in the point of
impact. The drag coefficient C,, and the apparant spring rates k; Cy, and k; C;, are assumed to
be constant during that step. The following sign convention is used: A positive Fy shall open
the valve, positive Fy and F; shall close it. A viscous damping force 74 % is also included. The

translatory movement of a valve plate with mass m will be given by
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d*(AhR ) d(Ah.)
———EL = A, C,Ap —(F ntkyCreAhey) ~ (Fy + k; Cit QAhey) — rp—— =82 3.1
gas drag force spring force impact force

damping force

Changing the independant variable to crank angle 4 = w,, At, the dependant variable to a
dimensionless y; = é-bj—:ﬂ using nominal lift hy, equation 3.1 can be written as

h
d’y, dy
mw?, hy FrT) + riwe, hy Pr) + gkj Cret+ k; Ci,t)J hny = A4,Cy Ap — Fyp, — Fin (3.2)

=XC;
Rearranging and giving the names vi, A1, Ili, X1 and ; to the constant coefficients leads to

d2 T d ECt A Cw ECg
! t_ 9y g = =2 Pi . (ao + a1 + azﬂz) _
d? mw,, d¥ muw? YCihy muw?, | - .
N A R N, A
=2A114 =} =II, =2 :;{E

F;n ¥C.  F,. %,
hv2C, mw?,  hy2C, ma?
N et st e, et e —

=X1 2 = 2
p ¢ =vi Y =

(3.3)

4 Angular displacement of the valve plate

Besides the moment produced by any force acting excentrically, closing springs in addition exert
a moment due to the elastic support they provide. In fact, when a valve plate tilts, the closing
springs on one side will be compressed, those on the other side released, thus establishing a
moment M,; tending to restore the horizontal position. For a guard with a total of & spring hole
pitch circles, the j* pitch circle having diameter D; and n;,¢ spring holes uniformly distributed,
all holes having identical springs with translatory stiffness C',tper spring €ach, tlie total closing
spring rates for translation Cy: and rotation C, as well as the elastic moment M., will be

k Sk n;sD?
= )f y
Cre = 2 :nj.fcf.tper spring Cr = Cyp ;Elk . M, =C.vy=0C, (7n + A7) (4.1)
7=1 j=1 T4

With forces acting excentrically, the valve plate will rotate about an instantaneous center of
motion situated at a distance e, from its center of gravity, where e, is given by

_ F,—F; - F
 m Fyeq— Frep — Fie; — Cy

(4.2)

ecm.

To make the following equation 4.3 linear, the variation of e, during a step of integration
shall be neglected, the resulting error decreases as Af decreases. Ag can be chosen arbitrarily.
The equation of rotation about an axis through €., will then be given by
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d’(Ay) d(Av)

I = My—M;—M;~ My —r, =
d(At)? ¢ = 4 LAY
Ap
= (eg — €em) AuCupr -;-— —(e5 — €em) Fym — (€ — €em) Fin — Cryn —
1
_ 2 el ’ 2 . d(A9)
‘[k,« Cre (€5 — €cm) +1c: Cir (i — €em)’ + c:.]‘m =T dAD (4.3)
=XC,
Changing again variables from At to ¥ = w,., At and from Ay to y; = ;‘%3 will give
d*y, r dy; XC, A, Cup1 (g — €am) EC, ”
W Tel @ Tt VT %C, n Tt (a0 + a9+ a2 %) -
N, e’ S, i’ - - N, s
=2X2 12 :vg =II; =y§
Fin (e —eom) + Cryn _ 2C, 3 F;n (i — €cm) _ XC. 44
EC. N TWE, XCr N Tw?, (4.4)
- S S ! agema e
=X2 =Vg =2 =V§

th

5 Total displacement within the n"™ step

Equations 3.3 and 4.4 for translatory and rotatory displacements (subscripts : = 1 and i = 2)
are identical in structure, their coefficients very similar, they can be written as

dzy’: + 2 A v dy; +. y,z Y = y.z [H (G,Q + a119 + as 192) - Xi — ¢] (5‘1)
dd? v d’lg 1 J 1 ® i '

having the following general solution and constants of integration U; and V;

y = e %0 (U; sinpd+ V; cospid) — xi — %5 +

2 1-—4X?
+ II; [ao+a119+az192-— _ (a1 +2a;7) —2a = ‘] (5.2)
2 X 1—-4X2
Vi = xit+i— 1L (‘10—‘11 —Z2a; 3 1) (5.3)
v; Vi
1 dy; A
U, = — L +A,-uﬂé-—1'[i a1—4a2 (5.4)
Hi d’l9 9—0 vV;

where p; = v;4/1 — A?. The constant coefficients v;, A;, II;, x; and %; used in differential
equations 3.3, 4.4 and 5.1 are given in Table 1. Instantaneous displacements and velocities for
any point on the valve plate at the distance e from its center can be found from equation 2.1.
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” Table 1: Coefficients used in equations 3.3, 4.4 and 5.2 ”

comment

translation

rotation

total spring stiffness

natural frequency

frequency ratio

gas drag force ratio

spring force ratio
impact force ratio

damping coeflicient

ECt = kf Cf't + ki Ci,t

w, = [Z%
m
v = 1 XC: _ wy

Py = pann

EC,. - k_f Cf't (ef - Em)2+ -
- ‘31::'111)2 + Cr

+k; it (e

Wo — _._..E‘lq:
1 C, __
V2 = Wea I -

H2 _ Ay Cy, p1L (Eg_ﬂcm)

ZCr N

Ff,n (C_f —Ccm)+cr In

X2 =

EC, N
,¢’ — -Fi,'n. gei“‘ccm!
2= 2C, YN
I 7 JE
Az T2 Iwc.l 2

6 Conclusion

With a more-than-one-dimensional simulation of valve plate motion, results — more details will
be given at the conference — closer match measured valve plate motion, in particular:

¢ A valve plate closing in time before dead center position and tumbling near the valve seat
is not tight, hence pressure gradients in the cylinder remain small and the valve shows

little tendency to reopen.

¢ Impact velocities and impact forces are often higher than those found with a one-
dimensional model, which, in addition, can only determine impact velocities but no forces.
The reason is that the excentric impact force acting during the first impact of a tumbling
valve plate can produce a high angular acceleration.

¢ Small tumbling amplitudes will result in small impact velocities and are advantageous, As
with any oscillator, they will be obtained with a high natural frequency w, and therefore
a high frequency ratio v,, i.e. with a high rotatory stiffness C,.

407



References

[1] M. Costagliola, Dynamics of a Reed Type
Valve, thesis (1949), Massachusetts Insti-
tute of Technology, USA, and Journal of

Applied Mechanics 17(4)/1950.

[2] F. Bauer, Stresses in valve plates due to
their impacts, HOERBIGER-internal com-

munication, 22 pages, May 1966.

(3] E. H. Machu, Valve dynamics in three di-
mensions, HOERBIGER-internal communi-

cation, 66 pages, Feb. 1978.

[4] E. H. Machu, Valve dynamics in a pul-
sating environment, paper presented at
the International Reciprocating Machin-
ery Conference at Denver/USA, Sept.

1992, organized by the PCRC, Dallas.

List of Subscripts

subscript comment

0,1,2,...,j | number of a term

1 nominal suction condition
1...2 dimensions of motion
cg center of gravity

cm inst. center of motion
cs crank shaft

el elastic support

f spring (force)

g gas (drag force)

7 impact (force)

n at beginning of step n
N nominal (valve lift=hy)
0 outer (diameter)

r rotatotary

t translatory

v valve or valve plate

w drag force coefficient

Nomenclature

symbol unit comment

a - polynomial coefficient
A m? area.

C. Nm/rad | rotatory stiffness

Ct N/m translatory stiffness
Cu — drag coefficient

d - differential operator
D m diameter (of a plate)
e m excentricity

F N force

h m valve lift

I kgm? moment of inertia

k - leverage factor

m kg mass

M Nm moment

n - number (of springs)
P Pa pressure

T, N m/rad/s | rotatory damp. coeff.
¢ N/m/s | translat. damp. coefl.
t s time

u,v - const. of integration
Y — = AY within step

Y — rel. valve lift = Fh;

¥ rad angular displacement
A - small increment

0 rad crank angle

4 rad = A within step

A — damping force ratio
7 — damped frequ. ratio
v - frequency ratio

I - drag force ratio

b — summation symbol
X — spring force ratio

P — impact force ratio

w rad/s angular velocity 4

w rad/s natural frequency

408




	Purdue University
	Purdue e-Pubs
	1994

	The Two-Dimensional Motion of the Valve Plate of a Reciprocating Compressor Valve
	E. H. Machu

	tmp.1318282214.pdf.O35tw

