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Abstract
This paper focuses on flow induced static instabilities occur-
ring in poppet valves. Computational fluid dynamics simula-
tion were performed to gain static characteristics of the poppet 
valve and to demonstrate the unstable behaviour of the valve. 
Based on theoretical considerations, a necessary condition for 
the stable operation is derived. The study indicates that stabil-
ity can be obtained with proper geometrical design of the valve 
or by limiting the total compression of the spring. The paper 
discusses the possible steps to prevent instability and proper 
spring selection.
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force coefficient, static instability

1 Introduction
Poppet valves are known to possess stability issues, both 

static [9,10,18,13] and dynamic ones [9,10,6,12,7]. The analy-
sis of these issues require  first of all the static characteristics 
e.g. discharge or thrust. Several studies concerned with static 
and dynamics characteristics of poppet valves such as dis-
charge or thrust. Besides this a number of different approaches 
have been taken by various researchers for investigating the 
dynamic behaviour of poppet valves and instabilities occurring 
in valve systems.

The first comprehensive discussion of the possible causes of 
valve instabilities was reported by [5], suggesting that instabili-
ties can be induced as a result of

a) the interaction between the poppet and other elements
b) flow transition from laminar to turbulent during opening 

and closing,
c) a negative restoring force,
d) hysteresis of the fluid force, and
e) fluctuating supply pressure.

This paper focuses on instabilities of type c). Type of prob-
lem a) has been widely investigated for example in [8,16,6,7], 
nonlinear response due to e) has been studied for example in 
[8,14]. Instabilities due to b), c), and d) have been analysed for 
example in [9,10,11,18,13,15], however, there has been little 
discussion about the prediction of the stable operation rang and 
the prevention of the instabilities.

Determination of static characteristics such as discharge 
coefficient and fluid force is of primary importance in the 
investigation of flow induced instabilities of poppet valves. 
Many studies addressed the problem developing analytical for-
mulae and it was concluded that the thrust on a conical poppet 
valve with chamfered seat exerted by the fluid flow can be eas-
ily derived from momentum theory with several simplification, 
e.g. assuming steady, incompressible and frictionless flow and 
uniform inlet velocity distribution. Unfortunately, these analyt-
ical estimations are limited to simple geometries with several 
assumptions and these studies do not consider the influence of 
the developed flow pattern in the downstream chamber.
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Experiments published in [11,18] have revealed, that the 
flow pattern has a great influence on the fluid force. The domi-
nating effect is the jet through the gap that drives usually small 
vortices into the chamber causing high velocities and low pres-
sures on the poppet face.

Recently, computational fluid dynamics (CFD) techniques 
provide a reasonable option to understand the fluid mechanical 
relationships inside a valve and to obtain reliable data on static 
(see e.g. [4]) and even dynamic characteristics (see e.g. [3,1]) 
of the valve. The present study also engaged to employ CFD 
simulations to determine the needed static characteristics.

This study aimed at investigating the flow induced static 
instability of liquid poppet valves and to provide recommenda-
tions for valve design to avoid this type of loss of stability.

Figure 1 shows the sketch of the poppet valves being in 
focus of interest.

The left configuration investigated by the author of this 
paper in [2,1] serves as a validation case for the CFD model 
and later on we refer to this as valve A. The right configuration 
(taken from Vaughan [18]) constitutes the main objective of the 
paper and we refer to this as valve B. Both valves are of coni-
cal valve body, but the right one includes a flange at the bottom 
part of the cone. This flange is aimed at deflecting the jet to 
radial direction thus decreasing the influence of the momentum 
flux on the axial force balance. However, as it was reported 
also by Vaughan in [18], sudden change in the flow pattern may 
occur upon varying the lift giving rise to discontinuities in the 
static characteristics and leading to unreliable performance of 
the poppet valve. This observation encouraged the authors of 
the current paper to explore the effect of the sudden change in 
the static characteristics on the stability and to make an attempt 
to predict the range of stable operation.

1.1 Theoretical background
Let us consider a poppet valve with a conical valve body and 

sharp seat as illustrated in the left panel of Fig. 2. Let α denote 
the half cone angle of the poppet,  Dseat  the seat diameter, x the 
lift of the valve body, and h = x sin α the gap between the pop-
pet and the seat. The inlet area A1 is the cross-sectional area of 
the seat ( )A D1

2 4= seatπ , while the outlet area A2(x) through the 
gap can be calculated for small lifts as 

A x D h D x c x2 1( ) sin( ) := = =seat seatπ π α

α

x

Dseat

hhA2(x)

p1

p2

The flow rate Q through the poppet valve (assuming incom-
pressible turbulent flow) is given by the usual discharge for-
mula (see e.g. [8])

Q C A x p
d= 2

2
( )

∆
ρ
, with ∆p p p= −1 2

where Cd is the discharge coefficient, p1 and p2 are the absolute 
pressure at the upstream and downstream side of the poppet 
valve, respectively, and ρ is the density of the working medium, 
assumed to be constant.

To obtain the force exerted by the fluid we apply the momen-
tum theory on the control volume as it is demonstrated in Fig. 2. 
The axial component of the momentum equation takes the form

− + = − −I I P P F
1 2 1 2

cosα
fluid

where I1 and I2 denotes the momentum flux of the flow entering 
and leaving the control volume, P1 and P2 constitutes the net 
force due to pressure distribution at the upstream and down-
stream side of the control volume, while Ffluid stands for the 
force exerted by the fluid on the valve. As [17] pointed out, the 
pressure forces can be expressed simply by P1 = A1p1, and P2 = 
A1p2, while the momentum flux terms can be assumed to be I1  
= Q2ρ/A1,  I2  = Q2ρ/A2(x). Substituting these terms into (3) the 
fluid force becomes

F A p p Q
A A xfluid

= − + −
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By making use of (2) it can be concluded, that as the lift 
approaches to zero the momentum term tends also to zero 
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Fig. 1 Sketch of the poppet valves under analysis.

Fig. 2 Left:  Representation of the geometrical quantities used in the current 
paper. Right: Momentum theory applied on the test geometry.
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that shows that the force needed to open the valve comes purely 
from the pressure force balance as follows

lim ( ).
x
F A p p

→∞
= −

fluid 1 1 2

To give more generality for the findings, the results are pre-
sented in terms of non-dimensional quantities, flow coefficient 
(Cf ) and non-dimensional lift (X ). The force coefficient is pro-
duced by dividing the fluid force by the force derived from the 
pressure distribution.

C
F

A p pf
fluid

:=
−( )1 1 2

while X is defined as

X x
D

=
seat

.

As consequence of (6), we have

lim .
x fC→∞

= 1

Cf  < 1 supposes such flow conditions, that the net momentum 
flux decreases the total force acting on the poppet valve, while 
Cf  > 1 states that the momentum flux increases the fluid force.

2 Computational Fluid Dynamics (CFD) model
The commercial CFD package ANSYS CFX 14 and ICEM 

CFX meshing software is an effective way to investigate the 
fluid flow in the flow domain of the valve and to determine 
static characteristics such as force coefficient, or discharge 
coefficient. To do this a series of geometries was generated cor-
responding to different valve lifts. For a prescribed inlet and 
outlet pressure the resulted fluid force was extracted directly 
from the CFD results. To validate the CFD settings, the force 
coefficient was determined analytically for valve A.

The geometry of the two configurations are shown in Fig. 3 
and Fig. 4. To develop appropriate velocity profile in the seat 
region 10Dseat long upstream section was used while to avoid 
recirculation at the outlet a relatively long downstream section 
was used in each case. To accelerate the computations, axisym-
metric geometry was built with angle of 10°. The meshing was 
designed to provide satisfactory resolution in the crucial region 
around the poppet, while the density of the mesh was reduced as 
the gradients of the flow variables decrease. Inlet and opening 
boundary conditions were employed with prescribed pressure at 
the inlet (denoted by IN) and outlet (OUT), respectively, on the 
walls (WALL) and the valve body (VALVE) standard no-slip 
wall boundary condition was set, while on the sidesurfaces S1 
and S2 symmetry boundary condition was applied. The liquid 
was standard mineral oil (ρ = 870 kg/m3  and ν = 40 mm2/s). The 
turbulence was modelled with standard k − E  model.

3 Results
Two series of simulations were carried out on both valves to 

investigate the evolving flow pattern and the change of the force 
coefficient as a function of the lift in the range of X  = x/Dseat = 
0 − 0.2. The pressure difference between the inlet and outlet (∆p 
= p1 − p2) was ∆p = 5 bar and ∆p = 10 bar, respectively.

To establish the connection with the measurements reported 
in [2] let us demonstrate the variation of the resulted flow quan-
tities flow rate Q, fluid velocity vf l in the upstream passage and 
the here defined Reynolds number Re = vf l × Dseat / ν  for the 
measurements and simulations studying Table 1. Note, in the 
case of experiments the given values are only to indicate the 
magnitude of the accessible maximum values. Moreover, it is 
worth mentioning that measurements were performed some-
what differently than simulations. In the case of simulations 
the pressure was kept constant and for a given displacement we 
obtained a particular flow rate value while in the case of meas-
urement for a prescribed set pressure the flow rate was varied 

Fig. 3 Geometry of valve A and its 2-D axisymetric flow domain.

Fig. 4 Geometry of valve B and its 2-D axisymetric flow domain.
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as parameter resulting in the change of the system pressure and 
the lift of the valve body. In the case of measurement the work-
ing medium was oil with ρ = 870 kg/m3  and ν = 37 mm2/s.

3.1 Valve A
The developed flow pattern is demonstrated by plotting the 

velocity magnitude in Fig. 5. As it can bee seen the jet leaving 
the gap attaches to the poppet valves both for small (a) and high 
(b) lifts. Neither recirculation in the region of seat nor sudden 
jump in the flow pattern occurs.

Figure 6 depicts the variation of force coefficient Cf  as a 
function of the nondimensional lift X . As the values of Cf  for 
the two series showed little variance (merely in their third  
digits), only the results obtained for ∆p = 5 bar are presented. 
Moreover, the measurement results of [2] and analytical estima-
tion are also represented in the figure. Crosses show the points 
obtained by CFD simulation, plus sign depicts the measurement 
results while squares represents the one calculated from (4).

Although the range of measurement of [2] was only X  = 
0 − 0.025 and the method of obtaining Cf  was different we 
can observe a reasonable coincidence. Moreover, the analytical 
estimation shows satisfying agreement both with measurement 
and simulation. The error appears to increase for higher lift, yet 
the maximum error between the two results is less than 2.4%. 
Motivated by this agreement we have been inclined to apply 
the above reported settings for further CFD simulations.

3.2 Valve B
Figure 7 represents the flow pattern of valve B for several 

lifts. It is clearly seen, that for small lifts (a) the flange deflects 
the jet towards the seat attaching to the seat face, separating 
and driving a recirculation zone at the inner part of the seat. The 
jet leaving this region then attaches to the wall of the chamber. 
Increasing the valve lift the attaching point of the jet to the seat 
moves outwards along the seat face and then upwards along 
the wall of the chamber. The direction of the deflection then 
changes upwards at X  ≈ 0.14. It is worth noting, that between 
X ≈ 0.12 (when the jet is redirected straight toward the outer 
edge) and X ≈ 0.135 (when the jet is redirected exactly radially 

toward the wall of the chamber) the flow patterns seemed to be 
very unstable that coincides with the experimental Vaughan’s 
et al. observation reported in [18].

Figure 8 depicts the variation of force coefficient Cf  as a 
function of the lift. The force coefficient sets off from Cf  = 1 at 
X = 0 and gradually decreases up to X  ≈ 0.75 where it reaches 
its minimum value (Cf  = 0.833). Then the curve increases very 
slightly up to X ≈ 0.12 where a steep rise can be observed fol-
lowed by a regressive but still rising section arriving to Cf  = 
1.276 at X  = 0.2. As one can see, notable discrepancy can be 

Fig. 5 Variation of the flow pattern in the case of valve A.

Fig. 6 The force coefficient in case of valve A. Crosses show the points 
obtained by CFD simulation while dashedline seeks to predict possible shape 

of the function between the computed points. Squares represent the points 
gained analytically. Plus sign depicts the measurement results of [2].

Table 1 The variation of the resulted flow rate, fluid velocity and Reynolds 
number ranges in the case of experiments and CFD simulations.

Valve geom. X [−] ∆p [bar] Q [l/min] vf l [m/s] Re [−]

Valve A, 
experiments

min
max

~ 0
~ 0.025

~ 0
~ 18

~ 0
~ 24

~ 0
~ 2.2

~ 0
~ 2400

Valve A,
CFD

min
max

0.025
0.2

5
10

14.58
158.5

1.376
14.95

516
5606

Valve B,
CFD

min
max

0.025
0.2

5
10

63.9
612

2.104
20.07

1336
12745 (a)   X = 0.05,    Δp = 5 bar

(b)   X = 0.2,    Δp = 5 bar

0 0.05 0.1 0.15 0.2
0.75

0.8

0.85

0.9

0.95

1

X [− ]

C f
[ −
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observed in the variation of the force coefficient compared with 
the one exhibited by valve A. This is assigned to the diverse 
topology of the flow pattern in function of the valve lift devel-
oped in the downstream chamber as indicated in Fig. 7. Whereas 
in the case of valve A (see Fig. 5) the jet attaches to the valve 
body and thus momentum flux is parallel to the poppet face, in 
the case of valve B the flow is deflected by the flange leading to 
lift-dependent jet angle and giving rise to a jet-driven recirculat-
ing zone on the seat side of the flow domain. The developed vor-
tex reacts back on the poppet face involving the force balance 
becoming more complex and less predictable. As consequence 
of this fact no intention was made to estimate analytically the 
value of the fluid force and force coefficient.

4 Static instability
The sudden change in the flow pattern may significantly 

affect both the discharge coefficient and force coefficient even 
exhibiting discontinuity or hysteresis leading to undesired 
behaviour of the valve. Hence a need has arisen to study the 
effect of fluid force on the stability of the poppet valve.

Let us consider Newton’s second law applied on a poppet 
valve with mass m, viscous damping k, spring coefficient s and 
spring pre-compression x0, given by

mx kx s x x F + + + =( ) .
0 fluid

Using Ffluid  = Cf ∆pA1, (10) can be rewritten as

x =ν

v
m
C x pA s x x kvf= − + −

1
1 0( ( ) ( )∆

Close to the equilibrium the dynamics is governed by the 
eigenvalues of the linear coefficient matrix given by

J =










0 1

µ η

where

µ = − −
1

1m
s C pAf

s

( ) ,' ∆

eff

� ��� ���
η = − k

m
,

representing seff an effective spring constant. Note, that seff may 
become negative leading to static stability loss of the valve.

Considering that for steady state Cf (x)∆pA1 = s(x + x0), µ can 
be rewritten as

µ = + −










s
m
C x
C x

x xf

f

' ( )

( )
( ) .0 1

The eigenvalues are the roots of the characteristic polynomial

det(J I) .− = − − =λ λ ηλ µ2
0

(10)

(12)

(11)

(a)   X = 0.05,    Δp = 5 bar

(c)   X = 0.2,    Δp = 5 bar

(13)

(14)

(15)

Fig. 8 The force coefficient in case of valve A. Crosses and plus signs show 
the points obtained by CFD simulation while dashed-line seeks to predict 

possible shape of the function between the computed points.
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Fig. 7 Variation of the flow pattern in the case of valve B.
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Fig. 9 Variation of Sf (X + X0) as function of X . X0  = 3 represents an example 
that fulfils the necessary condition for stability, while X0  = 10 the equilibrium 

is unstable between 0.1162 < X < 0.155.

Thus the roots are

λ η η µ1 2

21

2
4, .= ± +( )

Notice that a zero eigenvalue occurs if the term inside the 
square root is equal to η, i.e µ = 0. If this term is less than k/m 
then both eigenvalues are negative. Hence, a necessary condi-
tion for stable operation is

µ < 0 → C
C

x xf

f

'

( )+ <0 1

Multiplying the left hand side of the expression by Dseat/Dseat 
yields a dimensionless form of the condition

S X Xf ( )+ <0 1

where S C C Df f f= ×'

seat
 represents a dimensionless hydro-

dynamic spring coefficient, X0  = x0/Dseat denotes the dimen-
sionless spring pre-compression, while X = x/Dseat denotes the 
dimensionless valve lift as defined before. Investigation of (19) 
indicates that the necessary condition for stable operation is 
function of two separate factor Sf , being affected purely on geo-
metrical consideration of the valve, and (X + X0) that is the total 
compression of the spring being independent of the set pressure 
and spring constant. As (X + X0) is always positive the condi-
tion can be met by keeping S C C Df f f= × ≤'

seat 0 . Dseat  is 
always positive and due to the nature of the force balance on 
the poppet valve Cf  may be positive (see (9)). Thus the most 
practical way to attain Sf  ≤ 0 is to design such valve geometry 
that satisfies Cf

' ≤ 0, in other words to provide the derivative of 
the force coefficient to never become positive. Consequently, 
as valve A exhibits monotonous decreasing Cf  characteristics, 
it always satisfies condition (19). Consisting increasing Cf  
characteristic, valve B may fulfil condition (19) depending on 
how much total compression (X + X0) the spring is subject to. 
This is demonstrated in Fig. 9. Whereas for X0  = 3 the condi-
tion is met being Sf (X + X0) < 1, for X0  = 10 the condition is 
not fulfilled between 0.1162 < X < 0.155 being Sf (X + X0) > 1.

5 Recommendations for valve design
The above findings can be used in practical valve design as 

follows.
(i) In the design phase such a valve geometry is recommended 

to be developed whose force coefficient characteristics is 
monotonous decreasing upon increasing the valve lift.
It is worth mentioning that a real flow may exhibit hys-
teresis during opening and closing the valve, thus caution 
need to be applied when performing experiments or CFD 
simulations on determining the force coefficient Cf .

(ii) If the geometry is already given and the hydrodynamic 
spring coefficient becomes positive under varying the 
lift, the following steps are supposed to be taken to meet 
condition (19).
Poppet relief valves are designed for a maximum capac-
ity (Qmax) opening at a prescribed set pressure (pset). 
Assuming monotonous increasing discharge coefficient 
Cd in function of the valve lift, the maximum lift cor-
responds to the maximum flow rate, thus its value can be 
determined from (2) as follows

x Q

C c p
d

max
max ,=

1

2 set

ρ

→ X x
Dmax
max .=
seat

In the knowledge of Sf  obtained from measurement or CFD 
simulation the admissible maximum spring pre-compression is 
calculated from (19) as

X
S

X
f

0

1
,max max,

max
< − →

→ =x X D0 0,max ,max .seat

Thus the spring constant needed to satisfy condition (19) is

s p A
x
set

min

,max

.> 1

0

6 Conclusion
Computational fluid dynamics simulations were performed 

to gain static characteristics of poppet valves. Investigation of 
the influence of the force coefficient Cf  on the valve perfor-
mance revealed that the effective spring constant may become 
negative leading to static stability loss of the valve. Based 
on linear stability analysis the necessary condition for stable 
operation was determined. Moreover, it was shown that the 
condition is function of two separate effects, the hydrodynamic 
spring constant and the total compression of the spring. It was 
concluded that the stability can be obtained either by providing 
Sf  ≤ 0 or holding the total compression of the valve sufficiently 
low and selecting less stiff spring for a given purpose.

(19)
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