W 3923702

aEETBes/ Vol.l4 No.l 1992/ 47

Computation of the Flow Field around a Butterfly Valve
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1. INTRODUCTION

Flow around a throttle valve or damper
in a duct is complex and multi-dimensional.
Many examples exist in engineering practice
but one of the most complex cases is that
taking place in the intake manifold of a spark
ignition (S.L.) engine [1,2] where the flow may
be both two-phase and multi-component.
Additionally, the fuel transport takes place
in the form of an airborne flow and a liquid
wall film [3].
operational problems in engines particularly

This is known to produce

during transient operating conditions [4,5].
In detail, the fuel film is instrumental in pro-
ducing an air/fuel ratio imbalance during
transient operation because its velocity is
several orders of magnitude slower than the
airborne fuel with a consequent lag before
obtaining the new steady state conditions.
Hence, an understanding of film formation
and movement is essential in manifold design.

The experimental results of Behnia and
Milton [6] have shown that the throttle plate
is itself an important factor in providing a
highly turbulent, recirculating region that can
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direct the liquid fuel flow towards the wall.
That is, it serves as a desposition region for
droplets which can then be redirected as a
steam onto the wall. For an understanding
of the phenomena leading to film formation,
it is essential that the base air flow behaviour
around the throttle plate is known. To this
end, a numerical study of the flow in this
important region has been undertaken.

Once solutions of the base air flow are
obtained for a number of different parameters,
the model developed by Chen et al {7], based
on a Monte Carlo technique, can be used to
determine where the fuel droplets leading to
the film formation are deposited. Preliminary
_results indicate that reasonable agreement with

the experimental results of Behnia and Milton
[6] occurs, ‘

In the present study, a general purpose,
multi-dimensiona, finite difference CFD code
has been used to obtain solutions to the prob-
lem of two-dimensional, turbulent air flow
in a duct around a throttle valve. A number
of different flow conditions and throttle valve
geometries have been simulated and the im-
portance of flow compressibility has also been
investigated.
have been tested to determine an optimum,

Several numerical grid sizes

cost effective mesh for accurate simulation.
The computed results, when compared with
the experiments of Eom [8], show that the
numerical predictions agree favourably with
the experiments, indicating that the computer
code can be successfully employed for simula-
tion of the complex base air flow around a
throttle valve.

2. NUMERICAL MODEL

The computer program, FLOW3D, used

here was developed at the Atomic Energy
Research Establishment, Harwell and is a

general purpose, multi-dimensional, finite dif-
ference code. Details of the code structure
may be found in the FLOW3D Manual [9].
This package solves the full Navier-Stokes,
energy and continuity equations in eithe
Cartesian or cylindrical co-ordinates. It may
be used for either laminar or turbulent flow,
the latter incorporating a (k-¢) model as
a standard option, but it should be noted
that any desired turbulence model may be
specified instead. The turbulent no-slip condi-
tion near solid boundaries is modelled by the
logarithmic law. There is an option for solving
the compressible flow equations instead of the
The finite difference
approximations are based on a non-staggered

incompressible omnes.

grid. Time differencing is either fully implicit
backward or central whilst advection terms
are hybrid differenced. Conjugate gradient
techniques for pressure corrections in the
transport equations are incorporated and the
velocity/pressure coupling is solved via stan-
dard algorithms, such as ‘SIMPLE’. The code
uses body fitted co-ordinates in conjunction
with non-orthogonal grids allowing irregular
geometries to be handled without much dif-
ficulty.,  Boundary conditions may be de-
signated either in terms of pressure or velocity,
but the velocity boundary condition has
been selected for the computations presented
here. Through preliminary numerical experi-
ments at the beginning of the research, it was
found that there were no differences in the
calculated results between the pressure and
the velocity boundary condition. However,
much less computer CPU time was required
for the calculations using the latter. The code
incorporates a pre-processing routine for the
generation of the spatial grid [10]. Once the
geometrical boundaries and the number of
the mesh points are specified in the mesh

generation routine, a grid is generated and



stored for computational purposes. For im-
proved resolution in the regions of interest,
the computer generated mesh can be refined
either manually or by using the adaptive grid

routine.

3. COMPUTER SIMULATION

The geometry selected for the numerical
modelling of the flow around the butterfly
valve closely follows the experiments of Eom
[8]. It should be noted that these experiments
were performed in a circular duct, but the
present computations are two-dimensional,
Figure 1 shows the geometry of the experimen-
tal rig as well as a typical computational grid.
The valve angle () is measured from the
horizontal and, for each angle, a separate mesh
was generated by the grid generation routine,
To match the geometry of the experimental
valve, the same valve blockage ratio (R),
defined as the area of the throttle plate divided
by the duct cross-sectional area, was used.
The value of R used in Eom’s experiments [8]
was 0.976,

necessary to have a mesh point located at

In the simulations, since it was

each tip of the plate, this value could not
be exactly matched for all angles. However,
care was taken to ensure that the simulation
blockage ratio did not differ from experiment
by more than 0.1%. Ten different valve angles
between 30° and 90° were considered. The
inlet velocity was varied between 5.4 m/s
and 45.4 m/s, corresponding to a Reynolds
number (Re) range between 38,000 and
316,000. The inlet air was assumed to be at
the US standard atmospheric condition. For
large values of the valve angle (@), the opening
area of the valve is smaller leading to higher
velocities in this region. At higher velocities,
the effect of fluid compressibility becomes
more important and it is necessary to take this
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into account in the numerical simulation [11].
Of course, it should be noted that the com-
pressible flow computations generally require
more computer CPU time. To examine the
effects of the compressibility of air on the
computed flow field as well as the required
CPU time, numerical experiments were per-
formed using both compressible and incom-
pressible flow options. For these runs, a valve
angle of 30° and the above-mentioned range
of Reynolds numbers were chosen for the
simulation conditions.

To determine the dependence of the
computed flow field on the computational
grid spacing, three different grids were tested.
The number of grid points in the vertical direc-
tion was fixed at 32 with a non-uniform
spacing.  However, different grid spacings
of 72, 84 and 96 were used in the horizontal
direction, The grids were orthogonal at the

“entrance and exit regions while elsewhere they

were deformed to provide a suitable fit for
the throttle valve angle, as shown on Figure 1.
The iterative solution procedure was stopped
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when the value of the convergence test criteria
reduced to that specified by the user. This
quantity represents the ratio of the integrated
residuals of the continuity equation at all
mesh points normalised with respect to the
total mass flowrate. It is called ‘residual mass’
and it should be noted that the smaller its
value, the higher the accuracy to which the
continuity equation is satisfied. However,
greater accuracy is at the expense of CPU
time. A number of different residual mass
quantities were examined and the accuracy

of the solutions tested.

4, RESULTS

Simulations have been performed on the
above geometry with different valve angles
(6) and inlet flow conditions. A number of
preliminary runs were carried out to establish
an optimum convergence criteria (i.e. residual
mass). Different features of the converged
solutions were checked for a residual mass
range from 10" to 0.1. Xt was found that
in most cases the solution field values changed
very little for a residual mass of less than 10
It should be noted that an increase of the
convergence test criteria from 10°¢ to 0.1
will result in a 60% reduction in computer
CPU time. Therefore as a compromise between
accuracy and computational cost, a value
of 10"* was chosen for most of the simula-
tions.

Sample results for different grid sizes were
It was noted that most flow field
values varied by less than 0.5% as the hori-

examined.

zontal mesh numbers were changed from 72
to 96.
carried out using the more economical 72 x
32 grid.

Computed results for an inlet velocity of

Therefore, most simulations were

5.4 m/s corresponding to a Reynolds number
of 38,000 are shown in Figure 2. These are
for different valve angles and assume that the
flow is incompressible. The velocity vector
plots clearly show the
behind the throttle valve.

forms two vortices which are symmetrical

recirculation zone

This reverse flow
when the valve position is vertical. For a
fully opened valve, very little disturbance
exists. As the valve angle is increased from
the fully open position, the length of the
recirculation region grows until the valve angle
reaches 85° after which a further increase of
the angle to 90° causes its length to reduce.
A comparison of different recirculation lengths
for various angles is given in Table 1. Eom
[8] presented pressure measurements at two
positions, port 1 and port 2 as shown in Figure
1, in terms of a valve loss coefficient (Kv)
defined as:

K, =2(Py—P)/( pU)

where p is the air desntiy and U; is the inlet
velocity to the duct. A comparison between

Table 1 Variation of the Recirculation zone length on each butterfly valve angle (8)

VALVE
ANGLE 30° 50 65

©)

70 75 80 85 90

RECIRC.
ZONE
LENGTH

1.63D | 225D | 3.06D

3.12D

3.16D | 3.18D | 3.52D | 3.01D

(D: duct diameter)
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the present computed valve loss coefficient
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o =0 valve angles with a fixed inlet velocity of 5.4
m/s (Re = 38,000) is given in Figure 3. The
a4 = Jﬂj

agreement for valve angles of less than 80°
: is excellent. However, beyond this value the

computed results first become higher than the

measured one and then drop below it. The
difference is possibly due to the fact that the

computations are two-dimensional while the
experiment was three-dimensional. As can
be seen in Figure 2, the computed recirculation

zone increases until the angle reaches 85°,
after which it decreases, If it is assumed that

the zone increases until the angle reaches 90°,
the pressure will drop continuously to 90°

and induce an increase of valve loss coefficient
(Ky). That is, the valve loss coefficient (K,)
would then increase until the angle reaches

90°. Eom, in his conclusions, notes that

there was some experimental error at high

valve angles, which may explain the discrepancy

between the experimental and computed

results. The good agreement for valve angles

o . .
Fig.2 Velocity vector fields for incompressible of up to 80" is encouraging and strongly
flow simulation, Re = 38, 000 justifies the economical two-dimensional com-
putations instead of costly three-dimensional

ones.

16 1 As mentioned earlier, at higher mass flow-
] rates (i.e. higher inlet velocity) the velocity

through the valve opening will become very
large. In fact, when the valve is nearly closed,
the velocity through the valve will be high
even at the lower mass flowrates. In such

1.2 o 1 Experiment [8]
1 A Computation

R = Q.975
Re = 38,000
1

Kv/ 1000

0.8 -
] circumstances, fluid compressibility is impor-

] tant and needs to be properly accounted for
. in the computations. For a valve angle of
30°, compressible flow computations were

0.0 Brmrmm e e o performed for different mass flowrates. A
Valve Angie comparison between compressible and incom-
pressible computed average horizontal velocity

.Flg.3 Valve loss Coefficient U at port 2 is given in Figure 4. It can be
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Fig.5 Comparison of the compuied compressible
and incompressible valve loss coefficient
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Fig. 6 Comparison of the computed averaged
turbulent kinetic energy at port 2

seen that the difference increases with the

mass flowrate. For this valve angle the dif-

ference is not very significant and at Re =
316,006 the compressible average velocity is
only 4.6% higher than the incompressible
one. However, compressibility has a more
significant effect on the valve loss coefficient
as can be seen on Figure 5. The effect of
compressibility on the computed turbulent
kinetic energy at port 2 for'a valve angle of
30° is shown in Figure 6. The comparison
indicates that, as expected from the velocity
differences, compressible computations yield
a higher value of turbulent kinetic energy.
At Re = 3.16 x 10° the difference is about
12%.

5. CONCLUSIONS

The base air flow around a butterfly valve
has been computed using a finite difference
computer code. Although the program is
capable of three-dimensional computations,
in this study a two-dimensional geometry was
considered. Simulations have been performed
for different air mass flowrates at several valve

opening angles. The computations clearly



show that a recirculation region exists the
length of which varies with the valve angle.
The flow patterns obtained computationally
are qualitatively similar to the experiments.

Valve loss coefficients were computed
for geometries identical to those used by
Eom [8]. In general, for valve angles of less
than 80° from the horizontal, the agreement
was excellent. At higher valve angles the
agreement deteriorated. This is due to the fact
that computations were two-dimensional in
contrast to the three-dimensional experiments
as well as some experimental errors at larger
angles. The effects of flow compressibility
in the computations were examined. Even
at moderate valve opening angles, for the higher
mass flowrates, it was noted that compressibi-
lity must be properly accounted for in order
to obtain accurate valve loss coefficients.
For instance, at a valve angle of 30° and Re =
3.16 x 10°%, ignoring compressibility in the
computations underpredicts the valve loss
coefficient by 22%.
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