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Abstract

Experimentally validated numerical analysis of the incompressible laminar isothermal flow between concentric inclined disks has
been performed. The flow is supplied axially by a feeding orifice placed in one of the disks and becomes radial after being deflected
by the inclined frontal disk. The work represents a further step towards the understanding of the refrigerant flow through automatic
valve systems in refrigerating compressors. The three-dimensional Navier—Stokes equation was written for an axially transformed
non-orthogonal coordinate system and solved using the finite volume methodology. Coupling between pressure and velocity was
handled through the SIMPLE algorithm and second-order interpolation schemes were employed to approximate the variables at the
control volume faces. The numerical model was validated through direct comparison of experimental radial pressure profiles. The
flow is significantly affected by the inclination of the frontal disk, even for inclinations as small as 0.1°. For some combinations of
Reynolds number, gap distance and inclination between disks, the pressure distribution showed regions of negative values which
tend to pull the frontal disk towards the valve seat and also produce a restoring moment tending to make the disks parallel. © 2001

Elsevier Science Inc. All rights reserved.
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1. Introduction

A large number of refrigerating compressors manufactured
nowadays are reciprocating compressors where a linear re-
ciprocating motion of a piston is responsible for increasing the
refrigerant pressure. Usually, those compressors employ au-
tomatic valves that open and close due to the action of the
flow. Those valves should have an adequate dynamic response,
small pressure drop, and good performance in restricting gas
back flow. Because of the major role that valve systems play in
compressor efficiency, valve design is an important aspect of
compressor technology.

The manner in which the fluid interacts with the valve
movement is quite complex and very few attempts have been
made to model this problem of solid—fluid interaction (Matos
et al., 1999). Simplified models have been used to guide de-
signers and to provide insights into the flow field and pressure
distribution along the valve. In this regard, the flow through
radial diffusers can be considered the basic problem for in-
vestigating automatic valves of reciprocating compressors.

Several investigators have studied radial flow observed in
technological applications other than compressor valves.
Among the various applications of radial flow one can cite
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thrust bearings, aerosol impactors, vertical take off and land-
ing vehicles, and electro-erosion machining. The literature on
radial flow is extensive and some representative contributions
are due to Hayashi et al. (1975), Wark and Foss (1984), Ervin
et al. (1989) and Tabatabai and Pollard (1987). For radial flow
in the context of compressor valves the reader is referred to
Ferreira and Driessen (1986), Prata and Ferreira (1990) and
Prata et al. (1995).

More related to the present contribution are the works of
Ferreira et al. (1989) and Gasche et al. (1992). In Ferreira et al.
(1989), the pressure distribution in laminar radial flow through
parallel concentric disks was investigated. Numerical solu-
tions, experimentally validated, were presented for different
gaps between disks and several Reynolds numbers. It was
found that the pressure distribution on the frontal disk is very
sensitive to the gap between the disks, especially for small gaps.
A negative axial force contrary to the flow direction was found
to develop on the frontal disk indicating that the frontal disk
can be pulled towards the leeward disk. This is an undesirable
effect in automatic valves since instead of opening because of
the flow through it, the valve might close.

The paper by Gasche et al. (1992) extended the work of
Ferreira et al. (1989) to eccentric disks. Although the eccen-
tricity generated a three-dimensional and asymmetric flow,
modifying considerably the pressure and velocity fields within
the disks, the eccentricity did not alter significantly the resul-
tant force on the frontal disk when compared to the concentric
situation. Nevertheless, the different load distribution due to
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Notation

Aee effective flow area

A dimensionless effective flow area

Aot effective force area

Ay dimensionless effective force area
orifice diameter

D reed diameter

F force on the valve reed

F* dimensionless force on the valve reed
L orifice length

m airflow rate

p pressure

P dimensionless pressure [= 2p/pW?]
Pam  atmospheric pressure

Du pressure upstream the orifice

r,0,z cylindrical coordinates

r,0,n transformed coordinates

Re Reynolds number based on the orifice diameter
[pwd /1]

Se displacement between the disks at centerline

Ty temperature upstream the orifice

u,v,w velocity components

w average velocity in the orifice

Greeks

o valve reed inclination angle

0 local distance between valve reed and valve seat

u air absolute viscosity

o air density

eccentricity is important in evaluating the valve dynamic re-
sponse.

The present work represents a further step towards the
understanding of valve behavior. The geometry of the radial
diffuser to be considered here is that of Fig. 1. As seen from the
figure the flow is fed to the diffuser through an axial orifice.

Valve reed
D
SC
(I o — Diffuser
L
| r
d! )
Feeding Orifice T Valve Seat
Air Flow

Fig. 1. Radial diffuser with inclined reed.

Orifice flow meter

After being deflected by the frontal disk (valve reed) the flow
becomes radial. In what follows, experiments and computa-
tions will be presented exploring the pressure distribution on
the frontal disk as a function of the gap between the disks and
the flow Reynolds number.

2. Experimental setup

A schematic view of the experimental setup is presented in
Fig. 2. Compressed air stored in two reservoirs of 450 1 each
(maximum pressure of 1.2 MPa) was drawn into two hori-
zontal aluminum tubes, each of length 2 m and mounted in
series. Between the two tubes an orifice flow meter was in-
stalled. A control valve was placed at the entrance of the first
aluminum tube and allowed an accurate adjustment of the flow
rate.

At the exit of the second aluminum tube the air reached the
test section. The length to diameter ratio of the tubes larger
than 50 assured a fully developed flow at both the test section
and the orifice flow meter. A pressure tap close to the entrance
of the test section was used to measure the static pressure re-
quired to determine the air density used for the data reduction.

As illustrated in Fig. 3(a), the test section consisted of a
radial diffuser, a system for positioning the frontal disk (valve
reed) and equipments for measuring the gap between the reed
and the valve seat, as well as the reed inclination. Prior to
reaching the diffuser, the flow entered a feeding orifice whose
diameter was equal to the diameter of the aluminum tube. The
ratio between the reed diameter and the diameter of the

Aluminum tube

Pressure tap

4 m ) %
- | —— | —]
\]Tj.'(l‘f Flexible
tubing |

Air reservoirs
Flow rate

\ control valve

-

/

Fig. 2. Schematic view of experimental aparatus.
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Fig. 3. Details of test section. (a) Test section and positioning system, (b) valve reed (frontal disk) with sliding bar.

Table 1
Modification of the distance between the disks due to the flow induced force
se/d =0.012
Re 1004 1505
Scor (Hm) 11 15
sc/d = 0.020
Re 997 1502
Scor (pm) 2 3

2008 2505 3000
17 20 22
2003 2500 3006
4 4 5

feeding orifice was kept constant for all runs and equal to
D/d =3.

The valve seat and reed have both the same diameter of
104.7 mm. Except for the valve reed, which was made of
stainless steel, all other pieces were made of aluminum. Be-
cause of the major focus of the present work on the pressure
distribution on the valve reed, special care was taken on de-
signing and machining this piece. A sliding bar provided with a
small tap hole (0.7 mm diameter) and an internal connecting
perforation (2 mm diameter) was inserted along the reed di-
ameter, according to Fig. 3(b). Petroleum jelly was employed
to seal and to lubricate the surfaces of the bar. At one end of
the bar an inductive displacement transducer was placed to
allow the accurate location of the pressure tap. At the other
end a pressure transducer collected the pressure signal. Both
pressure and location data were fed into a data acquisition
system.

Micrometric tables were used to locate the valve reed with
respect to the valve seat. The pressure distribution along the
reed is very sensitive to the distance between the diffuser disks.
For the Reynolds number of 1512, based on the diameter of
the feeding orifice, and s./d = 0.012, for example, a variation
of 9 um in the gap between the disks caused a 8% variation on
the stagnation pressure. Because of the aforementioned sensi-
tivity of the flow field with the diffuser geometry, even defor-
mations of the positioning system due to the flow induced
pressure on the reed had to be taken into account. Typical
values of the corrections in the distance between the disks, s¢or
associated with the flow induced deformation is presented in
Table 1. For all cases in Table 1 the disks were kept parallel.

3. Experimental procedures

At the beginning of each experimental run the first step was
to clean with benzene the surfaces of the valve reed and seat.
Next, the reed was positioned at a desired location. The first

adjustments concerned parallelism and concentricity of the
disks. This was performed using a steel sphere with diameter of
3.9712 4 0.0008 mm glued to a fine thread. The sphere was
passed along the gap between the disks, and the micrometric
tables were adjusted.

Next, a sample data acquisition was processed and
through a visual observation of the symmetry of the pressure
profile along the reed, the disks parallelism and concentricity
were checked. After being centered, the reed was inclined to
a desired angle. A new adjustment was then required to
center the reed since the angular displacement altered the
position of the reed center line. The reference zero gap be-
tween disks was determined using the known diameter of the
steel sphere.

To initiate the experimental run the control valve was ad-
justed to yield the desired Reynolds number. Then the sliding
bar was moved and a preliminary pressure data were taken to

Table 2
Typical values of the variables measured in each experimental run,
with their uncertainty, respectively

Variable Typical Uncertainty Uncertainty

value (%0)
pu (Pa) 117.63 1.92 1.633
Tomp (K) 292.15 0.50 0.171
Pam (P2) 102137 66 0.065
p (kg/m®) 1.219 0.002 0.164
u (Pas) 1.82 x 1073 2.40 x 1078 0.132
m (kgls) 9.96 x 1074 2.65x10°¢ 0.266
w (m/s) 0.854 0.003 0.308
p (Pa) 125.26 0.39 0.311
P 282.9 1.9 0.707
Re 1997 6 0.266
se (pm) 698 10 1.43
o (°) 0.2 0.006 3.0
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obtain the maximum and minimum values that were used to
set the proper scale for the plot of pressure versus radial po-
sition that would appear on the computer screen. The sliding
bar was then returned to its initial location with the pressure
tap at the reed rim. At this point everything was ready for the
data run, and the sliding bar was carefully moved from one
side to the other at a constant speed of approximately 10 mm/s.
If the pressure plot registered in the computer screen was
satisfactory, the run was ended and the data reduction was
performed.

For each experimental run an uncertainty analysis was ex-
ecuted following the methodology described by Moffat (1982).
Typical uncertainty values for Re = 1997, s./d =0.02 and
o = 0.2 are presented in Table 2.

4. Problem formulation

The governing equations for the problem being consid-
ered here will be obtained with the aid of Fig. 1. The basic
assumptions to be made are isothermal and incompressible
steady flow for a Newtonian fluid. From Fig. 1 it is seen that
because of the reed inclination the fluid tends to flow
through the region of higher gap between the disks gener-
ating velocity gradients along the circumferential direction.
That makes the flow three-dimensional and due to the reed
inclination non-orthogonal coordinates are the natural
choice. Orthogonal coordinates have the advantage of using
fewer terms in the governing equations but the reproduction
of irregular boundaries can only be achieved by approxi-
mations (Sparrow and Prata, 1983; Prata and Sparrow,
1984). Here non-orthogonal coordinates are employed and
the physical domain is transformed to the computational
domain following the practice described in Faghri et al.
(1984). Along the axial direction a new coordinate is intro-
duced, 5, so that,

n=z/6(r,0), 0<n<1, (1)

where d(r, 0) is the local distance between the valve seat and
valve reed, given by

o(r,0) =s. — rtanacos0. (2)
The effect of this coordinate transformation is illustrated in
Fig. 4.

The introduction of the 5 coordinate replacing z in the
cylindrical version of the Navier-Stokes equation yields nu-
merous new terms as seen in Appendix A. At this point it
should be noted that for the application considered here the
inclination angle is small. For the present work the maximum

o(r,0)

Physical Domain

inclination to be considered is 0.9°; and as will be seen later,
even that small value has a strong impact on the flow field
within the disks.

For small o value a simplified version of the equations
presented in Appendix A can be used with little effect on the
accuracy of the model. This simplified version ignores the
terms containing 0x/0r and 05/00, and retains only those
containing 9n/dz = 1/5(r, 0). Therefore, all terms having 4,
A, and C, in Egs. (A.1)-(A.4) are dropped and the working
equations for the problem become,

Continuity:
0 0 10
@(P“)+§(P )+5 a*(PVW)ZQ 3)

Momentum in 0 direction:

1 {aag (puu) +§ (prou) +é ag(prwu)}

~ 10p p[0 [13u 0 [ Ou
=yt {ae(rae)+&<r5)
10 [rdu 2udv  pu  puv
6] ~

Momentum in r direction:

7 350 + 55 o0 5 5 (o)

or

_ @P+# O (lavy o/ 0w\ 10 rdv

“ o rleo\ra0) T \"ar) T\ sy
2udu  uv  pu?

————— . 5
r2 00 r? + r (5)
Momentum in n direction:

1[0 d 10
;{@(P” ) + 5, (prow) + gé—n(ﬂfww)}
_ 1dp puf[0 [1low o[ ow
=5y {69(r60)+6r(r6r)

“salia)| ©

The non-orthogonal coordinate 5 is employed only in the
diffuser region. In the orifice J is made equal to 1 and the
cylindrical coordinate system is recovered.

Boundary conditions for Egs. (3)-(6) are of three types:
solid walls, inflow and outflow. At the solid walls the non-slip
and impermeable boundary condition are imposed, that
is, u=v=w=0. At the outflow a parabolic boundary

v

Transformed Domain

Fig. 4. Physical and computational domain.
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condition is imposed, that is, w = 0u/dr = 0(rv)/0r = 0. For
the Reynolds numbers considered here separation always
occurred as the fluid turned from the feeding orifice to the
diffuser section, Fig. 1. At larger inclination between the
disks, the separation region extended beyond the diffuser exit.
For those cases, further tests showed that even though the
prescribed boundary conditions introduced some minor dis-
tortions on the streamline curvatures at the outflow, the
pressure distribution along the valve remained unaltered
when higher-order approximations were employed for the
boundary conditions at the diffuser exit. Further tests were
carried out extending the computation domain beyond the
diffuser exit and again the pressure results showed no varia-
tion. All that, together with the favorable comparisons with
the experiments, yielded confidence on the outflow boundary
condition adopted.

A further condition is required to ensure that ambient
pressure is obtained at the diffuser exit; since the continuity
equation is used as a pressure equation in the methodology to
be described in the next section, for that equation the pressure
was made equal to zero at the diffuser exit.

For the inflow it was recognized, as discussed by Ferreira et
al. (1989), that due to the small value of s./d for valve appli-
cations, the fluid is strongly accelerated close to the orifice wall
in order to enter the diffuser. Due to this throttling the speci-
fication of the inflow velocity profile plays no role in the so-
lution of the flow field in the diffuser (Ferreira et al., 1989).
Thus, the inflow boundary condition was u=v=0 and
w=Ww = uRe/pd.

5. Solution methodology

A finite volume discretization scheme was used here to solve
the governing differential equations. According to this practice
the solution domain is divided into small non-overlapping
control volumes and the continuity and momentum differential
equations are integrated over each control volume (Patankar,
1980; Ferziger and Peric, 1996). The resulting system of alge-
braic equations is solved using a combination of the Thomas
algorithm and the Gauss—Seidel method (see Patankar, 1980).
Prior to solving the algebraic system of equations the discret-
ized form of the continuity equation was transformed into an
equation for pressure using the SIMPLE methodology
(Patankar, 1980).

A key issue in the accuracy of the numerical solution is the
interpolation scheme employed to evaluate the variables at the
control volume faces. Here the QUICK scheme as presented
by Hayase et al. (1992) was adopted, yielding a second-order
accuracy for the interpolated values. In some cases numerical
instabilities introduced by the QUICK methodology precluded
convergence. Even though a consistent QUICK scheme was
used here, those instabilities were only eliminated when the
power-law scheme of Patankar (1980) was employed in the
axial and circumferential directions. As observed from several
numerical experiments performed, the radial direction is the
most critical for the numerical accuracy of the solution, and
the second-order interpolation scheme was maintained for that
direction.

Due to the strong non-linearity of the equations, under
relaxation coefficients were required. For the velocity
components these coefficients were 0.2 and for pressure 0.4.
Convergence was stopped when the maximum residual of
the algebraic equations was less than 107°; at the beginning
of the computations the value of the maximum residual
was 107!, All results to be presented were obtained with a
mesh consisted of 16 x 60 x 43 =41,280 grid points
(circumferential x radial x axial). All points were hand

placed with higher concentration in the regions of steeper
gradients. The final mesh adopted in performing the com-
putations was chosen after several grid independence tests
were carried out. In Section 6 the accuracy of the numerical
results and the adequacy of the chosen mesh will be ad-
dressed.

6. Numerical uncertainty

The numerical model was first validated through compari-
sons with analytical results for limiting cases. For low Rey-
nolds numbers and small gaps between the disks, inertial
effects can be neglected when compared with viscous effects.
Under these circumstances, analytical solution for parallel
disks can be obtained. The dimensionless pressure along the
diffuser is then given by

_ 3In[(0.5(D/d)/(r/d)]
Re(sc/d)’

P =2p/(pW) : (7)

where all variables are defined in the nomenclature. Compar-
isons between analytical and numerical results for Re = 70 and
s¢/d =0.01 yielded maximum deviations of 2% in the p*
values.

For higher values of Reynolds numbers, inertial effects
should be considered and an analytical solution of the pressure
distribution along the diffuser is not possible. For those situ-
ations, which are the ones explored in the present work, a
quantitative assessment of the uncertainty of the computa-
tional results was obtained based on the methodology de-
scribed in Roache (1993) and Demuren and Wilson (1993).
Results obtained with the mesh consisted of 16 x 60 x 43 grid
points (circumferential x radial x axial) were compared with
those obtained with a more refined mesh in which the number
of grid points was doubled along each coordinate direction,
that is, 32 x 120 x 86 (circumferential x radial x axial). Hav-
ing the pressure field calculated using a fine grid and a coarse
grid, Richardson extrapolation was employed to evaluate what
would be the exact pressure field as recommended by Roache
(1993). The formula for the exact solution based on the fine
and the coarse grid also requires that the order of the nu-
merical scheme be estimated. As previously discussed, a sec-
ond-order accuracy interpolating scheme was employed for
most of the computations explored here. However, because in
some cases use was made of the power-law scheme, in per-
forming the grid sensitivity tests this scheme was employed and
its order was considered to be equal to one. This was a con-
servative approach as discussed by Demuren and Wilson
(1993).

Results for the pressure distribution along the valve reed
are presented in Fig. 5 for both the fine and coarse grids as well
as the extrapolated exact results. For the case depicted in the
figure Re = 1000, s./d = 0.0120 and o = 0.1°. The main fea-
tures of the pressure distribution along the valve will be dis-
cussed further. At this moment attention should be focused on
the comparisons among the solutions. Except for »/d =~ —0.5
where large deviations occur between the extrapolated exact
solution and the coarse grid solution, overall a good agreement
prevailed. Close to the r/d ~ —0.5 region, strong gradients
preclude a better accuracy of the computations and that was
somehow expected. At the plateau, the deviation between the
extrapolated exact solution and the coarse grid solution was
2.4%.

A further validation of both numerical and experimental
results was performed through comparisons between the
two. These comparisons will be explored in the following
sections.
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2500
T ee—— = Re = 1000
2000 - SJd =0.0120
o=0.1°
1500 - grid 16x60x43
p* - grid 32x120x86
————— flexact]
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r/d

Fig. 5. Grid sensitivity results for pressure distribution along valve reed for Re = 1000, s./d = 0.0120 and o = 0.1°.

7. Results and discussions

In the results to be presented, three parameters were varied:
Reynolds number, gap between disks and inclination of the
valve reed. The Reynolds numbers were varied from 500 to
2500, three gaps were explored, 0.01, 0.02 and 0.03, and the
inclination angle was varied from 0° to 0.9°. At the entrance of
the diffuser proper, the Reynolds number based in the gap
between the disks, Re,, is four times smaller than Re based on
the orifice diameter. As r increases along the diffuser, Rey,
decreases assuring that for the range of Re investigated here the
flow was laminar throughout the diffuser.

8. Pressure distribution

The main focus of the present work is on the pressure
distribution along the valve reed. In this regard Figs. 6 and 7
were prepared. Those figures present both experimental and
numerical results. The nominal distance between disks of 0.012
at the axis line is explored in Fig. 6 for « = 0° and 0.2°. For
each angle two nominal Reynolds numbers are considered,
Re = 1500 and 2000. The circumferential coordinate, 6, starts
at the location where J(r,0) has its minimum value and all
pressure profiles to be explored next are plotted along the valve
reed diameter that comprises the § = 0 and = coordinates.

1500 1200
Re = 1505 Re = 2008
i sc/d =0.0119 - sc/d =0.0119
«=0.0° «=0.0°
1000 —| numerical 800 — numerical
. experimental . experimental
P g p i
500 — 400 —|
0 0
\ \ \ \ \ \ \ \ \ \
15 1.0 0.5 0.0 0.5 1.0 15 15 1.0 0.5 0.0 0.5 1.0 15
(a) rid (b) rid
1600 1200
b Re = 1504 1000 — Re = 2005
1200 — sc/d=0.0119 7 s /d =0.0120
| 0=02° 800 ] w=02°
800 —I numerical 600 — numerical
p* B experimental p* 400 ; experimental
400 — 200 a
I /\ 0 =
0 i /
i V -200 —
-400 -400
\ \ \ \ \ \ \ \ \ \
1.5 1.0 0.5 0.0 0.5 1.0 15 1.5 1.0 0.5 0.0 0.5 1.0 1.5
(c) r/d (d) r/d

Fig. 6. Numerical and experimental results for pressure distribution along valve reed for s./d = 0.012. (a) & = 0°, Re = 1505, (b) o = 0°, Re = 2008,

(c) & = 0.2°, Re = 1504, (d) o = 0.2°, Re = 2005.
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OOV «=0.0°
800 — i L numerical
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. RN
7 = EN
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0
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1.5 1.0 0.5 0.0 0.5 1.0 15
@) t/d
400
B Re = 1502
300 — T ey s¢/d = 0.0201
_ 4 0=0.4°
200 — "’: - numerical
i ',K/ — — - experimental
100 — z
p* Ry
0
-100 —
-200 —
-300
| \ \ \ \
1.5 1.0 0.5 0.0 0.5 1.0 1.5
(© r/d

400
Re = 1505
i s¢/d = 0.0201
T a=0.1°
300 —
numerical
— — - experimental
200 —
p* b
100 —
0
-100
\ \ \ \ \
1.5 1.0 0.5 0.0 0.5 1.0 1.5
(b) r/d
400
7 Re = 1501
300 — T s¢/d = 0,0201
- /_,,/"’ a=0,6°
200 el .
e numerical
p* 100 — 7 — — - experimental
— |
0
-100 —
-200 —
-300
\ \ \ \ \
1.5 1.0 0.5 0.0 0.5 1.0 15
(d) r/d

Fig. 7. Numerical and experimental results for pressure distribution along valve reed for Re = 1500 and s./d = 0.02. (a) o = 0°,Re = 1502, (b)

o = 0.1°, Re = 1505, (c) & = 0.4°, Re = 1502, (d) o = 0.6°, Re = 1501.

Several aspects are observed in those figures. The main
characteristic of the pressure profiles is the plateau for
r/d <0.5. The occurrence of the plateau is due to the stagna-
tion region at the end of the feeding orifice prior to the fluid
entering the region between the disks. For o = 0° the pressure
distribution is symmetric with respect to the axial line. This is
not the case for other values of o, and the flow asymmetry
increases with increasing inclination.

Due to the small distance between the disks compared to
the orifice diameter, a strong pressure drop is observed at the
diffuser entrance. As observed in early works (see for example
Ferreira et al., 1989) the abrupt pressure decay at the diffuser
entrance is stronger for higher Re and s./d values. This decay
can be so strong that negative pressures might occur as seen in
the figures. Despite the strong acceleration of the fluid particles
as they turn from the feeding orifice and enter the diffuser, the
corresponding pressure decay was captured by both experi-
ments and computations, and a reasonable to good agreement
prevailed between the results.

The inclination of the valve reed plays an important role on
the pressure distribution within the diffuser. Even a small in-
clination of o = 0.1° (shown in Fig. 7(b)), can completely de-
stroy the circumferential symmetry. Another aspect worth
noting is the good agreement between computation and ex-
periments which validated both the numerical model and the
experimental setup. In considering the agreement it should be
recalled that a variation of 9 pm in the s. value caused a 8%
variation on the stagnation pressure for Re = 1512 and
sc/d = 0.012, as mentioned before.

In Fig. 7 results for pressure distribution along the valve
reed were presented for nominal values of Re = 1500 and
sc/d = 0.02. From this figure becomes more clear the effect
of reed inclination on the pressure. The region of higher
pressure corresponds to the part of the reed that is closer to

300
S Re = 500
i (S——————\ s¢/d = 0.03
% N
200 —| 7 /) \%( — a=00
1 — — - 0=03
- Ve /// g \ *
Ve P e ~\ — =06
p* 100 — / - b — - a=09
S -
17 ~
. - I - =3 ~
0 4 = — ===
-100
\ \ \ \ \
1.5 1.0 0.5 0.0 0.5 1.0 15
(a) r/d
200
- Re = 1500
150 s¢/d = 0.03
100 —
o 50 —
0
50 —|
-100 —|
-150
\ \ \ \ \
15 1.0 0.5 0.0 0.5 1.0 15
(b) r/d

Fig. 8. Numerical results for pressure distribution along valve reed for
se/d = 0.03. (a) Re = 500, (b) Re = 1500.
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the valve seat. As seen from Fig. 7, for o = 0.6° the pres-
sure pattern is completely altered because of the inclination.
For the left-hand side of the figure the pressure profile is
typical of a flow where viscous effects are dominant whereas
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Fig. 9. Pressure distribution on valve reed for Re = 1500 and

se/d = 0.02. (a) o = 0.4, (b) o = 0.6°.
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the right-hand side indicates a strong influence of inertial

effects.

The previous results yielded confidence on the numerical
model and allowed other results to be obtained. Fig. 8 pre-
sents, for s./d = 0.03, numerical results for the pressure dis-
tribution along the valve having the inclination as a curve
parameter. Fig. 8(a) is for Re =500 and Fig. 8(b) for
Re = 1500. An important effect associated with the asymmetry
of the pressure distribution on the reed due to the inclination is
a restoring moment that tends to align the valve reed. This
moment resulted from the combination of an outward force in
the region where the reed is closer to the seat and an inward
force in the region where the reed is more distant from the seat.
The restoring moment is very beneficial to the valve operation

because it tends to maintain both reed and seat aligned.

In order to provide a pictorial view of the pressure distri-
bution on the valve reed, Fig. 9 was prepared. From this figure
can be seen the circumferential variation of the pressure on the
reed. Also emphasized by the figure is the stagnation region as
well as the abrupt pressure decay associated with the flow
entrance in the radial diffuser.

9. Force on the valve reed

The integration of the local pressure on the reed along its
surface yielded the total force on the valve. Results for the
dimensionless force F*(= 2F/pw*d?) are given in Fig. 10 for
se/d = 0.01 and 0.03. For each gap two Reynolds numbers are
considered, Re = 500 and 1500. Because the dimensionless
force has an average velocity raised to the square in the de-
nominator, the F* values for Re = 500 are higher than those
for Re = 1500. It should be noted, however, that the dimen-
sional force on the reed increases with increasing values of Re.

5600

=

5000

200

180 —

F* 160 —

140 —

120

Re = 1500
] s¢/d = 0.01
3
\ \
0.0 0.1 0.2 0.3
Valve reed inclination (°)
_ Re = 1500
s¢/d =0.03 A
>
\ \
0.0 0.3 0.6 0.9

Valve reed inclination (°)

Fig. 10. Dimensionless force on valve reed. (a) s./d = 0.01, (b) s./d = 0.03.
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Table 3
Dimensionless effective flow area
o Az,
se/d =0.01 sc/d =0.03
Re = 500 Re = 1500 Re = 500 Re = 1500
0.0 0.0121 0.0200 0.0598 0.0908
0.1 0.0122 0.0201 0.0599 0.0906
0.2 0.0127 0.0205 0.0600 0.0904
0.3 0.0134 0.0211 0.0602 0.0902
0.6 - - 0.0612 0.0878
0.9 - - 0.0629 0.0857
Table 4
Dimensionless effective flow area
a Az
se/d = 0.01 se/d = 0.03
Re = 500 Re = 1500 Re = 500 Re = 1500
0.0 3.35 2.80 2.77 1.42
0.1 3.36 2.80 2.77 1.42
0.2 3.40 2.81 2.76 1.43
0.3 3.51 2.89 2.76 1.44
0.6 - - 2.77 1.52
0.9 - - 2.83 1.72

For small values of s./d the force on the reed decreases as a
increases. This tendency is inverted for higher values of s./d
and for s./d =0.03 and Re = 1500 the force increases with
increasing values of o.

10. Parameter efficiency

Two parameters are very important in the valve design: the
effective flow and force areas. Those two parameters are gen-
erally used in numerical simulation of compressors and can
also be used to evaluate the efficiency of the valves.

The effective flow area, 4. is related to the pressure drop
through the valve. For a given pressure drop 4. can yield the
mass flux across the valve. Thus, the higher the A4.. the better
the valve performance with respect to the flow through it. The
effective flow area was defined as

/]

Aee = P
Pa (kjl;RT..’ /y2]k _ pkF )]k

(8)

where except for 7 = pym/ps and k = ¢,/c, all other quantities
are defined in the nomenclature.

Results for dimensionless 4%, (= Ac./d*) are shown in Table
3 for s./d =0.01 and 0.03. As seen from the table, « for
s¢/d = 0.03 and Re = 1500, the same pressure drop results in
lesser mass flow rate as the inclination increases.

The flow induced force in computing the valve movement in
compressor simulation programs is usually obtained via the
effective force area, A.r. From the pressure difference across
the valve, Apy, A is determined from A = F/Ap,. Values of
the dimensionless A% (= Aq/d*) for various A, tends to
increase as o increases, but as a function of s./d and Re are
shown in Table 4. For all cases investigated A increased with
increasing values of «. A further discussion about valve
geometric parameters on the effective force and flow areas can
be found in Ferreira and Driessen (1986).

11. Conclusions

The present work presented a numerical and an experi-
mental investigation of the incompressible laminar and iso-
thermal flow in a radial diffuser having one disk inclined with
respect to the other. This configuration represents the basic
flow problem associated with automatic valves of reciprocating
compressors. A very good agreement prevailed between com-
putation and experimental results validating both the numer-
ical methodology and the experiments. From the experimental
and numerical results it was found that the flow field is very
sensitive to the inclination between the disks. For an inclina-
tion angle as small as 0.1° the pressure distribution symmetry
associated to the parallel situation was destroyed. The higher
the Reynolds number and the distance between the disks, the
greater the impact of the inclination on the asymmetry of the
pressure field. An important effect associated with the asym-
metry of the pressure distribution on the reed is the occurrence
of a restoring moment that tends to align the two disks. This
moment originates from the combination of an outward force
in the region where the disks are closer and an inward force in
the region where the disks are apart.
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Appendix A

Full Navier-Stokes equation in, 6 r and n coordinates:
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0 direction:
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In the previous equations the following quantities were intro-
duced:

Alngzcosf), Azzgrczsinﬁ, C, = —tana.
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