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Abstract. Experimentally validated numerical analysis of the incompressible turbulent isothermal flow between
concentric parallel disks has been performed. Most reciprocating compressors used in domestic refrigerators employ
automatic valves that open and close depending on the pressure difference across them. In this valves the flow is
supplied axially by a feeding orifice placed in one of the disks and becomes radial after being deflected by the frontal
disk. The bi-dimensional governing equations with low Reynols number k-&£ model being employed for the turbulence
modeling are solved using the finite volume methodology. Coupling between pressure and velocity was handled
through the SIMPLE algorithm and Power Law Differencing and QUICK scheme were adopted to approximate the
variables at the control volume faces. The numerical model was validated through comparison of experimental radial
pressure profiles of the literature. The characteristics of the flow with respect to the gap between the disks and
differents Reynolds numbers are analyzed through radial presssure profiles and property flow fields such as effective
flow and force areas and force which are important efficiency parameters for the modelling and design of
reciprocating hermetic compressors. It is found that the pressure distribution on the disk surface is significantly
affected by gap between disks with the diameter tested. The results show that the k-& model is efficient predicting
adequately this class of flow.
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1. INTRODUCTION

Reed valves are essential components in a numbeoropressors, particularly the hermetic ones engulayn
refrigeration. These valves are called automaticabse they open and close depending on the prediterence
between the cylinder and the suction/discharge bleanestablished by the piston motion. Once theegére open, the
pressure flow field is responsible for the resultéorce acting on the reed. In designing the vadystem for
reciprocating compressors four main features reélaighe valve performance are sought: fast resgdrigh mass flow
rate, low pressure drop when opened, and good loackfiockage when closed (Rovaris and Deschamp36)20o
satisfy the performance requirements necessary émmpetitive compressor, a detailed understanafitige fluid flow
through the valve as well as the dynamics of theevis necessary.

Valve performance is an intricate problem wheré&flmechanics and solid dynamics play a definite.rdhe basic
features related to the flow across the valve dmdreed dynamics can be explained in Fig. 1, whestmplified
discharge valve is represented by a circular diskhis valve the fluid flows axially through a fdiag orifice with
diameterd, and then is deflected along the radial direchiprthe frontal disk, represented in the figure ligy valve reed
with diameterD. In the present investigation the flow is assumadbulent and axially symmetric. The pressure
difference between the orifice entrance and thehdigge chamber together with the valve lift govera fluid flow
throughout the valve. On the other hand, the fléetates the pressure distribution on the reed aodsequently, the
resultant force that will govern the valve dynanacsl its displacement from the seat.

In the context of valves, a number of importantits can be cited, such as: Deschaet@d. (1996), Lopes and
Prata (1997), Ezzat Khalifa and Liu (1998), Sal@a@sanovat al. (1999), Chungt al. (2000), Matost al. (2000). In
Matos et al. (2002) a three-dimensional model was used to laieuhe complete compression cycle, including the
turbulent flow through the discharge valve. Turlmgke contribution to the flow transport was accodrfta with the
RNG k-£ model. The methodology was found to return a peedescription of physical mechanisms that infleethe
compressor efficiency, such as heat transfer atylinder wall and transient effects on the valymaimics, however
the computational processing time was excessivecdonpressor design purposes. Rovaris and Desché20p$§)
reduced the computational time of Matesal. (2002) with the same level of accuracy. The softutprocedure
combined integral and differential formulations.eThompressible turbulent flow through the dischavgbe was



predicted via large-eddy simulation (LES), with tBmagorinsky model for the sub-grid scale motidRssults were
seen to capture several important phenomena tloar at the discharge process, such as pressureshweting in the
cylinder and backflow through the discharge valve.

Valve reed

Figure 1 — Geometry of radial diffuser.

The main objective of this work is to solve bi-dimséonal turbulent governing equations with low Relgmumber
k-¢ model, using the finite volume methodology. Pow@w Differencing and QUICK schemes are adopted to
approximate the variables at the control volumee$acThe numerical model is validated through comspar of
experimental radial pressure profiles along thee/aked obtained in the literature. The charadiesi®f the flow with
respect to the gap between the disks and diffeReymolds numbers are analyzed through radial puesgrofiles and
property flow fields such as effective flow andderareas and force which are important efficieremameters.

2. TURBULENCE MODELING

Reynolds decomposed the Navier-Stokes equatiohsarparties, one related to the average value efviHocity
vector and another related to its fluctuation, apglied the time average operator to study turliuflenvs. The
resulting set of equations is known as Reynoldsrége Navier-Stokes (RANS) equations and gives mé#tion about
the mean flow. Although this approach is not ablel¢scribe the multitude of length scales involireturbulence, it
has been largely used because in many enginegypiigations the information about the mean flowasisfactory. For
an isothermal and incompressible flow under theatfb6f no body force the equations of motion, write Cartesian
tensor notation, can be expressed by,
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whereU; and U; are components of the average velocity vector [n@s} the fluid density [kg/M}, v = p/p is the
kinematic viscosityy is the dynamic viscosity of the fluid [Pa.s], Pthie mean average pressure [Pa]. The extra-term

that appears in Eq. (2) comparing to the originalidr-Stokes equationsu,-_uj, is the product of fluctuation velocities

[m%s?] denoted by Reynolds stresses and is never neglign any turbulent flow. It represents the insan the
diffusion of the mean flow due to the turbulencquétions (1) and (2) can only be solved if the Rég® stress tensor
are known, a problem referred to as the “closucblem” since the number of unknowns is greater themnumber of
equations.
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The main goal of the turbulence studies based enRANS equations is to determine the Reynolds stges
According to Kolmogorov (1942) they can be evalddig the following expression:
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where J; is the Kronecker delta and the kinetic energyhef turbulent motionk, is defined ak =m/2 M),

Substitution of Eq. (3) into Eq. (2) results in treerage Navier-Stokes equations with the Reynstidssses modeled
by viscosity concecpt,
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wherevg =v +v,. The turbulent viscosity can be expressed as tbéugt of a velocity scalej [m/s], and a length

scale,L, [m], 4 = puL,. Considering the velocity scale being calculatgdib= \/E Kolmogorov (1942) and Prandtl
(1945) independently proposed the following relafior the turbulent viscosity,

v, =c, k"L, (5)

wherec, = 0.09 is an empiric constant.

To close the set of equations described abovembst popular turbulence models define two othensjpart
equations: one for the turbulent kinectic enedgyand another for a variable that relake® L,. These models are
called two equations models, and one of them haes employed in this work the low Reynols numkermodel of
Launder and Sharma (1974).

Due to its robustness, economy and acceptabletsefsula considerable amount of flows, the model has been
used frequently for numerical predictions of indiadtflows. However, it has deficiencies in someiations involving
streamline curvatures, acceleration and separailthough the present flow has the characteristitsd previously,
decided use in this work thes model.

In this model the second variable for the compldiamgntransport equations is the rate of the visatissipation.e
[m?/s], which is related td by:

e =k¥2/L. ©)

The first low Reynols numbée£ model was proposed Jones and Launder (1972). Bdelradopt thee variable
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in the place of;, for the simple reason that the boundary conditionalls for £ is easier. The amortecimento factor
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is introduced in the turbulent viscosity,

(9)
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whereR, is turbulent Reynolds.
The Jones and Launder (1972) model was optimizeidaopder and Sharma (1974) and the equationk md &
are, respectively, given by,
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wherec; = 1.42;¢c, = 1.92;0¢ = 1 ec; = 1.22 are empirical constant§, =1, f, =1—0.3e"R‘2 . The functiond;, f, and

f, are introduced for to correct the empirical contgan regions where viscous efects are important.

In order to solve Egs. (4), (10) and (11) boundaownditions are required at inlet, walls, axis ofmsgetry and
outlet, such conditions were based in work of Dasubs (2000). The inlet boundary conditions forakil and radial
velocity components were specified Eds= U, andV = 0, respectively, withJ;, being the average velocity in the
orifice. Although no information is available fdret turbulence kinetic energy, numerical tests isgid that when the
level of the turbulence intensity based orJ;,, is increased from 3% to 6% no significant chaisgebserved in the
predicted flow. Therefore, an intensity of 3% waediin the calculation of all results shown in thiwk. Finally, the
distribution of the dissipation rate was estimdtaded on the assumption of equilibrium boundat, ith

¢34k 32 (12)
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with the mixing lengthl.,, being calculated using an empirical coefficiemttiirbulent pipe flow, that it,,, = 0.0d/2,

At the solid boundaries the condition of no-sliplampermeable wall boundary condition were impo&edthe
velocity components, that i}l = V = 0, with calculations being extended up to thélsmacross the viscous sublayer.
The turbulente quantities are nulls at the walisthie plane of symmetry, the normal velocity arg tlermal gradients
of all other quantities were set to zero. At thdeiiboundary a condition of parabolic flow canassumed.

As a common practice, Egs. (4), (10) and (11) carexpress by one unique equation for the generiahla, @
such as,
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where@is equal taJ andV for Eq. (4),k for Eq. (10),& for Eq. (11), and equal to unity for continuityuagion, ¢
and S?are, respectively, the diffusion coefficient andresource. The Eqg. (13) will be discretized in tiext section.

2.2 Numerical Methodology

A finite volume discretization scheme was used dlves the governing differential equations. Accoglito this
practice the solution is divided into small non-sd&pping control volumes and the continuity, monuemtand
turbulence quantities differential equations artednated over each control volume (Patankar, 198&steeg e
Malalasekera, 1995). The resulting system of algiebequations is solved using a combination of Tt®mas
algorithm method (Patankar, 1980). Prior to solvthg algebraic system of equations the discretipeoh of the
continuity equation was transformed into an equafar pressure using the SIMPLE methodology. Irttafons of
unknown quantities at the control volume faces warined using the QUICK scheme (Hayaseal., 1992) and
Power Law Differencing scheme (PLDS) (Patankar,0)98

Here will be presented only discretized equation@®LDS scheme for control volume central, P,lastriated in
Fig. 2.

At = AP Ay tAG T AG TS, (14)

where,
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A, =D, APe,|+ max(-F, 0) (15)
A, = D APe,| + max(F, 0)
A =AFATA A
In Eq. (15) the function max(a, b) obtain the vameximum between a and B|Pe| = max(0,(1-0,1|Pe])?),
p, =18 LAY AT (AT rar, = p UL, F= pVor A,
AX, AX,, Ar, Arg

F, = pV r,Ax . The termsS; for governing equations are described in Tab. 1.

Table 1 - Terms source for equation generic
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Due to the strong non-linearity of the equationsdar relaxation coefficients were required. For tedocity
components these coefficients were 0.1, for pres8ul and for the turbulence quantities was usé8. @onvergence
was stopped when the maximum residual of the afgeleguations was less than*1@\l results to be presented were
obtained with a mesh consisted of ¥®B0 grid points (circunferenciad radial). All points were hand placed with
higher concentration in the regions of steeperigrdad. The final mesh adopted in performing the potations was
chosen after several grid independence tests tha garried in Salinas-Casanatal. (1999).
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Figure 2 — Control volump.
3. RESULTS AND DISCUSSIONS

The numerical model was first validated through parsons of dimensionless pressure on the froktglieen by
p* = 2p/(pU;7) (16)

obtained withk-£ model and comparing with experimental datas ptesem Salinas-Casanow al. (1999) and
Deschampset al. (2000). The flow through the radial diffuser peted in Fig. 1 was investigated for three
displacementsg/d (= 0.03, 0.05 and 0.07) and three Reynolds numRer= 18,800; 20,100 and 25,000) and one
diameter ratioD/d = 3. In all cases, the feeding orifice length k= 1.0423. The cases studied in the present work
are solved bk-&£ model and such cases are presented in Fig. 3.

The good agreement between experimental and ncatheralues seen in Fig. 4 provided confidence ie th
turbulence model used, mainly for QUICK scheme thas$ used in the remaindefrthe work. In Figs. 4-6 the pressure
profile exhibts a plateau on the central part & tlurve (r/d < 0.5), as previously verified for #aeninar flow by
Ferreira and Driessen (1986) and for the turbulemt by Salinas-Casanowt al. (1999), Deschampet al. (2000) and
Matoset al. (2002). Also similar to the laminar flow is theash pressure drop at the radial position r/d = @lich is
due to the change in the flow direction. For tlie>/0.5 the pressure level never recovers a pesi@lue, a situation
which is verified also in the laminar flow for comhtions of both large displacement and high Reymoumber.

Considering three displacements (s/d = 0.03, &rttb0.07) and one Reynolds number is shown theSFighere
can be see that the pressure distribution on gledlirface is dependent on the gap between diblesteéBults presented
in Fig. 6 show no significant difference betweee firessure distributions on the valve surface lier Reynolds
numbers analysed, main for Reynols number 18,86®8&y100.
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Figure 3 - Cases studied in the present work.
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3.1 Parameter efficiency

As explored before, two parameters are very impoiita valve modeling and design: the effective fland force
areas. Those two parameters are generally usaghienical simulation of reciprocating hermetic coegsors and can
also be employed to evaluate the efficiency ofvidiges.

The effective flow area, & is directly related to the pressure drop througlve. For a given pressure drop.8an
yield the mass flux through the valve. Thus, ttghbr the A, the better is the performance of the valve witpeet to
the flow through it (Ussyk, 1984). The effectivevil area is defined as

m
Aae:
0 2k ,r 27k _ (kD)/k
“V(k-DRT, ¥ P P

where mis the mass flow rate through the valvgs Pan/Pu, Pam iS the atmospheric pressurg, ip the pressure
upstream the valvek = cy/c,, R is the gas constant, and i$ the temperature upstream the valve. The diroafess
effective flow area is calculated By, = 4Ao/ 77>

Results for dimensionle&., are shown in Tab. 3 fa/d = 0.03, 0.05 and 0.07. As seen from the Tab. @eimeral,
the dimensionless effective flow area increases wie increasing value of the Reynolds numbers afnthe gap
between disks.

The effective flow area is important in predictithg mass flow rate through the valve during suctind discharge.
However, to calculate the valve movement it is seaey to know the force acting on the reed durichenstant of
time. This force is a result of the difference mnegsure acting on both sides of the valve and dipen the flow and on
the opening of the reed (Schwerzler and Hamiltd32). Usually the force on the valve is calculatebugh the
effective force area, defined as,

an

A« = Fldp, (18)

whereAp, is the pressure difference through the valve. Tale. 3 shows the variation of the dimensionlessatiffe
force area My, = 4A4/ r1d?) for s/d = 0.03, 0.05 and 0.07 as a function of Reynoldsilers varying from 20,100 to
25,000. For the gap between seat and reed invesdiga this work, the dimensionless effective foazea exhibits a
monotonic behavior similar to that observed for dffective flow area, that is, when Reynolds numibereases the
effective force area decreases. When crease theegagen disks decrease dimensionless effective fanea.

Table 2 — Dimensionless effective flow area.

Re s/d = 0.03 s/d = 0.05 s/d = 0.07
20100 0.1631 0.3711 0.3729
25000 0.1667 0.4077 0.4344

Table 3 — Dimensionless effective force area.
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Re s/d = 0.03 s/d = 0.05 s/d = 0.07
20100 -0.0618 -1,4810 -1.4959
25000 -0.1341 -1,8644 -1.7243

3.2 Force

The integration of the pressure distribution aldimg valve disc yielded the total force on the valiee force is
obtained by expression

D/2
F= 277! prdr . (19)

0

Results for the dimensionless force

pr=_2F (20)

A 5d?

are given in Tab. 4 for each gap between disksiefuth this work. For each gap three Reynolds nundre
consideredRe = 18,800; 20,100 and 25,000. Because the dimees®riorce has an average velocity raised to the
square in the denominator, th& values forRe = 20,100 are in general higher than thoseRe 25,000.

Table 4 — Dimensionless force.

Re s/d = 0.03 s/d = 0.05 s/d = 0.07
20100 -1.8254 -8.4463 -8.4480
25000 -3.7976 -8.8076 -7.1767

4. CONCLUSIONS

The present work has presented a numerical initigof the incompressible 2D turbulent and isotte flow in a
radial diffuser. The flow was investigated for difént parameters such as Reynolds number and gapdrethe disks.
The k-£ turbulence model used to predict the flow was tbtm reproduce well the experimental results. Nesults
must be obtained for a complet assessment of thalance model. The present work explored alsartpact which
small changes in the gap between disks have opréssure, force, effective flow and force area® @iwrent analysis
concluded that small modifications in the gap caisnge in force, effective flow and force areas.
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