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ABSTRACT

Reynolds equations and one-phase model with N-S (Navier Stocks) equations are widely used to calculate pressure
distribution in the liquid film. In most cases, negative pressure exits in the obtained results. In a water-flooded single
screw compressor, it is necessary to investigate the pressure of water film along the whole tooth flank. A negative
pressure may not be right, because that when the pressure is lower than the saturated vapor pressure, cavitation
occurs. In this paper, we investigated the pressure distribution of the water film with cavitation model. Results were
compared to the pressure distribution obtained by one-phase model using N-S equations. Results show that
difference of pressure distribution obtained by the two models is very similar for the positive pressure distribution.
For the negative pressure distribution, the saturated vapor pressure could be applied to replace the results obtained
by one-phase model with very small errors. Therefore, one-phase model will be effective to simulate pressure
distribution along the tooth flank by using the vapor pressure to replace the negative pressure.

1. INTRODUCTION

Disadvantages of rapid wear of the star-wheel tooth in a single screw compressor (e.g., Zimmern, B., Patel, G. C.)
have limited its development. As shown in Figure 1, clearance between the tooth flank and the groove is very small
to seal compressed gas. During running, the tooth flank moves with a speed of 10~50m/s along the groove flank.
Obviously, the tooth flank will be quickly worn if it contacts with the groove flank. Thus a perfect lubricating
between the tooth flank and the groove flank could enhance the wear resistance of the tooth. Post and Zwaans(1986)
(e.g., Post W., Zwaans M.) developed a simulation model to calculate the pressure distribution along the tooth flank
and the groove flank. Double slider model were used to simulate the position of the tooth in the groove. Thus, it is
necessary to investigate the pressure distribution of the lubricant along the both side of the tooth flank exactly.
While using one phase model such as Reynolds equation, false negative pressure distribution exists in the results.
For a water flooded single screw compressor, when the calculated pressure is lower than the saturated vapor
pressure, it means cavitation may occur in these negative pressure zone. Therefore, pressure distribution obtained by
one phase model maybe not true.

Figure 1: Basic components of a typical single screw compressor
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In this paper, we investigated the pressure distribution of the water film along the tooth flank in the water flooded
single screw compressor. Results obtained by using the cavitation model and the one-phase model were compared.

2. GEOMETRIC MODEL

To describe the geometric and kinematics relations between the screw rotor and the star wheel rotor, two right-
handed Cartesian coordinates are introduced. As indicated in Figure 2, S1(X1, Y1, Z3) and S,(X,, Y2, Z,) coordinates
are used for expressing the staring positions of the screw rotor and the star wheel rotor and thus are stationary, the
origins O; and O, are chosen at the same horizontal plane, the Z;-axis is in the axis of the screw rotor, and the Z,-
axis is the axis of the star wheel rotor. ¢2 is the rotation angle of the star wheel rotor around the Z,-axes.

Screw groove

Screw rotor

Figure 2: Schematic diagram of geometric and kinematic relations between the tooth and the groove
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Figure 3: Schematic diagram of the meshing pair

As described in Figure 3, the screw rotor and the star wheel rotor mesh with each other during gas compressing.
Water, as lubricating medium, is sprayed into the compression chamber. Under the action of the high pressure in the
chamber and the relative sliding velocity of the two flanks, water is pressed into the gap.

We are concerned with the flow between the two surfaces as indicated in Figure 4. The screw groove(lower
surface)flank moves with velocity U in the negative x direction, and the tooth flank(upper surface) is stationary. The
clearance between the screw groove flank and the tooth flank h(x) is the function of x. Because of good cooling
efficiency in water flooded single screw compressor, the compressing process can be seen as isothermal
compression.

y

h(x)

— X

_

U
Figure 4: Geometrical configuration
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3. PHYSICAL MODELS

In order to simply the physical model, we assume that the water pressure distribution does not change along the
tooth length direction, and this can be seen as two-dimensional problem to study.

3.1 Mixture Model

The mixed gas-liquid two-phase flow is involved in this calculation, so it is necessary to use the Mixture multi-phase
flow model.

The continuity equation (e.g., Junfu Wang) is given by

6 - .
3 (pm)+V-(p,V,)=m (1)
where
5 = 2PV 2
Pnn
Pm = Z o Py ©))
k=1

In the above equations, V_ is the mass-mean velocity, p,, is the density of the mixture, ¢, is the volume fraction

of the K phase, N is the number of phases, and M is the mass transfer caused by cavitation.
The momentum equation(e.g., Junfu Wang) of the mixture model is obtained from the sum of all the respective
momentum equations. So, it can be expressed as:

o, - - - - B C -
a(pmvm) +V- (,OmeVm) = —Vp +V I:/um (V Vi +VV;)} +pmg +F+V- (zakpkvdr,kvdr,k)
k=1

4
Where

F isthe body force of the flow, £, is the viscosity of the mixture, and Vdr’k is the sliding velocity of the K phase.

Uy, and vV, are respectively defined as

n

My = Z O My ®)
k=1

‘7dr,k = ‘7k - ‘7m (6)

Since there is no significant difference in velocity for the gas-liquid phases, there is no need to concern about the
sliding velocity equation in this model. The gravity term is insignificant compared to others, so it is neglected too.
The equation (4) is simplified as

g(Pme)ﬁLV'(PmeVm) = —Vp+V-[/Jm (Vv, +V‘7n:)}+ F )

3.2 k-epsilon turbulence model

K-epsilon model is the most widely-used engineering turbulence model for industrial applications. The equations
(e.g., Junfu Wang) include the continuity equation, the momentum equations and the k, e equations.

Continuity

ou ov
+ —=

— 0 8
oxX oy ®)

Momentum
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where
p is the density of the fluid, U is the mean velocity of turbulent flow, P is the flow pressure, 77 is the fluid

dynamic viscosity, and —pU ", U"; is the turbulent stress.

K, e equations
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Where
G, is the turbulent kinetic energy caused by mean velocity gradient, C, andC, are constant, o, and o, are the

turbulent Pr number.

3.3 Parameter setting
In this paper, single screw compressor with the straight line cross-section is chosen for the calculated example. In

order to study the water pressure distribution on the gaterotor tooth flank, the pressure in the compression chamber
volume and the relative sliding velocity of the rotor and the gaterotor at different ¢, angles needs to be obtained

firstly. This part of calculation process does not been introduced in this article. When the pressure and the relative
velocity have been obtained, we can enter them in Fluent, and then calculated.

4. RESULTS

Pressure distribution along the tooth flank at different rotating angles of 0°, 20°, 42°and 55° of the tooth are
respectively shown in Figure 5. The pressure in the upstream region of water film appears a wave crest which is
located near the minimum width. The pressure in the downstream region appears negative value. The pressure
distribution is different at different rotating angles of the gaterotor.
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Figure 5: Pressure distribution at different rotating angles (¢, )

@ ¢, =0°(b)¢, =20°,(c) ¢, =42°,(d) ¢, =55°

According to the thermo physical properties of saturated water (e.g.,Shiming Yang, Wenquan Tao), saturated vapor
pressure is 7381 Pascal at 313k. If the local pressure is lower than saturated vapor pressure, the gas nucleus will
suddenly growing in water and the cavitation will occur. From Figure 5(a) and Figure 5(b), we can see that the local
pressure is not low enough to make the weeny gas bubbles grow up. When the tooth rotates near the exhaust side,
the minimum pressure has been lower than the standard atmospheric. In fact, such a low pressure does not exist in
nature. These characteristics obviously prove the existence of the phenomenon of the cavitation. The pressure
distribution at rotating angles of 42°and 55°are recalculated by using cavitation model, as shown in Figure 6.
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Figure 6: Pressure distributions at different rotating angles considering cavitation
(a) ¢, =42°,(b) ¢, =55°
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Figure 7: Vapor volume fraction at different angles( ¢, )
(@) ¢, =42°,b) ¢, =55°
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When the cavitation model is adopted in the calculation of the water film force, the pressure distribution in the
positive pressure area is basically identical with the result which is calculated by one-phase model, but the pressure
distribution in the negative pressure area has a big difference. It is obviously incorrect that the water film force has
became a negative value without considering cavitation. After using cavitation model in the calculation, the result
has been modified effectively. The vapor volume fraction suddenly increasing and dropping means the generation
and collapse of the bubble. As shown in Figure 7, in a single screw compressor with the straight line cross-section,
cavitation usually occurs in the low pressure side of the contact line. With the gaterotor rotation angle increasing, the
cavitation is more significant. Cavitation is greatly influenced by the shape of the lubrication geometry, the pressure
in the compression chamber, and the relative sliding velocity. However, in a certain displacement of the single screw
compressor, the variation ranges of the compression chamber pressure and the relative sliding velocity have been
restricted. We can reduce the occurrence of cavitation by improving the tooth profile of the gaterotor.

5. CONCLUSION

In this paper, we calculated the pressure distribution of the water film along the tooth flank using one phase model
and the cavitation model in a water flooded single screw compressor. The following conclusions can be obtained
from the calculated results.

1. Possibility of negative pressure distribution is mainly effected by the profile of the clearance
between the tooth flank and the groove blank. A convergent-divergent profile of the clearance
increases the possibility of the existing of negative pressure distribution.

2. Negative pressure distribution of water film obtained by cavitation model is very different from
that obtained by one phase model. When cavitation occurs, negative pressure distribution could be
replaced by the saturated vapor pressure.

3. Positive pressure distribution obtained by the two models is almost same.
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