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is shown in the center of Figure 5, and the B-B’ section 
view is on the right side. The straight tip seal slot with a 
width Ws of 2.0 mm and a depth of 2.4 mm is machined 
on the straight scroll S0 at 1.0 mm (Wsi) from its front 
face. The outer face of the slot is machined down 0.13 
mm to secure the axial clearance height a, while the 
inner is machined down 2.1 mm. The straight tip seal T 
with a thickness of 2.1 mm is mounted on the inner face, 
and thus the upper face of T is on the same level as the 
original upper face of S0 and the slot with a depth of 0.3 
mm (s) is left under T. The front face of T is machined 
by 0.1 mm to secure precisely the radial clearance rt. 
The leakage flow passages ① to ⑤ labeled in Figure 
1(c) and 1(d) can be precisely modeled with the present 
set-up. The major specifications for the present leakage 
tests are listed in Table 1. The pass length L1 for leakage 
flows ① & ⑤ and L2 for leakage flows ② & ④ are 1.06 
mm and 2.035 mm, respectively.  

The test model is sandwiched between the upper and 
lower plates and fixed on the lower-side pressurized 
tank, as shown in photos on the left side of Figure 5. In 
the process of fixing, careful attention was paid to seal 
perfectly the contact surfaces between the parts, with a 
fluid gasket, so that the bypass passages are not sealed. 
The high pressure chamber of PH is connected to the 
pressurized tank with a volume of 860 cm3. The low 
pressure region of PS is connected to a refrigerant 
recovery tank through the release valve.  

3.2 Pressure Decay Test Results and 
Determination of Effective Mean Width for 
Leakage Model-1 and Effective Mean Length for Leakage Model-2  

The test itself is very simple and easily conducted. Initially, the release valve is closed to extract air with a vacuum 
pump from inside of the whole system. Then the system is charged with refrigerant gas R410A. The release valve is 
opened as quickly as possible and the pressure decay in the pressurized tank, due to gas leakage, is measured until the 
pressure in the high pressure tank decreases to atmospheric pressure. The initial high pressure in the tank, PH, was 

 
Figure 5: Configuration of lubrication test set-up. 
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Table 1: Major specifications for bypass leakage tests. 

 
 

Table 2: Initial conditions of temperature, density 
and viscous coefficient for leakage tests with 

pressure difference P up to 1.1 MPa. 

Pass length L 1 [mm] 1.05
Pass length L 2 [mm] 2.035

High pressure P H  [MPa] 0.4�› 1.2
Low pressure P S  [MPa] 0.1

Inner scroll radius R  [mm] 241
Slot width W s  [mm] 2.0

Width W st  [mm] 1.0
Axial clearance  a  [m] 130

Radial clearance  rt  [m] 100
Slot height  s  [m] 300
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increased from 0.2 MPa to 1.2 MPa in steps of 0.1 MPa, relative to the atmospheric low pressure PS of 0.1 MPa. Thus, 
the pressure difference p changed from 0.3 to 1.1 MPa. The initial conditions for the present leakage tests are 
presented in Table 2. 

The pressure decay due to bypass leakage was detected with a pressure transducer (JTEKT, PMS-5M). Measured 
pressure characteristics are shown by a solid line (black) in Figure 6. Figure 6(a) shows the transient pressure decay 
due to the resultant leakage for combined Models-1&2, while Figure 6(b) shows the pressure decay due to a leakage 
only for Model-2, where the leakage passages for Model-1 were completely and carefully sealed. The leakage cross-
section area for Model-2 is v ery small compared with that for Model-1 and, hence, the pressure decay shown in Figure 
6(b) takes far more time the pressure decay shown in Figure 6(a) for Models-1&2. 

The empirical friction factor in the Darcy-Weisbach equation was empirically determined by Ishii et al. (1996, 2011) 
and Oku et al. (2005), which together indicated that values are essentially independent of the kind of refrigerant. 
Furthermore, our recent studies revealed in detail the effects of temperature, surface roughness and oil wetness. As a 
result, the empirical friction factor can be represented by a Nikuradse-style turbulent flow formula: 

, where the Reynolds number is ,  (5)  

This empirical formula, considered most reliable at the present stage, was used for the present theoretical calculations 
of pressure drop (the details of research will be reported in near future). The viscosity is given bythe Reynolds 
number is Re reaching a maximum value of 1.4×105 in the present tests. The empirical friction factor in over a 
range of Reynolds number is shown by the solid line on the Moody diagram (for pipe flows) in Figure 7.  The mean 
roughness of the leakage flow passages of the present test model, , was 0.34 m, and the clearance height  was 130 
m for the flow pass ① and 100 m for the flow pass ②. As a result, the relative roughness  /d(= /2) for the 
equivalent circular pipe takes about 0.002. The leakage flow velocity um1 and um can calculated from be Equations (3) 
to (5), and thus the mass flow rate  can be calculated by  

 (6)  

where the density can be calculated by  
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(a) Pressure decay for Model-1&2.                             (b) Pressure decay for Model-2. 

Figure 6: Measured time-dependent pressure decay characteristics and theoretical simulation for determining 
effective mean passage width w for Model-1 and effective mean passage length  for Model-2. 
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The initial pressure and density are represented by 
P0 and 0, respectively. The residual refrigerant 
mass in the high pressure chamber, G, can be 
calculated by subtracting the total leakage mass 
from the initial refrigerant mass G0: 

 (8)  

G0 can be calculated with the initial density and the 
pressurized tank volume (860 cm3). Finally, 
assuming a polytropic process with exponent n, the 
pressure decay P in the high pressure chamber 
over a small time t can be calculated: ܲ߂ = ௉బீబ೙ ௡ିଵܩ݊ ሶ݉  (9) .ݐ߂

Given the initial temperature and pressure, the 
initial density 0 and viscosity coefficient for 
R410A are determined from the refrigerant 
characteristics program (REFPROP 8.0 NIST, 
2007), as listed in Table 2. Next, the leakage flow 
velocity can be calc ulated using Equation (3) or (4) 
and Equation (5) representing the empirical friction 
factor and the Reynolds number Re, with the 
repeated calculation method. Subsequently, the 
mass flow rate can be calculated from Equations (6) 
and (7), and the refrigerant mass which remained in 
the pressurized tank from Equation (8) and finally 
the pressure drop value from Equation (9). 

First in theoretical simulation of the pressure drop 
curve, the effective mean passage length was 
identified by repeated assumption of an empirical 
value which when fitted to test results for Model-2, 
shown in Figure 6(b), gave a computed transient 
pressure that matched the measured pressure drop 
curve (solid line), over the short time range 
(marked by the slender aspect ratio rectangle) just 
after starting measurement. Using the converged value of passage length  in the pressure drop calculation yielded 
the predicted curve with a negative slope (dashed line). Similar simulations were conducted for each set of the 
measured pressure drop data, thus identifying the effective mean passage length for each initial pressure difference 
P, as denoted as the parameter. In addition, the empirical values are shown over the initial pressure difference P in 
Figure 8. Then, using the identified empirical values for , the pressure drop for combined Model-1&2, shown in 
Figure 6(a), was theoretically calculated for an assumed value of w. As in the Model-1 case, the effective mean passage 
width w was iterated until the measured pressure drop curve over a small time range just after starting measurement 
was well predicted by the theoretical calculations. The empirical values of w are included as the parameter in Figure 
6(a) and in Figure 8. With increasing pressure difference P, the effective mean passage length increases linearly 
to about 4.4 mm  at P =1.1 MPa. The effective mean passage width w exhibits a monotonic, non-linear increase and 
approaches about 24.1 mm at P =1.1 MPa. These results suggest that the leakage flow is enhanced with decreasing 
pressure. 
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Figure 7: Empirical friction factor on the Moody diagram.

 

 
Figure 8: Effective mean passage widths w and was well 
as lengths 2l  and 2l  , determined from pressure decay tests
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4. CONFIRMATION OF VALIDITY OF EMPIRICAL CALCULATION METHOD  

As shown in Figu re 6, the theoretically simulated values of pressure decay diverge from the measured values with 
larger values of time. This difference is due assuming constant values of the effective mean passage width w and 
passage length  in the simulations. The values for these two parameters were kept at the values determined from 
the data at the time immediately after the measurement started. In fact, however, both w and decreases as the 
pressure decreases, as shown in Figure 8, suggesting that leakage flow increases with decreasing the pressure. 
Therefore, if the pressure-dependent empirical values of w and , shown in Figure 8, are included in the theoretical 
simulations, the simulated the pressure decay is expected come into close agreement over the entire time duration.  
Such simulated pressure decay characteristics, including the empirical pressure-dependent parameters, as shown in 
Figures 9(a) and 9(b), confirm this expectation. In Figures 9(a) and 9(b), the calculated results are shown by the blue 
dashed lines agree well agreement with the measured values (solid black lines) over the entire duration. As a result, 
one may conclude that by including the tendency for increased leakage with decreasing pressure, the proposed very 
simplified method of representing the complicated bypass leakage flows by the flows through parallel rectangular 
cross-section passages can reproduce measured data with high accuracy.  

Furthermore, the effective mean passage width w can be normalized by the representative tangential length w0, 
presented in Figure 2, and the effective mean passage length by the width L1 of the passage cross-section “A” 
labelled in Figure 1(a): 

 (10) 

in which w0 is the horizontal (tangential) length from the contact point to the position where the clearance height H 
between the outer and inner scrolls becomes equal to the scroll thickness in front of the tip seal, Wsi (see Figure 2), 
taking on a value of 22.0 mm for the present test set-up.  

The values of normalized quantities, denoted as the reduced mean passage width  and the reduced mean passage 
length 

2l   are plotted on secondary axis to the right in Figure 8. The reduced mean width exhibits a 
monotonic increase approaching the asymptotic value of about 1.1 for values of P larger than 0.8 MPa. It is suggested 
that the reduced mean width is appropriate for most standard scroll designs. On the other hand, the reduced mean 
passage length 

2l  increases linearly to a maximum values of about 4.4 at P = 1.1 MPa. It is suggested that this value 
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Figure 9: Theoretical simulation of pressure decay for Model-1&2 and Model-2 compared with measured 
data 
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changes depending upon the scroll curvature radius. Further detailed experiments are needed for standard scroll 
designs. Careful examination of the physical meaning of these values will be also needed. 

5. LEAKAGE VELOCITY AND MASS FLOW RATE 

In the process of the pressure decay simulations, the leakage flow velocity um1 for Model-1 and um for Model-2, and 
corresponding mass flow rates  have been calculated from the measured pressure drops, as shown in Figure 10(a) 
and 10(b), for the range of pressure differences P. The leakage flow velocity um1 is larger than um, since the passage 
drag is smaller for Model-1 than for Model-2. However, the leakage velocity is lower than the speed of sound for 
R410A (shown by the dashed lines), even for highest pressure difference. It is natural that the leakage flow velocity 
decreases with decreasing the pressure difference P. 

All data of the mass flow rate align well along the solid and dashed lines, respectively, as shown in Figure 10(b). 
The upper solid line is for the leakage by Model-1&2, and the lower dashed line is for Model-2, both of which increase 
approximately linearly with increasing the pressure difference. When the pressure difference is 1.1 MPa at maximum, 
the mass flow rate reaches the maximum of for Model-1&2 and for Model-2. The 
leakage by Model-1 is far dominant. From this result, the ratio of leakage flow rates for Model-1 to Model-2 is about 
2 to 1 for the present test set-up model.  

6. CONCLUSIONS 

In the present study, the hypothesized treatment of complicated bypass leakage in scroll compressors using a very 
simple flow model was validated. In the flow model parallel rectangular cross-section passages, classified into Model-
1 with the effective mean passage width for the radial leakage along the tip seal and Model-2 with the effective mean 
passage length for the tangential leakage over the scroll wrap in front of the tip seal are used to simulate the bypass 
leakage flow. The effective mean passage width and the effective mean passage length were determined by very 
simple and easily conducted pressure decay tests, where the measured pressure decays were all successfully simulated 
by very simple theoretical calculations, based on the Darcy-Weisbach equation for incompressible viscous fluid flow. 
Furthermore, the level of contribution to the resultant leakage is examined to conclude that the leakage by Model-1 is 
by far the dominant effect and the complicated bypass leakage can be calculated by just one rectangular cross-section 
passage represented by Model-1, if an error of about 5% is permissible. Finally, the effective mean passage width for 
Model-1 was normalized with the representative tangential length from the contact point of the outer and inner scrolls, 
where the distance between the outer and inner scrolls becomes equal to the thickness of outer scroll wrap in front of 
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Figure 10:  Empirical data of leakage flow velocities um1, um, and mass flow rate  for the range of pressure 
differences, P, considered in this study 

0 0.5 1
0

50

100

150

200

Pressure differrence P [MPa]

V
el

oc
ity

 u
m

1 
&

 u m
 [m

/s]

Sound Speed for R 410A

um1

um

0 0.5 1
0

1

2

3

M
as

s f
lo

w
 ra

te
  
m 

[×
10

−3
kg

/s]

Pressure difference P  [MPa]

Model 1 & 2

Model 2

m
m



 
1708, Page 10 

 
 

24th  International Compressor Engineering Conference at Purdue, July 9-12, 2018 

the tip seal. In this way, the reduced effective mean passage width was formulated, and the present scheme for 
empirically calculating the complicated bypass leakage was generalized for possible application to all cases of scroll 
contact area geometry. 

The present study was motivated through possible developments of super large scroll compressors with shaft power 
more than 1000 kW, where the bypass leakage effect on the volumetric efficiency was one unknown factor for the 
authors. The present scheme for evaluating the complicated bypass leakage will be applied to predict the possible high 
volumetric efficiency of super large scroll compressors.  

NOMENCLATURE 
 
G, G0  : Refrigerant mass [kg] 
g  : Acc. of Gravity   [m/s2] 
L1, L2   : Length   [m]
l1, l2  : Equivalent length  [m] 

  : Mass flow rate  [kg/s] 
n  : Polytropic index  [-] 
PH, Ps, PL, P12, P45 : Pressure  [Pa] 

Re  : Reynolds number [-] 
t  : Time   [s] 
um1, um2, um3, um4 : Mean velocity   [m/s] 
Ws  : Width   [m]
a, rt, a0, r0 : Clearance   [m] 
  : Friction factor   [-] 
  : Density  [kg/m3] 
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