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Abstract: Leakage clearance plays an important role in guaranteeing high efficiency of scroll compressors. In view
of the shortcomings of the existing leakage models of axial clearance of scroll compressors, a modified Fano flow
model and a turbulence model are presented based on the flow characteristics of fluid in the leakage passage under
actual working conditions. Firstly, according to the Fano flow energy equation and the turbulence theory, two kinds
of leakage models, Fano flow model and turbulence model, of axial clearance are established. Then, the established
models are verified through an experimental platform established to measure the axial clearance leakage in the
working process of a scroll compressor, and the measured values are compared with the values obtained from the
two theoretical models. Finally, the effect of such factors as pressure difference, clearance amount, spindle speed
on the axial clearance leakage is analyzed. Results show that the two established models can precisely reflect the
variation law of axial clearance leakage of scroll compressor under different working conditions. In particular, the
Fano flow model is more suitable for predicting the clearance leakage when the spindle speed is low (less than
3 500 r/min) and the clearance is small (less than 0.025 mm), whereas the turbulence model is suitable for high
spindle speed (more than 3 500 r/min) and large clearance (more than 0.025 mm).
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0 Introduction

In scroll compressors, gas compression is typically im-
plemented by the meshing of fixed and orbiting scrolls.
Therefore, a certain meshing clearance is usually set to
reduce the friction loss of the compressors. The leakage
caused by the meshing clearance plays an important
role in guaranteeing high efficiency of scroll compres-
sors, especially the axial clearance, which causes the
most serious leakage due to the long leakage line. The
leakage of scroll compressors has also become a hot spot
of research topics.

Ishii et al.[1] assumed that the leaking gas in the axial
clearance was an incompressible viscous flow, and gave
a calculation model of the leakage amount. Through
simulation test, the change rule of pressure in the high-
pressure cavity and the low-pressure cavity with time
was measured in the two kinds of axial clearance. Youn
et al.[2] established a calculation model of axial clear-
ance leakage of scroll compressor based on isentropic
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nozzle flow. In order to simulate the actual working
condition, a flow coefficient was introduced, and the nu-
merical value of flow coefficient was obtained through
simulation experiments. Bell et al.[3] calculated the
amount of axial gap leakage using the modified noz-
zle model, and compared the settlement results with
the unmodified model. The results showed that the
change rule of both models was linear. Liu et al.[4] used
the N-S equation to establish a laminar flow leakage
calculation model of axial clearance, and established a
single-phase oil flow model, a steam flow model and an
oil flow model, respectively. Liu et al.[5-6] also estab-
lished a calculation model of leakage amount of axial
clearance labyrinth seal. When the friction is not con-
sidered in the model, the leaking gas is considered as
an isentropic flow. Zha et al.[7] proposed a mathemati-
cal model of axial gap leakage based on computational
fluid dynamics (CFD), taking the friction, compress-
ible and adiabatic flows of the leaking gas into account.
The calculation results showed that the mass flow rate
was 1/4 of the calculation results of the isentropic
nozzle model. Wu[8] established a three-dimensional
unsteady calculation model based on the experimental
basis and CFD technology, and compared it with other
leakage models. The leakage mass flow calculated by
this model is 1/10 of the isentropic nozzle and 1/5 of
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the calculation results in Ref. [3].
From the above literature analysis, in order to sim-

plify the calculation, the existing leakage model of axial
clearance usually assumes that the leakage process an
isentropic and non-viscous flow, incompressible flow or
boundary conditions such as friction between gas and
scroll teeth are not considered. However, the leakage
process in an actual scroll compressor is a frictional
compressible viscosity flow. This makes a large error
between the simulation and the actual value of leakage
in scroll compressors.

Based on several existing leakage models and the ac-
tual working conditions of the scroll compressor, axial
clearance leakage prediction models of scroll compressor
are established based on Fano flow theory and turbu-
lent flow theory. The models take such factors as the
compressibility and the viscosity of the fluid as well as
the friction in the leakage process into account, and can
well predict the general rule of axial clearance leakage.
In order to verify the reliability of the prediction model,
a testing platform for axial clearance leakage volume is
built. The comparison between experimental results
and theoretical calculation results is made.

1 Geometric Model and Working Pa-
rameters of Scroll

1.1 Geometric Model
The profile of both orbiting and fixed scroll of scroll

compressors is based on the base circle involute. The
coordinate equations of the inner and outer walls of the
fixed scroll are as follows[9-10].

xI = a[cos(ϕI + α) + sin(ϕI + α)]
yI = a[sin(ϕI + α) − cos(ϕI + α)]
xO = a[cos(ϕO − α) + ϕO sin(ϕO − α)]
yO = a[sin(ϕO − α) − ϕO cos(ϕO − α)]

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

. (1)

The length of axial clearance leakage line and the
volume of compression chamber at any spindle angle
are[11]

Li(θ) = 2π2a

(

2i − θ

180◦

)

, (2)

Vi(θ) = 4π2ah(πa − tc)
(

2i − 1 − θ

180◦

)

, (3)

where, the symbol of subscript I represents the param-
eters of the inner wall; the subscript O represents the
parameters of the outer wall; Li is the radial leakage
line length; a is the radius of the base circle; ϕ is the
spreading angle of the base circle involute; α is the ini-
tial angle of the involute; i is the compression chamber;
h and tc are the height and the thickness of the scroll
teeth; θ is the spindle angle. The tooth tip of scrolls
is modified by double circular arc (seen in Ref. [1] for

details). The orbiting scroll is obtained by rotating
180◦ of the fixed scroll. The schematic diagram of axial
clearance leakage of scroll compressor can be seen in
Fig. 1.

(a) Diagram of radial leakage in axial clearance

(b) Diagram of axial clearance
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Fig. 1 Schematic diagram of axial clearance leakage of
scroll compressor

1.2 Working Parameter
Taking a base involute variable-frequency scroll com-

pressor as an example, the radial leakage of the ax-
ial gap between two adjacent compression chambers is
studied. The geometric and working parameters are
a = 5.04mm, tc = 10mm, α = 56.9◦ and h = 40mm.
The initial exhaust angle θ∗ = 89◦. The number of
working cavity is 3, and the medium is air. The suction
temperature is 300K. The exhaust pressure is 0.5MPa,
and the rotating speed of the spindle can be adjusted.

2 Prediction Model of Axial Clearance
Leakage

2.1 Fano Flow Model
Based on the nozzle model, the Fano flow model con-

siders the influence of viscosity on fluid. The process
of gas leakage is considered as the viscous gas flow-
ing through a long and narrow leakage channel. Mean-
while, the influence of spindle speed is introduced in the
model, which is more consistent with the actual leakage
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of scroll compressor.
The axial clearance leakage line of scroll compres-

sor is long, thus the axial clearance leakage channel is
equivalent to a straight pipe according to the method
given in Ref. [12]. Axial clearance leakage channel of
scroll teeth is shown in Fig. 2, and the mass leakage
of axial clearance is calculated according to Fano flow
theory[12].

High pressure
chamber

Fixed scroll tooth root

Orbiting scroll tooth tip

Low pressure
chamber

δ

tc

Fig. 2 Leakage channel of axial clearance of scroll tooth

Due to the small tooth thickness of scroll teeth, the
leaking gas is considered as an isothermal flow with
friction. According to the Fano flow energy equation,
the following equations can be written:

1
ρ

dp

dx
+ v

dv

dx
+ f

1
dx

v2

2D
= 0, (4)

D =
Li(θ)δ

2[Li(θ) + δ]
. (5)

According to the ideal gas theorem, it is known that

ρ =
p

RT
(6)

Based on the continuity equation, it is known that

v =
ṁ

ρA
, (7)

A = Li(θ)δ. (8)

Substitute Eqs. (5)—(8) with Eq. (4), and integrate
the velocity along the tooth thickness, then

dθ =
πn

30
dt.

The mass flow rate of radial leakage can be obtained
as

ṁ =
30
πn

√
√
√
√
√

A2(p2
1 − p2

2)

RT

(

f
tc
D

+ 2 ln
p1

p2

) , (9)

where, ρ is the leakage gas density; p is the gas pressure;
v is the average velocity; D is the radial mass leakage
equivalent diameter; δ is the axial clearance; R is the
gas constant; T is the working chamber temperature;
ṁ is the radial mass leakage; A is the area of the leak-
age channel; n is the spindle speed; p1 and p2 are the
pressure values of high and low pressure chambers; f is
the resistance coefficient and is regarded as a constant.

2.2 Turbulent Flow Model
Because the scroll compressor is generally working

at a high speed, leakage gas Reynolds number is large.
This conforms to the turbulent flow theory. Meanwhile,
the effects of fluid viscosity and friction between orbit-
ing and fixed scroll tooth on the leakage are also con-
sidered in line with the actual working conditions of
scroll compressor. A volume element in the axial clear-
ance is taken as the research object for force analysis,
as shown in Fig. 3, and the equilibrium equation can be
listed as[2]

2τdx = pδ − δ

(

p +
∂p

∂x
dx

)

. (10)
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Fig. 3 Gas volume elements in axial clearance

The above equation can be simplified as

dp

dx
= −2

τ

δ
. (11)

According to Clausius’ empirical formula, the friction
force per unit volume between the gas and the scroll is

τ = 0.5fρv2. (12)

Substitute Eqs. (2), (3), (11) and (12) into Eq. (10)
to get

pdp = −0.378 4μ1/4ṁ7/4

δ3ρL
7/4
i (θ)

. (13)

According to Ref. [13], the relationship between vis-
cosity and temperature is

μ = 5.023 × 10−7T 0.647.

Equation (13) is integrated along the tooth thickness
direction of scroll tooth, and the mass flow rate of clear-
ance leakage of turbulent flow considering viscosity is
expressed as

ṁ =
30Li(θ)
πn

[
(p2

1 − p2
2)δ

3

0.020 6RtcTμ1/4

]4/7

. (14)
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3 Mass Flow Measurement of Axial
Clearance Leakage

The volume of the second and the third working
chambers is simulated when the scroll compressor be-

gins the discharge process. The mass flow of axial
clearance leakage within the volume is measured by the
method of tank filling[5]. Figure 4(a) is the leakage mea-
surement plan, and Fig. 4(b) is the photo of the leakage
test platform.

(a) Diagram leakage flow test plan

(b) Photo of leak flow test platform
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Fig. 4 Test bench for axial clearance leakage

Error analysis of experimental measurement shows:
(1) The established mass flow models are calculated

under condition that the leakage gap is a constant.
However, in the experiment, the moving scroll will tilt
to some extent due to the motor speed fluctuation and
the centrifugal force, which leads to the change of ax-
ial clearance. Therefore, the results will be somewhat
different from the actual results.

(2) The outer wall’s linear velocity direction of the
orbiting tooth is opposite to that of the inner wall of the
fixed scroll tooth, which has a reversed transport effect

on the leaking gas and can reduce the leakage to some
extent. In this experiment, because the rotating radius
of the moving scroll is small, the reversed transport
effect can be ignored.

(3) Due to the sealing error of the experimental de-
vice, the vibration caused by the high-speed rotation
of the moving scroll will lead to a small amount gas
leakage in some locations.

(4) Assuming that the working chamber temperature
is constant.

In the experiment, in order to simulate the second



J. Shanghai Jiao Tong Univ. (Sci.), 2020, 25(4): 531-537 535

and the third compression chambers when the spindle
angle of the scroll compressor is 0◦, the radial clear-
ance sealing model is machined. So the wall thickness
of the moving scroll is equal to the thickness of the
scroll teeth of the scroll compressor; the circumference
of the moving scroll is equal to the leakage line length
of the second compression cavity; and the volume of
the high pressure cavity is equal to the volume of the
second compression cavity at the angle of 0◦; the vol-
ume of the low pressure cavity is equal to the volume
of the third compression cavity at the angle of 0◦. The
axial clearance is simulated and adjusted by the clear-
ance adjusting device. Leakage clearance is found at
the top of the two chambers. The axial clearance is
adjusted according to the displacement sensor reading.
The end face of the moving scroll and the end face of
the end cover of the moving scroll are ground to assure
the roughness of the end face is 1.6 μm. The rotation
radius of the machined scroll is equal to the theoretical
radius of rotation, to approximate the actual working
condition of the scroll compressor. Before each experi-
ment, sealing test of the device is carried out to ensure
that there is no external leakage.

The measurement process of axial clearance leakage
is as follows: close trim valve 2, open the globe valve,
close trim valve 1 after vacuum tank is evacuated by
vacuum pump. Open the scroll compressor, and start
the motor and open the fine-tuning valve 1 when the
pressure rises to a certain value. Adjust the fine tuning
valve 1 until the pressure of p2 and p3 is equal to that of
the second and the third compression chambers under
a given spindle angle. Close the fine tuning valve 1 and
the stop valve, open the fine tuning valve 2. Measure
the pressure increasement in the vacuum tank in time
period t, and then calculate the mass flow of leakage in
the high-pressure chamber by[6]

ṁs =
VLγ

RT t
ΔpL, (15)

where, ṁs is the calculate quality leakage; ΔpL is the
measurement of gas pressure difference in vacuum vessel
before and after measurement; T is the gas temperature
value of vacuum vessel; VL is the volume of vacuum
vessel; γ is the air molecular weight; t is the leakage
test time.

In order to study the influence of spindle speed and
axial clearance values on leakage mass flow rate, vari-
able frequency motor is used to obtain different spin-
dle speeds. In this study, five rotational speeds, 2 500,
3 000, 3 500, 4 000, 4 500 r/min, are used to measure the
leakage flow rate. The axial clearance values are set to
be 0.020, 0.025, 0.030, 0.035 and 0.040mm. The leak-
age mass flow rate under different rotational speeds and
different axial clearances is thus measured by the above
measurement methods.

4 Results and Discussions

4.1 Influence of Axial Clearance on Leakage
Flow

Figure 5 shows the variation of leakage mass flow
under different axial clearance values when the spindle
speed is 3 000 r/min (Δp is differential pressure). Figure
5(a) is the result of the comparison between calculated
and measured values of Fano flow model. Figure 5(b) is
the comparison between calculated and measured tur-
bulence model values. It can be seen that leakage mass
flow increases with the pressure difference of two adja-
cent chambers, and the larger the axial clearance, the
greater the flow change curve slope. The theoretical
curve calculated from the established models and the
measured results almost has the same changing trend.
The value from Fano flow model is closer to the mea-
sured value, and all the results are slightly smaller than
the measured ones. Whereas in the turbulence model,
the values calculated from turbulence model is larger
than the measured value when axial clearance is more
than 0.025mm; the values from turbulence model is
smaller than the measured value when axial clearance
is less than 0.025mm. The reason for the above phe-
nomenon is that the leak path is equivalent to a straight
pipe while calculating according to the Fano flow the-
ory. But in the actual working conditions, the axial
clearance is changing while the orbiting scroll in mo-
tion is subject to the action of upsetting moment. As a
result, the leakage channel in some position is no longer
a straight pipe, but rather gradually reducing and ex-
panding pipe, which leads to lager measured values.

The reason why the turbulence model result is greater
than the actual measured value is as follows. According
to Ref. [13], when the Reynolds number is greater than
4 000, the clearance flow is a turbulent flow. Therefore,
in actual working conditions, the leakage velocity may
be small and the flow may change into laminar flow,
which leads to the larger calculation result of the tur-
bulent flow model. In addition, the friction between
gas and wall surface of scroll teeth will decrease with
increasing axial clearance, leading to the acceleration
of leakage speed. The reason why the turbulence cal-
culation result is smaller than the measured value, the
friction on the top tooth between the orbiting and the
fixed scroll intensifies due to small axial clearance, and
the friction factor of the friction surface will change.
Thus, the micro-gap leakage becomes obvious. By con-
trast, in the theoretical calculation, the friction factor
is regarded as a fixed value, therefore, the measured
values are greater than the theoretical ones.
4.2 Influence of Spindle Speed on Clearance

Leakage
Figure 6 demonstrates the variation of leakage mass

flow at different spindle speeds when the axial clearance
is 0.020mm. Figure 6(a) compares the measured values
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(a) Comparison of Fano flow model and measured value
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Fig. 5 Curve of different axial clearance leakage flow
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Fig. 6 Curve of different speeds of main shaft leakage flow

with theoretical ones calculated from Fano flow model.
Figure 6(b) shows the comparison between theoretical
turbulence model values and measured ones.

It can be seen that the leakage mass flow decreases
with the increase of the spindle speed. When the speed
exceeds 3 000 r/min, the leakage mass flow decreases
significantly as the pressure difference increases. This is
because the motion of the orbiting scroll accelerates the
velocity of gas in the high-pressure chamber, leading to
the decrease of pressure within the chamber. Under the
action of centrifugal force, the gas leakage through the
axial clearance decreases with the increase of rotating

speed. Figure 6(a) illustrates that the deviation be-
tween the theoretical and measured values gradually in-
creases as the rotational speed increases, due to the in-
creased leakage variation caused by overturning torque
which increases with the rotational speed in practical
work. As can be seen from Fig. 6(b), the higher the ro-
tating speed, the closer the calculated result based the
turbulence model to the measured ones, which proves
that the gas in the chamber subjects to the turbulent
flow rule more closely with the increase in the spindle.
Therefore, the turbulent flow model can accurately pre-
dict the axial clearance leakage of the scroll compressor
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at high rotating speed. The reason why the turbulence
calculation result is smaller than the measured value
is that the friction between the orbiting scroll and the
fixed scroll on the tooth top intensifies when the clear-
ance is too small. Therefore, the friction factor on the
friction surface will change, and the micro-gap leakage
becomes obvious. While in the theoretical calculation,
the friction factor is regarded as a fixed value, so the
measured value is greater than the theoretical value.

5 Conclusion

The paper presents a model of axial clearance leak-
age, which takes the influence of rotational speed, vis-
cosity, clearance value and other parameters on the
leakage into account, aimed at developing an clearance
leakage prediction that can simulate the actual working
condition of scroll compressor. The Fano flow model
and the turbulent flow model are established respec-
tively based on the actual working conditions of scroll
compressor. Experiments are carried out on leakage
mass flow test platform to verify the established axial
leakage models.

(1) By comparing the theoretical calculation results
with the experimental ones, it shows that both theoret-
ical models have the same variation trend as the mea-
sured values and can provide a theoretical reference for
predicting the change law of an axial clearance leakage
in a scroll compressor.

(2) Both models are calculated on the basis that the
leakage clearance is a constant. In fact, the actual axial
clearance will change due to a certain inclination of the
orbiting scroll caused by overturning moment. There-
fore, there are some differences between the measured
results and the actual ones.

(3) Through a comparative analysis of the two mod-
els, the Fano flow model is more suitable for predict-
ing the clearance leakage when the spindle speed is low
(less than 3 500 r/min) and the clearance is small (less
than 0.025mm). Whereas the turbulence model is suit-
able for high spindle speed (more than 3 500 r/min) and
large clearance (more than 0.025mm).

References

[1] ISHII N, BIRD K, SANO K, et al. Refriger-
ant leakage flow evaluation for scroll compressors
[C]//International Compressor Engineering Confer-

ence. West Lafayette, IN, USA: Purdue e-Pubs, 1996:
633-638.

[2] YOUN Y, KIM Y, MIN M. Characteristics of flank
and tip seal leakage in a scroll compressor for air-
conditioners [J]. Korean Journal of Air-Conditioning
and Refrigeration Engineering, 2001, 13(2): 134-143
(in Korean).

[3] BELL I H, GROLL E A, BRAUN J E, et al. A com-
putationally efficient hybrid leakage model for positive

displacement compressors and expanders [J]. Interna-
tional Journal of Refrigeration, 2013, 36(7): 1965-
1973.

[4] LIU X W, TIAN Y H, LIU Z Q, et al. Investigation
on the leak under the state of laminar flow in axial via
of scroll compressor [J]. Fluid Machinery, 2004, 32(7):
9-11 (in Chinese).

[5] LIU X W, ZHAO M, LI C, et al. Research on the radial
labyrinth of scroll compressor [J]. Journal of Mechan-
ical Engineering, 2012, 48(21): 97-104 (in Chinese).

[6] LIU X W, ZHANG G Z, LI C, et al. Research on gas
leakage pneumatic thermodynamic behavior in the ra-
dial labyrinth of scroll compressor [J]. Journal of Me-
chanical Engineering, 2015, 51(20): 201-207 (in Chi-
nese).

[7] ZHA H B, SONG Y X WANG J, et al. A gas leakage
model in the leakage clearance of scroll compressor [J].
Journal of Engineering Thermophysics, 2016, 37(7):
1438-1443 (in Chinese).

[8] WU K. Analysis of the internal flow mechanism and
leakage flow characteristic of a scroll refrigeration com-
pressor [D]. Xi’an, China: Xi’an University of Technol-
ogy, 2018 (in Chinese).

[9] LI C, XIE W J, ZHAO M. Finite element analysis of
the influence of different loads and structures on the
stress of the scroll wrap [J]. Journal of Mechanical En-
gineering, 2015, 51(6): 189-197.

[10] HOU C S, LIU T. Law governing the change in the
thickness of a variable cross-section scroll tooth based
on Frenet frame [J]. Journal of Harbin Engineering
University, 2019, 40(6): 1169-1174 (in Chinese).

[11] LI L S. Scroll compressor [M]. Beijing, China: Machin-
ery Industry Press, 1997: 27-42 (in Chinese).

[12] CHEN R, WANG W. Discussion on leaking characters
in meso-scroll compressor [J]. International Journal of
Refrigeration, 2009, 32: 1433-1441.

[13] TAO L, CHEN J H. Analysis of the leakage of the
clearance seal in the regenerator of Stirling refrigerator
[J]. Cryogenics and Superconductivity, 2010, 38(7): 26-
28.


