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Abstract

The leakage of scroll compressor can reduce the working efficiency and cause risk, it is significant to study it in depth, ther-
mal analysis of leakage flow of scroll compressor is important to obtain the leakage mechanism. The thermal problem of
the scroll compressor in case of clearance leakage is complex, which has strong nonlinear characteristics; therefore, Symlet
finite element model with high accuracy and efficiency is established that is applied to analyze thermal performance. The
control equation of the scroll compressor is established based on large eddy simulation, and the Symlet finite element model
is deduced. The Symlet 10 is selected through error and efficiency comparisons of analyzing a classic heat transfer problem.
The accuracy and efficiency of the Symlet 10 finite element model are validated through comparison among three numeri-
cal methods. The thermal analysis results based on the proposed Symlet 10 finite element model are closer to real value
that other methods, and the computing time of Symlet 10 finite element model is least than other methods. In addition, the
effect of axial and radial clearances on temperature of compressor is analyzed. Analysis results can be favorable for optimal

design of the scroll compressor.
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Introduction

The scroll compressor is the latest displacement compressor,
which has the merits of small occupied space, light weight,
high compression efficiency and compact layout. The scroll
compressor has established the refrigeration compressor
markets depending on variable capacity adjustment technol-
ogy. Currently the scroll compressor has been going in the
direction of broadening the frozen and refrigerated food and
heat pump industries. Developing the scroll compressor with
better performance and more compact structure is becoming
one hot topic of research, where research on heat transfer
of the scroll compressor will support optimal design of the
scroll compressor. Research on heat transfer mechanism of
the scroll compressor has been paid more and more attention
by many scientists.
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The scroll compressor has a leak between working
chamber and outside and between working chambers, and
the clearance leakage can influence the performance of the
scroll compressor greatly, therefore effect of leakage on heat
transfer of the scroll compressor should be studied in depth.
The leakage mechanism of the scroll compressor has been
widely investigated, and many accomplishments have been
obtained.

Fanti Gabriel Rossi et al. studied the effect of flank
clearance on performance of scroll expander based on
experiment [1]. Singh Simarpreer et al. studied the fluid
characteristics of refrigerant in a scroll compressor based
on Computational Fluid Dynamics (CFD) method, results
showed that the internal leakage of refrigerant could
increase the overall efficiency of the scroll compressor [2].
Rak and Pietrowicz studied the effect mechanism of spe-
cific parameters on the thermal balance inside of a working
chamber with tangential leakages [3]. Fukuta Mitsuhiro
et al. studied the leakage characteristics of tip seal in the
scroll compressor based on experiment [4]. As seen from
the existing researches, the heat transfer analysis of the
scroll compressor considering clearance leakage is very
less, however the clearance leakage has important effect
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on heat transfer process of the scroll compressor. The cur-
rent research of the scroll compressor are still focus on
influence of leakage flow on performance of it, and few
studies on influence of leakage flow on heat transfer of it
have been conducted. Influence of clearance leakage on
the thermal characteristics of the scroll compressor should
be studied.

The thermal problem of the scroll compressor in case of
clearance leakage has strong nonlinear features, therefore
an advanced numerical calculation tool should be used.
Wavelet finite element method is a good choice, in recent
years, people have conducted more thorough research on
the wavelet finite element method, and achieved many
fruits.

Azdoud Yan et al. carried out micro-mechanical analy-
sis of poly-crystalline micro structures of metals and alloys
based on wavelet finite element model. Various validation
tests were carried out to verify the effectiveness of the pro-
posed model [5]. Shen Wei et al. applied B spline wavelet
finite element to analyze 2D wave propagation, analysis
results showed B spline wavelet finite element method has
high accuracy [6]. Zhi-Bo Yang et al. studied the applied
wavelet finite element to analyze complex heat conduction
problem, and validated the effectiveness of the proposed
model [7]. Xiaofeng Xue et al. proposed a Hermitian wavelet
finite element model that could deal with wave motion prob-
lem successfully [8]. Moreover, the wavelet is biorthogo-
nal, compact supported, and approximate symmetric among
the numerous wavelet bases, the Symlet has linear phase,
smooth and simple calculation properties [9, 10], therefore
the Symlet scale function can be used as interpolation func-
tion to construct the Symlet Finite Element Method (SFEM)
to improve computational effectiveness.

The existing literatures have concerned the thermal analy-
sis [11-15], however, the effect of leakage flow on thermal
characteristics of scroll compressor is not studied in depth,
therefore, this research aims to construct thermal model of
the scroll compressor considering leakage flow. To improve
the computing precision and efficiency, the SFEM has good
adaptive ability than traditional finite element method, it is
feasible tool for coping with thermal model of the scroll
compressor considering leakage flow.

Thermal model of scroll compressor
under leakage flow

Control equation
Conservation equation

Continuity equation takes the following form [16]
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where y; represents the velocity in i = x, y and z.
Momentum equation takes the following form [17]
d(pu,) d(pu;u;) 0 du, 0
i + J - 9 hiee} _ _[7’ (2)
ot ox; ox; ox; ox;

where p represents density, u represents kinetic viscosity, p
represents the pressure.
Energy equation takes the following form [18]

ar | oD i(iﬂ)

ot ox; ox; \ ¢, 0x;
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where ¢, represents specific heat capacity, 4 represents heat
conductivity, T represents the temperature.

Large eddy simulation (LES)

Clearance leakage flow is affected by boundary layer,
main stream and second flow of channel, and is impacted
by unsteady aerodynamic characteristic formed periodic
exhaust process of the scroll compressor. Therefore, clear-
ance leakage flow can be considered as the turbulent flow,
LES is used to describe clearance leakage flow. The filtering
processing is carried out for the control equations.

The filter mass equation of LES takes as following form
[19]

a_ﬁ apu;)
ot ox.

1

0, @)

where p represents filtered density, u; represents filtered
velocity component.

The filtered momentum equation of LES takes as follow-
ing form [20]

o(pu; d(pu;u;) ou, dp 9%
(pu;) + i) 0 iy op 9% 5)
ot 0x; :

- axj

where u; represents filtered velocity component, j=x, y and
z, p represents filtered pressure, 7; represents sub-grid scale
stress, which takes as following form

- 1
T = —2puS + 3 Kk Gij» (6)

where p, represents the sub-grid eddy viscosity coefficient,
which is calculated by [21]

Hy = PCdA2|§ij [, @)

where
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where L; represents the turbulent stress of solvable size
Interaction, Mj represents variable relating to filtering scale
and shear rate tensor, A represents the filtering scale.

S_ij represents deformation rate tensor, which is expressed
by [22]

3 = 1{ oy " aﬁj
P2\ oy ooy ) ©
The energy equation of LES takes as following form [23]

7 o(puT T g
or | dewT) i(iﬂ) _ % 10)
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where g; = u]_T - ﬁj
The linear eddy viscosity model takes as following form

T — %Tkkéij = 2v,S; = 2CA%\/2S,S;S;. (11)

where C represents the model coefficient, C=0.09.

Heat transfer model of scroll compressor

The transient heat model of the scroll compressor takes as
following form [24]

or o [ OT,
2 _ 2 k—)-s0=0
rep=; 6xi< ¥ pQ (12)

where k; represents heat conductivity, Q represents the inter-
nal heat source of medium in cavity; ¢ represents time, s.

The boundary conditions of heat transfer model are listed
as follows:

1. First boundary condition (I'}):
T,(-x7 y’ Z’ t) = Tb(t)’ (13)
2. Second boundary condition (I',):

oT’ oT’ oT’
——n, + k + k,—n,
ox 0z

k ya—y}’ly

= (), (14)

3. Third boundary condition (I';):

oT’ oT’ oT’
k + k),a—yl’ly + kZa—ZI’lZ

—-—n
X ax X

h(T, = T'), (15)

where n; (i =x, y and z) represents outward cosines; 7 (f)
represents the given temperature on I'}; g¢(f) represents
the given heat flux density on I',; A represents the given

convective heat transfer coefficient on I'5; 7, represents
ambient temperature.

Heat transfer Symlet wavelet finite element
model

Basic characteristics of wavelet

The Symlet wavelet was constructed by Daubechies, which
can improve the symmetry of wavelet function while main-
taining the simplicity of Daubechies wavelet, so that the
Symlet wavelet beet meets the requirements of nonlinear
analysis.

The function y satisfies the condition f_t:o wx)dx=0,a
function can be generated by translation and dilatation that
is expressed by [25]

_-l2, (X =D
Vi@ = lal Py (*=2), @b eRa# 0. (6

For arbitrary function f € L*(R), if w € L*(R), the con-

tinuous wavelet transform of f(¢) is defined by

+0o0

Yi(a, b) = / W p(Df (1dt, 17)
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When a and b are discrete values, a = ag‘, meZ,
b= nboag‘, n € Z, the discrete wavelet transform of f(¢)
are defined by [26]

+o0

Cinn(f) = / Wi, o (Of (A1, (18)

—00

where y, (1) = a™™ 2y (ag™ — nby),ay > 1,by # 0. The
function {y;};; in Hillbert space is known as a frame. If
there are 0 < A, B < oo make following conditions true
forall f € H,

AllFI* < 2;, | < fow > P < BIFIP, (19)
J

where A and B are frame limits, if they are equal, the two
frames are compact frames. When {y, .}, m, n € Zis a
frame of L?(R), f(¢) is expanded to wavelet coefficients by
using discrete wavelet transform as coefficient, and the cor-
responding expression is listed as follows [27]:

fO = Y Cop (Wi a0, (20)

The Symlet wavelet function and its scale function are
shown in Figs. 1 and 2.
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Fig. 1 Symlet wavelet function

Fig.2 Symlet wavelet scale function

SFEM

The momentum equation can be changed to following form
based on Euler-Taylor—Galerkin method

1 92 uhtl — yn
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The Symlet wavelet basis velocity field function is
expressed by [28]

= @[y, (22)
¢ = [T}, (23)

where © represents Symlet wavelet basis function.
The following expression can be obtained through substi-
tuting expression (22) into expression (21):
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(24)
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Global finite element equation takes following form

A-’n+1

(Bu" + Cu" + P + F)At + A" (30)

Heat transfer finite element model of scroll
compressor

Symlet function is used as interpolation function, and the
temperature function takes as following form

@

ox;

1
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Fig.3 Diagram of cylinder

T = @c, 3D

where ¢ = (cg, ... ,c__p) is the Symlet coefficient vector.
Equivalent integral form of 3D heat conduction is
expressed by [29]

or'\ 98T’ (, oT'\ 98T’ (, oT'\ 98T’ [, oT’
5T ( pep ) — 2L (x 9T _ kI - T (4 9T
/[ (chdt> 0x<xdx> 0y<yt)y> az<’az

vV,

e

(r = b,b = 20m) of the cylinder increases 20 °C, and there
is no hot source.

The specifications of the used computer are set as fol-
lows: the central processing unit (CPU) is 64 bit, it has 2
core, the memory is 1G, the resolution ratio is 1680, and
the memory is 8G.

The temperature along radial direction is calculated by
theoretic formulas and SFEM respectively, in order to ver-
ify the effectiveness of SFEM, the traditional finite element
method is also used to analyze the same problem [30], and
comparison results are illustrated in Table 1.

As seen from Table 2, the temperature solution from
SFEM is close to exact solution from theoretical model, the
calculating errors range from 2.3 to 3.2% when the value of
r is different. Therefore the SFEM obtains high computing
precision.

- 5T'pQ] av — / 8T qdS — / STH(T, — T')dS = 0, (32)

Te T3¢

where e represents element, V represents element volume, S
represents surface of element.
SFEM equation takes as following form
dr’
H— + KT' = R, (33)
dt
where H is the heat capacity matrix, K is heat conduction
matrix, R is the temperature load vector.

Heat transfer analysis of scroll compressor
in case of clearance leakage

To validate accuracy of proposed SFEM, a case with exact
solution is used to carry comparison analysis. A cylinder
that is shown in Fig. 3 is heated from a uniform tempera-
ture, temperature of internal surface (r = a,a = 10m) of
the cylinder increases 10 °C, temperature of outer surface

Table 1 Comparison results of temperature distribution of cylinder
along radial direction

Traditional finite ele-
ment solution

r/mm Exact solution/°C Symlet wavelet
finite element solu-

tion
Simula- Error/% Simula- Error/%
tion tion
value/°C value/°C
12 12.63 13.03 32 13.19 4.4
14 14.85 15.22 2.4 15.46 4.1
16 16.78 17.16 2.3 17.52 4.4
18 18.48 18.95 2.5 19.12 35

Heat transfer analysis of a scroll compressor in case of
leakage is carried out based on SFEM. The inlet pressure
is 0.15 MPa, the exhaust pressure is 0.65 MPa, the suction
temperature is 293 K, the basic circle radius is 2.8 mm,
the number of scroll circles is 3.886, the scroll pitch is
17.26 mm, the rotating radius is 5.86 mm, the thickness
of scroll plate is 3.56 mm, the height of the scroll wrap is

Table 2 Mesh of the solution region

Method Number of elements Number of nodes

TFEM
DFEM
SWI10FEM

96,337 217,732
6893 12,886
4955 8961

20 — 50

Computational error/%
Computational time/min

oL+
0 1 2 3 4

L L L L L L L L L L L 0
5 6 7 8 9 10 11 12 13 14 15 16
Order of Symlet wavelet

Fig.4 Computational error and time of different Symlet wavelet
function
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Fig.6 Temperature changing rules of the scroll compressor by differ-
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45 mm, the occurrence angle of involute is 0.65 rad, the
termination angle of the scroll teeth is 2.5 rad, and the
compression ratio is 4.77. The axial meshing clearance is
0.6 mm, the radial meshing clearance is 0.3 mm.

The Symlets (1-16) are selected to constructed the
SFEMs. The computational error and computational time
of different Symlets are shown in Fig. 4. As seen from
Fig. 4, computational error decreases with order, while
the computational time increases with order, the Sym-
let 10 finite element model can obtain the best analysis
effect, which has relatively small calculating errors and
calculating time. Therefore, the Symlet 10 finite element
(SIOFEM) is applied in this research.

To validate effectiveness of the proposed SW10FEM, the
traditional finite element method (TFEM), and the Daube-
chies finite element method (DFEM) are also applied to ana-
lyzed the same problem. Mesh generation situations of the
solution region are listed in Table 2.

The effect of clearance flow on temperature of cavity
of the scroll compressor studied based on TFEM, DFEM
and SW10FEM, respectively. To verify the precision of
numerical method, the temperature of scroll compressor is
also measured by temperature sensor. The testing system is
shown in Fig. 5.

The comparison results are illustrated in Fig. 6. From
Fig. 6, the temperature of the scroll compressor obtained
from SW10FEM comes closer to testing result than that from
TFEM and DFEM, the temperature of the cavity medium
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obtained from DFEM is slightly higher than that obtained
from SW10FEM, and the solutions obtained from TFEM is
lowest, therefore the SW10FEM has higher computational
precision than other two methods.

The computing efficiency is also an important evalua-
tion index for heat transfer analysis based on above three
numerical methods, the calculating time of different simula-
tion method is illustrated in Fig. 7.

As seen from Fig. 7, running time of TFEM is 2.3 h,
which is far greater than that of other two methods, the cal-
culating time of SW10FEM is least, which is 0.54 h; The
calculating time of DFEM is between that of other two meth-
ods. The analysis results indicate that SIOFEM is the best in
efficiency, which can save CPU cost.

Heat transfer analysis of the scroll compressor consider-
ing leakage flow and without considering leakage flow is,
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respectively, carried out based on SW10FEM. Simulation
results are illustrated in Fig. 8. From Fig. 8, the temperature
of scroll compressor considering leakage is higher than that
without considering leakage, because the gas at high tem-
perature in high-pressure cavity leaks into the cavity with
leakage flow, and then the temperature of the cavity medium
with leakage flow is higher than that without leakage flow.
The cavity medium can also absorb heat from high-pressure
cavity through wall of scroll teeth, therefore, the temperature
of compressor increases.

The axial and radial clearances can affect thermal per-
formance of the scroll compressor, effect of axial radial
clearances on heat transfer performance is analyzed based
on SW10FEM. And the simulation results are illustrated
in Figs. 9 and 10. Figure 9 shows effect of axis clearance
and rotation angle of orbiting scroll plate on temperature,
the temperature of the scroll compressor increases with
axis clearance, the main reason for this change is that
the heat leaking into the low pressure cavity from high
pressure cavity increases with increasing of axis meshing

clearance. Figure 10 shows the influences of radius mesh-
ing clearance and rotation angle of orbiting scroll plate
on temperature of the scroll compressor, the temperature
also increases with radius clearance, the temperature rising
extent of cavity medium due to radius meshing clearance
is higher than that due to axis meshing clearance, because
the turbulence intensity in radius meshing clearance is
higher than that in axis meshing clearance, therefore the
velocity gradient of medium in radius meshing clearance
is bigger than that in axial meshing clearance.

The temperature distribution of single working chamber
of the scroll compressor is relative uneven, and tempera-
ture close to the centre of working chamber is relative high,
and the uneven temperature distribution is main decided by
clearance leakage of the scroll compressor.

Conclusions

Heat transfer model of the scroll compressor in case of clear-
ance leakage is established, and SIOFEM is established that is
used to implement heat transfer analysis of the scroll compres-
sor in case of flow. The influence mechanism of clearance leak-
age flow on temperature of the scroll compressor is revealed.

First, the Symlet wavelet 10 is selected from Symlet
wavelet (1-16) to construct SIOFEM through comparative
analysis of different orders of Symlet wavelets on calculating
errors and calculating time. Temperature of scroll compres-
sor obtained from SW10FEM comes closer to testing result
than that from TFEM and DFEM, the temperature of the
cavity medium obtained from DFEM is slightly higher than
that obtained from SW10FEM, and the solutions obtained
from TFEM is lowest. The SIOFEM can obtain best analysis
effect comparing with DFEM and TFEM, which has rela-
tively small calculating errors and calculating time.

Second, heat transfer analysis of the scroll compres-
sor considering and without considering leakage flow is
implemented based on proposed model, numerical results
illustrate temperature of the scroll compressor considering
leakage flow is higher than that without considering leakage
flow. The cavity medium can also absorb heat from high-
pressure cavity through wall of scroll teeth.

Finally, effect of axial and radial clearances on heat trans-
fer performance of the scroll compressor are analyzed based
on SW10FEM. Results show that the temperature of the
scroll compressor increases with axis clearance and radius
clearances, and temperature rising extent of cavity medium
due to radius meshing clearance is higher than that due to
axis meshing clearance.

The analysis model with higher computing precision and
efficiency will be developed, and the uncertain factors will
be considered to obtain the more accurate results.
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