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ABSTRACT
A numerical simulation model of scroll compressors has been developed to obtain temperature, pressure, and mass
flow rate maps evolution, solving continuity, momentum and energy equations. Chamber volumes, areas and
leakages calculus have been programmed following (Halm, 1997) formulation. Chen’s (2004a)(2004b) thermal
resistances have been introduced in the model for the whole compressor thermal treatment. Fluid properties are
calculated from (REFPROP, 1998) database for each volume.
To validate the numerical model presented, several experimental results of (Halm, 1997) and (Park, 2002) have been
compared, considering R22 as a working fluid. The general comparisons obtained have shown a reasonable good
agreement.
A first illustrative CO2 results are presented and compared against R22 standard compressor. The results show the
possibilities of CO2 for refrigeration and air conditioning applications. The influence of some aspects has also been
studied.

1. INTRODUCTION
Some overall models are used in the technical literature, but no one focus on fluid thermal treatment including
leakages. This new overall model is focused on thermal treatment of fluid temperature, during all compression
process. Leakages have been also taken into account, due their effects in reducing volumetric efficiency, increasing
power consumption, reducing mass flow rate and increasing discharge temperature. This effect is more important
when carbon dioxide is used as fluid refrigerant.
In the numerical model presented, wall temperature of aluminum and steel scrolls is considered together with the
block temperature, changing along the simulation execution like other compressor components. A thermal model for
the whole compressor has been developed following (Halm, 1997), although using Chen’s (2004a)(2004b) values
for thermal resistances and incorporating the fluid properties evaluation from NIST (REFPROP, 1998) 6.01
database, with the possibility of simulating the compressor using all available fluid refrigerants.
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2. MODEL DESCRIPTION
The program first calculates volumes and areas, with the formulation described below. Then, it solves every
chamber at every crank angle degree to complete one turn. At each angle, all chambers are solved simultaneously,
calculating leakages, densities, pressures and temperatures several times until angle convergence is reached. A
comparison of temperature, pressure and density maps with the previous turn are carried out, to obtain a global
convergence. Once the solution is completed, the program evaluates compression work and efficiency calculus to
show both global and detailed final results obtained. Figure 1 shows the flow diagram of the numerical model.

Figure 1: Program Flow Diagram

2.1 Fluid Thermal Model
Changes in fluid temperature are due to changes in suction, compression and discharge volumes (1)(2)(3), pressure,
heat exchanged with walls and leakages. This last aspect is presented as a novelty in the present paper. All of them
are correlated with each other. The program solves all chambers, at each crank angle degree, simultaneously, until
convergence of leakages, densities, pressures and temperatures are reached. Fluid properties are considered as
functions of pressures and temperatures. In order to reduce CPU time, properties are not obtained directly from
REFPROP database, and are pre-calculated feeding a property matrix of 250x250 points. Then, a property value is
obtained by interpolation of four adjacent points. The selected number of points assures accurate evaluation of the
thermo-physical properties.
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2.2 Geometrical aspects
The suction, compression and discharge chamber volumes are geometrically designed as follows:
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2.3 Leakages
The two kind of leakages presented in scroll compressor have been considered. The flank, or tangential, leakage
occurs between two scrolls in the contact point, where δf is the flank leakage gap (δf=10.0e-6m); while the radial
leakage occurs between the scroll and both top and bottom plates. These leakages have a gap named δr (δr=2.1e-6m).
The inlet area Ain (the surface between plateau and scroll) and the outlet area Aout (the surface towards the external
chamber) of the two radial leakages between the neighboring chambers are respectively:
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⎭
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For flank leakage:

Ain =Aout= hδf

(10)

Once, we have calculate the area, the fluid flow can be known by,

⎡
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except for the critical pressure ratio:
κ

⎛ Pl ⎞ ⎛ 2 ⎞ κ −1
⎜⎜ ⎟⎟ = ⎜
⎟
⎝ Ph ⎠ ⎝ κ + 1 ⎠

(12)

where Pl is the pressure in the low side, Ph is the pressure in the high side, As is the leakage area, ψ is a coefficient
set at 0.08 by (Kim, 1998), and κ=Cp/Cv, evaluated using the fluid properties.

2.4 Compressor Solid Thermal Model
Following (Halm, 1997) and Chen’s (2004a)(2004b) thermal resistance values, the model evaluating the different
blocks of metal with heat exchange between oil, gas and metal objects is presented. The heat is generated in the
motor and in the scrolls, and friction heat is also produced in scrolls and oil. The heat generated depends on the
calculated compression work (Wcp) and the mechanical and electrical efficiencies evaluated from different available
expressions of the literature.

2.5 Fusion of Discharge Chamber
Fusion of the “old” discharge chamber with the last two compression chambers, one of each scroll arm, occurs in
every turn, creating the “new” discharge chamber, with the new volume equal at the volumes of three previous
chambers, equaiotn (3), and the pressure and density calculated by averages pondered by mass.

2.6 Compression Work
Some authors like (Halm, 1997) uses a simple formula to calculate the compression work from the theoretical
isentropic work. It is more real to evaluate directly the compression work from equation 13 if the numerical
simulation model allows to know at each crank angle degree the pressure and volume evolution like the model here
presented.

Wcp = ∫ pdV

(13)

This evaluation is necessary for each chamber at each angle increment, as increment average of pressure multiplied
by the volume increment. Adding all compression works for the whole turn it is possible to obtain the global
compression work. In the numerical simulation model presented, small variations on compression work appear in
the fusion chamber, due to not perfect matching of volume formulae and the difficulty in assign an average pressure
for the fusion increment.

2.7 Efficiency
Defining the power consumption as compressor efficiencies multiplied by compression work, it can be established:

W& E = η mη eW& cp
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Compression work absorbs the ancient isentropic work and adiabatic efficiency, because they are included in
pressure and volume values calculus. Assigning motor electric efficiency as (Park, 2002) in equation (14) and a
mechanical efficiency (Cho, 1996) (ηm=92.3%), the program can guess the electric Power Consumption.

η e = 0.6980 + 0.0013 f + 4.1235 ⋅ 10 −5 f 2 − 4.8781 ⋅ 10 −7 f 3 + 1.4206 ⋅ 10 −9 f 4

(15)

The power consumption is also used by the program in order to calculate the heat fluxes and temperatures until the
global convergence program is reached.

2.8 Considerations and limitations of this model
Although the present numerical simulation model show some novelties in comparison with the other models here
referenced, like the leakage consideration through all compression process and some improvements on equations
used, there is some other aspects that limit the model and that must been taken into account: the present model is
only valid for an entire number of scroll turns; the thermal effect of leakages to the entry channel have not been
considered, the wall temperature is considered equal on both scroll solids, due to the temperature for all block is
uniform. However, an important aspect like the fusion of the three central chambers is considered instantaneously at
each crank angle degree.

3. MODEL VALIDATION
To validate the numerical model described, two different comparative have been carried out. The first one shows the
nine experimental cases (Halm, 1997) considering different ranges of condesation and evaporation working
condition. The second one shows five experimental cases (Park, 2002) with the same boundary conditions, only
varying the mean real working frequency.

3.1 Comparative results at different working conditions
The nine experimental cases compared are evaluated under a frequency of 60Hz. The numerical results have been
obtained considering the motor efficiency and electrical power, from the isentropic work (Halm, 1997). Table 1
shows the comparative numerical results obtained against the experimental data.

R22
Tsh = 10ºC
f = 60Hz
Tamb = 25ºC
Te = -10.0C
Tin = 0.0C
Pe = 354KPa

Table 1: Comparative numerical results vs. experimental data (Halm, 1997)
Tc = 25C
Tc = 35C
Tc = 45C
Pc = 1044KPa
Pc = 1354KPa
Pc = 1728KPa

m&

Tdis

W& E
W&is W&cp

Te = 0ºC
Ts = 10.0ºC
Pe = 497KPa

Tdis

Te = 10ºC
Ts = 20.0ºC
Pe = 680KPa

Tdis

m&

W& E
W&is W&cp
m&

W& E
W&is W&cp

experimental

numerical

experimental

numerical

experimental

numerical

44kg/h
80ºC
840W
358W
62kg/h
69ºC
817W
341W
83kg/h
63ºC
804W
258W

40.0kg/h
75.9ºC
857W
404W
56.02kg/h
65.64ºC
779W
400W
76.53kg/h
61.54ºC
734W
413W

43kg/h
92ºC
955W
447W
60kg/h
81ºC
936W
459W
81kg/h
73ºC
923W
417W

39.47kg/h
87.88ºC
1000W
508W
55.50kg/h
75.47ºC
915W
514W
76.00kg/h
70.20ºC
887W
510W

42kg/h
105ºC
1074W
530W
59kg/h
91ºC
1055W
543W
79kg/h
83ºC
1029W
569W

38.85kg/h
98.76ºC
1121W
620W
54.88kg/h
84.52ºC
1018W
642W
75.38kg/h
77.86ºC
981W
645W
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The results of Table 1 show that differences on mass flow rate are lower than 10% in all studied cases, while the
numerical model always under-predicts the experimental data. The discharge temperature is always numerically
under-predicted with differences between 3 and 6%. Finally, the power consumption differs from an over-prediction
of 8% to an under-prediction of 4%. Then, the result shows a reasonable good agreement with the maximum and
minimum discrepancies at the condenser temperature of 25ºC and 45ºC, respectively.

3.2 Comparative results at different working frequencies
The five experimental cases compared have been evaluated under the ASHRAE-T boundary conditions changing the
real mean working frequency. In these cases, the numerical simulation model has evaluated the mechanical
efficiency proposed by (Cho, 1997) (92.3%) and the electrical efficiency of equation (12) (Park, 2002). Table 2
shows the scroll compressor geometry, while Table 3 shows the boundary conditions. Finally, Table 4 shows the
comparative results of the five presented cases with a reasonable good agreement.

Table2: Scroll compressor dimensions.
Base circle radius
0.001703m
Thickness
0.00280m
Height
0.01852m
Displacement volume
11.49cm3
Involute inner start angle
4.8857rad
Involute outer start angle
1.9024rad
Involute end angle
16.5000rad
Pitch
0.01070m
Orbiting radius
0.002550m

W&cp

η me
W& E

Tdis
m&

Table3: Boundary conditions.
Suction Pressure
Discharge Pressure
Suction Temperature
Ambient Temperature

Table 4: Comparative numerical results vs. experimental data (Park, 2002)
f=45
f=60
f=75
f=90
exp
num
exp
num
exp
num
exp
num
459W
657W
888W
1163W
72.96%
76.73%
80.01%
82.21%
750W
629W
900W
856W
1200W 1109W
1500W 1414W
124ºC 119ºC
118ºC
121ºC
121ºC 123ºC
126ºC 126ºC
36 kg/h 37.83
51 kg/h 53.45
63 kg/h 70.44
69 kg/h 88.77

625.95 kPa
2145.99 kPa
35.0ºC
35.0ºC

f=105
num
1495W
83.01%
1800W 1801W
132ºC 130ºC
75kg/h 109.33
exp

The results of Table 4 shows a quite good agreement on power consumption and discharge compressor temperature
lower than 10% in all cases, although with significant differences on mass flow rate, specially at high frequencies of
90 or 105Hz. The minimum discrepancies of discharge temperature, power consumption and mass flow rate take
place at the frequency of 60Hz.

4. CO2 NUMERICAL RESULTS
4.1 Carbon dioxide scroll compressor numerical prototype
In order to show the possibilities of carbon dioxide as fluid refrigerant substitute, the same compressor of Table 2
has been considered only reducing the scroll height from 0.01852m to 0.00600m and the corresponding suction
volume at 3.75cm3, to have a numerical model with a similar capacity or equivalent mass flow rate. Table 5 shows
the nine cases simulated, which have been selected with the boundary conditions of Table 1 modifying the discharge
pressure ranging between 8 and 10 MPa and using CO2 as the working fluid refrigerant, following (Ishii, 2002)
example. Suction pressures correspond to equilibrium liquid-vapor at the chosen evaporation temperatures.
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Table 5: Carbon dioxide scroll compressor numerical results.
CO2
Tsh = 10ºC
f = 60Hz
Tamb = 25ºC
m&

Tev = -10C
Ts = 0.0C
Pev = 2.6487MPa

Tdis

Tev = 0C
Ts = +10.0C
Pev = 3.4851MPa

Tdis

Tev = +10C
Ts = +20.0C
Pev = 4.5022MPa

Tdis

W&cp

ηme
W& E
m&
W&cp

ηme
W& E
m&
W&cp

ηme
W& E

Pdis = 8.0MPa

Pdis = 9.0MPa

Pdis = 10.0MPa

48.26 kg/h
84.90C
825W
76.80%
1074W
65.71 kg/h
74.74ºC
779W
76.93%
1013W
88.70 kg/h
66.68ºC
712W
77.02%
924W

47.94 kg/h
95.52ºC
940W
76.74%
1225W
65.34 kg/h
84.70ºC
907W
76.88%
1180W
88.29 kg/h
75.42ºC
845W
76.98%
1097W

47.63 kg/h
105.53ºC
1050W
76.67%
1370W
65.00 kg/h
94.21ºC
1031W
76.83%
1353W
87.89 kg/h
83.89ºC
976W
76.94%
1268W

The results of Table 5 in comparison with the numerical and experimental data of Table 1 show that in all cases the
mass flow rate increases between 6 and 8% when carbon dioxide compressor is considered, although power
consumption increases around 10% with a maximum of 20%. Despite the results of the power consumption the
possibilities to improve motor efficiency and reduce mechanical losses and fluid flow leakages can increase mass
flow rate and reduce power consumption in order to obtain a CO2 scroll compressor with comparable COP.

5. CONCLUSIONS
A numerical simulation of the thermal and fluid dynamic behavior of scroll compressors is presented. The model has
been validated against different experimental data by (Halm, 1997) and (Park, 2002), showing the good predictions
of the numerical results. Although the numerical results presented have used R22 and CO2 as fluid refrigerant, the
model allows working with any of the different available fluid refrigerants of the properties program table. A set of
results with carbon dioxide has also been obtained with the aim to be compared against conventional scroll
compressors. The results show the differences between both compressors and the necessity to improve the CO2
compressors to obtain equal efficiencies.

m&

NOMENCLATURE
Frequency (Hz)
Vc
Height of scroll vanes (m)
Vcl
Isentropic coefficient (-)
Vd − dd
Refrigerant mass flow rate (kg/h)
Vs

p

Pressure (MPa)

rb
rc
ro

Involute basic circle radius (m)

T

Temperature (C)

f
h
k

Radius of circular arc inner dis. ch.
Radius of circular arc outer dis. ch.

W& cp
W&
E

Compression Work (W)
Electrical Power (W)

Compression chamb. volume (m3)
Clearance volume (m3)
Volume of entire discharge region
Suction volume (m3)

Greek simbols

ϕe
ϕ is
ϕk
ηe
ηm
θ

Involute ending angle
Inner involute starting angle
Involute angle at k point
electrical efficiency (%)
mechanical efficiency (%)
Scroll orbiting angle
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