199

Mathematical Model of Vane Compressors
for Computer Simulation of Automotive
Air Conditioning Cycle*

Mitsuhiro FUKUTA**, Tadashi YANAGISAWA**,
Takashi SHIMIZU** and Yasuhiro SUZUKI***

Computer simulation of refrigerating cycles for automotive air conditioners is
effective in predicting performance of the cycle. A proper mathematical model of a
compressor is necessary to predict the performance exactly. In this study, the
mathematical model of a vane compressor for the automotive air conditioning cycle is
developed. The model consists of two control volumes, a cylinder and a rear case, and
a compressor body. It takes account of the thermal effect of lubricating oil and heat
transfer between refrigerant and the compressor body. Validity of the model is
confirmed by comparison between experimental results and calculated ones. The
transient behavior in the cycle simulation depends on the compressor modeling notice-

ably.
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1. Introduction

Computer simulation of vapor compression re-
frigerating cycles such as in automotive air condi-
tioners is effective in predicting performance of the
cycle, and several simulation models have been
developed¥—®, Most of these conventional simula-
tions, however, used an ideal or very simple compres-
sor model since they mainly focused on a modeling of
heat exchangers. To predict the performance of the
cycle exactly, a proper mathematical model of the
compressor is needed which takes account of heat
transfer between refrigerant and the compressor
body“~® and influences of lubricating oil such as the
thermal effect™®,

In this study, a mathematical model of a vane
compressor for the automotive air conditioning cycle
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is developed. It takes account of the heat transfer in
the compressor and the thermal effect of lubricating
oil, and it can easily be integrated into the cycle
simulation. Validity of the model is confirmed by
comparisons between experimental results and calcu-
lated ones. By integration of two types of compressor
model into the cycle simulations, the influence of
propriety of the compressor modeling on that result is
discussed.

2. Theoretical Analysis

2.1 Outline of compressor

Figure 1 shows a schematic view of the vane
compressor which is the subject of modeling in this
study. The lubricating oils from two sources, one of
which is sucked in together with refrigerant gas and
the other of which leaks from sliding portions into the
cylinder chamber of the compressor, mix with the
refrigerant gas in the cylinder. The mixture of refrig-
erant gas and oil is compressed in the cylinder, and
discharged into a rear case through a discharge valve.
After the mixture is separated in the rear case, the
refrigerant gas is delivered into a condenser while the
oil is fed back into the compressor for lubrication and

Series B, Vol. 38, No. 2, 1995

NII-Electronic Library Service



200

T
3
[

12 74

1) T
1:Cylinder 5:Suction port
2:Rotor 6:Discharge valve
3:Vane 7:0i1 control valve
4:Rear case 8:0i1

Fig. 1 Schematic view of vane compressor
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Fig. 2 Physical model of vane compressor

seal.
2.2 Compressor model

Figure 2 shows a physical model of the vane
compressor shown in Fig.1. The model consists of
two control volumes (i. e., the cylinder chamber and
the rear case chamber) and a compressor body. We
neglect the change of mass of refrigerant gas existing
in the control volumes since it is small compared with
mass flow rate in and out through the control volumes.
It is assumed that temperatures of the refrigerant and
the oil change homogeneously.

2.2.1 Cylinder In the cylinder, the suction
refrigerant (mass flow rate: G, pressure: Ps, tem-
perature: 7Ts), the oil which circulates in the cycle
with the refrigerant (mass flow rate: Gos, tempera-
ture: Ts) and the oil which leaks into compression
chambers (mass flow rate: Go, temperature: Tu)
receive compression power, L., and heat flow, @,
from the compressor body, and they are discharged
into the rear case in uniform conditions (pressure:
P, temperature : Ty). The equation of energy for the
refrigerant in the cylinder is expressed as follows:

ho="hs+(Lc+ Qc— Qo) /Gr (1)
where /s : specific enthalpy of the suction refrigerant,
hy : specific enthalpy of refrigerant at an exit of the
cylinder. Qo is heat flow transferred from the refrig-
erant to the oil in the cylinder and expressed as
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follows :

Qco:Co[Gos( Tu* Ts)+ Gol( Tv_ Td)] ( 2 )
where ¢, is specific heat capacity of the oil. In Eq.
(1), compression power, L., is derived from the
following equations :

Le=nnLin=1a(Grdh[7:)

= 77m( /2 VehN/i)s)(Ah/m) ( 3 )

where L.,: shaft input power, Jdk: enthalpy
difference when refrigerant is compressed
isentropically, Vu: theoretical suction volume, N :
rotational speed of the compressor, vs: specific vol-
ume of the suction refrigerant, #7.: mechanical
efficiency, 7:: total efficiency and #,: volumetric
efficiency. On the other hand, the heat flow, €, is
derived from the following equation:

cha’aAc( Tw— Tcr) ( 4 )
where a.: heat transfer coefficient in the cylinder, A :
heat transfer area in the cylinder, T and 7., : repre-
sentative temperatures of the compressor body and
the refrigerant in the cylinder. Substituting Egs. (2)-
(4) into Eq. (1), we obtain an equation for the
discharge temperature, 7%, and the enthalpy, /4., at the
exit of the cylinder and solve the equation by using a
thermophysical correlation between temperature and
enthalpy. If the discharge temperature is lower than
saturation temperature at discharge pressure, the
discharge condition is regarded as a wet one. Then
the discharge temperature is made equal to the satura-
tion temperature, and the quality of the discharge
refrigerant at the exit of the cylinder is calculated
from the enthalpy, 4., derived from Egs. (1) - (4).

2.2.2 Rear case In the rear case, the refriger-
ant and the oil release heat flow, @, to the compressor
body and exchange heat flow, @, with each other.
Equations of energy for the refrigerant and the heat
flows in the rear case are expressed as follows:

hdzhv‘(Qr_Qm)/Gr (5)
r:drAr( Trr— Tw) ( 6 )
Qm: Co( Gos+ Gal)( Tv_ Td) ( 7 )

where hq: specific enthalpy of discharge refrigerant,
ar: heat transfer coefficient in the rear case, A;:
heat transfer area in the rear case, 7,r: representa-
tive temperature of the refrigerant in the rear case.
Equations (5) - (7) are solved in the same manner
as Egs. (1) - (4).

2.2.3 Compressor body Assuming that the
compressor body has a uniform temperature, time
derivative of representative temperature, 7, of the
compressor body is expressed as follows by taking
account of the energy balance :

dTw/dt:(Ql_Qc‘i'Qr—Qa)/c (8)
where ¢ : time, C: overall heat capacity of the com-
pressor body, @.: heat flow equivalent to loss power,
Q. : heat flow released to ambient air. The heat flows
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are expressed as follows :

leLin(l_ 77m) (9)

Qo= A Tow—Tu) (10)
where a. and A.: heat transfer coefficient and heat
transfer area on outer wall of the compressor, T,:
ambient temperature.

2.3 Cylinder-rear case united model

In the above section, we describe the model with
two control volumes (cylinder chamber and rear case
chamber). On the other hand, a model which treats
the cylinder chamber and the rear case chamber as
one control volume is also derived. In the following,
the former is referred to as a separated model and the
latter is referred to as a united model. In the united
model, heat transfer in the cylinder chamber and the
rear case chamber with the oil which leaks into the
cylinder from the sliding portion cancel each other.
This is because the oil which leaks into the cylinder at
discharge temperature exchanges the heat flow in the
cylinder and the rear case and returns to the discharge
temperature. The suction refrigerant and the suction
oil receive the compression power and the heat flow
from the compressor body, and they are discharged
from the compressor at the discharge temperature,
Ta, (enthalpy, %4). Equations corresponding to Egs.
(1) and (2) are expressed as follows.

ha=hs+ (Lt Qc— Qo) /G- (1)

Q;o:CoGos( Td_ Ts) ( 2 )'
Time derivative of the representative temperature of
the compressor body is expressed as follows.

dTuwldt =(Qi— Q:— Qa)/C (8)
In the above equations, the compression power, L.,
the heat flows, @., @: and Q., and the mass flow rate,
G, are derived in the same way as in section 2. 2.

2.4 Simulation model of refrigerating cycle

In order to discuss the influence of the propriety
of the compressor modeling on transient behavior of a
refrigerating cycle, we integrate the compressor
model into a simple simulation of the cycle. The
simulation model using in this study consists of
models of compressor, condenser, evaporator, expan-
sion valve and line. See Ref. (9) in detail.

3. Experiment

Figure 3 shows a schematic view of the experi-
mental setup. The vane compressor is connected to an
experimental refrigerating cycle which consists of a
double tube condenser, a double tube evaporator, a
manual expansion valve and a rotameter. The work-
ing fluid of the cycle is CFC-12. The compressor is
driven by an inverter-controlled induction motor, and
a torque meter is inserted between them. Pressure
transducers are mounted on suction and discharge
lines. Temperatures of refrigerant in the compressor
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are measured at a suction side, the exit of the cylinder
and the exit of the rear case by thermocouples.
Temperatures of the compressor body are measured
at four points, three points on the cylinder wall and
one point on the rear case, by the thermocouples.
Heat load of the condenser (cold water) is controlled
by an automatic water valve and that of the evapora-
tor (hot water) is controlled by a manual one.

In experi_ments, pressures of suction and dis-
charge, temperatures of the refrigerant and tempera-
tures of the compressor body are recorded from start-
up to steady-state operation of the compressor.
Performance of the compressor and concentration of
oil circulating in the cycle under steady-state opera-
tion are also measured at several rotational speeds.
Specifications of the compressor are: theoretical suc-
tion volume: V., =115cm? overall heat capacity of
the compressor body: C=2.4 kJ/K.

4. Results and Discussion

4.1 Experimental results
Figure 4 shows the transient behavior of the
compressor measured under start -up operation at
1000 rpm. In this figure, symbols are; 7s: suction
temperature, Ps: suction pressure (7s: saturated
suction temperature), P,: discharge pressure (7u:
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:Exp. valve
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:Press. gauge
:Press. sensor
:Water valve
:Torque meter
:Motor
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Fig. 3 Experimental setup
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Fig. 4 Transient behavior measured at start-up
operation
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saturated discharge temperature), 7, and 7Ty: dis-
charge temperatures at the exits of the cylinder and
the rear case, 7Ty : temperature of the compressor
body, which is an average of temperatures at four
points where the thermocouples are mounted. During
the first few minutes after the start-up, the condition
of the discharge refrigerant is a saturated one (7=
T.= T2 though the suction refrigerant is superheated
(Ts> Tys), since the refrigerant is cooled by the cold
compressor body. After this period, as the tempera-
ture of the compressor body rises, the refrigerant
becomes superheated (7,> 7T, at the exit of the
cylinder. The discharge pressure suddenly reaches a
stable condition two minutes after the start-up. This
is because the heat load of the condenser is controlled
by the automatic water valve.

4.2 Calculating parameters

We need to consider compressor performance and
the heat transfer coefficient for calculation with the
compressor model. We, therefore, discuss the calcu-
lating parameters in the following.

4.2.1 Compressor performance For values of
the volumetric efficiency, #,, the mechanical
efficiency, 7= and the total efficiency, 7:, we use values
measured at standard operating condition at each
rotational speed. The circulating oil concentration is
set at 29 of the mass flow rate of refrigerant, based
on a sampling measurement. The mass flow rate of
the leakage oil is assumed to be 5 g/s, based on an
analysis of leakage flow through the clearance
between a rotor and a side plate“?.

4,2.2 Heat transfer capacity Concerning the
heat transfer in the compressor, it is difficult to deter-
mine the heat transfer area and the heat transfer
coefficient due to the complicated flow path and the
existence of oil. Thus, we use the product of the heat
transfer coefficient, @, and the heat transfer area, A,®
which is referred to as heat transfer capacity, aA, in
the following. The values of the heat transfer capac-
ity are obtained from Egs. (4), (6) and (10) by
substituting the heat flows, Q., @ and Q., which are
estimated from Egs. (1), (5) and (8) by using the
performance measured under standard operating
conditions.

The values depend on the representative tempera-
tures of the compressor and the refrigerant. Figure 5
shows changes in the suction temperature, T, the
discharge temperature at the exit of the cylinder, 73,
the temperature of the compressor body (average of
the temperatures at four measuring points), 7%, which
are shown in Fig.4, the temperature of the state after
the refrigerant and the oil receive the compression
power, 7. (referred to as the temperature after
compression), and the mean value of the suction
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temperature and the temperature after compression,
(Ts+ T.) /2. Comparing the discharge temperature at
the exit of the cylinder, T, with the temperature after
compression, 7T¢, it is found that the refrigerant is
cooled by the cold compressor body just after the start-
up (7.> Ty), and conversely heated by the compres-
sor body mainly in the suction process at steady-state
operation (7c:<7T,). The relationship between the
mean temperature, (7Ts+ 7¢)/2, and the temperature
of the compressor body, 7w, shown in Fig. 5 satisfies
the relationship of the heat flows described in the
above. They, therefore, can reasonably be used as the
representative temperatures of the refrigerant in the
cylinder, 7¢,, and the compressor body, 7., respec-
tively. In the rear case chamber, the difference
between temperatures at the exits of the cylinder and
the rear case is small, and we use the discharge tem-
perature at the exit of the cylinder, T3, as the repre-
sentative temperature of the refrigerant in the rear
case, Tyr.

Figure 6 shows the heat transfer capacity in the
cylinder, in the rear case and on the outer wall of the
compressor. The heat transfer capacity in the cylin-
der increases with rotational speed due to the
influence of flow velocity. On the other hand, the value
in the rear case is almost constant because the heat
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Fig. 5 Representative temperatures of refrigerant and
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transfer in the rear case is governed by oil scattering
in the rear case. The heat transfer capacity on the
outer wall of the compressor is also constant. The
reference value of the heat transfer capacity, ¢’ 4’, in
the case of the cylinder-rear case united model is
smaller than that of the separated model, since the
heat flow corresponding to the temperature difference
at the exits of the cylinder and the rear case is ignor-
ed. In the case taking no account of the thermal effect
of oil, moreover, the heat transfer capacity (not
shown in Fig.6) is smaller than that in the case taking
account of the oil influence, because the heat flow for
temperature change of oil is neglected.
4.3 Calculated results

Figures 7 - 10 show calculated results correspond-
ing to the experimental result in Fig.4. They are
calculated from the mathematical model of the com-
pressor by using the experimental values of suction
and discharge pressures, Ps and P, and suction tem-
perature, T, in Fig. 4 as boundary condition. Figure
7 is the result which does not take the influence of oil
into consideration. The calculated discharge tempera-
tures, 7, and 7u, after the start-up in Fig.7 are
extremely high as compared with the measured ones
due to the small heat-transfer capacity. Figure 8 is
the result calculated with the united model. The
calculated discharge temperatures after the start-up

128 r
i Tv../"“.\,__Egjgylgggg__.1000:9@_;
AIBB
UBB }
2.8~ | o Tw ]
— O
él.s ;68. FTEG
ey
~1.0 m 40 . R
© s | *:input data |
E .5 %2“ TS* 9
Q p-‘-, I
a 8 ————
2 f Ps(Ts™)*
-284 L
10 28
Time (min)

Fig. 7 Calculated result with no heat exchange with oil
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are also high and the temperature change of the
compressor body is quite different from the measured
ones. These models are not suitable for expressing
the transient behavior of the compressor after the
start-up.

Figure 9 is the result calculated from the separat-
ed model. Though the calculated discharge tempera-
tures rise almost in the same manner as the measured
ones, they are somewhat higher just after the start-up.
This is because a large quantity of oil circulates with
refrigerant in a practical cycle due to a foaming
phenomenon under the start-up operation, and the
practical discharge temperatures are lowered by this
oil. Since the foaming phenomenon is active at the
wet discharge condition?, therefore, Fig.10 is the
result under the assumption that the circulating oil
concentration is high (309) when the discharge condi-
tion is saturated and it decreases toward a stable
condition (29) in a certain time (2 minutes at 1 000
rpm) from when the discharge condition begins to be
superheated. In this case the calculated temperatures
are in good agreement with the measured ones (Fig.
4) from the start-up to the stable operation. A good
agreement between an experimental result and a
calculated one under higher rotational speed is also
obtained by taking account of the transient concentra-
tion of the circulating oil (Figures are not shown). To
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predict the transient behavior correctly after the start-
up, therefore, it is necessary to estimate accurately
the transient concentration of the circulating oil as
well as the heat transfer phenomenon.
4.4 Results of cycle simulation

In this section we compare results of the cycle
simulations® in which different types of compressor
models are integrated, and discuss the influence of the
compressor modeling on the transient behavior of the
cycle. Figure 11 is a result of the cycle simulation
whose compressor model takes no account of the
influence of oil, and Fig. 12 is a result calculated by
using the same compressor model as that used in Fig.
10. Specifications of the cycle employed in the simula-
tion are those for a small-class passenger car, and the
opening of the expansion valve is constant. Similar to
the results calculated by the compressor model only
(Fig. 7 and 10), the discharge temperature in Fig. 11
rises steeply after the start-up as compared with that
in Fig.12. Discharge pressure in Fig. 11 also rises
steeply, reflecting the higher discharge temperature.
As shown in these figures, the transient behavior in the
cycle simulation depends on the compressor modeling
noticeably. Pressures in Fig. 11 and 12 change more
steeply than that in the experimental result (Fig. 4).
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This is because the thermal capacity of air-cooled
heat exchangers assumed in the simulation is smaller
than that of the double tube heat exchangers used in
the experiment. This simulation takes no account of
the influence of the oil circulating with refrigerant on
heat transfer in the heat exchanger. It is necessary,
however, to take account of its influence as well as the
influence of the oil in the compressor modeling.

5. Conclusions

A mathematical model of the vane compressor
which consists of the cylinder, the rear case and the
compressor body is developed in this study. It takes
account of the thermal effect of oil and the heat
transfer. The calculated results are found to be in
good agreement with the experimental ones by using
the compressor performance and the heat-transfer
capacity estimated from the steady-state operating
condition. It is found that estimation of the transient
concentration of circulating oil after the start-up is
necessary, and the cylinder-rear case united model
cannot express the transient behavior of the compres-
sor well. The transient behavior in the cycle simula-
tion depends on the compressor modeling noticeably.
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