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Abstract

The cool-down performance after soaking is very important in an automotive air-conditioning
system and is considered as a key design variable. Therefore, transient characteristics of each
system component are essential to the preliminary design as well as steady-state perform~
ance. The objective of this study is to develop a computer simulation model and estimate
theoretically the transient performance of an automotive air-conditioning system. To do that,
the mathematical modelling of each component, such as compressor, condenser, receiver/ drier,
expansion valve, and evaporator, is presented first of all. The basic balance equations about
mass and energy are used in modelling. For detailed calculation, condenser and evaporator are
divided into many sub-sections. Each sub-section is an elemental volume for modelling. In
models of expansion valve and compressor, dynamic behaviors are not considered in this
analysis, but the quasisteady state ones are just considered, such as the relation between
mass flow rate and pressure drop in expansion device, polytropic process in compressor, etc.
Also it is assumed that there are no heat loss and no pressure drop in discharge, liquid, and
suction lines. The developed simulation model is validated by comparing with the laboratory
test data of an automotive air-conditioning system. The overall time-tracing properties of
each component agreed well with those of test data in this case.

Nomenclature d  : piston diameter [m]
E  : system energy [J]

A heat transfer area [m’] k. heat transfer coefficient [W/m°K]
¢ specific heat [J/kgK] i . enthalpy (J]
* Machinery Research Center, Ulsan University, k + thermal conductivity [W/mK]

San 29 Mugeo-doing, Ulsan 680-749, Korea ! * length [m]
*+ Department of Mechanical Engineering, Ulsan M mass [kg]

University, San 29 Mugeo-doing, Ulsan m : mass flow rate [kg/sec]

680-749, Korea »n . polytropic exponent



Computer Simulation of an Automotive Air-Conditioning in a Transient Mode 221

7o : number of cylinder

: pressure [Pa)

. heat transfer rate [W]

: revolution speed [rpm]

. stroke [m}

: temperature [C]

: thickness [m]

! internal energy [J]

: volume [m’]

: specific volume [m%kg]

: power [W]

A

: humidity ratio [kgw/kgal
Greek symbols

. efficiency
: density [kg/m’]

¢ time [sec]

B N D =

. surface effectiveness
Subscripts
. air

1 cOmpressor

: fin

e S ST

. inlet

-~

: outlet
. refrigerant
. tube

: condensed water

g - % 0

1. Introduction

In recent years, the period to develop a new
car is getting shorter. This means the design
of an air-conditioning system makes no excep-
tion. Therefore, the preliminary and basic de-
sign of an air-conditioning system is very im-
portant. Direct hardware experiments take long
time, and slow response to the system change.

Hence, as a design tool to verify hardware
modifications of the system, it is desirable to
develop an analytical computer simulation pro-
gram, based on the correlation of experimental
data.

From 1970s, theoretical studies about auto-
motive air-conditioning have been conducted
systematically in the advanced countries. Con-
klu developed a computer simulation model us-
ing a digital computerm and Davis et al., per-
formed a computer simulation including heat
load into passenger space.m Cherng and Wy,
summarized the overall design concept about
automotive air-conditioning system(:” and Ya-
mada et al., presented an automotive air-con-—
ditioning system using HFC-134a.” Won et al,
also performed a computer simulation of an
automotive air-conditioning system with a sim-
ple model.” Khamsi, et al., developed an analy-
tical program, which combined systematically
heat load calculation program and air-condi—
tioning system program.(6‘7) Mathur modelled be-
haviors of refrigerant in evaporator and con-
denser, and then compared theoretical results
with empirical ones. He presented that the ratio
of superheated/saturated/subcooled heat trans-
fer rate in condenser was 16%/72%/12% and
that of saturated/superheated heat transfer rate
in evaporator was 6096/23%.%% However, in
spite that transient characteristics after soaking
are very important in the design, most pre-
sented model treated just steady-state char-
acteristics or focused on dynamic behaviors of
the compressor, 1442

The objective of this study is to develop a
computer simulation model and estimate theo—
retically the transient thermal performances of
an automotive air-conditioning system. To do
that, the mathematical modelling of each com-
ponent, such as compressor, condenser, receiver/
drier, expansion valve, and evaporator, is pre-
sented, first of all. Then the developed si-
mulation model is validated by comparing with
the laboratory test data.
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2. Mathematical modelling

General mass and energy balance equations
about the system shown in Fig. 1 are given by

m,-=—c—i—r—+m,, (1
vl
Q+ mi(li+_2-'+2,‘) = ) (2)
daE | - oo Vo
dr 4+ m, (i, + 5 +z,)+ W

Here, m is mass flow rate, M and E are mass
and energy of the system, 7 is enthalpy, and
Q and W are heat transfer rate and power,
respectively. These are basically used to the
transient modelling of each component of an
automotive air-conditioning system.

2.1 Heat exchanger modelling

The evaporator and condenser are important
heat exchangers in the air-conditioning system.
Hence, it is extremely crucial to model the
heat exchanger. In order to predict accurately
the time varying properties, the heat exchanger
is divided into many sub-subsections more than
thirty. A sub-section is an elemental control
volume for modelling. Fig. 2 shows the sche-
matic diagram of a heat exchanger and the
bold line is a typical boundary of an elemental
control volume. The control volume is assumed
to consist of three parts, air, tube with fin, and
coolant. Applying the 1st law of thermody-
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Fig. 1 A transient system.

namics to the control volume, we can obtain
three transient energy balance equations in case
of evaporator are as follows (K.E. and P.E. ne-
glected):

Air side

- . dE, | - .
My* 1o = dr +ma' lao+Qair »>tube (3

T side

dE
Q air >tube — Tz.t + Q tube - »vef {4)

Refrigerant side

. . dE
Q tute rret T M, 1y = d

- my i, (B)
T

For condenser, similar equations are obtained.

2.1.1 Evaporator

The refrigerant enters the evaporator as a
mixture of liquid and vapor and leaves gener-
ally as a superheated vapor. If the surfece tem-
perature of the tube is less than dew point
temperature, thin moisture film is formed on
the tube and fin surfaces. Therefore, it is ne-
cessary to classify the dry surface and the wet
surface in air side and tube side.
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Fig. 2 Schematic of a control volume.
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lanc ation at refrigerant side:

dU,
dr

=m,(ip= i)+, AATy—T,) (6

Here, U, is the internal energy of refrigerant
and rh, is the mass flow rate of refrigerant.
Also & represents the heat transfer coefficient
and A is the heat transfer area. Subscripts 7
and w represent refrigerant and tube wall, re-
spectively.

alanc ations a e Si
For dry surface,

dT,
e =

}
Ny
&
S
b
[~
~
o3
I
~
&
~—
3

For wet surface,

o AT _ habAs
dw w dl’ Clm lg w (8)
~h, ATy~ T,)

Here, ¢ is the surface effectiveness of tube
and defined by

A
¢ = —A_:(].—??f)

_ tanhZ
Ny = 7

Zha 0.5

Subscript @ means air side, k; is the thermal
conductivity of fin, and ¢ and /; are thickness
and length of fin, respectively.
al ion ir_si
For dry surface,
dT

Cuama—dz.‘ =M, Cp(Toi— Tao) (©)
_ha¢Aa(Ta_ Tw)

For wet surface,

du,

dZ' = T;'La[ (iai_ laa) - (wi- wo) z.fo] (10)
he9 A, . .
e e D

Here, w is the humidity ratio and subscript f
means condensed water.

To estimate the heat transfer rates correctly,
heat transfer coefficients of air and refrigerant
sides are very important. The air side heat
transfer coefficient for the evaporator can be
sought by means of reference.”® The refrig-
erant side for two-phase can be obtained by
Kandlikar equation(m and for single phase by
Dittus~Boelter equation.(m The pressure drop for
two-phase is estimated by Pierre correlation®
and for single phase by Darcy equation.“S)

2.1.2 Condenser

The refrigerant enters the condenser as a
superheated vapor and leaves generally as a
subcooled liquid. Hence, it is necessary to
classify the three regions. Of course, balance
equation itself is identical in three regions.

Balance equation at refrigerant side:

dU,

77 =m,(i,— i)~ h,A(T,~—T,) (11

Balance equation_at tube side:

dT,
CouwMy dr h,A(T,—T,) 12)
_ha¢Aa(Tw— Ta)

Balance e 10n ir_sj

dT, .
cvama_—d;_ - macpa(Tai_ Tao) (13)
+ha¢Aa(Tw_ Ta)

The refrigerant side heat transfer coefficient
can be estimated by Cavallini-Zechin correla-
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tion™ and the pressure drop by Lockhart-Mar~

tinelli correlation™ for two phase. For single
phase, the same equations in relation to evapo-
rator can be used. The air side heat transfer
coefficient can be estimated by a suitable cor-

relation sought from reference.™

2.2 Compressor modelling

The compressor consists of pulley, cylinder
and piston, suction and discharge valves, oil,
refrigerant, miscellaneous body, etc.,, and tem-
peratures of each element are different in fact.
Important parameters to be determined in the
compressor are such as compressor power and
the refrigerant state at compressor exit. Hence,
as shown in Fig. 3, the other elements except
the cylinder volume are assumed to be a body
with identical density and temperature. There-
fore, the balance equation in compressor is ex-
pressed by

dE,
dr

W+m,-i;= + M, 1ot Qs (14)

Here, E,=c¢+ M_- T., c=specific heat of com-
pressor body, Qus=rFs* A (T~ T,), A=

surface area of compressor body.
Assuming that the compression process is

polytropic, the P-v relation is

=R
OO0

| 4

I~ Cylinder

Fig. 3 A lumped compressor.

P;- v} =P, v} = constant (15)

Hence, the compression power is given by

Wzrh,fiova’P=n'¢, % (P,v,~ P;v;) (16)

n—1

Also the polytropic efficiency P and the volu-

metric efficiency V are defined by

7p = L 17

7;’1«,«(1‘0‘* l,)

1/n
nv=cl[1—c2{(.1;‘f) ~1}] (18)

where C; and C, are empirical constaats. The
refrigerant mass flow rate can be de-ived by
volumetric efficiency, theoretical displacement per

a cylinder, V,;, and compressor revolution speed,

rpm.

mr=7/Vind% (19)
19

2
Vy = ﬂf S+ no

Here, d is bore, s is stroke, and #no is the
number of cylinder in the compressor.

2.3 Expansion valve modelling

The throttling process takes place in the ex-
pansion valve. This process is isenthalpic at
any time.

ii = io (20)

In general, the relation between refrigerant mass
flow rate and pressure drop is given by

”.’L, = Cv o AP * f(Lyalve) (21)

where C is a correction factor and f is a
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function representing valve action. Those are
determined from empirical data.

2.4 Receiver/drier modelling
The receiver/drier is assumed to be a body

with uniform density and temperature except
flowing refrigerant. So the balance equation is

given by
. df -
M, i =ﬁ+ My i + Quss (22)

where E,;;=c¢ * My, + Tya, c=specific heat of
body, Qloss = ha ) Ar/d ’ (Tr/d'— Ta)y Ar/d':SLlI'_

face area of receiver/drier
25 Discharge, liquid, and suction lines modelling

To simplify the analysis, it is assumed that
there are no heat loss and no pressure drop in
discharge, liquid, and suction lines.

3. Solution to equations

The differential equations developed in the
previous modelling represent a coupled set of
equations, which must be solved. By integra-
ting each equation in a control volume from
time 7 to r+ Adr with fully implicit scheme, we
can obtain a set of discretized equations. The
resulting matrix in evaporator or condenser is
solved using Gauss-Jordan method and the
equation in other component is solved using a
repetition method.

Fig. 4 show the flow chart of the simulation
program developed. The input data are such as
specifications of the system, initial conditions
of refrigerant and air, and various empirical
constants and functions. The program starts
with a compressor outlet pressure assumed. At
the expansion valve outlet, the mass balance is
checked, and if not satisfied, the loop is re-
peated from the compressor to the expansion

[7 Data input ]

> 1

l_ T~ 1+ dr J
Te
&

l— Compressor 4'
v
Adjust

Iﬁ Condenser l
head

J pressure

r Receiver/drier

Fig. 4 Flow chart of the simulation program.

valve. In the program, various properties are
calculated, which are thermodynamic properties
like temperature and pressure in interested po-
ints, heat transfer rates, refrigerant mass flow
rate, compression power, etc.

4. Results and discussion

The specifications of the automotive air-con-
ditioning system used in this study are shown
in Table 1. Externally equalized thermostatic
expansion valve is used. Fig. 5 shows a test
bench equipped with the system using R134a
as working fluid and the test bench was used
to obtain some empirical data for comparison.
In the test bench, air and refrigerant tempera—
tures were measured at 42 points by T-type
thermocouples. The uncertainty of thermocouple
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Table 1 Specifications of the automotive air-conditioning system

Type

Specifications

Compressor Swash plate type

Cylinder, diameter : 29.01 mm, stroke : 25.73 mm
No. of cylinder : 10

Evaporator | Laminated type single tank louvered fin

Size : 2365X235X 78 cm, 4 pass

Size : 679X 363X 18 mm, 17-10-8-6 tube pass

Condenser Parallel flow type luovered fin
* Thermocouple points
19-23 : evap.air inlet(DB)
24-28 : evap.air outlet(DB)
29-34 : cond.air inlet(DB)
35-40 : cond.air outiet{(DB)
14,12,13 41,42 : surr.temperatures
8,9,10 Evaporator duct
NG E Evap. )|| Fan
14,1516 Heaters! =
T L=
7
17 18 Strainer
6 SLHX 5  p1oH
1
Condenser duct
Cond.
p2
4
3 2

Fig. 5 Schematic diagram of the experimental
apparatus and measured points.

readings was estimated to be within *0.1T.
The refrigerant mass flowrate was measured
with mass flowmeter manufactured by Smith
Meter Inc. (Model $25), whose error was esti-
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mated to be within £0.12%. The air flowrate
was measured with orifice meter installed eva-
porator duct inlet and pitot tube in condenser
duct. Two pressure transducers with an accu-
racy of *£0.1% were installed at the inlet and
outlet of compressor. The temperatures and pres-
sures were collected by a data acquisition sys-
tem, which was connected to a computer.

The initial condition of refrigerant in the evap-
orator is assumed to be a saturated lquid state
at 35C and that in the condenser to be a sa-
turated vapor state at 35C. Air flow rates in
evaporator and condenser are 400 m*/hr and 3500
m3/hr, respectively, and kept constant. Also air
temperature and relative humidity at evaporator
inlet are 35C and 509 and the same at con-
denser inlet. The compressor speed is constant
at 1600 rpm. In the experiment, all the above
conditions are maintained. The compressor speed
levels up to 1600 rpm as soon as possible and
is kept constant.

Fig. 6 shows the time traces of pressure and
temperature of refrigerant and air in the evap-

40
354gugpueetas®ie, PPPPPPTYYY )
e oy, b1,

a7 T e,
d T.» ”"Tm

] (%) eJ T, 4
Line; Calculated yalue
Scafter: Measured vaiuz

000085606565 5B6Y

T R
| BopisBRnre;
i
] 2 4 6 8 10
Time {min)

(b)

Fig. 6 Variations of pressures and temperatures according to time in the evaporator.
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Fig. 7 Variations of pressures and temperatures according to time in the condenser.

orator, compared to empirical data. In the fig~
ure, the symbols represent empirical data and
the lines represent analytical results. Consider~
ing experimental error, the analytical results
coincide fairly well to experimental results. How~
ever, we can see the gradients of experimental
data are steeper than those of analytical data
at the initial stage up to 2 minutes and the
time-tracing temperatures of refrigerant at evap-
orator exit are much different between analy-
tical and experimental data. Since the com-
pressor speed goes up to 1600 rpm within 10
seconds after start in the experiment, the suc-
tion force of compressor is thought to be very
large at the initial stage. Therefore, the change
of empirical temperature at evaporator exit is
shown in three steps such as rapid drop (0~2
min), going-up (2~5min), and slow drop (after
5min). This fact shows this simulation model
does not catch up with the phenomena, We
believe the difference results from negligence
of dynamic behaviors of the system.

Fig. 7 shows the time traces in the con-
denser. The analytical results coincide fairly
well to experimental results as the same as in
the evaporator. In general, the gradients of ex-
perimental data except condenser inlet refrig-
erant temperature are steeper than those of
analytical data at the initial stage up to 2
minutes. Especially, the temperature difference
shows quite large difference between analytical

and empirical data at condenser inlet. This
represents the compressor model in this study
should be corrected a little bit in any way.

5. Conclusions

In this study, a transient simulation model
about an automotive air-conditioning system was
presented and the calculated results were com-—
pared with the bench test ones. Of course, the
comparison was not performed over wide range,
but in the time-trace point of view about tem-
perature and pressure, we could see fairly coin-
ciding tendency.

The conclusion is as follows: First, the time
traces of pressure and temperature of refrig-
erant and air in the evaporator, coincide fairly
well to experimental results. The changing rates
of theoretical time-traces are a little bit steeper
than those of experimental ones. Second, the
time traces of pressure and temperature of re-
frigerant and air in the condenser, coincide
fairly well to experimental results. But the
changing rates of theoretical time traces except
condenser inlet temperature are a little bit
slower than those of experimental ones, unlike
in the evaporator. We believe that the small
differences of changing rates are due to ne-
gligence of dynamic behaviors of the com-
pressor.

Through the comparison with wide range of
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test data, the simulation model and program
will be revised and enhanced.
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