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Abstract

Mobile air conditioning systems work under widely changing operating conditions. To understand the system be-
havior under such dynamic conditions, a test facility that can impose transient loads as well as conducting dynamic
measurements is needed. To test mobile air conditioning systems including their dynamic performance under various
drive cycle patterns without using full scale vehicles in a wind tunnel, a new test facility, called “dynamic simulator,” is
described. It can replicate real vehicle operating conditions by interacting with the system being tested based on the
measured system performance and subsequently adjusting the air properties returning to the test system based on the
results of a numerical cabin model. A new dynamic simulator has been designed, constructed, and verified for per-
forming dynamic tests. It was successful in controlling the temperature and relative humidity of the air returning to
the test unit within £ 0.7°C and + 4% of their respective intended values. The verification test under the New European

Driving Cycle demonstrated that detailed transient behavior of the mobile air conditioning system could be measured
by using this dynamic simulator.
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NEDC : New European Drive Cycle
P : Proportional constant
PID : Proportional-Integral-Derivative

Nomenclature

a : Anticipation factor, dimensionless

A/l : Analog Input

0 : Load or capacity, kW

AHU : Air Handling Unit RH : Relative Humidity, %
A/O : Analog Output RPM : Revolution Per Minute
Cp  :Specific heat at constant pressure, kl/kg-K s : Set point of any controlled parameter
C : Specific heat, kJ/kg-K T : Temperature, K
D : Derivative constant t : Time, s
DA :Digital Input W :Humidity ratio, kg/kg
D/O : Digital Output .

e : Error, difference between set point and proc- Subseript:
ess value for a controlled parameter. Amb : Ambient air

e’ : Error of the next step, difference betweenset  adj : Adjusted
point of the next control step and process ¢ : Core, or interior mass
value of a controlled parameter, if known. e : Evaporator

f : Function fg  :Latentheat
h : Enthalpy, kl/kg m : Mixture, or return air
I : Integral constant ps  : Passengers, sensible
M : Mass, kg pl : Passengers, latent
MAC : Mobile Air Conditioning r : Room, or inside of cabin
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T sol  : Solar radiation
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1. Introduction

Mobile air conditioning systems, termed here MAC,
provide not only safe driving conditions by securing
fair visibility and also driver’s alertness by maintain-
ing thermal comfort conditions under severe weather
conditions. They are exposed to various operating
conditions that are determined by thermal loads, exte-
rior weather conditions, and driving pattemns.
Among these parameters, driving patterns directly
affect the rotational speed of the compressor and the
outdoor coil face velocity, and have a major impact
on the performance of the MAC. These variations in
parameters affect the operation of the MAC, such as
operating pressure levels, degrees of subcooling and
superheating, refrigerant quality entering the evapora-
tor, refrigerant mass flow rate, and refrigerant charge
distribution along the cycle components. Due to
difficulties in imposing dynamic thermal loads to the
MAC, three approaches to test the MAC during its
transient operation have been implemented. The
first method, which is the most popular, is testing of
the MAC by using a full scale vehicle in the wind
tunnel large enough to house the vehicle [1, 2]. The
second is numerical modeling [3-8]. The third is
placing a hot water heat exchanger in the same duct
where the test evaporator is installed to impose some
thermal storage effect to simulate pulldown condi-
tions [9, 10]. These three methods have some disad-
vantages such as either requiring a large and costly
facility or not being able to provide a realistic load
profile on the evaporator as it may occur during a
drive cycle. To capture the dynamic behavior of the
MAC, a test facility should be able to: (a) run weather
cycles to simulate change in outdoor air conditions,
(b) run drive cycles to simulate the varying rotational
speed of an automotive compressor and varying air
velocities across the condenser, (c) simulate the ther-
mal storage load of the conditioned space, (d) simu-
late changes in space loads resulting from a change in
number of occupants and controls settings, (e) control
the percentage of fresh air mixed with the supply air,
(f) control the evaporator fan speed to simulate differ-
ent user settings, (g) measure fast enough the proper-
ties of the refrigerant and the air, and the temperature
of the metal of the system itself, and finally (h) to
provide instantaneous values for latent and sensible
capacities and compressor power. The goal of the
current research is satisfying these requirements in a
laboratory environment to provide economic means

for conducting transient tests on MAC under realistic
dynamic conditions. By conducting laboratory ex-
periments on the MAC, important performance indi-
cators, such as the sensible capacity and latent capac-
ity, can be readily measured, which is difficult in the
field tests

2. Dynamic simulator

To measure the dynamic performance of the MAC,
a new approach using a typical environmental test
facility, called “dynamic simulator,” is proposed.
The dynamic simulator measures the supply-air tem-
perature and relative humidity of the air downstream
of the evaporator coil, calculates the conditions of the
return-air leaving the cabin returning to the evapora-
tor coil using a numerical cabin model, and controls
the air handling unit (AHU) of the indoor loop such
that the air temperature and relative humidity are
dynamically adjusted according to the return-air con-
ditions calculated from the cabin model.

2.1 Review of previous cabin models

Ding and Zito [11] presented a first order differen-
tial equation that relates the cabin heat transfer coeffi-
cient, panel discharge temperature and volumetric air
flow to average cabin air temperature. They suggested
a method to experimentally determine overall heat
transfer coefficient of the cabin but their model ne-
glected thermal storage and latent loads as well as
infiltration and passengers’ loads. Other researchers;
Choquart et al. [12], Huang and Han [13], Han et al.
[14], and Aroussi and Aghil [15]; used CFD models
to predict the cabin air conditions and obtained good
agreement between their results and experimental
results. CFD models require detailed dimensions of
the cabin and the locations of the air vents and can
produce detailed results of the spatial variation of the
velocity and temperature fields inside the cabin and
therefore are more suitable for assessing the thermal
comfort of passengers or evaluating defrost condi-
tions.

Huang (1998) developed a mathematical model
that predicts the lumped temperature and humidity
variations inside the cabin under design and operating
conditions. The model is composed of four coupled
nonlinear ordinary differential equations; namely,
dry-air mass balance, moisture mass balance, cabin-
air energy balance, and interior-mass energy balance.
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However, the model uses a constant built-in ventila-
tion rate and does not allow the change of supply
airflow rate. Moreover, this model requires detailed
information about the construction of the cabin, its
color, characteristics of the glass, location of car,
ground solar reflection coefficient, as well as height
and weight of passengers.

Khamsi and Petitjean [16] modeled both the cabin
and the A/C system components. Their model is
based on a modular concept in which the elementary
models of each component are coupled with the mod-
els of the other components. Very little is described in
their work about the equations they used to model the
cabin and the method of solution. Similar deficiencies
exist in the works by Thelon and Zoz [17] and Kohler
et al. [18]. Kataoka [19] used Navier-Stockes equa-
tion and the energy equation to predict the air velocity
and temperature distribution in the cabin. He em-
ployed finite elements method based on the Cartesian
coordinate system in spatial integration where a first
order upwind scheme is applied to convection terms.
For this, he divided the whole region into small cubic
elements and therefore required very detailed geomet-
ric inputs.

Roy et al. [20] studied the thermal heat transfer in a
car cabin and its effect on the equivalent temperature
of the cabin and concluded that the radiative heat
transfer is the most significant source responsible for
energy consumption and passengers’ discomfort.
Their study employed in-house software. Several
other commercial packages are available, such as
KULI (Magna — Steyr [21]) and MACSim
(ARMINES [22)), but these packages include closed-
source software that can’t be adapted to the present
purpose.

2.2 The cabin model

From the foregoing literature review [11-22], it is
apparent that most of previous cabin models require
either significant computational time or are in closed
source codes so that no model can readily serve the
present purpose. Therefore, a new simplified model
that requires only short computational time was de-
veloped. The assumptions of the cabin model used
in this study are as follows:

@ Solar load is constant.

@ Radiation from cabin components to air is ne-
glected.

® Latent and sensible loads of each passenger are

constant.

® Heat transfer from engine compartment, trunk,
and floor are neglected. This is due to the ther-
mal insulation between these spaces and the
cabin, as well as the lack of forced convection
between them.

® Thermal storage in cabin walls is neglected for
simplicity.

® Overall heat transfer coefficient of the cabin
wall does not change with vehicle speed [23].
This is because the most significant component
of the overall heat transfer is the internal con-
vection.

@ Heat transfer along air ducts is neglected.

® Properties of air and of interior mass are spa-
tially uniform (lumped capacitance method) as
used by several researchers [11, 24-26].

® The constituents of the interior mass have the
same specific heat and temperature.

Egs. 1 through 5 are used in the cabin model. For
simplicity, the cabin sensible and latent loads are
treated separately. However, the air properties are
calculated at the corresponding temperature and hu-
midity ratio in each time step. The sensible load por-
tion of the cabin capacity is presented by Egs. 1
through 3, which represent the energy balance of
cabin air sensible heat, energy balance of interior
mass and adiabatic mixing of dry air, respectively.

dr, dT,
M, Cp, =+ Mo e
= —m, Cp (T —T; )+ Osor + Dps + (1)

UOAO(Tamb _Tr)+mivcpamb(Tamb_Tr)

dT,
M,C e~y 4, (.- 1,) o
m;y, CPams Tams +(me _miv)CPrTr 3)
=m,Cpy Ty

The latent portion is presented by Eqs. 4 and 5,
which represent the cabin air latent energy balance,
and moisture mass balance at the mixing point before
the coil, respectively.

aw,
Mrhfg_dt_rz_mehfg(Wm —VVS)+

“
My hfg (Wamb - I/Vr) + Qpl
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Tabie 1. Input variables for cabin model

No. Parameter Value Source

1 Ambient temperature and relative humidity 43.3°C and 65% [24]

2 Solar load 950 W [24]

3 Degree of soaking 16.7°C [24]

4 Surface area of cabin 30m” [24]

5 Overall heat transfer coefficient of cabin wall 4 W/m*K [23]

6 Internal volume of cabin 8m’ 124]

7 Interior mass of cabin 200 kg [24]

8 Specific heat of interior mass 400 J/kg-K [24]

9 Surface area of interior mass 3m’ Typical value

10 Convective heat transfer COCfﬁ.CieI:lt between interior mass 100 W/mZ-K Estimated

and cabin air

11 Number of passengers 0 [24]

12 Amount of fresh air 0 24]

13 Blower setting 120 g/s Typical value

14 Supply air temperature Profile [24]

15 Supply air relative humidity Profile Typical profile
Indoor Chamber Outdoor Chamber

X T supply (Huang 1998) (Experimental)
’“ ® T cabin (Huang 1998) (Experimental)
=T cabin (Current model)
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Fig. 1. Cabin model verification resuits.
(me - miv)VVr + My, Wy = m, W )

To verify the model pull-down experimental data
of the MAC provided by Huang [24] was used. The
overall (total) heat transfer coefficient of the cabin
wall was chosen to be 4 W/m’K [23]. Table 1 lists
mput variables needed for the current cabin models,
and shows values used for the verification calculation.
Figure 1 shows a comparison between the cabin air
temperature from the model and the experimental
results. An average deviation was 0.7°C, and a stan-
dard deviation was 0.6°C.

2.3 Dynamic control of test facility

To construct the dynamic simulator, some modifi-
cations were made to the AHU controllers of the typi-
cal steady state test facility, which is shown in

1: Expansion device, 2: Evaporator, 3: Compressor, 4: Condenser, $: Condenser air duct, 6: Condenser fan;
7: Evaporator air duct; 8: Evaporator fan, R: Retum air section, S: Supply air section.

Fig. 2. Typical laboratory test facility for steady state testing.

Figure 2. Both the indoor and outdoor simulators
control the temperature and relative humidity of sup-
ply air to test units by using AHUs with Proportional-
Integral-Derivative (PID) controllers. The tempera-
ture controller actuates the hot-gas bypass valve, lig-
uid-line valve, and the electric heater. The indoor loop
fan, condenser duct fan and compressor motor are
powered by means of variable frequency inverters.
The temperature and humidity PID controllers and
frequency inverters all accept remote set points in the
form of an analog signal that the controller uses to
scale the value of temperature, relative humidity (RH),
or frequency, between specified upper and lower
limits. There are two layers of control implemented
on the dynamic simulator; viz. software control and
hardware control. This concept is illustrated in Figure
3. The hardware control refers to the physical control-
lers that were part of the original test facility, while
the software control refers to the control capability
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Fig. 3. Schematic of two control layers.

added through newly developed software.

The cabin mode] program sends remote set points
to the temperature and humidity controllers to control
the indoor loop temperature and RH. To enhance
the accuracy of the control the PID control capability
is added to cabin model program. Each time step, the
program measures the process value of the controlled
parameter upstream of the evaporator coil and calcu-
lates the error, e, which is the difference between the
measured and the desired values. This etror is used
in a typical PID function shown in Eq. 6 to calculate
the set point S, where S denotes the controlled pa-
rameter, either temperature or RH.

Sad]-=S+fPID(e)=S+P.e+% e.dt+D% (6)
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Therefore, the value of the set point that the pro-
gram sends to the temperature or RH controller is not
exactly the desired value which is the output of the
cabin model, but an adjusted value based on the error.
The P, I, and D factors were empirically tuned to
yield the least error. When it is required to run a
time-sequence of compressor RPM and condenser fan
motor RPM that represents a drive cycle, or a time-
sequence of outdoor temperature and RH that repre-
sents changes in weather conditions, the full time-
sequence is known beforehand. The dynamic control
software reads such information from the user input
and executes the program. At each time step, the
software measures the value of the controlled parame-
ters and compares it with the desired values based on
the simulation. The difference between the two values
is the error, ¢, which the software uses to calculate the
adjusted set point that is sent to the corresponding
controller. In this case, the next set point is already
known in each time step, therefore the dynamic con-
trol software takes advantage of this feature while
sending the set points to the controllers by further
adjusting the set points according to Eq. 7.

Sadj =S+fPID{(1—a)e+aen} (7)
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3. The experimental test system and instru-
mentation

A typical R134a mobile air conditioning system
was constructed inside the chambers of the dynamic
simulator. Figure 4 shows details of the test system.
The system has a serpentine evaporator, a fin-and-
tube condenser, a fixed area orifice, a suction accu-
mulator, and an open-drive compressor. The open-
drive compressor was driven by means of a 7.5 kW
electric motor, which was operated by a variable fre-
quency inverter.

Several thermocouples and pressure transducers
were installed along the refrigerant circuit as indi-
cated by the “T” and “P” symbols in Figure 4. A
torque meter was mounted between the compressor
and the electric motor. Also the rotational speed of
the compressor was measured by means of an RPM
sensor. A Coriolis mass flow meter was placed in
the liquid line to measure the mass flow rate of refrig-
erant. All the thermocouples used were in-stream
thermocouples having exposed junctions and 1.6 mm
in diameter to minimize the response time. Grids of
nine equally spaced thermocouples were used to
measure the average air dry-bulb temperatures up-
stream and downstream of the coils. To calculate the
latent capacity of the system dew point sensors before
and after the evaporator were placed. It should be
noted that the dew point sensors have the slowest
time constant among instruments used although the
fastest feasible one commercially available was used.

The volume flow rates of evaporator and condenser
airs are measured by means of nozzles. All instru-
ments were calibrated and the saturation temperature
and pressure values were checked against each other
to check the accuracy of measurements. Moreover,
after each test, the capacities as calculated from the
air side and from the refrigerant side were checked
and the error was kept below 4%.

4. Verification of dynamic simulator

Two types of tests were conducted to verify the
interaction between the dynamic simulator and
the MAC being tested. In the first category, the

Table 2. NEDC test conditions.
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unloaded test, which means operating only AHUs of
the test facility but not the test system, parameters
such as temperature, RH, air flow rate, and compres-
sor RPM were controlled according to a pre-set pro-
file to check the accuracy of dynamic simulator con-
trol. Figure 5 shows an example of this category of
tests. It is clear that the error in controlling tempera-
ture was within + 0.5°C and the error in controlling
RH was within + 2%. In the second category, the
New European Drive Cycle (NEDC) [27] was im-
posed on the system according to the test conditions
shown in Table 2 and Figure 6. The MAC was started
in the beginning of the test. Figure 7 shows how air
conditioning system parameters and performance are
affected by the fluctuations of compressor speed
based on the NEDC drive cycle. Figure 7-(a) shows
the air temperature profiles inside the cabin, as calcu-
lated by the cabin model, and as measured inside the
indoor simulator loop. The difference between these
two values was less than 0.7°C, which shows how
accurately the dynamic simulator controlled the tem-
perature during the test. Figure 7-(b) shows the supply
air and cabin air RHs as well as air mass flow rate.
The difference between two RHs was less than 4%
RH. It is clear that the supply air RH fluctuates as a
result of the fluctuations in compressor RPM. The

- compressor rotational speed fluctuations affect the

evaporation temperature as shown in Figure 7-(c),
which in turn affects the latent capacity of the evapo-
rator and, therefore, the supply air RH fluctuates. It
can be also seen in Figure 7-(c) that the air mass flow
rate increases from 176 g/s to 185 g/s due to the in-
crease of the air density, which is caused by the drop
in temperature. Figure 7-(d) shows the inlet and
outlet pressures of both the evaporator and condenser.
Whenever the compressor RPM decreases, and there-
fore refrigerant flow rate, the pressure drops of both
heat exchangers and the pressure ratio decrease. The
decrease in pressure ratio and refrigerant mass flow
rate causes a decrease of compressor power as shown
in Figure 7-(e). During the test, the compressor power
fluctuated between 0.5 kW and 2.0 kW. The refrig-
erant-side capacity and the air-side sensible, latent
and total cooling capacities are shown in Figure 7-(f).
It can be seen that whenever the RPM increases, the

Ambient Temperature | Ambient RH Degree of Soaked Evaporator Air Condenser Air i
CC) ) Temperature (K) Velocity (mfs) | Velocity (ms) | ¥ crutation Mode
30 50 56 23 25 Recirculated air
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capacities increase. The locations where the refriger-
ant-side capacity curve is discontinuous are when the
superheat at evaporator outlet was lost and therefore
the capacity could not be calculated. The refrigerant-
side capacity is obviously more than the air-side ca-
pacity since the refrigerant-side capacity is used not
only for the air cooling but also for the refrigerant
redistribution and heat capacities of the evaporator

material and cabin mass.
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5. Conclusions

In this study, a novel dynamic test facility for
MAC:s is proposed and its performance potential is
demonstrated. It is a cost-effective way to run tran-
sient tests in a laboratory while eliminating the need
for testing with a full-scale car in a wind tunnel. It
employs a numerical cabin model whose outputs are
used by the control software to dynamically adjust the

air conditions inside two environmental test chambers.

The cabin model takes into consideration storage and
latent load terms and passengers’ control settings. In
this way, the AHU of the environmental chamber
would have replaced the cabin loads and the condi-
tions of the return air to the evaporator coil would
have been adjusted to the return air conditions from a
real car cabin. Therefore, the proposed test facility
provides dynamic boundary conditions to the MAC
just like the real vehicle so that the MAC behaves as
if it is placed in a real vehicle. The dynamic simula-
tor is able to impose climatic profiles such as a varia-
tion of temperature and relative humidity with respect

to time and standardized drive cycles on the MAC
under test. The verification tests showed that the facil-
ity was successful in controlling the temperature
within a range of + 0.7°C of the required temperature
and the relative humidity within 4% of the required
relative humidity. The NEDC verification test results
demonstrated that detailed transient behavior of the
MAC could be measured by using the dynamic simu-
lator, which is capable of simulating real vehicle con-
ditions. It is expected that this approach will reduce
the development cost and time for evaluating the dy-
namic performance of the MAC. Tt has the potential
of reproducing more realistic results than pure nu-
merical simulations.
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