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ABSTRACT

Automotive air conditioning systems are subject to constantly
changing operation conditions and steady state simulations
are not sufficient to describe the actual performance. The
refrigerant mass migration during transient events such as
clutch-cycling or start-up has a direct impact on the transient
performance. It is therefore necessary to develop simulation
tools which can accurately predict the migration of the
refrigerant mass. To this end a dynamic model of an
automotive air conditioning system is presented in this paper
using a switched modeling framework. Model validation
against experimental results demonstrates that the developed
modeling approach is able to describe the transient behaviors
of the system, and also predict the refrigerant mass migration
among system components during compressor shut-down and
start-up (stop-start) cycling operations. To further investigate
the potential of the dynamic modeling tools, two simulation
examples of evaluating the system performance are given in
the paper: (i) impact of system component variations on the
refrigerant mass migration; and (ii) control implementation
for the system start-up performance improvement.

INTRODUCTION

Automotive air conditioning systems in actual vehicles are
subject to constantly changing operation conditions, many
start-ups over their lifetime and, for clutch cycling systems,
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repetitive stop-start operations of the compressor. To evaluate
the performance of air conditioning systems under these
transient conditions requires expensive experimental
measurements. Computer simulations can reduce the time and
expenses required for experimentation but need to represent
the dynamics of the real system.

The correct prediction of the refrigerant mass migration
during the dynamic operations is paramount, since refrigerant
mass migration affects the transient performance of air
conditioning systems [1]. The redistribution of refrigerant
mass either at start-up or during clutch cycling results in
energy losses. Both, Wand and Wu [2] and Peuker and
Hrnjak [3], provide experimental data demonstrating that
compressor energy, and hence energy losses, can be reduced
by preventing refrigerant mass migration during the
compressor shut-down period. Both investigations show the
importance of predicting the movement of refrigerant mass
accurately. Therefore, dynamic simulations matching only
pressure and temperature developments are not sufficient to
faithfully represent real systems.

Peuker and Hrnjak [4] present experimentally measured data
of pressure, temperature and the migration of refrigerant mass
for an automotive fixed orifice tube system during the
compressor stop-start operation. Their data provides 2
baseline to validate the capability of dynamic simulations to
predict the refrigerant mass migration. A dynamic model of
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the automotive air conditioning system used by Peuker and
Hmjak [4] has been developed using the modeling framework
of Li and Alleyne [5].

In this paper, the dynamic model of the automotive air
conditioning system is described and model validation
against experimental data from [4] demonstrates the validity
of the developed model in capturing the refrigerant mass
migration during the stop-start operation. Simulation
examples are presented to show the potential benefits of the
dynamic modeling tools in representing the real vehicle
system dynamics. Finally, a conclusion section summarizes
the main points of the paper.

EXPERIMENTAL SYSTEM

The experimental system used for transient modeling and
validation is an R134a automotive air conditioning system
consisting of the following components: compressor,
condenser, fixed orifice tube, evaporator, and accumulator.
The components are installed into the experimental facility
[4] with the same difference in vertical height as in the
vehicle. The schematic of the experimental system is shown
in Figure 1. As seen in Figure 1 ball valves are installed on
cither side of each component and, by closing these ball
valves simultaneously, the refrigerant mass can be trapped in
each section. The published experimental data in [4] are used
for the validation of the dynamic model presented in this
paper. The reader is referred to Appendix for brief
descriptions of the experimental system components, and
detailed specifications are provided in [6]. The accuracy and
repeatability of the refrigerant mass measurement are verified
by Peuker [6], and more information about the experimental
system set-up, the refrigerant mass measurement method,
experimental results and analysis can be found in [4][6].

Figure 1. Schematic of the experimental system.
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SYSTEM MODELING

This chtion is divided into three parts. Using the switched
!nodelmg framework from [5], the component models are
introduced first for simulating the stop-start transients of the
automotive air conditioning system. Second, methods to
calculate the refrigerant mass in each component are

pres.ented, and the third part illustrates the simulation
environment.

COMPONENT MODELING

The automotive air conditioning system as shown in Figure 1
is subdivided into four components, each of which is
discussed below.

Heat exchangers

Most of the attention in the system modeling is paid to the
heat exchangers, both condenser and evaporator. Since the
compressor stop-start operations produce very large
transients, a switched moving-boundary modeling framework
is developed and presented in [3] to describe the refrigerant
transient responses. In particular, the heat exchangers are
developed to accommodate different model representations.
The dynamic state vectors in Equations (1) and (2) represent
the condenser and evaporator conditions at each instant in
time. The pseudo-state technique [7] is applied to maintain
the uniform state vector, independent of model
representations. The state derivative equation is formulated in
a nonlinear descriptor form given in Equation (3), and each
model representation has its own coefficient matrix Z(x,u)

and forcing function J(%,8) for storing thermodynamic
variables, and mass and energy balance terms. An advantage
of this approach is the tracking of the vapor and liquid
refrigerant dynamic states in numerical simulatiops whi!c
ensuring refrigerant mass conservation during switches in
system model representations.

-
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d modeling method and experimental
ser is developed to consist of four
Figure 2, and two different

Based on the switche
study [4], the conden

different model representations in' !
model representations, as shown in _Emy_m_l are used for the

evaporator. The dynamic states in Mg_gaﬂ) andheQ,_) ;:
applied to describe the heat exchanger transients, where

mean void fraction 7 and 7. are used for switching purposes
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[Z). The reader is referred to [5][7] for detailed descriptions
about the derivations of air-side and refrigerant-side
governing equations in the different model representations for
the heat exchangers, as well as switching schemes to simulate
the stop-start dynamics.

Switched moving-boundary
condenser model

Superheated Two-phase  Sub-cooled

Two-phase

Superheated

Two-phase

Superheated

Figure 2. Condenser model structure.

Switched moving-boundary
evaporator model

Two-phase

Two-phase

Superheated

Figure 3. Evaporator model structure.

Accumulator

The accumulator is a key component in the automotive air
conditioning system. Its primary function is to store excess
refrigerant mass to ensure system capacity over a large range
of operating conditions. Meanwhile, it captures two-phase
refrigerant thus preventing damage to the compressor. Two
dynamic states, refrigerant pressure P,. and refrigerant
enthalpy A, are defined to describe the refrigerant dynamics
inside the accumulator. By applying mass and energy
ﬁzrservation principles, the governing equations are given
ow.
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where the term (UA)ue (Tamp — Tac) represents the hea
transfer rate from the ambient air to the refrigerant inside the
accumulator. The heat transfer is considered since it
influences the refrigerant mass migration of the accumulator.

Fixed orifice tube and compressor

Since the dynamics of the mass flow devices (fixed orifice
tube and compressor) are generally an order of magnitude
faster than those of the heat exchangers [8], these two
components are considered to be static models. The mass
flow rate across the fixed orifice tube influences the
refrigerant pressure in both heat exchangers as well as the
refrigerant mass distribution during the stop-start transients.
Therefore, an accurate valve model is necessary. Equation (6
is used to calculate the orifice mass flow rate, where the flow
coefficient Cy is determined via a semi-empirical mapping
approach [8], and the refrigerant density p, is assumed to be a
function of the refrigerant inlet conditions (i.e., liquid-vapor
mixture, or vapor) to the orifice tube, as given in (7).

'hv =C/va(1)h _f:)

(6)

pr £ p(l)ll’hl.v)
(7)
The compressor model illustrated in [5] has been
demonstrated to predict the refrigerant mass flow after system

start-up with sufficient accuracy to be useful for simulation
purposes. The compressor mass flow rate is computed by:

m, = Vi@, P,
8)

where V} is the cylinder volume, @y is the compressor speed.
and p; is the refrigerant inlet density. The volumetric
efficiency #,, is found using a performance mapping
approach similar to the one given in [8].

REFRIGERANT MASS CALCULATION

Approaches are explored here to evaluate the refrigerant mass
distribution behaviors in the stop-start operation. Poggi ¢t al
[9] presents a summary of available refrigerant mass
calculation methods in the literature. The authors in [9] als0



point out that the major challenge is the mass evaluation in
two-phase components, such as heat exchangers. For general
numerical simulations, the refrigerant mass migration in each
system component can be obtained by Equation (9) with
known refrigerant inlet and outlet mass flow rate conditions.
An alternative way to evaluate the refrigerant mass
distribution in heat exchangers during transients is using the
mean void fraction 7 and 7, which is an integral form of a
local void fraction. The Zivi local void fraction correlation
[10] is applied in this study. The two-phase and single-phase
(vapor or liquid) refrigerant mass calculations in the heat
exchangers are given in Equations (10) and (11).

Ma-wnv = Mnmbum 4 _“(ml —'ho)dr

©)
M- s sitrgrs = (7_7’3 +(1-7)p, )gm'—ﬂmVarhmm
(10)
M

single— phase exchangers = p single - phase 4.! ingle— phase Vachangtn
(11)

The total refrigerant mass in the automotive air conditioning
system (see Figure 1) is described below.

M =M
tolal exchangers + Muu:umnlalor + Mlhpld _tube +M compressor +M pipes

(12)

where the calculation of the single-phase refrigerant mass in
ﬁmpoqents, such as superheated vapor in pipes, is based on
¢ refrigerant density and component volume information.

SIMULATION ENVIRONMENT

To validate the refrigerant mass migration during the
zlsncfiressor stop-start operations, the component models
compob:éinabove,' along with Pipe models connecting each
Simi t, are |mplerf1ented. in Thermosys [8], a Matlab/
mulink toolbox for simulation. The pipe models calculate
2:;5": O:jir;)ps between any two components. The inputs to
o Fe are generally thc'outputs_ of other component
S r.at or instance, the refrigerant mlct' and outlet mass
lhemselves are the evaporator model inputs, yet they
cmnpmses are the outputs of the fixed orifice tube and
sor model, respectively. Numerical solution
;m[czidl;;;(;n the swith)ed heat excha{\ger models ar.e given
s h ed mformatlor} about the air-side and refrigerant-
eat transfer calculations in transients can be found in

MODEL VALIDATION

As : : . S
exper'?emloned earlier, the refrigerant mass migration
i da:f““‘fl' data presented in [4] are used for transient

ion in the paper. The model validation study, consists
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of three stop-start step changes in compressor speed (see
Figure 4) while maintaining the air flow rates across the heat
exchangers. The steps in the system inputs for the validation
are summarized in Table 1 along with the condenser and
evaporator air inlet temperature conditions. The first
compressor stop-start operations are identical to the
experimental scenario studied in [4]. The three compressor
sh_ut-down time periods are 3 minutes, 2 minutes and 1
minute respectively.

L /e, -
0 3 6 9 12 15 18
Time (min)

Figure 4. Compressor speed input for validation.

Table 1. System operating conditions for validation.

Input Step time for Before Step time
shut-down | shut-down | for start-up
Compressor | 130s/670s | 900rpm [ 310s/790s
speed /970s /1030 s
Cond. air 0.525 kg/s
mass flow rate
Evap. air mass 0.156 kg/s
flow rate
Cond. air inlet 35°C
temperature
Evap. air inlet 35°C
temperature

The plots in Figures 5, 6, 7, 8, 9 compare the experimental
results with the system model outputs and demonstrate good
agreement. During the compressor shut-down period, the
refrigerant migrates from the high-pressure to the low-
pressure components through the fixed orifice tube, which
results in the heat exchanger pressure changes as seen in
Figures 5 and 6. The evaporator air outlet temperature, as
shown in Figure 7, increases towards the ambient temperature
(35°C) as the thermal mass of the heat exchanger and
refrigerant mass inside approach an equilibrium condition. In
addition, the system model predicts the transients of the
refrigerant mass flow rate across the compressor at start-up

shown in Figure 9.
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Figure 9. Refrigerant mass flow rate across the
compressor.

The comparison of the total refrigerant mass in the
experimental system and the system model is given in Figure
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10. The total refrigerant mass in the experimental system
differs up to 2.7% from the target refrigerant mass of 1000g
as a result of the measurement technique used. The amount of
refrigerant mass is constant in the transient simulation, which
proves the validity of the switched modeling approach
discussed above. Compared to the total refrigerant mass in
the experimental study, the 10% deviation of the total
refrigerant mass in the system model prediction is a result of
the refrigerant mass in the compressor crankcase which the
current compressor model does not account for,

]

3 ¢ 9 12 s "
Time (min)

Figure 10. Total refrigerant mass in the system.

The refrigerant mass migration during the transient scenario
is shown in Figures 11 and ]2. The experimental results show
that before the system turns off, 58% of the total refrigerant
mass is located in the high-pressure components (condenser
and liquid tube). Three minutes after the compressor is
stopped, only 11% of the total refrigerant mass is found in
these components. The root mean square (RMS) value is used
to quantify the model mass prediction performance.
Approximately 8% error is found in predicting the refrigerant
mass migration in the high-pressure components, and the
prediction error is 4% for the migration in the low-pressure
components as shown in Figure 12.

% 3 S 2 5 »
Time (min)
Figure 11. Refrigerant mass migration in the high-
pressure components.
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Figure 12. Refrigerant mass migration in the low-
pressure components.

Figure 13 chcﬁbes the dynamic switching of different model
representations in the condenser model structure (see Figure
2) for this validation scenario, where relevant switching
criteria are discussed in [5]. The condenser model switches
from the initial three-zone (superheated, two-phase and sub-
cooled) model to the final one-zone (superheated) model
dyring the compressor shut-down period. The vapor and
liquid refrigerant transients are tracked through the model
switching techniques, which enables the calculation of
refrigerant mass variations using Equations (10) and (11).
T?we refrigerant mass migration in the condenser component is
given in Figure 14, while Figure 15 presents the refrigerant
migration inside the liquid tube component. However, it
should be noted here that the reversion of refrigerant flow
from the liquid tube to the condenser component during the
first 5 seconds of the shut-down period, which leads to a
temporary increase of the refrigerant mass inside the
co::clnser as reported in [4], is not captured by the system
model.

F_. s 1 /
Two-phase ‘ //
\ L
——————————
Superheated
End state after
shut-down

Figure 13. Switching schemes in the condenser.
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Figure 14. Refrigerant mass migration in the condenser.

Time (min)

Figure 15. Refrigerant mass migration in the liquid tube.

As shown in Figure 12, prior to system start-up, over 80% of
the total refrigerant mass is located in the low-pressure
components (evaporator and accumulator), 56% of the total
refrigerant mass is in the accumulator. Figure 16 presents the
refrigerant mass migration in the accumulator. During the
first 60 seconds of the compressor stop period, the pressure
gradient across the fixed orifice tube drives the refrigerant
mass into the evaporator and the accumulator. After 60
seconds, the refrigerant mass migration to the accumulator
continues as a result of the temperature gradient, and the
accumulator has the lowest temperature in the system during
this time frame. All the validation results demonstrate the
capability of the developed automotive system model in
predicting the refrigerant mass migration during repetitive
stop-start operations of the compressor.

Mass (g)

- £ 9 12 15
Time (min)

Figure 16. Refrigerant mass migration in the
accumulator.

SIMULATION EXAMPLES

the potential of the dynamic mf)deli:?g
o simulation examples are given in
performance within
| strategies.

To further investigate

oach presented, tW
:hplls” section to evaluate the system

different system configurations and contro



LIQUID TUBE LENGTH VARIATION

Asmpoﬂedhu].duemmemnmmtofﬂn
experimental system, the liquid tube for the experimental
MBJJﬁmalongetmand\eliquidtubcofﬂ:eml
Mm.mdynmkchuwwﬁsﬁaoftheml
system can be represented using the dynamic model
duaibodlbovewithlhelmgthofu\eliquidmbeninme
actual vehicle. The first compressor shut-down time period as
unhﬁm_ibmpliedhete.mmfﬁgemnmass
migration in the liquid tube in the experimental system is
compared to the system model prediction with the shorter
liquidm.ushowninﬁimn_u.ﬂm_l!premme
comparison of the refrigerant mass migration in the low-
pressure components during the compressor stop period. As
shows it takes two minutes after system shut-down

until the liquid tube in the experimental system is filled with
vapor only, while it takes 20 seconds with the

shorter liquid tube based on the system model prediction. As
a result the refrigeration mass migration towards the low-
mwummmmmm«mm

tube.
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Figure 17. Comparison of refrigerant mass migration in
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Figure 18. Comparison of refrigerant mass migration in
the low-pressure components during the stop period.

RAMPING COMPRESSOR SPEED AT
START-UP

The modeling and simulation tools presented enable the
implementation of control strategies to improve the
automotive system performance. In this simulation example,
the performance variations are investigated if the compressor
is speed is increased linearly during the start-up. The baseline
case has a step change of the compressor speed as shown in
Figure 4. Three other cases, ramping the compressor speed
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from 0 to 900 rpm in 10, 30 and 90 seconds, are presented for
comparisons. The start-up compressor speeds are shown in
Figure 19. The resulting refrigerant mass migration in the
condenser is presented in Figure 20. In the baseline case, the
initial high compressor mass flow rate (see Figure 9) and low
orifice tube mass flow rate explain the overshoot of the
refrigerant mass migration in the condenser in the first 20
seconds of the start-up. As can be seen in Figure 20, the
overshoot phenomenon becomes less obvious with an
increase in compressor speed ramping time.

cases.

— Baseine "

----- Ramp-108 |

RIS Ramp-308 I

| meerm Ramp-08 )
[ 7 8 ’

Time (min)
Figure 20. Refrigerant mass migration in the condenser
Jfor ramping up cases.

Figure 21 presents the non-dimensional air-side cooling
capacity (O / Oss) during the system start-up, where Qs 18
the air-side cooling capacity as a function of time and Uy
represents the air-side cooling capacity at stcafiy-slﬂ
operating condition. It can be seen that ramping the
compressor speed results in slower cool-down times. The bar
graph in Figure 22 describes the tradeoff between encri
consumption and energy efficiency for the different start-6P
cases. The compressor energy consumption and cooling
Wmc‘lculuedusingﬁmmll)anduﬂ.méﬂl
ratio Quir / Weompressor Tepresents the encrgy efficiency
during the system start-up, The integration time applicd he™®
is the first 100 seconds of the start-up. As shown in EISUIS
22, an increase in ramping time results in a more ctffa
efficient start-up performance (the ratio increases from 2.0
in the baseline case to 2.25 in the ramp-30s case and 2.78 in
the ramp-90s case), at the expense of the cooling enersy
reduction PVOViM to the passenger companmcﬂl (the
cooling energy drops from 285.47 kJ in the baseline c35¢ *
246 kJ in the ramp-30s case and 177.65 kJ in the ramp”
case). The model prediction results here are in .
agreement with the experimental ramping study presented



[6] which determines a ratio of 2.04 for the baseline case and
2.33 for the 30 second compressor speed ramping case.

Figure 21. Air-side cooling capacity during start-up for
ramping up cases.

100
I my (h,, —h,,)dt
-0

W
(13)
100 X 100
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Figure 22. Tradeoff between energy consumption and
efficiency during start-up for ramping up cases.

CONCLUSIONS

.n"S. paper presents a dynamic R134a automotive air
conditioning system model to capture the refrigerant mass
migration during the compressor stop-start operations. Using
the switched moving-boundary modeling framework
presented in [3], the heat exchangers are developed with
sw".ched model representations to accommodate  the
refrigerant phase changes in transients. The validation against
eXperimental data from [4] shows that the system model is
able to well predict the refrigerant mass migration among the
System components during the shut-down period and the
refn.gCr.am redistribution after system start-up, with the mass
prediction error between 4% and 8%. The results also
demonstrate the capability of the developed automotive
;ystem model in predicting the refrigerant mass migration
uring repetitive stop-start operations of the compressor. The
Presented simulation example with the variations of the liquid
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tube length shows the potential of the system model to
eva.luate the transient performance for different component
designs. Moreover, it is demonstrated in the ramping
compressor speed scenario that the modeling and simulation
tools presented here enable the implementation of various
control strategies for system performance improvement.

Future work will involve investigations for varying
temperature conditions and the effect on system start-up
performance, such as refrigerant mass migration among
system components during long system stop periods to
represent a vehicle parked overnight. Advanced control
strategies to improve the automotive air conditioning system
performance upon varying operation conditions will be
another focus of future work.
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