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Abstract

Finding optimum layout of the condenser and other air conditioning system components in a
vehicle is as essential as optimizing specifications of each system component to ensure adequate
cooling performance of the system under a variety of conditions. This paper concerns a mathemat-
ical scheme that was developed for the use in finding an optimum layout of air conditioning sys-
tem components. The scheme consists of an analysis model for engine compartment thermal flow
that utilizes computational fluid dynamics (CFD) code and a refrigeration cycle simulator that is
based on the thermal dynamic heat balance of air conditioner refrigerant. Described here are the
concept of the scheme and examples of its application to development of vehicles.
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1. Introduction

The recent widespread use of three-dimensional
computer-aided design (CAD) applications has enabled
automotive engineers to use computer-aided engineer-
ing (CAE) tools for predicting the performance of a vehi-
cle from various aspects in the early stages of its devel-
opment. One of the main reasons for this is that CAE,
which used to be merely a qualitative prediction means,
now allows even quantitative evaluations to be per-
formed.

A vehicle’s air conditioning system is one item that
automotive manufactures must develop in close liaison
with component makers. The design of the cooling unit
and ducts, for example, is inseparably linked with the
cabin equipment design and layout; the compressor
and condenser greatly influence the design of the com-
ponent layout in the engine compartment. The devel-
opment of air conditioning system components them-
selves and the design of their layout in the vehicle and
basic vehicle structure, therefore, would be most effi-
cient if all of them could be carried out concurrently.
Computer fluid dynamics (CFD) analysis is a recent
achievement of CAE technology that is finding growing
application in the air conditioning field to enable such
concurrent development to be performed through sim-
ulation. To date, CFD has mainly been used by air con-
ditioner manufactures to analyze the airflow of air con-
ditioners in isolation, or by automotive manufactures to
analyze defroster performance and interior airflows; in
other words, it has been applied most frequently to in-
cabin component layout and event analyses® ~©) put
has rarely been used to analyze component layout in
the engine compartment.

One of the challenges in the development of trucks
and buses is the more stringent requirements on con-
trolling the engine compartment thermal environment

so that the products will comply with future tougher
emission and noise standards. These requirements
must be met by, for example, optimizing the specifica-
tions and location of the condenser. The aerodynamics
and thermodynamics research team at MMC has there-
fore recently developed a cooling performance predic-
tion scheme consisting of a refrigeration cycle simula-
tor that calculates the thermal dynamic heat balance of
the refrigerant in an air conditioner and a CFD-based
code that simulates thermal flow in the engine compart-
ment®. This paper will first discuss the method of cal-
culating the dynamic characteristics of the refrigeration
cycle under the system’s daily operating conditions,
and will then outline the analysis of engine compart-
ment thermal flows®®) to predict the temperatures of
the cooling air flow through the condenser. Finally, a
case of applying this scheme in the actual development
of a vehicle, in which the scheme was shown to be valid
and useful for qualitative predictions, will be described.

2. Refrigeration cycle simulator

The heat balance of refrigerant (refrigeration cycle)
must be calculated from the operational characteristics
of the compressor, evaporator and condenser before
the air conditioning system’s performance can be cal-
culated. As the air conditioner on a vehicle is used
under a variety of conditions, prediction calculations
using only bench-test-based basic performance data
provided by the air conditioner manufacture are inaccu-
rate for some conditions.

To be able to predict air conditioning performance
under different vehicle operating conditions, the
research team has constructed a refrigeration cycle sim-
ulator that uses systematically collected and simplified
bench-test data for calculation"). This section describes
the method used for formulating an algebraic model
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Fig. 2 Adiabatic effectiveness

that expresses air conditioning characteristics using a
minimum number of parameters. The method is based
on the previously established theory for calculating the
thermal equilibrium point in a refrigeration cycle®.

2.1 Formulation of compressor characteristics model

The characteristics of a compressor are represented
by compression work (power) W and cooling capacity
R. During compressor operation, a cycle consisting of
adiabatic compression, discharge, adiabatic expansion,
and suction is repeated. Each cycle involves pressure
losses during the suction and discharge events and
refrigerant losses due to internal leakage® (Fig. 1).
These losses are represented by adiabatic compression
effectiveness nap and volumetric effectiveness ny,, and
are quantities specific to each compressor (Figs. 2 and
3). The W and R characteristics are expressed using nap
and ny, as functions of the following four parameters:
compressor inlet refrigerant temperature Tg, discharge
and suction pressures P4 and Pg, and speed Nc of the
compressor®.

The W and R to be evaluated here are those of the
compressor mounted on a vehicle, so to obtain W and
R under actual operating environments, it was decided
to use the results of studies on the theoretical relation-
ship between the effectiveness n,p and ny. and the
amounts W and R as a basis (as proposed previously by
the authors, reference(7)) and to use the characteristics
W, and Ry measured under a reference condition rather
than using nsp and ny. as explicit functions.
Specifically, W and R are expressed using the equations
below, taking into consideration the fact that the char-
acteristics of W and R are subject to change, under the
influence of superheated temperature ATgy and sub-
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Fig. 4 Standard bench test data (cooling capacity)

cooled temperature ATgc, from the reference condition
(represented by W, and R in the equations) where the
density of the refrigerant is free from superheated tem-
perature ATgy and subcooled temperature ATgc:

W = fyy (ET, ATsy) - W, (ET, CT, Nc) (1)
R =g (ET, CT, ATsy, ATsc) - Ro (ET, CT, Nc) )

Thus, W and R can be expressed without using nap
and ny,_ by using the following three parameters: evap-
orator temperature ET, condenser temperature CT and
compressor speed Nc. Wy and R, are separately deter-
mined as characteristics subordinate to the compressor
speed Nc from the data obtained through systematical-
ly conducted bench tests (Figs. 4 and 5), and, in envi-
ronments involving superheated and subcooled tem-
perature, they are determined through prediction using
equations (1) and (2) above.

2.2 Formulation of evaporator heat exchange perfor-
mance model

At the outlet of the evaporator, refrigerant must be
in a state of superheated vapor to prevent liquid refrig-
erant from entering the compressor. To ensure this, the
expansion valve detects the temperature at the outlet of
the evaporator and controls the flow rate of refrigerant
such that ATgy remains appropriate. As a result, the
refrigerant in the evaporator is maintained in a partly
two phase (gas-liquid) state and a partly single phase
(superheated vapor) state (Fig. 6). Assume here that the
whole evaporator volume is 1 and that the part occu-
pied by superheated vapor corresponds to a ratio of a,
then the value of a should change as ATg, changes due
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to variations in operating conditions. This necessitates
consideration of the heat exchange performance which
reflects changes in the value of a. In the methods of
obtaining the exchanged heat quantity that have been
reported by air conditioner manufactures, local heat val-
ues are calculated by applying calculations to different
parts constituting the flow path of refrigerant, which are
defined by detailed shapes such as fins and tubes9(,
On the other hand, automotive manufactures require
the exchanged heat values of an evaporator on a vehi-
cle, as in the case of a compressor. To meet this need,
a simplified heat exchange performance model is for-
mulated.

In an open circuit system, the evaporator’s heat
exchange performance depends on the mass flow rates
Mg, and mg of air and refrigerant, the temperatures
of air and refrigerant (evaporation temperature) T, and
ET, and the two phase region ratio a. Knowing that the
expansion valve controls ATgy to maintain it nearly con-
stant and that the refrigeration cycle depends on the
components of the air conditioning system which forms
a closed circuit, a can be defined by parameters Mg
and mg provided the compressor and condenser form
components of a closed-circuit system like that in a
vehicle. This is because the expansion valve controls
Mg depending on Mg, in order to maintain ATgy con-
stant. This is expressed by the equation given below,
in which the change in the two phase region ratio is rep-
resented by the heat exchange characteristic foe which
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Fig. 8 Heat exchange characteristics (evaporator)

corresponds to the difference in enthalpy between air
and the fin 4hg, , and is considered as a function of the
mass flow rates mg, and mg of the air and refrigerant,
respectively.

Qe UMga - foe (Mga . Mg ) - Ahga 3

The heat exchange characteristic foe is calculated by
obtaining the evaporator’s heat exchange performance
Qe from ET and CT obtained through a systematically
conducted bench test (Fig. 7) and solving equation (3)
for mg, and r‘hR (see Fig. 8).

2.3 Formulation of condenser heat exchange perfor-
mance model

Superheated vapor refrigerant discharged from the
compressor quickly condenses at the inlet of the con-
denser, but the degree of sub cooled AT at the outlet
is not so large; this suggests that CT is constant inside
the condenser and so it is appropriate to express the
condenser’s heat exchange performance Q¢ by the heat
exchange characteristic foc with regard to the tempera-
ture difference between refrigerant and air ATca.
Provided CT is constant, the heat exchange perfor-
mance is considered to be independent of the refriger-
ant flow rate mg, ; consequently, foc can be expressed
as a function of the mass flow rate mca. If the heat
capacity flow rate of air is represented by Cc,, then

Qca = Cea -« foc (McA ) - ATca 4)

The heat exchange characteristic foc can be derived
by obtaining the heat exchange performance of the con-
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Fig. 10 Heat exchange characteristics (condenser)

denser (Fig. 9) from bench test data and then solving
equation (4) for the flow rate (Fig. 10).

2.4 Calculation process of refrigeration cycle
The thermal equilibrium point during operation of

the air conditioning system is calculated by repeating

the calculations of steps @ to @ below using as para-
meters the abovementioned bench-test-based perfor-
mance data and also the vapor and condensation tem-

peratures (Fig. 11).

@ Certain ET and CT temperatures are assumed for a
compressor speed of Nc which is to be studied, cor-
rections corresponding to superheated temperature
ATgy and sub cooled ATg¢ are made to W and Ry,
then the compression work (power) W and cooling
capacity R of the compressor in operation are
derived (equations (1) and (2); part (A) of Fig. 11).

@ With the evaporator, the evaporation temperature
ET’ at which Qg balances with R is derived through
inverse operation from the thermal properties of the
cooling air flow and refrigerant and the heat
exchange characteristics of evaporator foe (equation
(3)). If the obtained ET’ is different from the initially
assumed ET, then ET is corrected and then the
process returns to step @ (parts (A) and (B) of Fig.
11).

@ With the condenser, the condensation temperature
CT’ at which the condensation capacity Q reaches
equilibrium (Q = R + W ) is calculated through
inverse operation from the thermal properties of the
cooling air flow and refrigerant and the heat
exchange characteristics of condenser foc (equation
(4)). Like the calculation with the evaporator, if CT’
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Fig. 11 Refrigeration cycle simulator

is different from CT, the CT is corrected and calcula-
tion is performed again starting with step @ (parts
(A) and (C) of Fig. 11).

2.5 Verification of refrigeration cycle simulator

Fig. 12 compares the calculated cooling capacity R,
compressor work (power) W, and low and high refriger-
ant pressures Py and P_ with the experimentally
obtained ones for an air conditioning system on a light-
duty truck running at a speed of Vh (compressor speed
of Nc). In the calculation carried out for this compari-
son, the inputs of air-related conditions — the conditions
not related to the heat exchanger (i.e., air flow rate, air
temperature and humidity) - are those obtained
through experiments in order to evaluate the accuracy
of outputs of the refrigeration cycle simulator itself. The
calculated results show a slight increase in the differ-
ence from the experimentally obtained results in higher
Vh ranges, but the accuracy of all the calculation results
is acceptable for practical purposes, proving that the
refrigeration cycle simulator can adequately predict the
performance of an air conditioning system, provided
air-related conditions are given. The cause of the
increase in error in higher Vh ranges may be attribut-
able to pressure losses that may have occurred due to
lubricants in the refrigerant tube and compressor.

3. CFD analysis of airflow and thermal fields
around condenser

This section discusses the computational tool devel-
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Fig. 12 Comparison between Simulator and Experiment

oped for simulating the airflow and thermal
fields around the condenser for use in studies

Vehicle Speed/Engine Speed
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ment. The heat exchange performance of the ¢ o
condenser is significantly affected by the tur-
bulence involved in the air flow through and
i i Engine Output Cooling Air Flow
over components arranged in complicated R ershes Gl s

configurations, as well as the heat released

A 8

from engine cooling system components in the
engine compartment. Therefore, the simula-
tion of the condition of air around the con-
denser must consider the layout of compo-
nents and the heat balance with regard to the
engine cooling system. In developing the com-
putational tool, the engine cooling perfor-
mance prediction scheme that was previously
reported by the authors®® js used for calcu-
lating the heat balance in the engine cooling
system.

3.1 Heat balance in engine cooling system

The concept of the scheme used for calculating the
heat balance in the engine cooling system will be
described below, referring to Fig. 13. First, the engine
output is obtained by giving necessary driving condi-
tions (second quadrant). The curve in the third quad-
rant shows the characteristic of the engine power loss
resulting from cooling which is necessary for the engine
to operate normally and is represented by the heat
quantity corresponding to each engine output.
Reference values for the engine power loss characteris-
tic are separately obtained from bench test measure-
ments. Once the reference characteristic values have
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Fig. 13 Heat balance in engine cooling system

been established, the necessary heat quantity to be
exchanged by the radiator can be determined by giving
an engine output. Meanwhile, the performance of the
cooling fan of a truck’s engine depends on the engine
speed as the fan is directly driven by the engine. If, in
addition to the fan performance, the pressure loss char-
acteristic of the engine compartment ventilation system
and the temperature rise characteristic of the incoming
air are given, the cooling air flow rate and air tempera-
ture can be determined (first quadrant). The exchanged
heat quantity Qrap can then be expressed as a function
of coolant temperature Ty, coolant quantity My , cool-
ing air flow rate rhA , and air temperature T, as follows:
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Fig. 14 Airflow and thermal fields around condenser

first quadrant) as it significantly affects the
cooling performance of the radiator and con-
denser and involves predicting the flow and
thermal fields, which requires highly accurate
calculations. The one-dimensional code for
the calculation of the coolant system and the
CFD analysis code for the calculation of the
cooling air system are thus combined and used
for predicting the coolant temperature through
repeated calculation.

- —
e [Faaling: Al i Beeing 14 3.2 CFD analysis of airflow and thermal fields
Tempersture:CT | = Mass Flow Rate *Temperatam Ty | =Velogity =0, around condenser
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Fig. 15 General flow of cooling performance calculation

Qrap = frap (Ma, My, Ta, Tw) (5)

Among the abovementioned parameters, T, and
m, can be obtained using the first quadrant. The myy
parameter can be obtained based on the water pump
characteristic from the engine speed. The radiator
exchanged heat quantity Qgap has already been
obtained using the third quadrant. This means that Ty
in a state of thermal equilibrium can be calculated
through an inverse operation, provided the heat
exchange performance of radiator fgp is given (fourth
quadrant). The temperature thus obtained represents
the thermal equilibrium point of the engine cooling sys-
tem.

The heat balance calculation of the engine cooling
system involves calculating the result of interaction
between the abovementioned element factors using a
one-dimensional model. However, a CFD analysis is
used for calculating the heat transport of the cooling air
flow through the engine compartment (handled in the

P
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exchangers such as the condenser and radia-
tor often swirls back to the front surface of the
heat exchangers; for this reason, the air tem-
perature distribution at the inlet of each heat
exchanger must be precisely predicted. The
CFD analysis code, therefore, is designed to
use as inputs the refrigerant temperature (con-
densation temperature) or coolant temperature inside
the heat exchangers so that the temperatures of the air
at the front of each heat exchanger, including that of
swirling-back air, can be obtained. Fig. 14 is an exam-
ple of the calculated effects of the air swirling back to
the front of the condenser. This example shows that the
temperature at the front of the condenser of an air con-
ditioning system varies with the vehicle speed due to a
change in the swirling back air even if the specifications
of the system are the same.

4. Cooling performance prediction scheme

Fig. 15 shows an outline of the air conditioning per-
formance prediction scheme formed by combining the
refrigeration cycle simulator and the code for calculat-
ing the engine cooling system heat balance. With this
scheme, the air temperatures in front of the condenser
and radiator are first calculated for each temperature of
the refrigerant and coolant in these heat exchangers.
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Fig. 16 Cooling capacity and refrigerant pressures

Next, the temperatures of the refrigerant and coolant
are calculated back using the air temperatures in front
of the condenser and radiator thus obtained and also
the outcomes of the refrigeration cycle simulator and
heat balance calculation of the engine cooling system.
This process is carried out repeatedly until the solution
of the coolant temperature converges and the air condi-
tioning performance is finally predicted.

5. Application of cooling performance pre-
diction scheme

This section describes, in comparison with the
experimental measurements, the results of the cooling
performance prediction obtained by applying the
abovementioned scheme to the analysis model of a
vehicle under development.

5.1 Cooling capacity R and refrigerant pressure Py

In general, the higher the compressor speed Nc and
condenser cooling air velocity Uc,, the higher the cool-
ing capacity of the air conditioning system. On the oth-
er hand, the pressure of the high-pressure refrigerant
Py decreases when Uc, increases although it increases
as Nc becomes higher. In the graph of Fig. 16, the ratio
between R and Py (represented by R* and Py*, respec-
tively) when the criterion is assumed to be 1.0 is plotted
on the vertical axis. It is desirable that R should account
for a larger part (or P for a smaller part) of the target
cooling capacity, so R* = 1.0 and Py* = 1.0 hold true.
The graph shows that the allowable compressor speeds
that satisfy this condition largely depend on U¢, values
obtained through CFD analysis in order to satisfy all the
relevant conditions.

5.2 Specifications of study subject

Fig. 17 shows the analysis model of a front under
mounted condenser on a light-duty truck used for the
study. With a front under mounted condenser, Uc, is
generally insufficient. As a measure to increase the Uca
level, the addition of wind deflectors A and B are con-
sidered since relocating the condenser is not feasible
due to truck restrictions such as minimum ground clear-
ance and approach angle.
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5.3 Calculation results and their evaluation

A comparison of path lines of airflow corresponding
to trucks with and without the wind deflectors in Fig. 18
shows that the deflector A guides air appropriately to
increase airflow passing under the bumper (part @) and
the deflector B successfully controls the swirling back
of the air which has passed the condenser (part @). The
distribution of cooling air velocity Uc, at the front of the
condenser and that of temperature Tc5 both reflect the
airflow representation by path lines (parts @ and @),
showing an approximately 25 % improvement in the
average cooling air velocity and an approximately 4 %
improvement in the air temperature in front of the con-
denser. Fig. 19 shows improvements achieved in the
airflow and thermal fields in terms of R and Py. The
errors in the calculated results from the experimental
results are approximately 5 % for R and approximately
3 % for Py, both of which are acceptable practical levels
for the accuracy expected in a predictive calculation.

6. Summary

(1) In order to make it possible to concurrently study the
performance of an air conditioning system and
appropriateness of the arrangement of its compo-
nents during the development of a vehicle’s air con-
ditioning system, a mathematical scheme has been
constructed by combining the refrigeration cycle
simulator and the engine compartment thermal flow
analysis code (CFD analysis code).

(2) The refrigeration cycle simulator formulates simpli-
fied models of air conditioning system characteris-
tics and carries out calculations through rearrange-
ment using systematically obtained bench-test per-
formance data.

(3) With the CFD analysis, a computational code is con-
structed which allows complicated airflow and ther-
mal fields around the condenser to be calculated
considering the heat balance in the engine cooling
system.

(4) As a result of applying the mathematical scheme to
performance prediction in the actual development
of a vehicle, it has been confirmed that the scheme
can predict the cooling performance of an air condi-
tioning system with acceptable accuracy for practi-
cal purposes.
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