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EXECUTIVE SUMMARY

The National Renewable Energy Laboratory (NREL) has developed a fully transient, one-
dimensional, thermal/hydraulic model of vehicle air conditioning systems, demonstrated that model to
identify system-level design interdependencies among components, and performed multi-parameter,
system-level optimization of vehicle air conditioning systems to improve vehicle fuel economy and
reduce emissions. The model was developed within SINDA/FLUINT analysis software and has been
integrated with NREL’'s ADVISOR vehicle simulation code and NREL’s vehicle solar thermal load
estimator code to perform co-simulations of vehicle systems, air-conditioning (A/C) systems, and cabin
thermal/fluid performance for user-specified environmental and vehicle driving conditions. The
transient thermal/hydraulic model takes a fundamental-principle approach to capture all the relevant
physics of transient A/C system performance, including two-phase flow effects in the evaporator and
condenser, refrigerant and component inertia effects, compressor speed effects, air side heat transfer
on the condenser/evaporator, vehicle speed effects, time- and position-varying heat transfer
conditions, vehicle speed effects, temperature-dependent properties, environmental loading and
ambient temperature conditions on the vehicle, and integration with a simplified cabin thermal model.
The fundamental-principles approach of the integrated system is the only way to truly optimize the A/C
system to maximize performance (i.e., minimize power consumption). This work focuses on R-134a
A/C systems, but future efforts could modify the model to investigate the transient performance of
alternative refrigerant systems such as carbon dioxide systems.

The model predicts transient flow conditions, pressure and temperatures throughout the A/C system
flow loop, compressor power, evaporator and condenser two-phase flow quality and heat transfer
conditions, and cabin temperatures during various vehicle drive cycles and conditions. Temperatures,
pressures, flow qualities, and heat transfer coefficients can be investigated as functions of time and
position in the A/C system flow loop.

Various robust and powerful A/C system optimization capabilities and studies are demonstrated and
reported.  System optimization studies have shown significant improvement in A/C system
performance is possible through integrated system design and optimization. Recent system analyses
indicate 1.8-3.5 mpg improvement is possible through integrated A/C system optimization of
interrelated component effects. Optimum, drive-cycle-dependent pressure profiles, flow quality
profiles, and heat transfer conditions do exist that maximize A/C system performance. This analysis
tool is able to identify and quantify such optimum conditions. This has shown that dynamic intelligently
controlled A/C systems, based on continuous feedback of environmental and vehicle driving conditions
(i.e., vehicle speed, compressor speed, ambient temperatures, humidity, and solar load conditions) and
the ability to quantify system-level impacts, offer tremendous opportunities to operate vehicle A/C
systems at optimum maximum performance under a variety of drive cycle conditions. This will allow
NREL, The Department of Energy (DOE), and the automotive industry to increase vehicle fuel
economy and reduce emissions across a wide range of light-duty vehicles, sport-utility vehicles, and
heavy-duty vehicles.

Future work in FY 2001 and possibly FY 2002 will involve additional investigations in transient A/C
system performance to (1) better understand optimum design conditions as a function of operating
pressure and temperature; (2) better understand optimum two-phase heat transfer conditions and their
relation to optimum flow quality profiles within the condenser; and (3) simultaneously optimize more
system variables with more sophisticated objective functions, involving system weight, cost, cabin cool-
down time, and others, in identifying optimum vehicle A/C system designs. Future work will also focus
on investigating the effects of variable displacement compressors, variable orifice valves (VOVs) and
electrical-driven compressors in optimizing transient A/C system performance to increase vehicle fuel
economy and reduce vehicle emissions. NREL’s desire also is to begin looking at specific A/C system
designs of importance on specific vehicle platform projects at DaimlerChrysler, General Motors, Ford
Motor Company, Visteon Corporation, and Delphi Automotive Systems and other key automotive
suppliers. NREL has requested specific A/C system design data to develop project-specific A/C
system models and perform A/C system optimizations relevant to industry-specific vehicle projects.
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ABSTRACT

The National Renewable Energy Laboratory (NREL) has developed a transient air-conditioning (A/C) system
model using SINDA/FLUINT analysis software. It captures all the relevant physics of transient A/C system
performance, including two-phase flow effects in the evaporator and condenser, system mass effects, air side heat
transfer on the condenser/evaporator, vehicle speed effects, temperature-dependent properties, and integration
with a simplified cabin thermal model. It has demonstrated robust and powerful system design optimization
capabilities. Single-variable and multiple variable design optimizations have been performed and are presented.
Various system performance parameters can be optimized, including system COP, cabin cool-down time, and
system heat load capacity. This work presents this new transient A/C system analysis and optimization tool and
shows some high-level system design conclusions reached to date. The work focuses on R-134a A/C systems,
but future efforts will modify the model to investigate the transient performance of alternative refrigerant systems
such as carbon dioxide systems. NREL is integrating its transient A/C model into NREL’s ADVISOR vehicle
system analysis software, with the objective of simultaneously optimizing A/C system designs within the overall
vehicle design optimization.

NOMENCLATURE

A Expansion Device Flow Area [m’ or ft’]
A, - Coefficients of Compressor Isentropic Efficiency
B - Coefficients of Compressor Volumetric Efficiency

C ,i- Average Specific Heat of i System Component [J/kg-"C or Btu/Ibm-°F]

COP - System Coefficient of Performance

COP__, - Maximum System Coefficient of Performance

h Heat Transfer Coefficient [W/m*-K or Btu/hr-ft>-F]

m,-  Mass of i" System Component [kg or lbm]

p pressure [Pa or psi]

P- Compressor Power (time-dependent) [Watts or Btu/hr]

P - Compressor Pressure Ratio

q- Evaporator Heat Load (time-dependent) [Watts or Btu/hr]

R, - Reduced Compressor Rotational Speed (RPM/1000) [rev/min]
t- Time [seconds or hours]

T- Temperature [°C]

V.,  Compressor Displacement Volume [m’ or ft’]
X Flow Quality

Greek

B, - Compressor Isentropic Efficiency
B, - Compressor Volumetric Efficiency
mn - System Coefficient of Performance

Subscripts

c Condenser

e Evaporator

H High-Side Pressure
L Low-Side Pressure

opt At Optimum Conditions

Supercripts
A- Time-averaged quantity

1.0 INTRODUCTION
Major U.S. Department of Energy (DOE) objectives include developing innovative transportation technologies

and systems that decrease vehicle fuel consumption and emissions across the nation, thereby reducing the
nation’s reliance on foreign oil consumption. Vehicle A/C systems represent the major auxiliary load on the engine
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of light-duty passenger vehicles, sport-utility vehicles (SUVs), and mini-vans. It can also be a significant auxiliary
load on heavy-duty vehicles. The A/C system performance has a dramatic effect on fuel consumption and exhaust
emissions. Recent studies [1] have shown that, during the SCO3 drive cycle, the average impact of the A/C
system on seven light-duty vehicles was to increase (1) fuel consumption by 28%, (2) carbon monoxide emissions
by 71%, (3) nitrogen oxide emissions by 81%, and (4) non-methane hydrocarbons by 30%. The A/C system
experiences transient conditions throughout standard drive cycles and during typical city/highway driving patterns
around the country. In particular, the evaporator load, compressor speed, refrigerant flow rate, and heat
exchanger airflow rates can be variable. Knowledge of the transient A/C system behavior is critical to
understanding A/C performance requirements, optimizing the A/C system design, and minimizing its effects on
vehicle fuel consumption and emissions throughout a drive cycle. Consequently, the National Renewable Energy
Laboratory (NREL) and other researchers [2-6] are giving increased attention to analyzing and modeling steady-
state and transient A/C system performance.

2.0 TRANSIENT AIR-CONDITIONING SYSTEM MODEL

In order to more completely understand and quantify transient A/C system performance and its impact on
vehicle fuel consumption and emissions, NREL has developed a transient A/C model using SINDA/FLUNT
analysis software [7] and is integrating it with the ADVISOR vehicle systems analysis software [8]. The transient,
one-dimensional, thermal-hydraulic model was developed using a nominal representative A/C system that was
identified in discussions with NREL’s automotive industry partners. This transient model captures all the relevant
physics of transient A/C system performance, including two-phase flow effects in the evaporator and condenser,
system mass effects, air side heat transfer on the condenser/evaporator, vehicle speed effects, temperature-
dependent properties, and integration with a simplified cabin thermal model. This model can predict typical
transient A/C compressor power requirements, system pressures and temperatures, system mass flow rates, and
two-phase/single-phase flow conditions throughout the A/C system flow circuit. The model currently does not
calculate any fan power required to operate condenser or cabin evaporator fans.

SINDA/FLUINT analysis software is capable of rigorously analyzing the various two-phase flow regimes, such
as bubbly flow, slug flow, annular flow, and the heat transfer and pressure drop conditions in both the evaporator
and condenser. It contains several built-in heat transfer coefficient and friction factor correlations that are used to
automatically evaluate heat transfer, pressure drop, and flow quality conditions within the A/C system components
during its system computations. SINDA/FLUINT also has built-in correlations for determining transitions between
different two-phase flow regimes in the condenser and evaporator, and can easily analyze slip flow conditions that
often occur during two-phase flow in these components. Accounting for slip flow conditions during two-phase flow
produces an additional level of modeling sophistication and often has helped in matching “real-world” A/C system
experimental data. The Component Effects section presents flow quality and flow regime results, and discusses
the influence of system components on compressor power, system pressure profiles, flow quality, flow regimes,
and heat transfer behavior in the condenser and evaporator.

The simplified cabin thermal model predicts cabin and panel outlet temperatures during transient cool-down
periods and during steady state operational periods. The combined model predicts A/C system and cabin thermal
conditions during various drive cycles, including vehicle idle, SC03, US06 or other typical federal test and
passenger-induced drive cycles. The SC03 and US06 federal drive cycles, shown in the APPENDIX, are currently
incorporated within the transient A/C model so that transient performance and optimization results can be tailored
to each unique set of driving conditions. With its current integration to a simplified cabin model, the transient A/C
system model thereby provides the system link connecting cabin thermal comfort requirements back to vehicle fuel
consumption and emissions. Future work will continue to integrate the transient A/C model to higher fidelity, three-
dimensional cabin thermal/fluid models based on finite element computational fluid dynamics formulations.

Figure 1 shows schematic diagrams of typical vehicle vapor-compression air-conditioning systems. The type of
system being modeled in this work is actually a capillary tube system that behaves similarly to the orifice tube
system (Figure 1a). Figure 2 shows a schematic diagram of the transient SINDA/FLUINT model of a nominal
representative A/C system represented in Figure 1. The model consists of a nominal compressor, condenser
design (heat exchanger HX3000), expansion device, and evaporator design (heat exchanger HX 6000). The
model includes thermal regeneration between the expansion device and the suction line.



The nominal compressor is characterized by a compressor displacement of 0.0002 m® (12.2 in’ and

representative isentropic and volumetric efficiencies. The compressor isentropic efficiency and volumetric
efficiency are characterized by the following relationships respectively:

A A A, A A
:1._ 2 +_1+—2+—3-R +A +_5.P [1]
i r 4 r

rR PR P R,
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Figure 1 — Schematic Diagram of a Typical Vehicle Air-Conditioning System
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Compressor Volumetric Efficiency vs. Compressor Rotational Speed
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Figure 4 — Typical Compressor Volumetric Efficiency As a Function of Compressor Speed (Rpm) and
Pressure Ratio (Pr)

Figures 3 and 4 are graphical representations of the predictions from equations [1] and [2]. In Figure 3 the
isentropic efficiency for a typical A/C compressor has maximum values dependent on different pressure ratios. At
low pressure ratios near 4, a maximum isentropic efficiency of approximately 0.95 occurs at low compressor
speeds near 400 rpm, degrading to less than 0.45 at compressor speeds near 4000 rpm. At pressure ratios of 12,
the maximum isentropic efficiency of approximately 0.55 occurs at compressor speeds of near 1400 rpm, holding
relatively constant at about 0.5 out to 4000 rpm. Lower isentropic efficiency simply means the compressor is
operating less efficiently and therefore using more energy to accomplish the same system flow pressurization.
Figure 4 shows that the compressor volumetric efficiency also has maximum values dependent on different
pressure ratios. Volumetric efficiency is a measure of how efficiently the compressor supplies the mass flow
through the A/C system. It is very important from an A/C system design perspective to understand this relationship
and where optimum compressor performance regions exist. The compressor impeller inertia is currently not
modeled because (1) the impeller inertia is small and responds quickly to speed changes, and (2) the transient
flow conditions are more highly influenced and controlled by the compressor’s inlet and outlet pressures.

The condenser heat exchanger is modeled as a serpentine-type design with 6 serpentine passes, 10 parallel
channels, and a weight of 4.99 kg (11 Ibms). The tube diameter was an optimization variable and determined as
discussed in the following section on system optimization. The evaporator heat exchanger is also a serpentine-
type design with 12 serpentine passes, a tube diameter of 0.159 cm (0.0625 inch), and a weight of 2.99 kg (6.6
Ibms). The heat exchangers were typical of designs shown in Kargilis [9]. Figure 5 shows the SINDA/FLUINT
model of the condenser, with its numbering scheme for fluid lumps (i.e., volumes) and fluid paths (i.e., connectors).
Figure 6 shows the SINDA/FLUINT model of the evaporator with its fluid lump and path numbering scheme.
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The transport lines shown in Figure 2 between the compressor and the condenser and between the condenser
and the expansion device are critical components in the A/C system design. Their diameter and length impact
system performance. Compressor characteristics and expansion device diameter are other key system
parameters that impact transient system performance. The System Optimization Studies section will
demonstrate how optimizing system performance (i.e., COP) is dependent not only on the component designs, but
their interdependency on each other, particularly interrelationships between the compressor, condenser, and
expansion device.

The transient A/C model also contains a simplified cabin thermal model that is a two-node model consisting of
the cabin air thermal mass and interior cabin hardware mass representing seats, instrument panel, consoles, and
various other cabin components. The typical cabin air volume is 2.88 m® (102 ft) and the typical interior cabin
hardware mass is 453.5 kg (1000 Ibms) in this model. The cabin is modeled to absorb passenger thermal energy
dissipation and wavelength-integrated solar thermal energy passing through the vehicle windows. The cabin
model also incorporates conductive thermal energy exchange between the cabin internal air and the external
ambient environment and convective thermal energy exchange between the cabin internal air and the internal
cabin mass. Humidity effects, and corresponding latent thermal energy in the cabin air, also are accounted for
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during cabin cool-down periods. Figure 7 shows the schematic of the cabin thermal/fluid sub-model coupled with
the transient A/C system model.

Figure 7 — Cabin Thermal/Fluid Sub-Model Coupled with the Transient Air-Conditioning Model

Figure 8 shows a typical transient compressor power prediction from the transient A/C-cabin thermal model
during the 10-minute SCO3 drive cycle after extreme hot soak conditions to 75°C (167°F). The compressor power
was normalized by the average compressor power over the SC03 drive cycle, but the variation in compressor
power is quite substantial. A pressure spike in the compressor outlet and condenser inlet pressures (shown in
Figure 9) occurs with each compressor power spike in Figure 8. These pressure spikes are associated with
vehicle accelerations in the SCO03 drive cycle and are similar to those discussed by Wang et al. [3]. Figure 10
displays the corresponding typical cabin temperature cool-down prediction from the transient A/C-cabin thermal
model during the same 10-minute SC03 drive cycle after the same extreme hot soak conditions to 75°C (167°F).
The cabin cool-down is characterized by two distinct thermal time constants in Figure 10; one is a very rapid
temperature decay initially that is then followed by a slower temperature decay as heat exchange between the
hotter cabin hardware (i.e., seats, consoles, etc.) and the air dominates the cabin air cool-down. In the Figure 10
data, a rather high convection coefficient between the interior cabin hardware and cabin air is used, so the cabin
cool-down is rather slow in this case, only reaching about 52°C (126°F) after 10 minutes. No system performance
optimization has been done, so cool-down is not optimal in these cabin cool-down results.

The A/C model flexibility allows us to modify easily any model parameters to simulate any particular vehicle A/C
system of interest to DOE or our industry partners. These features have allowed us to investigate a wide range of
vehicle transient A/C behavior, including that in Ford Explorers and systems using electrically driven compressors.

3.0 COMPONENT EFFECTS

Figure 11 show the compressor power versus time profile for a second compressor design typical of a well
known industry standard compressor. Comparing Figures 8 and 11 shows the compressor power profile can
change dramatically, with much smaller magnitude variations, during the SCO03 drive cycle simply by using a
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compressor more tailored for the specific system design of interest. Figure 12 shows the pressure profile versus
time during the SCO03 drive cycle for the second compressor design. The pressure profile for this second
compressor also shows smaller magnitude variations relative to those shown in Figure 9, reflecting the difference
in compressor power behavior between Figures 8 and 11.
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Figure 9 — Typical System Pressure Profiles during the SC03 Drive Cycle after Hot Soak Conditions
to 75°C (167°F).
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a = Average Cabin Air Temperature
b = Panel Outlet Temperature
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Figure 10 — Typical Cabin Temperature Cool-Down Prediction for an SC03 Drive Cycle after Hot Soak Conditions
to 75°C (167°F).
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Figure 11 — Compressor Power versus Time Profile for Second Industry-Standard Compressor Characteristics
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Figure 12 — System Pressure versus Time Profile for Second Industry-Standard Compressor Characteristics

Figure 13 shows a typical condenser flow quality profile predicted at different time points during an SCO03 drive
cycle. In this figure the condenser is mathematically represented by 20 discrete sections (i.e., flow lumps). Red
indicates full vapor conditions, blue represents full liquid conditions, and intermediate colors represent various
stages of two-phase flow conditions. Several flow quality/regime profiles at various points in time in the SCO03 drive
cycle are shown in Figure 13. During the drive cycle the condensation front (red) shifts position in the condenser,
which causes flow and heat transfer conditions to vary dynamically. A similar front movement occurs with the
evaporation front in the evaporator. Figure 14 displays a typical evaporator flow quality profile prediction during an
SCO083 drive cycle. The evaporator here is represented by 10 discrete sections (i.e., flow lumps), and red again
indicates full vapor conditions, but here blue represents varying degrees of two-phase flow conditions. It is critical
to account for and understand this two-phase flow behavior in developing optimized systems. Dynamically variable
two-phase flow behavior in both the evaporator and condenser certainly complicates the design and optimization of
vehicle A/C systems.
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Figure 14 — Transient Flow Quality Profiles in Evaporator for an SC03 Drive Cycle (Current Time in Hours)

While the evaporator and condenser designs certainly affect their internal flow quality profiles and flow regimes,
a further complication is that the compressor and expansion device (orifice or TXV) can have major effects on the
flow quality and flow regimes within the evaporator and condenser during a typical drive cycle. The compressor
performance can change the condensing front movement and the evaporation front movement in the condenser
and evaporator, respectively. Similarly, the expansion device can change liquid front positions (blue in Figure 13)
in the condenser and the evaporation front movement (red in Figure 14) within the evaporator. In the past,
comprehensive analytic tools have not been available to quantify this behavior and determine its impact on the
system design and optimization. However, the current SINDA/FLUINT transient A/C model provides a powerful
tool to evaluate and understand these component-level effects on system designs prior to system fabrication and
testing.

The compressor characteristics can also affect the flow quality profiles in the condenser and the evaporator.
Figure 15 shows the flow quality profile at different time points during the SCO03 drive cycle for the second industry-
standard compressor discussed relative to Figures 11 and 12. The condensation front, indicated by the dark red,
exhibits different movement with time for this different set of compressor characteristics. Consequently, the flow
quality profile for the second compressor is different than that shown in Figure 13, thereby demonstrating how the
compressor characteristics can actually affect the flow conditions, such as flow quality and therefore heat transfer,
in the condenser. A similar effect occurs in the evaporator where the actual evaporation front movement is
impacted by the different compressor characteristics. Figure 16 demonstrates this effect, where the evaporation
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front is indicated again in dark red, with the movement of the dark red lumps being different between Figures 14

and 16.
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The expansion flow device also affects the flow quality profiles, and therefore heat transfer characteristics, in
the condenser and evaporator. Additional system performance studies with this transient A/C system model have
demonstrated that liquid front movement in the condenser is affected by the expansion device flow diameter,
larger flow diameter moving the liquid front farther downstream in the condenser. Likewise, the vapor front in the
evaporator moves farther downstream with a larger expansion device flow diameter.

The final point regarding component effects is that the heat transfer coefficient behavior in both the condenser
and evaporator is strongly dependent on position and time during variable-speed drive cycles (i.e., SC03, USO06,
and other city/highway drive cycles). This effect is generally not accounted for in the steady-state design
performance/sizing analyses done by automotive industry A/C system designers. Figures 17 and 18 display (heat
transfer coefficient* area) versus time at various positions within the vapor, two-phase and liquid sections of the
condenser during an SCO03 drive cycle simulation. The legend numbering corresponds with the condenser model
numbering in Figure 5. Depending on time and position in the condenser, the heat transfer coefficient clearly
varies in magnitude by factors of 5-6. This variable behavior is created by the flow rate variation with time and the
flow quality variation with time and position shown in Figure 15. Consequently, the heat transfer coefficient is not
constant in time or with position as is often assumed in A/C system performance/sizing studies in the automotive
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industry. This greatly complicates A/C system design and optimization to reduce energy use and engine
emissions.
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Figure 18 — Liquid Section Heat Transfer Coefficient Behavior versus Time/Position in Condenser
during SC03 Drive Cycle

Similar large variations in heat transfer coefficient with time and position occur in the evaporator. Figures 19,
20, and 21 show the predicted heat transfer coefficients as functions of time and position in the evaporator during
the SCO03 drive cycle. The legend numbering corresponds to the same evaporator model numbering shown in
Figure 6. The variation in heat transfer coefficient is again a factor of 5-6 between the evaporator two-phase flow
regions in Figure 19 and the evaporator vapor flow regions in Figure 21. In order to truly optimize vehicle A/C
systems, one must account for these variations and their impact on the overall system design because of their
impact on heat exchanger sizing and performance, and the resulting temperatures and pressures experienced
downstream by the compressor.
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Figure 20 — Two-Phase/Vapor Heat Transfer Coefficients versus Time/Position in Evaporator during SC03 Drive
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4.0 SYSTEM OPTIMIZATION STUDIES

Optimizing the A/C system design can significantly reduce the mass and volume of current A/C systems in
various vehicles, and impact the A/C system control strategy, in satisfying cabin thermal comfort requirements.
However, truly optimizing the A/C system design is complicated by the transient nature of the system performance
and its inherent coupling to cabin thermal conditions (i.e., heat loads, air temperatures, vent configurations, etc.).
Optimizing these systems requires one to consider a new “transient design” perspective. The A/C system
pressures, temperatures, and condenser and evaporator flow conditions are all time-dependent. They are
controlled by transient compressor speed, refrigerant and airflow rates, and vehicle thermal loads. Refrigerant and
airflow rates are, in turn, determined by vehicle velocity and compressor speed, which is a function of engine
speed in mechanically driven compressor systems. Compressor power, being typically proportional to compressor
speed cubed, can be highly variable during the SC03 or any other drive cycle. Consequently, the important
thermal design parameters, such as the evaporator heat load, compressor power, and COP, become time-
averaged design parameters given by equations:

§=—— [a(0)dr 3
2 1 ¢
pP= j P(t)dt [4]
tZ - Y 4
s_q
== 5
=" [5]

These time-averaged quantities are what one typically measures in A/C system bench-top or vehicle-level testing
and can therefore be correlated with transient model predictions. Additional time-dependent design parameters
must be considered such as:

Py (t) - time-dependent pressure profiles on the high-pressure side of the system

p, (t) - time-dependent pressure profiles on the low-pressure side of the system
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h.(l,t) - time- and position-dependent heat transfer coefficients in the condenser
h,(l,t) -time- and position-dependent heat transfer coefficients in the evaporator
X (l,t) -time- and position-dependent flow quality in the condenser

X, (l,t) -time- and position-dependent flow quality in the evaporator

In some cases, time-integrated quantities of these parameters may be important in the system design and
optimization. Our results to date have shown that indeed there exist optimum time-dependent profiles [p,(t)],,, and
[X.(1,h)],, that maximize system performance (i.e., maximizing COP for minimum energy use) in a given drive cycle.
Of course, the same design concerns related to system cost and weight still exist and must ultimately be

accounted for in the design optimization.

In the most rigorous sense, another complicating factor in predicting the transient performance of a vehicle A/C
system is accurately modeling refrigerant inertia during compressor accelerations and decelerations. The
SINDA/FLUINT A/C system model automatically calculates and tracks fluid inertia within its lump/path formulation
and accounts for inertial effects on fluid behavior (within its equation set). Furthermore, the thermal mass, and
therefore thermal energy storage potential, associated with each system component also must be simulated in all
component and system energy balances. One then has to be concerned with time-average thermal energy
storage for each i" component given by:

t, .
1 J‘m[ .C, (d_Tj dt [6]
t, —t, To\dt ),

h

which complicates system and component energy balances. Accurately accounting for each of the time-
dependent quantities in a full A/C system transient analysis makes it imperative that a high-level system analysis
tool, such as SINDA/FLUINT, be used in any A/C system design optimization studies based on transient
performance.

Additional challenges exist because A/C system design optimizations can be performed using various system-
level assumptions. Among these one can assume:

1) Constant system refrigerant mass,

2) Constant system initial pressure,

3) Various vehicle drive cycle conditions, or

4) Constant/variable vehicle solar thermal loads.

Care must be taken in A/C system optimization work because the assumption made and the specific value
assumed; for example, for initial system pressure or solar thermal load, can affect the final solution.

SCO03 DRIVE CYCLE RESULTS - Optimization studies were initiated by performing a dual-variable optimization
maximizing system COP, defined in Eq. 5, to determine the combined effect of transport line diameter and
condenser tube diameter on the system design. The integrated A/C system/cabin thermal model was used to
investigate a range of condenser tube diameters for constant system refrigerant mass (2.15 Ibms) assuming an
SCO03 drive cycle, a cabin external solar load of 1600 Watts, a cabin passenger heat load of 200 Watts, and an
initial internal cabin temperature of 75 °C (167 °F). The integrated A/C system/cabin thermal model in
SINDA/FLUINT investigated a range of transport line diameter/condenser tube diameter combinations for the
same constant refrigerant mass. Figure 22 shows the results of this dual-variable system optimization for SC03
drive cycle conditions in a three-dimensional plot of the COP versus transport line and condenser tube diameter,
as determined during several optimization searches performed by SINDA/FLUINT. This optimization was
performed within SINDA/FLUINT, accounting for all the two-phase heat transfer /pressure drop effects and flow
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transition effects in the condenser and evaporator. In any system optimization it is important to perform a
comprehensive search of the variable design space to locate the optimum solution. Figure 22 shows the results of
several different runs starting at various initial guesses. In general, the arrows in the Figure 22 plot show the
various initial guesses for these parameters and general direction of solution as the optimization progresses to a
solution. The optimal solution maximizing system COP was found to be a transport line diameter of approximately
2.29 cm (0.90 inch) and a condenser tube diameter of approximately 0.254 cm (0.10 inch). The optimal solution
shown in Figure 22 demonstrates the design performance benefit of expending available pressure drop in the
condenser, and thereby enhancing heat transfer in the condenser, and minimizing pressure drop in the transport
lines between the system components. These optimum results are quite different from current vehicle A/C
systems, transport line diameters are generally about 0.889-1.27 cm (0.35-0.5 inch) and condenser tube diameters
of 0.508 cm (0.2 inch) are common. Again, this optimization was performed with SINDA/FLUINT, simulating all the
two-phase heat transfer/pressure drop effects and flow transition effects in the condenser and evaporator.

One important point is that the optimal selection for condenser tube diameter is strongly affected by the dual-
variable optimization in Figure 22 versus single-variable optimizations. A much different optimal condenser tube
diameter will be discovered when only a single variable (i.e., condenser tube diameter) is optimized without any
impacts from other design parameters. This demonstrates the strong interrelationships and effects between
various system design parameters in the A/C system. A full system, multiple-variable optimization is required to
accurately optimize system performance, whether maximizing system COP or optimizing other system
performance parameters.

SCO03 Drive Cycle
Qsolar = 1600 Watts
Optimum Design Qpass = 200 Watts
Initial Cabin Temperature = 75 C
System R134a Mass = 0.975 kg (2.15 Ibms)

AR

COPICOP oy
00

Figure 22 — Optimum Dual Variable Solution to Maximize System COP — Optimum Transport Line Diameter
and Condenser Tube Diameter

Additional optimization studies were performed assuming a somewhat more realistic constant initial pressure
at the start of the drive cycle and slightly different compressor characteristics. In these studies the initial system
pressure was 1.689 MPa (245 psi). Figure 23 displays the latest results of this optimization study, with three
different runs performed starting at three separate initial starting points. Arrows in Figure 23 again show the initial
guesses for the design parameters and general direction of solution during the optimization. A different optimal
solution was found as a result of changing the system assumption to constant initial pressure, rather than constant
refrigerant mass, and using slightly different compressor characteristics. This solution is still tending toward larger
transfer line diameters (approximately 1.29 cm or 0.51 inch), but it is also indicating larger condenser tube
diameters (approximately 0.610 cm or 0.24 inch) than the previous optimization using constant refrigerant mass.
This work emphasizes the need to optimize the A/C system as a system, even slight changes in one critical
component like the compressor can lead to a much different optimum system design. Certainly taking one off-the-
shelf component and combining it with other off-the-shelf components, without a true system design approach and
optimization, will not produce the optimum system performance.
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Multiple variable optimization studies were also extended to simultaneous optimizations of three design
parameters, expansion device diameter, transfer line diameter, and condenser tube diameter, over the SC03 drive
cycle. The initial system pressure assumption of 1.689 MPa (245 psi) was maintained, along with all the other
system conditions depicted in Figures 22 and 23. Previous dual-variable optimization work discussed earlier was
problematic and tedious because, during the optimization process, it is actually quite easy to define and attempt to
analyze a nonrealistic design. This quickly leads to computational stability problems because it is just as
impossible to analyze a nonrealistic system design as it is to fabricate and test such a design. Although the
optimization problem becomes more complex and computationally intense with triple-variable or quadruple-
variable optimization, this work found that this does not necessarily lead to more computational instabilities. In
fact, simultaneously optimizing the expansion device diameter, transfer line diameter, and condenser tube
diameter was surprisingly stable, most likely due to the added degree of freedom in the system.

Increase Model Fidelity / DA Compressor / Pinit = 1.689 MPa (245 psi)

SCO03 Drive Cycle
Optimum Design Re-circulation Mode

Cabin Initial Temperature =75 C
~ Qsolar = 1600 Watts
v 'V Qpass = 200 Watts
R

COP/COP s
71.00 7.07

099

Figure 23 — Optimum Transfer Line Diameter and Condenser Tube Diameter to Maximize System
COP (Constant Initial System Pressure)

As before, the system optimization runs started from multiple initial starting points with a constant initial
pressure of 1.689 MPa (245 psi). Table 1 displays the results of five separate tri-variable optimization runs. The
first column is the optimization loop count and tells how many solution iterations were required to achieve a
solution and check for convergence. The next three columns show the design parameter values at each search
point. The next column shows the value of the objective function, in this case the average COP over the SC03
driving cycle. The last column is simply the COP ratio relative to the maximum.

Among the five runs in Table 1, Runs 2 and 5 determined two potential solutions that maximized COP within
this group. In one case (Run 2), a relatively large expansion device diameter (0.221 cm or 0.0869 inch), a
relatively large transfer diameter (2.02 cm or 0.795 inch), and a condenser tube diameter of 0.587 cm or 0.231
inch produced the optimal performance. In Run 5 a much smaller expansion device diameter and smaller
condenser tube diameter, with roughly the same transfer line diameter (1.91 cm or 0.752 inch), produced the
optimal result. Runs 1, 3 and 4 sachieved intermediate solutions representing local maximums that could go no
further in the optimization process because of convergence criteria limitations. It is quite common in multivariable
optimization of nonlinear problems to discover multiple solutions that satisfy, either maximizing or minimizing, the
objective function goal. The solutions in Runs 2 and 5 correspond to quite different optimum system solutions that
one would evaluate further. At this point, additional design information would have to be considered (possibly
system cost, weight, etc.) to differentiate the two to one system-level solution. One could develop a different

objective function involving additional design objectives and re-optimize the system design to quantifiably
distinguish between the two solutions.
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Table 1 — Optimum Expansion Device Diameter, Transfer Line Diameter, and Condenser Line Diameter
Maximizing COP during the SC03 Drive Cycle (Optimums in Red)

Run | Expansion | Transfer | Condenser | Average | Normalized

#1 Device Line Line COoP COoP
Loop | Diameter | Diameter Diameter
# (cm) (cm) (cm)
1 .1676 1.27 .5405 1.087 .9811
67 .2190 2.0034 .6872 1.108 1
70 .2527 2.1622 .6969 1.107 .9998
Run | Expansion | Transfer | Condenser | Average | Normalized
#2 device Line Line CcOoP CcOoP
Loop | Diameter | Diameter Diameter
# (cm) (cm) (cm)
1 1778 1.143 .5606 1.144 .9825
99 .2207 2.020 .5856 1.164 1
Run | Expansion | Transfer | Condenser | Average | Normalized
#3* Device Line Line COP COP
Loop | Diameter | Diameter Diameter
# (cm) (cm) (cm)
1 1778 1.1430 .5606 1.141 .9934
26 .1876 1.1932 .5819 1.149 1
38 .1876 1.1712 .5815 1.149 .9998

** Different Solution Convergence Criteria Used In This Run

Run | Expansion | Transfer | Condenser | Average | Normalized

#4 Device Line Line COoP COoP
Loop | Diameter | Diameter Diameter
# (cm) (cm) (cm)
1 0.1778 1.1430 0.5606 1.143 0.9949
20 0.1813 1.1901 0.5977 1.149 0.9998
92 0.1787 1.2457 0.5362 1.149 1
Run | Expansion | Transfer | Condenser | Average | Normalized
#5 Device Line Line COP COP
Loop | Diameter | Diameter Diameter
# (cm) (cm) (cm)
1 1778 1.2192 0.5563 1.143 0.982
86 1473 1.9963 0.2842 1.164 0.9998
137 .1489 1.9111 0.3796 1.164 1

The system optimization work has also been extended to a very interesting quadruple-variable optimization in
which compressor displacement, expansion device diameter, transfer line diameter, and condenser tube diameter
were optimized simultaneously. This optimization was intended to investigate the hypothesis that inter-
relationships between the compressor displacement and expansion device performance could lead to higher
performing designs because of their combined impact on system pressure profiles and compressor pressure ratio.
Table 2 shows the starting point designs and the optimum design results from this quadruple-variable optimization
for three different initial system pressures (i.e., 1.627 MPa or 236 psi, 1.689 MPa or 245 psi, and 1.758 MPa or
255 psi) during the SCO3 drive cycle. The optimum design points are highlighted in red. The optimum design
point was slightly different for the three pressure cases, with the optimum expansion device diameter decreasing
and evaporator thermal load at optimum design increasing as initial system pressure increases. The optimum
transfer line diameter results show a minimum in these three cases at an initial system pressure of 1.689 MPa (245
psi). The optimum condenser tube diameter is exhibiting a maximum in these three cases at an initial system
pressure of 1.689 MPa (245 psi). This is interesting behavior and it will have to be investigated further in future
work to confirm and better understand it and its causes.
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In all three optimization runs, the optimum system design increased the system COP from about 1.14 to about
1.61, and decreased A/C compressor power approximately 35%, 37%,and 39%for the three optimization runs,
respectively. Therefore, an optimum combination of compressor displacement, expansion device diameter,
transfer line diameter, and condenser tube diameter exists that allows the A/C system to operate at its maximum
COP over the SC03 drive cycle. It is quite noteworthy that the compressor power savings shown in the three
optimization runs would translate into a fuel economy increase of 1.8-3.5 miles per gallon in today’s vehicles.

Upon further investigating the performance increases in Table 2, straightforward mass conservation within the
A/C system, particularly on the high-pressure side of the system, leads to a relationship between the compressor
displacement (volume), the expansion device flow diameter and the pressure ratio across the compressor:

Vdi.vp
VIR flpa @)/ p (D] [6]

exp

Furthermore, an optimum compressor displacement/expansion flow area ratio exists that is related to optimum
pressure profile conditions that maximizes the A/C system COP:

Vdi.vp
- < [Py O, 1P (D], ] [7]

exXp optimum

When examining the high-side pressure profiles, p,(t), for the three optimization runs shown in Table 2, it was
clear an optimum, [p,(t)],,, exists and is related to the maximum system COP conditions. Figure 24 shows the
pressure profiles, p,,(1), for all the analyses performed for the 1.689 MPa (245 psi) initial pressure case in Table 2.
The Figure 24 pressure data show a distinct clustering (i.e., distinct darker pressure profile) about the “preferred
optimum” pressure profile once the SINDA/FLUINT A/C model determined and focused on the optimum
performance design. This preferred optimum pressure profile has distinctly much smaller pressure fluctuations
than the other off-optimum pressure profiles in Figure 24. The optimum design is therefore one in which pressure
fluctuations, and the accompanying mass flow rate accelerations/decelerations, are minimized. The preferred
optimum pressure profile and clearly related optimum compressor displacement and expansion device flow area
forms the basis for believing that variable displacement compressors, variable orifice valves (VOVs) and electrical-
driven compressors can significantly improve current A/C system performance, thereby reducing vehicle fuel
consumption and emissions. There is undoubtedly also an optimum low-pressure profile, [p,(t)],,, in Figure 24, but
variations from optimum are too small to detect and its impact on performance is smaller than the high-pressure
profile, [p,(t)],.. Future work will concentrate on identifying and quantifying the opportunities to improve vehicle
A/C systems by using these system components, and system-level, fundamentals-based optimized designs
evolved from integrated vehicle systems analysis.
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Table 2 — Quadruple-Variable Optimization Results for SC03 Drive Cycle Conditions (Simultaneous Optimization
of Compressor Displacement, Expansion Device Diameter, Transfer Line Diameter, Condenser Tube Diameter)

Solution Expansion Transfer Compressor Condenser Evaporator Compressor Average Normalized
Loop Device Line Displacement Tube Thermal Power COP COP
Count Diameter Diameter Diameter Load

(cm) (cm) (cm”"3) (cm) (Watts) (Watts)

1 0.1778 1.1430 200.00 0.5606 3948.00 3407.46 1.1586 0.7218
41 0.2568 1.6519 122.41 0.6736 3591.61 2265.14 1.5856 0.9878
42 0.2568 1.6849 120.01 0.6736 3576.02 2228.32 1.6048 0.9998
43 0.2568 1.6519 120.01 0.6871 3577.72 2232.11 1.6028 0.9986
45 0.2566 1.6531 120.01 0.6733 3575.71 2228.42 1.6046 0.9996
46 0.2564 1.6543 120.01 0.6729 3578.77 2234.00 1.6020 0.9980
58 0.2564 1.6523 120.01 0.6735 3573.05 2234.44 1.5991 0.9962
59 0.2565 1.6524 120.01 0.6735 3568.87 2223.37 1.6052 1.0000
60 0.2565 1.6524 120.01 0.6735 3576.70 2232.51 1.6021 0.9981

Initial System Pressure = 1.627 MPa (236 psi)

Solution Expansion Transfer Compressor Condenser Evaporator Compressor Average Normalized
Loop Device Line Displacement Tube Thermal Power COP COP
Count Diameter Diameter Diameter Load

(cm) (cm) (cm”3) (cm) (Watts) (Watts)

1 0.1778 1.1430 200.00 0.5606 4468.29 3915.14 1.1413 0.7111
23 0.2234 1.4551 120.01 0.6848 3949.27 2466.73 1.6010 0.9975
24 0.2201 1.4942 120.01 0.6740 3938.71 2455.38 1.6041 0.9994
25 0.2201 1.4942 120.01 0.6740 3945.49 2458.91 1.6046 0.9997
35 0.2201 1.5239 120.01 0.6739 3943.63 2460.74 1.6026 0.9985
36 0.2201 1.4940 120.01 0.6873 3944.82 2457.81 1.6050 1.0000
37 0.2201 1.4940 120.01 0.6740 3945.59 2461.90 1.6027 0.9985

Initial System Pressure = 1.689 MPa (245 psi)

Solution  Expansion Transfer Compressor Condenser Evaporator Average  Average Normalized
Loop Device Line Displacement Tube Thermal Compressor COP COP
Count Diameter Diameter Diameter Load (Ave.) Power

(cm) (cm) (cm”3) (cm) (Watts) (Watts)

1 0.1778 1.1430 200.00 0.5606 4672.35 4154.08 1.1248 0.6982
31 0.1966 1.5680 120.01 0.6663 4065.68 2528.38 1.6080 0.9982
32 0.1966 1.5680 120.01 0.6662 4067.67 2525.13 1.6109 1.0000
33 0.2005 1.5680 120.01 0.6662 4069.10 2539.52 1.6023 0.9947
111 0.2153 1.6047 120.01 0.6897 4065.35 2532.57 1.6052 0.9965
112 0.2584 1.6079 120.01 0.6469 4064.21 2524.64 1.6098 0.9993
113 0.2412 1.6066 120.01 0.6586 4066.77 2535.30 1.6041 0.9958
146 0.2228 1.6250 120.01 0.6511 4063.70 2527.80 1.6076 0.9980
147 0.2228 1.6185 120.01 0.6506 4063.32 2524.04 1.6099 0.9994
148 0.2227 1.6141 120.01 0.6503 4065.97 2532.34 1.6056 0.9967

Initial System Pressure = 1.758 MPa (255 psi)
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Additional studies of flow quality conditions in the condenser during these system optimizations also revealed
that optimum flow quality profiles also exist associated with maximum COP conditions. Figure 25 demonstrates an
example of the optimum flow quality profiles at certain positions in the condenser’s two-phase region. The legend
numbering again corresponds to the condenser lump numbering shown in Figure 5. The darker flow quality lines
again show the distinct clustering about the optimum flow quality profiles once SINDA/FLUINT has determined and
begins focusing on the optimum system design. These optimum flow quality profiles are certainly associated with
optimum two-phase heat transfer conditions within the condenser, although the work to date has not yet begun to
quantify this relationship. Future work in this area will address this effect.
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US06 DRIVE CYCLE RESULTS - Multiple variable optimization studies were also extended to simultaneous
optimizations of three design parameters, expansion device diameter, transfer line diameter, and condenser tube
diameter, over the US06 drive cycle. All system assumptions used in the SC03 optimization studies were
maintained. As before system optimization runs started from multiple initial conditions with the constant initial
pressure of 1.689 MPa (245 psi). Table 3 displays the results of the five separate US06-drive-cycle optimization
runs using the different initial starting conditions.

Table 3 shows that this US06 design optimization produced a much different optimum system solution than
that for the SC03 drive cycle. The optimum system performance for US06 drive cycle conditions was discovered
at an expansion device diameter of 0.147 cm or 0.058 inch, a transfer line diameter of 2.07 cm or 0.813 inch, and a
condenser tube diameter of 0.597 cm or 0.235 inch. This demonstrates that optimum system designs can vary
depending on the drive cycle because of the different compressor and system flow dynamics. Therefore, a
sophisticated optimization strategy simultaneously incorporating the impact of various drive cycles is required in
future system design optimizations. The fact that the optimum A/C system design can vary with drive cycle
conditions also creates the potential opportunity for a dynamically variable A/C system design based on drive cycle
conditions. Some design work is being done in this area, but this work can greatly benefit from the dynamic A/C
modeling capability presented here.

Finally, the quadruple-variable optimization studies, investigating combined simultaneous optimization of
compressor displacement, expansions device diameter, transfer line diameter, and condenser tube diameter, were
extended to the US06 drive cycle. Table 4 shows the results of this A/C system optimization for an initial system
pressure of 1.703 MPa (247 psi). This optimization was run for the same set of conditions as the SCO03
optimization results in Table 2. The optimum A/C system design for the US06 drive cycle (highlighted in red) was
again somewhat different from optimum designs for the SC03 drive cycle in Table 2. This highlights (1) the need
for optimizing the system design over a number of different drive cycles and (2) the opportunity for dynamically
variable A/C systems to optimize performance dependent on drive cycle conditions. However, again a quite
significant increase in A/C system COP during a US06 drive cycle, from about 0.99 to 1.24, is possible for the
optimum combination of compressor displacement, expansion device diameter, transfer line diameter, and
condenser tube diameter. The reason for this is quite the same as in the SC03 drive cycle case in Table 2. An
optimum pressure profile, flow quality profile, and heat transfer conditions exist that maximize the A/C system
performance. In this US06 optimization study, compressor power decreased by 29.4%compared to the initial off-
optimum system design. This compressor power decrease would again correspond to a 1.8-3.5 miles per gallon
fuel economy increase in today’s vehicles. Figure 26 shows the optimum high-side system pressure profile,
[p,(1)],,. discovered and associated with the optimum system performance point. Figure 27 displays the optimum
flow quality profiles in the condenser two-phase region associated with the optimum system performance point.

A final note is required on this system optimization work. The optimization results shown in Tables 1 and 3 do
not show large improvements in COP because of the particular choices of design variables selected to optimize,
the convergence criteria that limited the global search in favor of maintaining computational stability, and the
results to-date only represent a work-in-progress. However, Tables 2 and 4 show very significant improvements in
A/C system COP if the proper combination of system design variables are optimized. The intent of this work was
to present this new transient A/C system analysis and optimization tool, and show some high-level system design
conclusions reached to date. Future work will simultaneously optimize more system variables with more
sophisticated objective functions, involving system weight, cost, cabin cool-down time, and others, in identifying
optimum vehicle A/C system designs.
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Table 3 — Optimum Expansion Device Diameter, Transfer Line Diameter, and Condenser Line Diameter
Maximizing
COP during the US06 Drive Cycle (Optimum in Red)

Run | Expansion | Transfer | Condenser | Average | Normalized

#1 Device Line Line COP COoP
Loop | Diameter | Diameter Diameter
# (Inch) (Inch) (Inch)
1 .1676 1.27 .5405 .984 .982
86 .2775 2.0699 4737 1.002 1

Run | Expansion | Transfer | Condenser | Average | Normalized

#2 Device Line Line COoP COoP
Loop | Diameter | Diameter Diameter
# (cm) (cm) (cm)
1 0.1727 1.27 0.5456 0.993 0.9971
18 0.1834 1.3715 0.5793 0.996 1

Run | Expansion | Transfer | Condenser | Average | Normalized

#3 Device Line Line COoP COoP
Loop | Diameter | Diameter Diameter
# (cm) (cm) (cm)
1 1778 1.143 0.5606 0.982 0.9697
99 0.1473 2.0646 0.5968 1.013 1

Run | Expansion | Transfer | Condenser | Average | Normalized

#4 Device Line Line COP COP
Loop | Diameter | Diameter Diameter
# (cm) (cm) (cm)
1 0.1778 1.143 0.5606 0.982 0.9741
74 0.2386 1.6740 0.6395 1.008 1
81 0.2050 1.5796 0.6134 1.007 0.9996

Run | Expansion | Transfer | Condenser | Average | Normalized

#5 Device Line Line COP COP
Loop | Diameter | Diameter Diameter
# (cm) (cm) (cm)
1 0.1778 1.2192 0.5570 0.988 0.9798
100 | 0.2565 1.6877 0.6092 1.008 1
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Table 4 — Quadruple-Variable Optimization Results for US06 Drive Cycle Conditions (Simultaneous Optimization
of Compressor Displacement, Expansion Device Diameter, Transfer Line Diameter, Condenser Tube Diameter)

Solution Expansion Transfer Compressor Condenser Evaporator  Average Average Normalized

Loop Device Line Displacement Tube Thermal  Compressor COP COP
Count Diameter Diameter Diameter Load (Ave.) Power
(cm) (cm) (cm”3) (cm) (Watts) (Watts)
1 0.1778 1.2192 200.00 0.5570 4824.93 4898.35 0.9850 0.7923
2 0.1814 1.2192 200.00 0.5570 4818.51 4887.42 0.9859 0.7930
3 0.1778 1.2192 203.99 0.5570 4844.58 4967.00 0.9754 0.7845
4 0.1778 1.2436 200.00 0.5570 4723.58 4726.70 0.9993 0.8038
5 0.1778 1.2192 200.00 0.5681 4803.16 4862.54 0.9878 0.7945
6 0.1858 1.4630 159.99 0.6356 4555.15 4103.96 1.1099 0.8927
7 0.1855 1.4528 161.69 0.6323 4563.13 4131.49 1.1045 0.8883
8 0.1892 1.4528 161.69 0.6323 4561.51 4128.29 1.1049 0.8887
13 0.1914 1.5278 129.35 0.6515 4325.71 3537.97 1.2227 0.9834
14 0.1952 1.5278 129.35 0.6515 4325.81 3533.49 1.2242 0.9847
15 0.1914 1.5278 131.93 0.6515 4335.45 3570.86 1.2141 0.9765
34 0.2078 1.5733 127.51 0.6663 4309.11 3498.64 1.2317 0.9906
35 0.2078 1.6048 124.99 0.6663 4295.7 3455.82 1.2430 0.9998
36 0.2078 1.5733 124.99 0.6797 4298.33 3464.07 1.2408 0.9980
42 0.2078 1.6072 124.99 0.6652 4295.44 3457.70 1.2423 0.9992
43 0.2078 1.5757 124.99 0.6785 4293.97 3454.48 1.2430 0.9998
44 0.2080 1.5763 124.99 0.6656 4297.88 3456.83 1.2433 1.0000
45 0.2080 1.5763 124.99 0.6656 4301.36 3466.29 1.2409 0.9981
46 0.2121 1.5763 124.99 0.6656 4300.74 3463.09 1.2419 0.9989
57 0.2080 1.5769 124.99 0.6658 4297.12 3464.44 1.2404 0.9976
58 0.2080 1.5769 124.99 0.6658 4293.6 3459.09 1.2413 0.9984
59 0.2080 1.5769 124.99 0.6658 4299.92 3463.30 1.2416 0.9986
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5.0 ADVISOR INTEGRATION

NREL has integrated the transient A/C system model into its ADVISOR vehicle system analysis software.
Integration of the transient A/C system model into ADVISOR represents a subset of NREL’s Digital Functional
Vehicle (DFV) project that intends to virtually simulate many of the first-order, energy-management and emissions-
producing mechanisms in the vehicle design process. DFV creates a virtual vehicle design environment that can
shorten vehicle design cycle times, reduce the number of required test prototypes, and produce more optimized
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vehicle designs. The SINDA/FLUINT analysis software and the ADVISOR vehicle system analysis software
contain built-in optimization capabilities that will optimize the vehicle A/C system within the overall vehicle design
optimization process. This allows NREL to simultaneously optimize the A/C system with other vehicle systems,
such as passenger cabin systems, engine coolant systems, energy recovery systems, and other dynamic systems
using system co-simulation.

NREL'’s newly developed vehicle solar thermal load simulator (VSOLE) program that predicts transient vehicle
solar thermal loads for a variety of vehicle configurations has also been integrated with the transient A/C system
model and ADVISOR. The solar load simulator predicts the transient solar thermal loads in the vehicle cabin for
any vehicle drive direction, varying geographic locations, and a number of vehicle glass packages. It calculates
the predicted solar thermal load as a function of time into a file which the transient A/C system model automatically
reads real-time during an analysis run. NREL can now incorporate vehicle dynamic solar loads into any transient
A/C system simulation or optimization. Figure 28 displays the input and output graphical user interface (GUI) for
VSOLE. This gives an idea of the various solar thermal loads that are calculated, such as transmitted, absorbed,
and reflected energies. Figure 28 also shows the detail to which vehicle glazing can be specified (i.e., window
angle, glazing area, glazing type, etc.) and the vehicle environmental parameters (i.e., solar radiation source,
vehicle drive direction, time of day, etc.) required as input.

ADVISOR serves as the master in controlling both VSOLE and the transient A/C system model. The transient
A/C model is controlled via a SIMULINK S-Function that serves as the communication link between
SINDA/FLUINT and Matlab. The S-Function is accessed by ADVISOR at each point in the vehicle performance
time integration, allowing ADVISOR to communicate updated vehicle performance data to SINDA/FLUINT and
SINDA/FLUINT to pass back updated compressor power, cabin temperature and other A/C system parameters to
ADVISOR. The VSOLE model is implemented within ADVISOR as a GUI option at the start of ADVISOR. VSOLE
calculations for a specific vehicle are then performed once and the results for vehicle dynamic solar loads (i.e.,
absorbed, reflected, and transmitted solar thermal loads versus time) are stored in a file that SINDA/FLUINT
subsequently accesses during the transient A/C analysis. Future work will ultimately include A/C system design
parameter selection and run control parameter selection within the ADVISOR GUI.
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6.0 FUTURE WORK

The transient A/C system performance analysis tool has been developed and demonstrated, and various
optimization capabilities and studies have been demonstrated to date. Future work in FY 2001 and possibly FY
2002 will involve additional investigations in transient A/C system performance to (1) better understand optimum
design conditions as functions of operating pressure and temperature; (2) better understand optimum two-phase
heat transfer conditions and their relation to optimum flow quality profiles within the condenser; and (3)
simultaneously optimize more system variables with more sophisticated objective functions, involving system
weight, cost, cabin cool-down time, and others, in identifying optimum vehicle A/C system designs. Future work
will also focus on investigating the effects of variable displacement compressors, variable orifice valves (VOVs)
and electrical-driven compressors in optimizing transient A/C system performance to increase vehicle fuel
economy and reduce vehicle emissions. NREL'’s desire also is to begin looking at specific A/C system designs of
importance on specific vehicle platform projects at DaimlerChrysler, General Motors, Ford Motor Company,
Visteon Corporation, and Delphi Automotive Systems to perform A/C system design optimization within overall
vehicle design optimizations using ADVISOR. NREL has requested specific A/C system design data to develop
project-specific A/C system models, perform A/C system optimizations relevant to industry-specific vehicle
projects, and validate the transient A/C model against “real-world” experimental data in collaboration with
automotive industry partners. NREL will also expand the model’s use to heavy vehicle applications.

7.0 CONCLUSIONS

NREL has developed a robust, flexible, and fully transient vehicle Air-Conditioning model, integrated with a
simplified cabin thermal environment model, in the SINDA/FLUINT analysis software environment. It is a 1-
dimensional, thermal/hydraulic simulation tool that simultaneously models the entire A/C system and its
components for various external vehicle environments and drive cycle conditions. The transient thermal/hydraulic
model takes a fundamental-principle approach to capture all the relevant physics of transient A/C system
performance, including two-phase flow effects in the evaporator and condenser, refrigerant and component inertia
effects, compressor speed effects, air side heat transfer on the condenser/evaporator, vehicle speed effects, time-
and position-varying heat transfer conditions in the evaporator and condenser, vehicle speed effects, temperature-
dependent properties, environmental loading and ambient temperature conditions on the vehicle, and integration
with a simplified cabin thermal model. It has demonstrated capability to predict transient system pressures and
temperatures, mass flow rates, flow quality and flow regime conditions, transient compressor power, transient
evaporator and condenser heat loads, and transient cabin thermal conditions during any user-specified vehicle
drive cycle conditions. The fundamental-principles approach of the integrated system is the only way to truly
optimize the A/C system to maximize performance (i.e., minimize power consumption). Using the model, NREL
has demonstrated system-level design interdependencies among components, and performed multi-parameter,
system-level optimization of vehicle air-conditioning systems to improve vehicle fuel economy and reduce
emissions. The model currently focuses on R-134a A/C systems, but future work is planned to investigate
advanced alternative refrigerant systems such as carbon dioxide systems.

The model was developed within SINDA/FLUINT analysis software and has been integrated with NREL’s
ADVISOR vehicle simulation code and NREL’s vehicle solar thermal load estimator code to perform co-simulations
of vehicle systems, air-conditioning systems, and cabin thermal/fluid performance for user-specified environmental
and vehicle driving conditions. NREL’s vehicle solar thermal load simulator predicts transient solar thermal loads
on a vehicle for various drive directions, geographic locations, vehicle glass packages, and vehicle configurations.
The SINDA/FLUINT transient A/C model then uses the solar simulator transient loads in predicting cabin thermal
conditions. Model development continues to increase its analytic power and flexibility, while the SINDA/FLUINT
model is continuously integrated within NREL's ADVISOR vehicle system analysis software. This analytic tool
integration will allow NREL to optimize A/C system performance within the overall vehicle design optimization
process using ADVISOR.

Various robust and powerful A/C system optimization capabilities and studies are demonstrated and reported
herein. The transient AC/cabin model has been used to perform multiple-variable optimization of A/C system
performance during SC03 and US06 drive cycles. Because of the strong inter-dependencies among A/C system
and cabin design variable impacts, the results have demonstrated that multiple variable optimization is critical to
truly optimizing A/C system performance for various drive cycles. Since various drive cycles can produce different
optimum system designs, sophisticated optimization strategies must be developed simultaneously incorporating
the effects of different drive cycles in the system optimization process. System optimization studies have shown
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significant improvements in A/C system performance are possible through integrated system design and
optimization. Recent system analyses indicate 1.8-3.5 mpg improvement is possible through integrated A/C
system optimization of interrelated component effects. Optimum, drive-cycle-dependent pressure profiles, flow
quality profiles, and heat transfer conditions do exist that maximize A/C system performance. This analysis tool is
able to identify and quantify such optimum conditions. This has shown that dynamic intelligently controlled A/C
systems, based on continuous feedback of environmental and vehicle driving conditions (i.e., vehicle speed,
compressor speed, ambient temperatures, humidity, and solar load conditions) and the ability to quantify system-
level impacts, offer tremendous opportunities to operate vehicle A/C systems at optimum maximum performance
under a variety of drive cycle conditions. This will allow NREL, DOE, and the automotive industry to increase
vehicle fuel economy and reduce emissions across a wide range of light-duty vehicles, sport-utility vehicles, and
heavy-duty vehicles.

Future work will focus on (1) additional A/C system optimization investigations, including variable displacement
compressor, VOV, and electric-driven compressor systems, and (2) validating the transient A/C system model with
“real world” experimental data on industry-relevant systems and collaborative projects with industry partners, such
as DaimlerChrysler, General Motors, Visteon Corporation, and Delphi Automotive Systems.
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