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1. INTRODUCTION

ABSTRACT
Modern air vehicles face increasing internal heat loads that
must be appropriately understood in design and managed in
operation. This paper examines one solution to creating more
efficient and effective thermal management systems (TMSs):
vapor cycle systems (VCSs). VCSs are increasingly being
investigated by aerospace government and industry as a
means to provide much greater efficiency in moving thermal
energy from one physical location to another. In this work,
we develop the AFRL (Air Force Research Laboratory)
Transient Thermal Modeling and Optimization (ATTMO)
toolbox: a modeling and simulation tool based in Matlab/
Simulink that is suitable for understanding, predicting, and
designing a VCS. The ATTMO toolbox also provides
capability for understanding the VCS as part of a larger air
vehicle system. The toolbox is presented in a modular fashion
whereby the individual components are presented along with
the framework for interconnecting them. The modularity
allows for easy user re-configurability as well as the ability to
scale from simple to full vehicle systems. A computational
environment is discussed that allows for simulations running
many times faster than real-time. Simulation results are
presented for a laboratory scale test stand system consisting
of both single and multiple evaporators. The simulations are
verified against experimental results demonstrating the
potential of the tool.

With the progression toward more electronic aircraft in
combination with low thermal conductivity composite skins
and reduced ram heat exchanger inlets, thermal loads from a
range of subsystems must be understood and managed via
thermal management systems (TMSs). Due to their
efficiency, vapor cycle systems (VCSs) are used to meet a
wide variety of thermal management needs including
residential, automotive, and commercial air-conditioning and
refrigeration. These systems come in a wide range of sizes
and architectures to handle various thermal loads.
The focus of this paper is to present the development and
capabilities of the AFRL (Air Force Research Laboratory)
Transient Thermal Modeling and Optimization (ATTMO)
toolbox based in the Matlab/Simulink environment. A similar
toolbox, named TMS toolbox, has previously been developed
to simulate and optimize TMS performance [1]. The ATTMO
toolbox is able to interface with the TMS toolbox, providing
the ability to simulate VCSs as part of the larger TMS. The
modularity of this tool allows for a variety of VCS
configurations, including single and dual evaporator
architectures, and can be incorporated with vehicle,
propulsion, and power subsystem models to provide a
complete understanding of the interactions between
subsystems. Using a first-principles based approach, the
ATTMO toolbox allows the user to better understand, predict,
and control the behavior of VCSs, from design through
implementation. Through better understanding of system
dynamics, this tool can aid in the design and control of VCSs
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to better meet the growing thermal management needs of
these aircraft.
The paper is organized as follows. First, an overview of a
VCS is given in Section 2, with a focus on the cycle and
operation description. Then, the basic components of the
cycle and their governing equations are presented in Section
3. Construction of a dual evaporator model in the toolbox
framework is presented in Section 4. Section 5 gives an
introduction to the physical test stand at the University of
Illinois at Urbana-Champaign. In Section 6, data is presented
to show the agreement between the model and a physical test
stand thereby verifying the modeling and simulation
approach taken. Finally, we present our conclusions and
future work in Sections 7 and 8.

2. VCS OVERVIEW
A standard VCS consists of four major components:
compressor, condenser, valve, and evaporator [2]. The
standard cycle has four states, depicted in Figure 1 as
(1,2,3,4), and two pressures, Pcond and Pevap. The transition
from state i to state j is indicated by i - j. Four simplifying
assumptions are typically used: isentropic compression (1 2), isobaric condensation (2 - 3), isenthalpic expansion (3 4), and isobaric evaporation (4 - 1). Low pressure
superheated vapor enters the compressor and exits at a high
pressure and temperature. The condenser transfers the heat
from the refrigerant to the cooler secondary fluid and the
refrigerant exits as either a subcooled liquid or a two-phase
mixture. The refrigerant is expanded through the valve,
exiting as a lower pressure, two-phase mixture. The
evaporator transfers heat from the warmer secondary fluid to
the refrigerant, which exits as a low pressure, superheated
vapor. This superheated vapor then enters the compressor and
the cycle repeats.

Figure 1. Schematic of a vapor cycle system (VCS)
A VCS has a variety of user-actuated controls which provide
the ability to control the thermodynamic state of the
refrigerant at each of the four locations seen in Figure 1.
These control inputs include the total mass of refrigerant in
the cycle, known as the charge of the system, the compressor

speed, valve opening, and secondary fluid mass flow rates for
the heat exchangers, all of which affect the dynamics and
efficiency of the cycle. Additionally, the phase of the
refrigerant in the condenser and evaporator (i.e. subcooled
liquid, two-phase mixture, or superheated vapor) affects the
quantity of energy transferred in the cycle. Modeling of VCSs
provides the required insight to the highly nonlinear and
coupled relationships between these control inputs and the
system dynamics necessary to develop more advanced and
higher performance control strategies.

3. COMPONENT MODELING
The Thermosys modeling platform, developed at the
University of Illinois at Urbana-Champaign, serves as the
foundation of the ATTMO toolbox. The fundamental
equations of the VCS components presented below, are also
used in the Thermosys framework. Thermosys has been
validated both at steady-state and under transient conditions
with a number of experimental VCSs, including the test stand
in Section 5 [3,4,5,6]. Due to the accuracy of the Thermosys
models during transient system behavior, this framework has
been used for the development and implementation of various
control strategies, which require more than an understanding
of steady-state behavior.
The ATTMO toolbox was developed in the Matlab/Simulink
environment. Simulink offers a variety of numerical
integration solvers including fixed step solvers of various
order and variable step, stiff solvers. The fixed step solvers
can be used for hardware-in-the-loop applications where realtime model simulation is required [7]. The stiff solvers can be
used when a system has multiple, different time scale
dynamics, such as the quick pressure dynamic and the slow
thermal dynamic in a VCS. The graphical nature of the
Simulink environment is similar to a system schematic,
making model development and navigation simple and
intuitive. This environment also allows for simple integration
of control strategies within the modeling framework, such as
embedded system emulation [7].
The components in the ATTMO toolbox can be divided into
four basic categories: system actuation devices, heat
exchangers, flow passageways, and support functions, as
shown in Figure 2. The modularity of the toolbox allows the
user to simply drag and drop components into the Simulink
model and connect individual components with a buss
structure which contains information about the state of the
refrigerant. Each component has a mask which allows the
user to specify parameters and operation conditions specific
to the component.
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significantly reduces model development time over a series of
single connections for each variable of interest.

Figure 3. Single evaporator model with the pressure and
mass flow calculating components highlighted
Figure 2. Components available in the ATTMO toolbox
Figure 3 shows how the basic VCS discussed in Section 2
would be modeled using this toolbox. The figure also shows
how the busses are used to connect individual components.
The busses contain the information required to completely
define the state of the refrigerant: pressure, enthalpy, and
mass flow rate, as well as temperature for easy comparison to
measured system data. Refrigerant property information was
taken from the Engineering Equation Solver (EES), a
program generally used in HVAC research. The modeling
framework used in this toolbox requires the alternation of
pressure calculating devices, e.g. the heat exchangers, and
mass flow rate calculating devices, e.g. the compressor. This
is reflected in Figure 3 where pressure calculating
components are highlighted in red and mass flow calculating
components are highlighted in green. While this is intuitive
for a simple system, more complex systems may require
additional components to achieve this alternation and will be
discussed in greater detail in Section 4. The system shown in
Figure 3 also uses two of the support blocks: the Flow Source
and the Flow Sink. These components allow the user to
directly specify the state of a fluid. In the current system they
are used to specify the properties of the secondary fluid (air
for the systems verified in Section 6) for each of the heat
exchangers, but can also be used to begin or terminate
refrigerant flow.
Typically, a single component may require information from
upstream and downstream components. For example, the
condenser requires both the mass flow rate determined by the
compressor and the mass flow rate determined by the valve in
order to calculate the refrigerant pressure. Each component in
the ATTMO toolbox is capable of forming these upstream
and downstream paths of information transfer automatically
when the user connects components using the buss structure.
A single buss structure to connect component blocks

3.1. Valves
Valves are used to bring high pressure refrigerant from the
exit of the condenser down to a low pressure for the
evaporator. Four different types of valves are modeled in the
toolbox: automatic expansion valve (AEV), electronic
expansion valve (EEV), orifice tube (OT), and thermostatic
expansion valve (TEV). Each valve model calculates the
refrigerant mass flow through the valve based on the inlet and
outlet pressures and a control input.
Control signals are sent to the AEV, EEV, and TEV to
determine valve opening area. The orifice tube is a static
component and does not have a control signal. The EEV
opening is directly defined by the user or by a user developed
controller. The AEV attempts to maintain a constant pressure
in either the condenser or evaporator, depending on how the
AEV is interfaced. The TEV works with the evaporator to
maintain a constant refrigerant superheat at the exit of the
evaporator.
All four of the valves use Equation (1) to calculate refrigerant
mass flow rate. As shown in Figure 3, components which
calculate pressure alternate with components that calculate
mass. Pressure is a state variable within the heat exchangers,
so the mass calculation must be done by the remaining two
components: the valve and compressor. The discharge
coefficient, Cd, is experimentally determined over the range
of operating conditions and is implemented via a lookup table
based on the parameters of interest. Figure 4 shows a sample
mapping for an EEV where Cd is a function of valve opening
and the pressure drop across the valve [8]. The AEV uses the
regulated heat exchanger pressure and the pressure difference
across the valve to determine Cd. The TEV uses two maps,
Cd a map which is based on the pressure differential and the
force exerted on the TEV, and an area map which is based on
the pressure difference between the TEV sensing bulb and the
evaporator pressure. The user defined constant, Kv, can be

3
Approved for public release; distribution unlimited.

used to adjust for small deviations between experimental and
simulated refrigerant mass flow rates caused by the unmodeled factors such as friction. Kv may be set to 1 if the
deviations between experimental and simulated data are
unknown.

(1)

with the refrigerant mass flow rate determined statically, but
the enthalpy determined dynamically.
Equations (2), (3), (4) outline the behavior of the compressor
model utilized in this toolbox. As with the valve, Km and Kh
are user defined values, which account for differences in
mass flow rate caused by un-modeled factors which may not
have been captured in the maps. The hstatic variable in
Equation (3) refers to the refrigerant enthalpy if there was no
heat transfer from the compressor shell. The enthalpy of the
refrigerant leaving the compressor has a first order dynamic,
shown in Equation (4), which captures the thermal
capacitance of the compressor.

(2)

(3)

(4)
Figure 4. Sample flow coefficient map for the EEV, with
black points representing experimental data

3.2. Compressor
The compressor, in combination with the valve, sets the mass
flow rate in the VCS and raises the refrigerant from a low
pressure vapor at the outlet of the evaporator to a high
pressure and high temperature vapor which enters the
condenser. A standard VCS modeling assumption is that the
compressor operates isentropically. In this work, the
compressor model uses an adiabatic efficiency correction
factor map,
, for the outlet enthalpy
calculation and a volumetric efficiency correction factor map,
, for the refrigerant mass flow rate to
improve the accuracy of the model. Both Pcond and Pevap are
. These correction
used to define the pressure ratio,
factors need to be determined experimentally for a particular
compressor. While the VCS is in operation, the same
compression process which raised the pressure and
temperature of the refrigerant also heats the metal shell of the
compressor, which has a significant thermal capacitance. This
heat transfer can be approximated as first order dynamic with
a time constant, τshell, which depends on the mass of the
compressor. Since the mass flow dynamics of the VCS are
significantly faster than the thermal dynamics, the
compressor can often be treated as a quasi-static component,

3.3. Evaporator
When a VCS is used to provide cooling, the evaporator
transfers heat from the cooled space or medium (known as
the secondary fluid) to the refrigerant causing the refrigerant
density to decrease, ideally creating a superheated vapor at
the evaporator outlet to prevent damage to the compressor.
Currently, the heat exchangers in the ATTMO toolbox are
limited to interfacing with air as the secondary fluid and the
development of a liquid-to-liquid heat exchanger is left for
future work. Refrigerant traveling through a heat exchanger is
assumed to be at a single pressure determined by the model.
The evaporator uses a lumped parameter modeling
assumption for the generation of its governing equations
[9,10,11,12,13,14]. As shown in Figure 5, the evaporator
contains two-phase fluid and superheated vapor or just twophase fluid, depending on the conditions of the heat transfer
[4]. Within each region, the heat transfer correlations between
the refrigerant, pipe walls, and secondary fluid are assumed
to be constant. Therefore, it is possible to treat the evaporator
as a two zone model, with a moving boundary interface
between the two-phase and the superheated vapor lengths. In
operation, the user may have access to state information at
the inlet and outlet of the evaporator. While some of these
states can be measured experimentally, such as pressure and
temperature, other states, such as the length of the two-phase
region, would be very difficult to measure in most
applications. The VSC model is able to provide this
information, which could be useful in developing advanced
control strategies.
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temperatures play a critical role in modeling the heat transfer
from the secondary fluid to the refrigerant in the evaporator.

(10)

Figure 5. Refrigerant modes within the evaporator
Equations (5), (6), (7), (8), (9) determine the states of the
evaporator, [ζ1 P h2 γ m12]T, whose derivatives are calculated
from the equations below. Equations (5) and (6) are the
conservation of mass and conservation of energy equations
for the superheat zone, respectively. Equations (7) and (8) are
the conservation of mass and energy in the two-phase zone,
respectively. Equation (9) is the void fraction calculation for
the two-phase zone. The void fraction, γ, refers to the volume
of gas versus liquid in the two-phase mixture for a localized
region of fluid. Here, the represents the mean void fraction
is the equilibrium mean void fraction for
in a region and
complete condensation, defined for both the condenser and
evaporator, from saturated vapor to saturated liquid. The
subscripts represent the zone of the refrigerant, with 1
referring to the two-phase zone and 2 referring to the
superheat zone, the inlet and outlet conditions, or the vapor
and liquid transitions of the refrigerant. Also, all of the h
values used in the equations refer to the refrigerant enthalpy,
not the heat transfer coefficient.

(11)
Additional information on the derivation of these equations as
well as details on the conditions for the disappearance and
reappearance of the superheated zone under transient system
dynamics can be found in [4].

3.4. Condenser
Converse to the evaporator, the condenser transfers heat from
the refrigerant to the secondary fluid, causing the refrigerant
enthalpy to decrease and the refrigerant density to increase.
The refrigerant at the condenser outlet is ideally subcooled
liquid. A subcooled liquid would insure all of the heat
transfer possible in the two-phase region has occurred,
resulting in high efficiency. However, too much subcooling is
an indication that the condenser is oversized for the system.
The condenser model assumes isobaric refrigerant. The
condenser calculates pressure, and uses air as the secondary
fluid for the validation in Section 6.

(5)

(6)

(7)

(8)

(9)
Additionally, the evaporator calculates the time derivative of
the wall temperatures in both regions, shown in Equations
(10) and (11). allows the wall temperatures to vary as the
length of each zone varies within the evaporator. If the length
of the two-phase region is increasing, and if the length of the
superheat region is increasing, Tr1 = Twall1. The wall

Figure 6. Refrigerant modes within the condenser
Similar to the evaporator, the condenser uses a lumped
parameter modeling assumption for the generation of its
governing equations. As shown in Figure 6, the condenser
can contain superheated vapor, a two-phase mixture, and
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subcooled liquid. Therefore, there are five modes of operation
in the condenser, corresponding to the combinations of these
three zones [4]. The condenser can be treated as a three zone
moving boundary model, with boundaries defined by the
superheat - two-phase interface and the two-phase subcooled interface.

(20)

(21)

Equations (12), (13), (14), (15), (16), (17), (18), (19)
determine the state of the condenser, [ζ1 ζ2 P h3 m12 m23 h1
γ]T, whose derivatives are calculated from the equations
below. Equations (12) and (13) are the conservation of mass
and conservation of energy equations for the subcooled zone,
respectively. Equations (14) and (15) are the conservation of
mass and conservation of energy equations for the superheat
zone, respectively. Equation (16) calculates an enthalpy
average in the superheat zone. Equations (17) and (18) are the
conservation of mass and conservation of energy equations
for the two-phase zone, respectively. Equation (19)
determines the void fraction of the two-phase zone. Unlike
the evaporator equations, the superheat zone is 1, the twophase zone is 2, and the subcooled zone is 3.

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)
Additionally, the condenser calculates the time derivative of
the wall temperatures in all three regions, shown in Equations
(20), (21), (22). Tr1 refers to the interaction area between the
two-phase and superheat zones and Tr2 refers to the twophase and subcooled zones. As with the evaporator, Tr takes
on the temperature of the zone which is decreasing in length.

(22)
Once again, additional information on the modeling of the
condenser can be found in [4, 9].

3.5. Flow Passageways
Flow passageways allow fluid to move from one component
to another in a VCS. Pipes are the most common flow
passageway, but multi-evaporator systems require additional
components, such as flow splits and junctions. Flow
passageways can be used to calculate either pressure drops or
mass flow rates. It is possible to model a VCS without flow
passageways, but their addition in the model can be used to
account for various pressure drops and heat transfer that may
not be captured without the passageways. Additionally, most
VCSs usually incorporate a significant amount of piping in
practice since the thermal energy acquisition and rejection
are, by design, usually non-collocated. All of the flow
passageways are able to handle refrigerant in any one of the
three phases: subcooled liquid, superheated vapor, and twophase mixture.

3.5.1. Pipes
Depending on the nature of the upstream and downstream
components, it may be necessary to have an intermediate
component calculate either mass flow rate or pressure drop. A
pipe is capable of either of these calculations. Equations (23),
(24), (25), (26), (27) give the pressure loss equations, when
mass flow rate is specified. If the mass flow rate is the
desired output, the pipe will calculate a mass flow rate, check
if the fluid properties associated with this mass flow rate give
the correct pressure drop in the pipe, and iterate until a
solution is found. The four sources of pressure loss, friction
factor, ΔPf, head loss factor, ΔPK, isentropic area, ΔPI, and
generic hydraulic resistance, ΔPR, are linearly combined to
create the equation for the total pressure loss in the pipe,
Equation (27). The four pressure loss terms come from
various non-ideal factors in VCS pipes, such as wall
roughness, flow direction changes (elbows), physical limits
on the amount of fluid flow, etc. Additionally, the pipes allow
for heat transfer, as specified in Equation (28)
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(23)

(24)

(25)
(26)
(27)
(28)

3.5.2. Flow Split and Junction
A split is used when refrigerant flow is channeled from a
single stream into multiple streams and a junction is used
when multiple steams are collapsed into a single stream. A
control volume approach for inlets and outlets is shown in
Figure 7. The pressure, Equation (29), and enthalpy, Equation
(30), of the liquid in the split/junction are calculated using a
control volume approach. The equations are derived from
conservation of mass and conservation of energy within the
split/junction, respectively. The bulk modulus, β, in (29)
captures the refrigerant's resistance to uniform compression.
The flow split/junction model requires mass flow rate
information for each of the inlets and outlets. Typically this
information would come from a valve or compressor, but if a
split/junction follows another pressure calculating device, a
mass flow rate calculating pipe would need to be used in
between these two components.

efficiency. In general, it is important to choose the relaxation
factor to balance computational stiffness with computational
accuracy for the system. For the validation results given in
Section 6, the relaxation factor ranges from 10 to 100,000,
depending on the stiffness of the original equation. Despite
the addition of the relaxation factor, the time scales of the
flow split are still significantly faster than the dynamics of the
rest of the system and therefore the relaxation factor does not
affect the overall system dynamics for the particular system
described below.

4. SYSTEM MODELING
Creation of a system model in the Matlab/Simulink
environment is straightforward, due to the modularity and
ease of use of the components. A multi-evaporator system
model is shown in Figure 8. A single buss line is used to
transmit information about the thermodynamic state of the
fluid between each of the components. Furthermore, when the
user opens a component mask, they are able to specify initial
operating conditions using intuitive variables, such as
pressure and temperature. Flow source and sink blocks,
shown in Figure 2, allow for simple generation of a fluid
state. A sample use of these blocks is shown in Figure 8. By
attaching the source and sink blocks to the secondary fluid
ports in the heat exchangers, the user can give constant
parameters that determine the ambient conditions for the
VCS.

Figure 7. Split and junction control volume for inlets
and outlets
Figure 8. Multi-evaporator system model with pressure
and mass flow calculating components highlighted
(29)

(30)
Due to the physical size of a typical flow split/junction, the
volume term in (29) and (30) can be quite small. This results
in very fast dynamics and a computationally stiff problem. A
relaxation factor, r, can be used to artificially slow the
dynamics in the split thus improving computational

An additional constraint on VCS modeling arises from
calculations of pressure and mass flow rate. Every component
in the toolbox calculates one of these two parameters. In
order to pass information between components, a mass
calculating component must follow downstream of a pressure
calculating component and vice versa. In Figure 8, the
pressure calculating components are highlighted in red and
the mass calculating components are highlighted in green. In
order to maintain this pattern, mass calculating pipes were
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added into the system downstream of the condenser and
downstream of the evaporators.

5. EXPERIMENTAL TEST STAND
All of the data collected for validation of the toolbox model
was taken from the test stand in Figure 9 at the University of
Illinois at Urbana-Champaign [6,15]. The test stand uses
R-134a as the refrigerant and was designed to operate in a
variety of configurations by including various types of
hardware in the VCS through the use of manual valves. This
test stand is a dual-evaporator VCS which can be operated as
either a single or dual-evaporator system. The manual valves
also provide the ability to use four different types of valves:
automatic expansion valve (AEV), electronic expansion valve
(EEV), orifice tube (OT), and thermostatic expansion valve
(TEV). A receiver and accumulator can be introduced to the
system using manual valves. The receiver and accumulator
insure that subcooled liquid enters the valves and superheated
vapor enters the compressor, respectively.

6. SYSTEM VALIDATION
Through the use of the native Simulink environment, the
ATTMO toolbox is able to simulate VCSs significantly faster
than real time. The simulation of a single evaporator VCS for
1000 experimental seconds took approximately 200 seconds
using a fixed step solver with a step size of 0.01 seconds,
resulting in a 5 time speed up over real time. This speed
provides the options of using this model during real time
hardware-in-the-loop applications. The simulation time was
further reduced to 25 seconds using a variable step, stiff
solver, resulting in a 400 time speed up over real time. The
simulation was run on a machine with a 3.1 GHz Intel Xeon
processor with 6 GB of RAM. This speed is incredibly useful
for the design of controllers. From the simple tuning of
proportional-integral-derivative (PID) gains to the
development of more advanced model predictive controllers,
the ability to simulate a system in a matter of seconds instead
of hours can significantly reduce controller development
time. The ATTMO toolbox can also be used to influence
VCS design and component sizing. For example, if the
subcooled region at the exit of a condenser is a significant
portion of the heat exchanger, the condenser is oversized for
the system and reduces system efficiency by having a long
subcooled length. The toolbox can be used to easily and
quickly determine the appropriate condenser size for realistic
static and dynamic operating conditions. The two case studies
below show the validation efforts for a single and dual
evaporator VCS using the experimental test stand discussed
in Section 5. As the ATTMO toolbox was specifically
designed with the development of controllers for VCSs in
mind, the transient behaviors of these systems is especially
important and the simulated system needs to capture these
dynamics.

6.1. Single Evaporator
Figure 9. Image of the University of Illinois test stand
Additionally, a large number of sensors provide for a variety
of measurements during data collection. Mass flow meters
directly upstream of the valves measure the refrigerant mass
flow rate in each branch of the dual evaporator system.
Pressure sensors are present at the inlet and outlet of the
evaporators and the inlet and outlet of the compressor.
Immersion thermocouples are used to measure the refrigerant
temperature at the inlet and outlet of the compressor and
condenser and surface thermocouples are used at the inlet and
outlet of the evaporators. Finally, thermocouples measure the
air temperature at the supply and return of the evaporators
and the condenser.

For the single evaporator case, the second evaporator on the
test stand was removed from the system using the manual
valves. The EEV was used to control refrigerant mass flow
and the receiver and accumulator were excluded from the
system. The model used to simulate this system was similar
to the one shown in Figure 8 with the second valve and
evaporator removed. The flow junction and flow split blocks
remained in the model, but the flow source and flow sink
blocks were used to set the mass flow rate through the second
flow path to zero. This is achieved by removing the mass
calculating components, the pipe and valve, in this branch
and forcing a user defined mass flow rate of 0 kg/s in the
masks of the flow source and flow sink. In the experiment, a
PID controller was used to track a desired refrigerant mass
flow rate by adjusting the opening of the EEV. This allowed
the user to specify the mass flow rate and the compressor
speed independently.
Figure 10(a) shows the inputs used for the single evaporator
model validation. The refrigerant mass flow rate was stepped
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down at 500 seconds from 0.007 to 0.004 kg/s and then
stepped back up at 1000 seconds. The compressor speed was
stepped down at 750 seconds from 1800 to 1500 RPM and
then stepped back up at 1250 seconds. This set of inputs
creates 4 distinct operation conditions. Figure 10(b) shows
the measured refrigerant mass flow rate and shows that the
PID controller is able to track the desired mass flow rate
despite the noise in the measurement. Generally, in addition
to the mass flow rate, the two heat exchanger pressures and
the superheat of the refrigerant exiting the evaporator are
very important to the performance of the system and are
typically used to control the cooling capacity of the system.
Figures 10(c) - 10(e) show the simulation and experimental
data for the condenser pressure, evaporator pressure, and the
evaporator exit refrigerant superheat.

the experimental and simulation data is shown in Equation
(31).

(31)
The filtered data for the refrigerant mass flow rate, the
condenser and evaporator pressures, and the evaporator outlet
superheat are presented in Figure 11(a) - (d). While there is
some deviation between the filtered experimental and
simulated results, the dynamics are very similar.

Figure 11. Filtered single evaporator model (a) filtered
mass flow rate, (b) filtered condenser pressure, (c)
filtered evaporator pressure, (d) filtered evaporator
superheat
Figure 10. Single evaporator model (a) input parameters,
(b) mass flow rate, (c) condenser pressure, (d) evaporator
pressure, (e) evaporator superheat
In general the simulated dynamics agree very well with the
experimental measurements. The simulated heat exchanger
pressures deviate from the experimental data by less than
10% except during some of the transitions where the error
may be closer to 15%. The evaporator superheat data shows
very similar dynamics between the simulation and measured
results except for a 3-4°C offset. This offset could easily be
due to the fact that a surface thermocouple on the outside of
the pipe exiting the evaporator is used to measure the
temperature of the refrigerant. By compensating for this
constant offset, the error in the simulated superheat is about
5% except during some of the transitions where error
approaches 20% for a small period of time. Since the
transient dynamics are very important to the development of
controllers and steady-state offsets can often be compensated
for through feedback control, a fourth-order high-pass
Butterworth filter was used with a cutoff of 0.001 Hz. This
filter removes any steady-state behavior and isolates the
similarities in the transient behaviors. The filter used on both

These simulation results show that the ATTMO toolbox is
able to accurately model the dynamics of a single evaporator
system for several operating conditions both at steady-state
and during large transients. This model can be improved by
adjusting various parameters as discussed in Section 3 as well
as adding pipes and various other components present in the
experimental system which are not modeled (e.g. oil
separator). The model captures the important dynamics of the
system for control purposes and the modeling error is small
enough to be compensated for through feedback control.

6.2. Dual Evaporator
For the second test case, the second evaporator was
introduced into the experimental test stand and was simulated
using the model shown in Figure 8. In addition to a more
complex system, a more complex set of inputs was used as
well. For this case study, the valves were not controlled using
a PID controller; valve opening was specified directly. The
inputs to the compressor and two EEV are shown in Figure
12. The inputs can be separated in to three regions. Region 1,
from 0 - 500 seconds, allows the system to reach a steadystate. Random Gaussian signals were used in Region 2, from

9
Approved for public release; distribution unlimited.

500 - 1500 seconds, to simulate the changes in control inputs
that might be seen during a realistic operation of the system.
In Region 3, 1500 - 3500 seconds, each control input was
stepped up and down independently to determine the effects
of each control input on the system dynamics. As previously
discussed the transient dynamics are of particular interest.
Using the same high-pass filter as the single evaporator case
study, Figures 13, 14, 15 show the filtered experimental and
simulated dynamics for refrigerant mass flow rates, heat
exchanger pressures, and evaporator outlet superheats. Once
again, the agreement between the filtered experimental and
simulated data is acceptable for control purposes and further
model refinement could improve the model accuracy. The
largest discrepancies between the two sets of filtered data are
clearly in the evaporator outlet superheat temperature, seen in
Figure 15. Since the thermocouple used to make this
temperature measurement is on the exterior of the pipe at the
exit of the evaporator, the thermal conduction through the
wall of the pipe could significantly affect the temperature
dynamics, causing the observed discrepancies.

Figure 14. Filtered dual evaporator model heat
exchanger pressures

Figure 15. Filtered dual evaporator model evaporator
superheats

7. CONCLUSIONS
Figure 12. Inputs to the dual evaporator model

Figure 13. Filtered dual evaporator model refrigerant
mass flow rates

The ATTMO toolbox is a user friendly and an accurate
modeling tool. The modularity of components allows for a
user to “drag and drop” components when constructing a
VCS. Additionally, buss lines allow for quick connections
between components. As a result, the modeling environment
is both flexible and rapidly reconfigurable.
Modeling accuracy is insured by using the Thermosys
toolbox as a foundation to the ATTMO toolbox. The single
evaporator model output is shown to be in close agreement
with the data generated on the experimental test stand, by
capturing both transient dynamics and steady-state values.
The dual evaporator simulation demonstrates the ATTMO
toolbox's ability to predict transient behavior for a more
complicated system model with a complex set of system
inputs.
All of this is accomplished while permitting the model to run
at up to 400 times real time, allowing this tool to be used for
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a wide range of applications. Additionally, the simple nature
of the user interface allows the component parameters to be
quickly tailored to match other experimental VCSs. This
means the toolbox can be used to properly size components in
a VCS, tune controller gains, and run other computationally
intensive exploratory investigations, while requiring
minimum modeling time.

8. FUTURE WORK
Although the ATTMO toolbox has demonstrated its efficacy
on an existing R-134a system, there is still ample opportunity
for expanding its utility. Given the large domain of available
heat exchanger configurations, fluids properties, and system
designs, it is natural that the future work will focus on
building upon the foundation of components described here.
Fortunately, the modularity of the toolbox and the buss
structures allow for the addition and seamless interfacing of
new components. The utility of the toolbox will grow with
further usage. As more models of systems are verified and
added to the toolbox, the attractiveness to potential users will
increase. Current work among the authors is focused on
exactly this approach with planned addition of several new
models and augmentations of current component models.
Moreover, there will be a concerted effort to distribute this
tool into other user groups so as to build a community of
interest around the toolbox.
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DEFINITIONS/ABBREVIATIONS
AEV - Automatic Expansion Valve
AFRL - Air Force Research Laboratory
ATTMO - AFRL Transient Thermal Modeling and
Optimization
EEV - Electronic Expansion Valve
OT - Orifice Tube
PID - Proportional - Integral - Derivative
TEV - Thermostatic Expansion Valve
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TMS - Thermal Management System
VCS - Vapor Cycle System

Q - Volumetric flow rate
- Heat transfer rate in zone j [W]

NOMENCLATURE
AI - Isentropic area

- Refrigerant heat transfer rate in zone j [W]

[m2]

cPwall - Wal1 specific heat

- Secondary fluid heat transfer rate in zone j [W]
R - Hydraulic resistance constant [-]
r - Relaxation factor [-]
t - Time [s]
Tr - Wall temperature in moving boundary model [K]

DH - Hydraulic diameter [m]

Twallj - Wall temperature in zone j [K]

f - Friction factor [-]
G(s) - Filter transfer function

u - Flow velocity

hf - Refrigerant saturated liquid enthalpy

V - Volume [m3]
β - Bulk modulus [kPa]

hg - Refrigerant saturated vapor enthalpy

- Mean void fraction [-] Equilibrium mean void fraction for
complete

Av - Valve area [m2]
Cd - Coefficient of discharge [-]

- condensation from saturated vapor to saturated liquid
[-]
ΔP - Pressure difference [kPa]
ΔPf - Friction factor pressure loss [kPa]

hin - Enthalpy into component
hj - Enthalpy in zone

ΔPI - Isentropic area pressure loss [kPa]

hout - Enthalpy out of component

ΔPK - Head loss factor pressure loss [kPa]

hout,S - Enthalpy out of component, assuming isentropy

ΔPR - Generic hydraulic factors pressure loss [kPa]

hstatic - Enthalpy without heat transfer from compressor shell

ζj - Fraction of heat exchanger length covered by zone j [-]
ηh - Isentropic efficiency for compressor enthalpy [-]

Subscript for zone number
j - In the evaporator, 1=two-phase, 2=superheated In the
condenser, 1=superheat, 2=two-phase, 3=subcooled
Kh - User defined constant for compressor enthalpy [-]
Km - User defined constant for compressor mass flow [-]
KT - Head loss factor [-]

ηm - Isentropic efficiency for compressor mass flow [-]
ρj - Density
τshell - Compressor shell time constant [s]
ω - Compressor speed [rps]

Kv - User defined constant for valve [-]
Kγ - Gain in the mean void fraction
Leq - Equivalent pipe length [m]
mwall - Mass of heat exchanger wall [kg]
- Mass flow rate into component
- Mass flow rate from j1 to j2
- Mass flow rate out of component
n - Hydraulic resistance exponent [-]
P - Pressure [kPa]
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