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Abstract

Flights with high thermal loads inside the cock-
pit can have a considerable impact on pilot phys-
iological and psychological performance result-
ing in thermal discomfort, dehydration and fa-
tigue. In this work, a Functional Mock-up Inter-
face (FMI) based aircraft system simulator is uti-
lized with intent to compute and predict thermal
comfort. The simulator can for example serve pi-
lots as a tool for heat stress and flight risk assess-
ment, supporting their pre-flight planning or be
used by engineers to design and optimize cooling
efficiency during an early aircraft design phase.
Furthermore, the presented simulator offers sev-
eral advantages such as map based thermal com-
fort analysis for a complete flight envelop, time
resolved mental performance prediction, and a
flexible composability of the included models.

1 Introduction

Thermal comfort describes a state in which
humans sense a pleasant and satisfying environ-
mental temperature [1]. A deviation from this
state leads in hot environments to a feeling of
being febrile, which goes gradually along with
sweating, dehydration and lapse of concentration
[2] [3]. Pilots of small aircraft with limited cool-
ing performance as well as high performance
aircraft with large transparent canopies are, dur-
ing ground and low altitude flights, more often
exposed to high heat loads when the weather

conditions are hot and sun radiation is high. The
significant increase of cockpit air temperature
in helicopters and fixed wing airplanes, plus the
resulting decline of thermal comfort under such
hot conditions, is documented in several studies
[4] [5]. The feeling of thermal discomfort, along
with the awareness of potential heat illnesses,
arises relatively distinctly in hot environments.
However, physiological and mental performance
may also decrease during long flight missions in
moderate temperatures, easily underestimated by
the pilot.

The objective of this study is to demonstrate how
an Aircraft System Simulator (ASS) can support
engineers, pilots, and ground crews to predict
possible heat stress related hazards before a flight
so that error awareness is increased, sufficient
and energy efficient cooling is provided, and hu-
man health is not endangered. This is done by ap-
plying the Functional Mock-up Interface (FMI)
standard [6] in order to enable a flexible integra-
tion of relevant sub-systems.

2 Method

One purpose of the ASS, schematically described
in Fig.1, is to enable studies of thermal com-
fort coupled to Environmental Control System
(ECS) overall performance. Interoperability be-
tween the modeled sub-systems is established via
the FMI standard. Three novel models jointly de-
scribing the aggregated cockpit thermal comfort
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conditions are connected to the ASS [7] [8]. The
ASS is not aligned to a specific aircraft type but
intended to be of research and industrial com-
plexity in terms of range of application, non-
linearities, and level of detail. The extensions
and refinements of the ASS, relevant for detailed
analyses of pilot thermal comfort, are described
in this section. Available atmospheric boundary
conditions are presented in section 2.1. The mod-
eled sub-systems that together explicitly describe
the provision of conditioned cockpit comfort air
are described in section 2.2. Sub-systems mod-
eling thermal comfort are over viewed in section
2.3.

2.1 Atmosphere

The atmosphere model (Fig.1c) provides all sub-
models within the ASS with atmosphere data.
The model includes to date three atmospheric
representations: the International Standard At-
mosphere (ISA) [9], the (suggested) International
Tropical Atmosphere (ITRA) [10], and the Mili-
tary Standard MIL-STD-210 [11].

2.2 Environmental Control

The environmental control related sub-system
models (Fig.1b) described here are developed in
Dymola and OpenModelica [12] [13], applying
the object-oriented and equation based Modelica
language. The aircraft engine model is intended
to provide bleed air, extracted from the rear
stages of the jet engine’s compressor to the ECS
model. The bleed air temperature and pressure
are modeled as functions of Mach number,
altitude, and prevailing ambient conditions.

The applied environmental control system model
is a virtual representation of an ECS typically in-
stalled in a fighter aircraft [14] [15]. The ECS
provides pressurized air at the needed mass flow,
pressure, and temperature, to the cockpit, avion-
ics, and pilot’s garment. The engine bleed air
supplied to the ECS is decreased in temperature
by the primary heat exchanger. A bootstrap cool-
ing system, the cooling pack, is used to further
condition the air. This is achieved by means of a

compressor, a turbine, a series of heat exchang-
ers, and a water separator. The implemented heat
exchangers utilize ram air for refrigeration. The
temperature and pressure of the ECS output air
are controlled to specification by means of an
incorporated controlling software, denoted ECS
Control in Fig.1b. The implemented software
controls the motorized valves, which in turn reg-
ulate the flow through two different cooling pack
by-pass branches. [7] and [8] provide more de-
tailed information about the model.
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Fig. 1 : Concept diagram of the presented aircraft sys-
tem simulator. Links between models illustrate schemat-
ically FMI interfaces. (a) cockpit thermal climate model
and heat exchange mechanism, (b) environmental control
model and its sub-systems, (c) the atmosphere model.
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2.3 Cockpit Comfort

The Cockpit Thermal Climate/Comfort (CTC)
model (Fig.1a) is an enhanced version of the
original model [16] implemented in Matlab R©.
The model is currently running in a Simulink R©

environment and consists of three major sub-
models: the cockpit model, the thermal comfort
model, and the occupant model.

The cockpit model computes the temporal ther-
mal conditions within the cockpit compartment
with boundary conditions defined both by the
ECS and the atmosphere model. The model
consists of three smaller sub-models: the win-
dow/hood, the interior and the compartment air
model. The hood model utilizes an energy bal-
ance, which in its general form reads

Ėnet = Ėcond + Ėconv + Ėrad . (1)

Eq.(1) is then discretized using an explicit finite
difference approach to compute the heat transfer
through the transparent cockpit canopy. While
conduction (Ėcond), convection (Ėconv), sun radi-
ation, and other radiation (Ėrad) only occur at the
surface nodes, internal nodes are only effected by
conduction and sun radiation. Hence, for internal
nodes Eq.(1) can be expressed as

∂T
∂t

ρcp =
∂

∂x

(
k

∂T
∂x

)
+ Ėsun . (2)

Both the interior and the cockpit air sub-model
also make use of energy balances,

Q̇int = Q̇intrad + Q̇equip + Q̇occu

−Q̇intconv − Q̇cool
(3)

Q̇air = Q̇equip + Q̇occu + Q̇intconv + Q̇de f

+Q̇wconv − Q̇vent ,
(4)

to compute their respective change in tempera-
ture and use for time advancement

T t+dt = T t + Q̇
dt

mcp
. (5)

The interior, which includes all solid material
(e.g. seats and panels), exchanges heat via
radiation Q̇intrad and convection Q̇intconv with the
surrounding cockpit air plus the cockpit’s hood,
Eq.(3). Major sources of heat to the interior can
be the heat generated by the incident sun radi-
ation, the equipment (instruments, computers)
Q̇equip and the aircrew’s body heat Q̇occu. To
regulate the temperature of the interior cooling
air Q̇cool , provided by the ECS, is implemented
as a heat sink. The cockpit air, Eq.(4), is mainly
heated-up by convection between the air and
interior Q̇intconv . Additional heat sources are the
equipment Q̇equip, the occupants Q̇occu, as well
as the defroster air Q̇de f if activated. Cockpit air
temperature can be controlled by ventilation air
Q̇vent coming from the ECS entering directly to
the cockpit.

Thermal comfort prediction is enabled by model-
ing the cockpit wet-bulb and black-globe temper-
atures which together form, with cockpit dry-air
temperature the input for several heat stress in-
dices e.g. Wet Bulb Globe Temperature (WBGT)
[17], Fighter Index of Thermal Stress (FITS) [18]
or the Predicted Mean Vote (PMV) [19]. Than
other indices like the Predicted Percentage of
Dissatisfied (PPD) occupants can be deduce [20].
As previously presented for the interior and the
cockpit air, wet-bulb and black-globe tempera-
tures are computed applying energy balances

Q̇bg = Q̇rad + Q̇conv (6)

Q̇nwb = Q̇rad + Q̇conv − Q̇evap , (7)

which consider the radiative Q̇rad as well as con-
vective Q̇conv heat exchange at the thermometers.
Since the surface of the wet bulb thermometer
is humid, an additional term had to be added
including the heat loss due to evaporation Q̇evap.
The temperature of both thermometers were
subsequently advanced in time just as presented
in Eq.(5). A more detailed description of how
the models are implemented can be found in [16].

The physiological and psychological parameters

3



SCHMINDER J , HÄLLQVIST R , EEK M , GÅRDHAGEN R

in this work are based on empirical regression
models, found in the literature, utilizing cockpit
environmental parameters and/or thermal com-
fort indices. Equilibrium rectal temperature (Trec)
is based on experimental data published by Lind
[21] and is estimated by means of

Trec = 0.000001Te f f
5 −0.0001Te f f

4

+0.004Te f f
3 −0.06Te f f

2

+0.46Te f f +36.22

(8)

describing rectal temperature as a function of
Effective Temperature (Te f f ).

Mean Skin Temperature (Tskin) is computed as

Tskin = 0.1263Tos +30.03 (9)

at which Tos is the temperature of the cockpit air
close to the pilot’s body [22] calculated as

Tos = 0.8367Tc +5.8 . (10)

In addition, Song [22] published a linear regres-
sion to estimate the sweat rate (SR) of cockpit
occupants,

SR = 12.13Tos −149.96 . (11)

Mean Metabolic Rate (MR) and Heart Rate (HR)
are estimated as

MR = 0.04Tc
2 −1.96Tc +86.42 (12)

HR = 0.05Tc
2 −2.2Tc +103.42 (13)

at which only regressions, presented by Lou [23],
for a clothing insulation of 0.9 clo are applied,
since fighter cockpit pilots normally are almost
completely covered by clothes.

Relative Task Performance (TP) Eq.(14) is com-
puted by

TP = 0.0000623Tc
3 −0.0058274Tc

2

+0.1647524Tc −0.4685328
(14)

employing a curve fit, presented by Seppänen
[24], setting task productivity in relation to
indoor ambient temperature (Tc).

To get a notion of human error risk due to sub-
optimal thermal conditions, the Unsafe Behavior
Index (UBI) for light workload was chosen. The
index is calculated as

UBI = 0.0008Twbgt
2 −0.0341Twbgt

+0.5829
(15)

and indicate the detrimental effect on the safety-
related behavior in relation to WBGT [25].

2.4 Model Intercommunication

The models included in the presented simulator
are exported as compressed model executables,
according to the FMI standard format, where
they are referred to as Functional Mock-up Units
(FMUs). The environmental control sub-models,
explained in section 2.2, are exported as FMUs
from the commercially available Modelica tool
Dymola R© [12] [13]. The models comprising
the CTC sub-models are ported from Matlab R©

to Simulink R© via the ”User-Defined Function
block”. The Dassault developed toolbox ”FMI
Kit For Simulink” [26] is subsequently used
to generate FMUs from the resulting Simulink
models.

The ASS is then implemented in two differ-
ent integrating tools, Dymola R© and the OM-
Simulator. For the presented steady state sim-
ulations, the CTC models are incorporated as
FMUs in the Dymola implementation; however,
the Modelica models are kept in their origi-
nal format. Transient simulations were exe-
cuted in the open-source tool OMSimulator. The
OMSimulator is a simulation environment sup-
porting the FMI standard under development in
the research collaboration Open Cyber Physi-
cal System Model-Driven Certified Development
(OpenCPS) project [27]. In contrast to the steady
state simulation, all of the modeled sub-systems
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are incorporated as FMUs in this second imple-
mentation.

3 Results

The presented results are obtained by applying
the ASS to compute the thermal conditions inside
the cockpit. This is then used to estimate the
physiological as well as psychological impact on
the pilot. The simulated aircraft is a single-seater
generic fighter comparable to a AJ37 (Viggen)
or F-18 (Hornet). First, 40 steady state case
simulations, each 800 s long, at different flight
speeds and altitudes were simulated covering the
entire flight envelope typical for an aircraft in
this class [28] [29]. The atmospheric boundary
conditions during the simulations correspond
to a standard day defined by the international
standard atmosphere (ISA).

Cockpit temperature (Fig.2a), computed by the
CTC model, shows a variation of 40◦C within
the flight envelop and rises up to 125◦C in
regions with high Mach numbers. Cockpit air
condition, provided by the ECS, offers the pilot a
minimum air temperature (Fig.2b) of 0◦C over a
wide rage of the flight envelope, but rises easily
up to 95◦C during fast flights at low altitudes.
The thermal comfort a pilot would experience
within the flight envelope is assessed by four
different indices. WBGT (Fig.2c) varies between
15◦C and 30◦C but reaches highly critical values
above 33◦C [17] outside the flight envelopes.
FITS (Fig.2d) is below 33◦C in a large part of
the flight domain indicating no significant heat
stress risk for the pilot. PMV (Fig.2e) of the
present thermal situation varies from cold (-3) to
hot (+3) resulting in PPD values (Fig.2f) from
thermal neutral (0%) up to distinct dissatisfaction
(100%).

The pilot’s skin temperature (Fig.3a) is directly
affected by the climatic in the the cockpit and
varies between 32◦C and 36◦C inside the flight
envelope, but exceeds 36◦C rapidly beyond the
borders. A Sweat rate (Fig.3b) of 100 g/m2h-
200 g/m2h is dominating within the flight

envelop, but reaches considerably higher values
in areas with high cockpit temperatures. The
metabolic rate of the pilot (Fig.3c) is estimated
as 60 W/m2 in the operational area of the aircraft.
However, higher rates are predicted outside the
flight domain. The computed heart rate (Fig.3d)
is, with some exceptions at high speed and high
altitude flights, relatively constant at 70-80 BPM
within the reference borders. The relative task
performance (Fig.3e) is 100% in large parts of
the flight envelop but falls quickly below 50%
where the ECS has difficulties to provide the
necessary cooling. The effect of the cockpit
temperature on the pilot’s safe work behavior
(Fig.3f) shows with 16%-40% a low to moderate
risk for unsafe actions within the assumed flight
limits.

In addition to the steady state case simulation,
a transient mission was simulated with the
aim to demonstrate the bidirectional dynamic
interaction of the FMI combined ECS and CTC
model setup. The simulated mission includes
four flight phases: take off, landing, and two
cruise segments. The results focus on the 11 min
long stepped-cruise part of the mission (Fig.4a)
with both changes in altitude and flight speed.

To ensure thermal comfort during flight the
ECS uses FITS (Fig.4b) as feedback input to
regulate air-condition temperature. The ECS was
programed to hold FITS constant at 20◦C, which
was accomplished most of the time with excep-
tion during the fast, high speed decent where
27◦C is exceeded. At the beginning of the cruise
phase cockpit temperature lies around 22◦C but
increases temporally up to 38◦C when quickly
descending to lower altitudes. Subsequently,
when level flight is established again, cockpit air
temperature is stabilizing around 26◦C. Cooling
air supplied by the ECS is initially maintained
at 20◦C; however, a deviation from the set point
is observed during the descent. After reaching
level flight and reduced speed, cooling air drops
down to an average value of 15◦C to restore the
anticipated value of 20◦C FITS.
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Fig. 2 : Steady state case simulation of cockpit temperatures and resulting thermal comfort within a poten-
tial flight envelope. (a), cockpit air temperature inside the flight envelope is in average below 30◦C. (b), ECS
provided cooling air temperature increase significantly at higher Mach numbers. (c), WBGT shows low to moder-
ate heat stress risk within the envelope. (d), FITS indicates no thermal risk inside the flight limits. (e), PMV assess
the thermal comfort as slightly chilly within the envelope. (f), PPD varies considerably inside the borders.
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Fig. 3 : Steady state case simulation of pilot physiological and psychological parameters within a potential
flight envelope. (a), skin temperature inside flight envelope ≈34◦C. (b), sweat-rate is with 450 g/m2h clearly
increased at high altitudes and Mach numbers. (c), metabolic-rate within the envelope mostly ≈60 W/m2. (d),
heart-rate ≈80 BPM mostly constant inside the limits. (e), relative task performance is 100% inside the envelops.
(f), risk for unsafe work behavior increases rapidly outside the flight limits.
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The computed rectal temperature (Fig.4c) re-
mains constant at around 37◦C during the flight,
while skin temperature varies with ca. 2◦C
leading to an average of 33.2◦C.

The change in estimated heart rate (Fig.4d) due
to increased cockpit temperature amounts to
12.6 BPM between its maximum and minimum.
The predicted relative task performance of the pi-
lot does not fall below 97% when cockpit tem-
perature is close to the defined comfort set-point,
however it drops significantly (75%) when the
cockpit temperature is increased.

4 Discussion

Ensuring thermal comfort during flight also
means an increase in safety. To put this aspect
into the focus of pilots and engineers, a simu-
lation tool was presented providing important
environmental, physiological and psychological
information to support their flight planning,
risk management and decision making. In
addition, the study presents the potential of
applying the FMI standard for interdisciplinary
and cross-program-linguistic model-exchange
and co-simulation.

Mapping vital aircraft system and aircrew param-
eters over the entire flight envelope, as presented
in Fig.2 and Fig.3, facilitates a heliocentric view
of man and machine performance and helps to
identify potential hazards. The presented steady
state simulations show (within the presumed per-
formance limits illustrated by the reference flight
envelops) good and reasonable results. Beyond
the borderlines, where ECS works off design,
performance decreases rapidly (Fig.2b) leading
to an increase of cockpit air temperature (Fig.2a).
This goes along with a significant decline in
thermal comfort (Fig.2c-Fig.2f) where WBGT
exceeds its maximum [17], FITS recommend
to cancel planned flights [18], PMV indicates a
too hot environment, and PPD shows a signifi-
cant dissatisfaction with the prevailing cockpit
climate [20]. Though all indices asses a clear
discomfort for the occupants outside the envelop,

the PPD indicates also a moderate dissatisfaction
with the prevailing thermal comfort inside the
flight limits. One reason for this could be that
PMV asses the cockpit climate as somewhat
chilly.

The thermal conditions have a direct impact
on the aircrews’ physiology and mental per-
formance (Fig.3). Within the reference flight
envelope, human body parameters like skin tem-
perature (Fig.3a), sweat rate (Fig.3b), metabolic
rate (Fig.3c), and heart rate (Fig.3d) indicate no
remarkable health risk. The picture looks rather
different outside the envelopes where the cockpit
temperature is high. The body tries to maintain a
constant core temperature by utilizing sweat and
vasodilation, which is supported by the increased
sweat and heart rate [30]. In addition to the
physiological impact concentration and attention
is decreasing. The relative task performance
(Fig.3e) is in large areas within the flight envelop
predicted as high leading to a low risk for unsafe
work behavior (Fig.3f). Outside the performance
limits of the aircraft relative task performance
drops significantly resulting in an increased risk
for unsafe work behavior which in turn could
lead to an enhanced probability for pilot error.

Regulating cockpit comfort can be done manu-
ally (by the pilot) or fully automatic. In the sec-
ond scenario cockpit air temperature is typically
measured and used as reference input for the ECS
to adjust the cockpit climate if necessary. Con-
trolling thermal comfort only by dry air temper-
ature; however, this is not enough if the goal is
to achieve pilot thermal comfort. The computed
FITS was for this reason applied to regulate the
ECS. The advantage of using a thermal comfort
index as a control input is that these indices usu-
ally consider additional factors like humidity, ra-
diation, air speed, etc. For the dynamic case
(Fig.4) cockpit comfort is over the entire flight
ensured since FITS stays below the suggested
caution zone of 32◦C (Fig.4b).
The physiology of the pilot is directly affected
by the climate of the cockpit whereby predicted
rectal and skin temperature (Fig.4c) as well as

8
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Fig. 4 : Transient simulation of cockpit air temperature and the impact on pilots physiological and psycho-
logical performance. (a), generic flight with changing Mach number and altitude. (b), impact of cooling and
cockpit air temperature on FITS with Stribley [18] suggested FITS limits illustrating different flight risks which
are not exceeded. (c), predicted pilot skin temperature show larger changes compared to rectal temperature which
maintains nearly constant. (d), heard-rate and relative task performance behave contrary at increased cockpit
temperatures.

heart rate (Fig.4d) respond with increased am-
plitudes when cockpit temperature is reaching its
maximum. The skin temperature and heart rate
show more distinct changes while rectal tempera-
ture only rises minimally. This result is expected
since the skin has more direct contact with the
cockpit air, while the stressed heart rate is a in
vivo reaction attempting to remove heat from the
body to maintain a constant core temperature that
is close to rectal temperature [30]. Furthermore,
mental performance drops with increased body

heat load, and as a consequence so does the rela-
tive task performance of the pilot (Fig.4d).
The results also demonstrate that the modeling
approach to connect smaller, one dimensional,
independently running models via the FMI
standard into a larger aircraft system simulator
is very beneficial. On the one hand it provides a
high compatibility of various simulation models
and on the other hand a more heliocentric picture
of the aircraft systems and their interactions. In
addition, the FMI standard provides engineers
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with the freedom to choose the optimal simu-
lation tool for their particular problem without
running into danger not being able to collaborate.

In summary, it can be said that the presented ASS
seems to be functional for thermal comfort stud-
ies and shows reasonable results, yet refinements
of the simulator and its sub-models continues and
validation will follow.

5 Conclusion

Based on the presented results it can be con-
cluded that the demonstrated aircraft system sim-
ulator has the potential to determinate various
heat stress parameters supporting pilots in their
flight preparation, increasing error awareness and
thereby minimizing in-flight incidents. More-
over, it enables engineers to incorporate cock-
pit thermal comfort into the development of in-
terfacing sub-systems in early design phases.
Thereby design errors caused by possible sub-
optimizations can be minimized.
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