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Abstract

During flight missions, fighter pilots are in general exposed to vast amounts
of stress including mild hypoxia, vibrations, high accelerations, and thermal
discomfort. It is interesting to predict potential risks with a certain mis-
sion or flight case due to these stresses to increase safety for fighter pilots.
The most predominant risk is typically thermal discomfort which can lead
to serious health concerns. Extensive exposure to high or low temperature
in combination with a demanding work situation weakens the physical and
mental state of the pilot and can eventually lead to life-threatening condi-
tions. One method to estimate the physical and mental state of a person is
to measure the body core temperature. The body core temperature cannot
be measured continuously during flight and needs to be estimated by using
for instance a human thermoregulatory model.

In this study, a model of the human thermoregulatory system and the cock-
pit environment is developed. Current thermoregulatory models are not
customized for fighter pilots but a model developed by Fiala et al. in 2001,
which has previously shown good performance in both cold and warm en-
vironments as well as for various activation levels for the studied person, is
used as a theoretical foundation. Clothing layers are implemented in the
model corresponding to clothes used by pilots in the Swedish air force flying
the fighter aircraft Gripen E in warm outside conditions. Cooling garments
and air conditioning systems as well as avionics, canopy, and cockpit air are
included in the model to get a realistic description of the cockpit environ-
ment. Input to the model is a flight case containing data with altitude and
velocity of the fighter during a mission.

human heat transfer; body temperature regulation; physiological model;
cooling garment; cockpit modeling
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Notational Conventions

Abbreviations and Acronyms

Abbreviation Meaning
AVG Air ventilated garment
CFD Computational fluid dynamics
CO Cardiac output
1D One-dimensional
LiU Linköping University
LVG Leg ventilated garment

Symbols and Mathematical Notation

Parameter Meaning
a -1 diagonal in A-matrix
A A-matrix
A Area
a Distribution coefficient
b Diagonal in A-matrix
β Blood perfusion rate factor
c +1 diagonal in A-matrix
c or cp Specific heat capacity
CO Cardiac output
Cs Vasoconstriction command
∆q Variable heat generation rate
∆r Local node spacing
∆T Temperature error signal
∆t Time step
Dl Vasodilation command
dt Time step length
E E-matrix
ε or e Emissivity
η Efficiency
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vi NOTATIONAL CONVENTIONS

Parameter Meaning
dm

dt
Local sweat rate

g Gravitational force
γ Coefficient
h Heat transfer coefficient
H Height
H Internal whole-body heat load
hx Countercurrent heat exchange coefficient
k Thermal conductivity
L Length
m Mass
M Metabolic rate
Mach Mach number
mfl Mass flow
µ Proportionality factor
N Number of nodes
Nu Nusselt number
nodes Number of nodes
p Pressure
parts Number of layers in each part
Pr Prandtl number
q Heat generation
r Radius
r Recovery coefficient
Re Reynolds number
ρ Density
sec Number of sections
seg Number of segments
Sh Shivering command
σ Stefan-Boltzmann constant
Sw Sweat command
T Temperature
t Time
th Hood thickness
thicknesses Thickness of each clothing layer
time Simulation time
V Volume
w Perfusion rate
W Work
x Amount of total
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Parameter Meaning
x Mass flow handle position
x Specific humidity



viii NOTATIONAL CONVENTIONS

Subscript Meaning
0 or init Initial
5N At outer clothing node
a Artery
air Air
avg Air ventilated garment
bg Background
bl Blood
blad Bladder
br Brain
c or cp Cockpit
cac Cockpit avionics cooling
cca Cockpit cooling air
cg Cooling garment
cl Clothes
comp Compartment
cot Cotton
cs Vasoconstriction
defroster Defroster
dl Vasodilation
fc Forced convection
foam Foam
h Hood
hi Hood inside
ho Hood outside
hp Hood projection
hy Hypothalamus
i Inside
int Interior
lea Leather
lvg Leg ventilated garment
m Metabolic
max Maximum
mfl Mass flow
msc Muscle
mw Metabolic workload
N At the N-th (skin) node
na Natural
nom Nomex
o Outside
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Subscript Meaning
OAT Outside air temperature
p Pilot
p Pool
part Part of a matrix
pl Plastic
pol Polyester
q Quantity
r Node number
re Rectal
resp Respiratory
s Saturated
sh Shivering
sk Skin
sum Summation
sun Sun
surr Surrounding
sw Sweat
t At time step t
TN Thermal neutrality
v Vein
V Volume
var Variable
w Work
wo Without
woa Without all
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Chapter 1

Introduction

Fighter pilots experience tough conditions during flights including large vari-
ations in temperature and pressure. Temperature and humidity can also be
a problem during pre-flight routine and taxing. There is a risk of impaired
physical and/or cognitive capability due to these conditions which affect the
pilot performance. To prevent or reduce risks it is interesting to predict the
state of the pilot during and towards the end of a mission. One method
is to measure the body core temperature which affects a human’s physical
and psychological state. The body core temperature cannot be measured
continuously in a convenient way during flight and needs to be estimated
using for instance a human thermoregulatory model.

1.1 Background
Several mathematical models of the human thermoregulatory system have
been developed during the past decades. The models have become use-
ful tools to establish a deeper understanding of human regulatory processes.
Current thermoregulatory models exhibit good performance in particular en-
vironments or during certain external work intensities but few are adapted
to general situations. None of the existing models take clothing and air
ventilated garments into account and these systems have large impact on
body temperatures. Previously developed models do not consider the cock-
pit environment which has significant temperature and pressure deviations.
An accurate thermoregulatory model of a fighter pilot and a model of the
cockpit environment could help assist in establishing a better situation for
fighter pilots by e.g. suggest improvements of the clothing set-up or the
air conditioning systems. It would also be possible to determine whether a
certain flight case or mission is suitable regarding the physical and mental
health of the pilot.

1
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The Department of Applied Thermodynamics & Fluid Dynamics at Linköping
University is together with Saab initiating research to investigate thermal
comfort for pilots in the Swedish air force flying the fighter aircraft Gripen.
The purpose of this study is to serve as a basis for future research regarding
pilot comfort and cockpit conditions.

1.2 Objectives
One purpose with this study is to examine existing human thermoregulatory
models and their performance in different environments to understand what
type of model is suitable and what parts to include. The main objective
is to develop a human thermoregulatory model, suitable for a fighter pilot,
which includes the cockpit environment, air systems, and clothes. The input
to the model is a flight case containing altitude and Mach number of the
fighter from start to landing. Three main questions to be answered in this
study are instituted to fulfill the objectives:

• What are the advantages and disadvantages of existing models?

• Is it possible to develop a custom made model for a fighter pilot and
the cockpit environment?

• Can the results be used to predict temperatures of the pilot with de-
sired accuracy and what parameters affect the model performance?

1.3 Limitations
The main limitation is the short time frame of 20 weeks. Another limitation
is the lack of experimental data from Gripen flights. Validation of a Gripen
simulation is therefore not possible in this study since the results can be
compared to neither actual temperatures of the pilot nor real cockpit air
temperatures. Papers containing experimental data from flights with other
fighters are available but lack crucial information to simulate the exact con-
ditions of those flights.
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1.4 Literature review

Numerous models have been developed regarding human thermoregulatory
systems with a vast diversity in complexity and approach. Early models were
one-dimensional (1D) and only contained a passive system, see Section 1.4.1.
A control system, also described in Section 1.4.1, was later included to im-
prove the performance of the models and more dimensions were added. The
main purpose for adding more dimensions is to account for the inhomoge-
neous and asymmetrical tissue composition. The performance of 1D models
is impaired when the boundary conditions around the body vary significantly
at a fast rate, for instance when a person falls into cold water [8]. Under
such circumstances, a model containing more dimensions is more appropri-
ate and a 3-D model could be used instead. Since the boundary conditions
in this study are relatively constant during short time frames and normal
flight conditions, it is assumed that a 1D model is sufficient to achieve the
desired accuracy, hence only 1D models are reviewed in Section 1.4.3.

Common for most models are that they are based on an average person with
e.g. a certain surface area, mass, and oxygen uptake. Parameters that are
based on an average person are customized since they vary depending on
gender, age, and physical fitness of the studied person.

1.4.1 Human thermoregulatory modeling

Thermoregulation is the ability to keep the body temperature within cer-
tain boundaries, even during variations in surrounding temperature. This is
obtained by activation of physiological responses such as sweating, vasodi-
lation, vasoconstriction, shivering, and respiration. The thermoregulatory
system contains a passive system and a control system. Transport of heat
within the body and heat exchange with the surrounding is simulated with
the passive system. The control system invokes thermoregulatory responses,
as a reaction to variations in surrounding temperature, which main purpose
is to regulate heat rejection to the surrounding and metabolic heat produc-
tion. The control system is in most models based on the difference between
real body temperature and the temperature at thermal neutrality, known as
the Stolwijk-Hardy error function concept [14], described more thoroughly
in Section 2.1. Thermal neutrality refers to a state where the body tem-
perature can remain stable without requiring activating e.g. sweating or
shivering [33]. In other words, within a thermal neutral zone, which essen-
tially is an endoterm’s temperature tolerance range, the basal rate of heat
production is in equilibrium with the rate of heat loss to the surrounding
environment.
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1.4.2 Thermoregulatory system

The main purpose of the thermoregulatory system in a body is to keep the
body core temperature as stable as possible. Physiological adjustments in
temperature are controlled by the hypothalamus [48], therefore the body
core temperature is often defined as the hypothalamus temperature. A
healthy person has a core temperature of approximately 37 ◦C [23] but
the temperature varies slightly throughout the day, from individual to in-
dividual, and with measurement method. The most accurate method is
to measure the esophageal temperature which responds quickly to thermal
transients and is independent of environmental conditions [25].

The skin temperature is allowed to vary several degrees but has an aver-
age value of 33 ◦C for sedentary persons [23] [26]. Due to vasoconstriction
and countercurrent heat exchange between arteries and veins the skin tem-
perature can be as low as 20 ◦C in cold environments, even when the core
temperature remains at a normal level [27].

If the body is exposed to extreme environmental conditions for an extensive
time period, the thermoregulatory system eventually fails to keep the core
temperature stable. This leads to higher core temperature (hyperthermia)
or lower core temperature (hypothermia). Even during less extreme envi-
ronmental conditions a person can be at risk. Prolonged sweating depletes
body water which in combination with low intake of liquid lead to dehydra-
tion, resulting in lower sweat rates. The core temperature rises since the
body can no longer dispose enough heat through sweating and the person
eventually suffers from heat stroke and collapses [28].

A core temperature of 37.8 ◦C can lead to heat cramps, also called minor
heat stress. It is the first indication of the body’s struggle to maintain a
constant core temperature. If the temperature continues up to 38.3-40.6 ◦C
the body suffers from heat exhaustion and at this stage the body begins
to be unable to keep up with controlling core temperature. The body re-
sponds with increased sweat rate and proper shunting of blood. A person
under these conditions is very weak and tired and can suffer from headache,
confusion, incoordination, and cramps. The most serious stage is when the
core temperature rises above 40.6 ◦C. The body is no longer able to defend
itself and the thermoregulatory center has broken down. The body is now
unable to return to a normal core temperature by itself and external mea-
sures are required. The person might suffer from headache, dizziness, and
often nearly coma. This might result in permanent brain damage and if no
actions are made death is imminent. [3]
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Cold environments are as dangerous as warm environments to humans. The
first stages of hypothermia are discomfort leading to distraction and muscle
stiffness and weakness. A core temperature below 35.6 ◦C leads to drowsi-
ness and a general loss of awareness of what is happening. Thought processes
are stuporous and dulled. The next stage is uncontrollable shivering which
begins when the temperature decreases even further. At this stage actions
must be taken or the body begins to become generally impaired. Shivering is
intense and incapacitating and further cooling might lead to loss of memory
and unconsciousness. [3]

1.4.3 Previously developed models

In the paragraphs below an extract of the most interesting 1D models for
this study is presented. Common for most models is that they use Pennes
bioheat equation [44], (1.1), to simulate heat transfer within and from the
body. (1.1) is discretized and applied to each node in the body using a
second order finite difference scheme.

k

(
∂2T

∂r2 + ω

r

∂T

∂r

)
+ ρblwblcbl(Tbl,a − T ) + qm = ρc

∂T

∂t
(1.1)

Where k is the thermal conductivity of the tissue layer, T is the tissue tem-
perature, and qm is the rate of metabolic heat production per unit volume.
ρbl, wbl, cbl, and Tbl,a are density, volumetric rate of perfusion per unit vol-
ume, specific heat , and temperature of the blood in the tissue. ρ and c are
density and specific heat of the tissue, and t is time.
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A 1D model was developed by Stolwijk and Hardy [7] in 1966 and updated
in 1977 to include cylindrical trunk, arms, hands, legs, and feet and a spher-
ical head. Each part is divided into four layers representing core, muscle,
fat, and skin. An illustration of the model is shown in Figure 1.1.

Figure 1.1: An illustration of the human model that was developed by Stol-
wijk and Hardy in 1977. [8]

The temperature is assumed to be constant throughout each layer, heat
only transfers radially between layers, and only a general description of the
vascular system is included. Despite the simplifications the model performs
well in hot environments but is limited in cold environments [9]. The perfor-
mance is drastically reduced when large and frequent changes in metabolic
rate occur [10] due to the simplified cardiovascular system which supplies
required blood immediately to working muscles.

Gordon et al. [24] developed a model in 1976 to predict the response to
transient cold exposures. The model consists of 14 spherical or cylindrical
parts; head, forehead, face, neck, thorax, abdomen, arms, hands, legs, and
feet. Each part is divided into either four or five layers and each layer has
two or more nodes. Blood in arteries and veins interact through counter-
current heat exchange in extremities. The model has been validated and
performs well for sedentary persons in cold environments.
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Wissler [11] developed a model in 1985, based on his own passive model,
which includes metabolic and respiratory processes. In addition to calculat-
ing body temperature, the model calculates lactate concentrations, carbon
dioxide, and oxygen since they relate to cardiovascular dynamics. The com-
plexity of the model is relatively high compared to earlier mentioned model.
The model contains a more accurate and realistic response of blood perfu-
sion to muscles that are both deactivated and activated [10]. The downside
with this model is the complexity and that it contains many unknown vari-
ables that need to be estimated. On the other hand it is able to handle
variations in metabolic rate, it has been validated in both cold and warm
environments, and it has been validated in atmospheric and hyperbaric en-
vironments [11].

Tikuisis et al. [36] developed a model in 1987 which is based on the Mont-
gomery version [37] of the Stolwijk-Hardy model [7] from 1966. The body
is treated as a passive heat transfer system and divided into six segments;
head, trunk, arms, hands, legs, and feet. The response from the control
system is determined by the difference between the compartment’s current
temperature and its set-point value, following the method used by Mont-
gomery. The model is applicable for rapid exposure to cold environments,
particularly for persons totally immersed in water, since it neglects radia-
tive and evaporative heat transfer from the body. The model is validated
for subjects immersed in water with a temperature of 20 to 28 ◦C.

Huizenga et al. [12] made some improvements to the Stolwijk and Hardy
model [7] in 2001. This improved model is named ”The Berkeley Comfort
Model” and consists of a human body with an arbitrary number of seg-
ments. The base model has 16 segments but more can be added to account
for non-uniform environments. The body parts are divided into four layers,
same as the Stolwijk model; core, muscle, fat, and skin. A clothing layer
can, if desired, be added on top of the skin layer. Radiation, convection, and
conduction between the environment and the body are treated separately
to make it suitable to more cases.

The Berkeley Comfort Model has an improved circulatory system to ac-
count for heat exchange between veins and arteries in the hands and feet.
The model works well in both cold and warm environments and has been
validated for temperature between 5 and 48 ◦C.
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Fiala et al. [1] developed a model in 2001 consisting of 15 cylindrical body
parts; head, face, neck, shoulders, thorax, abdomen, arms, hands, legs, and
feet. Each part is divided into up to three angular sections and up to five
different layers, see Figure 1.2.

Figure 1.2: Illustrates the body segmentation of the Fiala model. In the
cross-section of a leg to the right, four different layers are used and the part
is divided into three angular sections. [2]

In the Fiala model heat is allowed to conduct through angular sectors
through the core layer. In other layers only radial conduction is consid-
ered. Heat exchange between veins and arteries in hands and feet are con-
sidered by employing a heat exchange coefficient which is calibrated with
experimental data, similar to The Berkeley Comfort Model. Fiala’s model is
known to work well in most environments and has been validated for a wide
range of steady and transient air environments. It has also been validated
for different exercise intensities with varied metabolic rate. [1]

The downside with Fiala’s model is that it contains many unknown variables
which need to be estimated. It is also complex and contains more calcula-
tions than the models mentioned above.



Chapter 2

Materials and Methods

Fiala’s thermoregulatory model is considered to be the most suitable to use
for a fighter pilot but with certain modifications. One major advantage is
that most of the model details are available in literature. Other advan-
tages are that the model has been validated for a considerable amount of
environments that a pilot experiences during flight and for diverse exercise
intensities.

The model is implemented in Matlab since all functions necessary for this
study are included and knowledge about the program is sufficient.

The pilot model needs input from the surroundings which in this case is the
cockpit environment. The cockpit environment needs to be modeled as well
and can be divided in several ways. In this study it consists of an interior,
a hood (canopy), and air. The outside atmosphere affects the temperature
in the cockpit and is therefore included in the environment. The complete
model therefore consists of five sub-models, or parts; pilot, interior, hood,
cockpit air, and surrounding air. An overview of the placement of the five
parts is illustrated in Figure 2.1.

9
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Figure 2.1: An illustration of the placement of the five parts. ”Air” refers
to the cockpit air, ”Surr” refers to the surrounding environment, and ”Int”
refers to the cockpit interior which mainly consists of avionics.

Some heat exchange mechanisms between parts in the model have been
neglected such as conduction between the pilot and the interior and radiation
to and from the pilot. A description of the heat exchange mechanisms that
exist and where they apply is found in the list below.

• Convection

– Between the pilot and the cockpit air.
– Between the interior and the cockpit air.
– Between the hood and the cockpit air.
– Between the hood and the surroundings.

• Conduction

– Within the pilot.
– Within the hood.

• Radiation

– Between the interior and the hood.
– Between the interior and the surroundings.
– Between the hood and the surroundings.
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The interior and the cockpit air are modeled as lumps, known as the lumped
heat capacity method [5]. The temperature difference inside each lump is
neglected, i.e. the lumps are assumed to have a homogeneous temperature.
Since heat conduction within the interior and the cockpit air is much faster
than the heat transfer across the boundary of these parts, it is assumed that
the simplification is acceptable. [31]

The hood model was provided at the start of this study and heat transfer
through the hood is described using an explicit 1D finite difference method
[40]. An explicit method, unlike an implicit method, has the advantage of
being relatively straightforward to program. The downside is that for a
given element length, the time step must be less than some limit imposed
by stability constraints. To maintain stability, the time step must in some
cases be very small which results in long computer running times [32]. No
stability issues occur during simulations and therefore the explicit formula-
tion is left untouched.

The pilot is described by discretizing (1.1) with an implicit 1D finite differ-
ence method [32]. The last three terms of (1.1) are discretized explicitly to
deal with the blood temperature and metabolism. No stability issues occur
during simulations of the pilot model, hence the implementation is assumed
to be stable for time steps equal to or less than the currently assigned value.

2.1 Pilot model
The body is divided into 16 parts; head, neck, thorax, abdomen, upper arms,
forearms, hands, thighs, calves, and feet. The head is the shape of a sphere
and all other body parts are shaped as cylinders. A sketch of the model is
shown in Figure 2.2.

The majority of the body parts have four layers; bone, muscle, fat, and skin,
see Figure 2.3. Exceptions are head, thorax, and abdomen. The head has
an inner layer with brain, the thorax contains lungs, and the abdomen con-
tains viscera. On top of these special layers, the head, thorax, and abdomen
have bone, muscle, fat, and skin layers like the rest of the body parts. The
number of nodes in each layer is found in Appendix F.
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Figure 2.2: A sketch of the pilot model that is used and the partition into
16 segments; head, neck, thorax, abdomen, upper arms, forearms, hands,
thighs, calves, and feet. To avoid any notational confusion the pilots own
left and right are also defined in the sketch.

Figure 2.3: An example of a body part with four layers. Body parts con-
taining five layers have an extra layer between the center axis and the bone
layer.
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The different body parts contain various amounts of each layer which is han-
dled by setting outer radii on the layers for each body part. Since the layers
are made of different materials they have different properties. Parameters
such as blood perfusion rate and skin sensitivity coefficient are different
for each body part and are therefore set separately. A table of parame-
ters and geometrical properties for each body part and layer is presented in
Appendix A. Some of these values are taken from Fiala [1] and some are
own measurements. Parameters for surface area, percentage of total area,
and weight for each body part is presented in Appendix B [13]. The litera-
ture study did not yield information about these parameters for some body
parts and they are therefore calculated using the radius, length, and density.

Heat transport within the body and heat exchange between the pilot and the
environment are simulated by the passive system, described in Section 2.1.1-
2.1.7. Geometrical properties of the body and parameters such as weight
and basal metabolic rate are estimations based on a typical pilot.

The control system invokes thermoregulatory responses to control the ther-
mal state of the body and the controlling equations are presented in Sec-
tion 2.1.8. It is based on the Stolwijk-Hardy error function concept which
is the most commonly used concept in thermoregulatory models [14]. An
illustration of the interaction between the passive system and the control
system is illustrated in Figure 2.4.

Figure 2.4: A simplified illustration of the thermoregulatory system and the
interaction between the passive system and the control system. ”HP” stands
for heat production, ”LSHT” for latent and sensible heat transfer, ”LHL”
for latent heat loss, and ”SHT” for sensible heat transfer [8].
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The control system receives data about current temperatures and then cre-
ates an error signal based on the difference between the current temperatures
and temperatures at thermal neutrality in each node, see (2.1).

∆T = T − T0 (2.1)

Where ∆T is error signal, T is current node temperature, and T0 is node
temperature at thermal neutrality.

The temperatures at thermal neutrality refer to a state where an optimal
body temperature can be maintained without any thermoregulations [33].
In this study it is done by running a simulation for ten hours with a cockpit
air temperature of 25 ◦C and measure the temperature in each node. To
get more accurate values the thermoregulatory model should be exposed to
a thermally neutral environment with basal metabolic rate and thermoreg-
ulatory responses turned off and solve for steady state temperatures [41].

Equations in Section 2.1.1-2.1.8 on the following pages are if nothing else is
mentioned taken from Fiala [1] [2].

2.1.1 Interior nodes

The 1D Pennes bioheat equation for spherical and cylindrical geometries is
presented in (2.2).

k

(
∂2T

∂r2 + ω

r

∂T

∂r

)
+ β(Tbl,a − T ) + qm = ρc

∂T

∂t
(2.2)

Where ω is set to 1 for cylindrical geometries and 2 for spherical geometries.
β is the blood perfusion rate factor, defined in (2.9) in Section 2.1.3. r is the
local node radius and qm is the metabolic heat generation rate defined in
(2.5) in Section 2.1.2. The local node radius and the node spacing depend
on the number of nodes in each layer.

The 1D Pennes bioheat equation, (2.2), is discretized using an implicit finite
difference method, presented in (2.3). The last two terms on the left hand
side of (2.2) are discretized with an explicit finite difference method.
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ρrcr
T

(t+1)
r − T (t)

r

∆t

= kr

T (t+1)
r+1 + T

(t+1)
r−1 − 2T (t+1)

r

∆r2 + ω
T

(t+1)
r+1 − T (t+1)

r−1
2r∆r

+q(t)
m,r+β(t)

r

[
T

(t)
bl,a − T

(t)
r

]
(2.3)

Where subscript r refers to node r, Tr is temperature in node r, and ∆r is
the local node spacing which is constant within each tissue layer.

By rearranging the terms in (2.3) the governing equation for interior nodes
with homogeneous tissue properties is obtained, see (2.4).

(γr − 1)T (t+1)
r−1 +

(
ζr

2∆t + 2
)
T (t+1)
r − (1 + γr)T (t+1)

r+1

=
(
ζr

2∆t − δrβ
(t)
r

)
T (t)
r + δrq

(t)
m + δrβ

(t)
r T

(t)
bl,a (2.4)

Where

γr = ω∆r
2r

ζr = 2ρrcr∆r2

kr

δr = ∆r2

kr

Where kr, ρr, and cr depend on tissue type, see Appendix A.

2.1.2 Metabolism

The metabolic heat generation rate qm,r is calculated with (2.5).

qm,r = qm,0,r + ∆qm,r (2.5)

∆qm,r is the variable component and qm,0,r is the basal component of the
metabolic heat generation rate. The basal metabolic heat generation rate
depends on tissue type and values for qm,0,r is found in Appendix A. The
variable component ∆qm,r is calculated using (2.6).
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∆qm,r = ∆qm,0,r + qm,sh,j + qm,w,j (2.6)

Where

∆qm,0,r = qm,0,r

[
2

Tr−T0,r
10 − 1

]
Where T0,r is the local reference temperature and Tr is the local tissue tem-
perature. The local reference temperature is the temperature corresponding
to thermal neutrality in a node. Subscript j denotes body part.

The term ∆qm,0,r in (2.6) arises from the van’t HoffQ10 effect which proposes
that the velocity of a chemical reaction increases twofold or more for each
rise of 10 ◦C in temperature [19]. The sensitivity coefficient is set to a value
of 2 and reflects the dependence of biomechanical reactions in the tissue [21].

The work component qm,w,j is calculated with (2.7).

qm,w,j = am,w,jH

Vmsc,j
(2.7)

Where Vmsc,j is the segmental muscle volume and am,w,j is the segmen-
tal workload distribution coefficient which depends on body part, see Ap-
pendix A. H is the internal body heat load which depends on metabolic
rate M , basal metabolic rate M0, and the work efficiency ηw according to
(2.8).

H = M(1− ηw)−M0 (2.8)

Where

ηw = W
M

WhereW is the external mechanical work rate. The external mechanic work
rate is, in the case of a pilot during normal flight, small compared to the
metabolic rate; hence the work efficiency ηw is close to zero. [46]

The two last terms in (2.6), qm,sh and qm,w, are only applicable to muscle
tissue and is therefore set to zero for all other tissue types. A more detailed
description of qm,sh is found in Section 2.1.8.
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2.1.3 Blood circulation

The blood perfusion rate factor βr in (2.4) has a basal and a variable com-
ponent, see (2.9).

βr = β0,r + ∆βr (2.9)

β0,r = ρblcblwbl,0,r (2.10)

∆βr = µ∆qm,r (2.11)

µ = 0.932 1
K

(2.12)

Where β0,r is the basal component and ∆βr is the variable component of
the blood perfusion rate, ρbl and cbl are density and specific heat capacity
of blood, respectively. The variable component of the metabolic heat gen-
eration rate, ∆qm,r, is defined in (2.6) and µ is a proportionality factor [14].

The blood circulatory system is modeled with a blood pool from where blood
is transported to different body parts. When blood is transported through
arteries to a certain body part it is cooled by blood that is transported
through veins back to the blood pool by countercurrent heat exchange [42].
The blood in a certain body part eventually reaches a thermal equilibrium
with the tissue. Countercurrent heat exchange warms blood in the veins
before returning to the central blood pool and venous blood from all body
parts are mixed before reaching the central blood pool where the temper-
ature of the mix is set as the new central blood pool temperature. The
central blood pool temperature is calculated explicitly in each time step
and the equations for arterial blood temperatures for each body part and
central blood pool temperature are presented in (2.13)-(2.14).
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Tbl,a =
Tbl,p

nod∑
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hx +
nod∑
r
βrVr
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hx

nod∑
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nod∑
r

βrVr

hx +
nod∑
r
βrVr

(2.13)

Tbl,p =

seg∑
j


nod∑

r

βj,rVj,r

hx,j+
nod∑

r

βj,rVj,r

nod∑
r
βj,rVj,rTj,r


seg∑
j


(

nod∑
r

βj,rVj,r

)2

hx,j+
nod∑

r

βj,rVj,r


(2.14)

Where Tbl,a and Tbl,p are the arterial blood temperature and the blood pool
temperature respectively. hx is the countercurrent heat exchange coefficient,
Vr is the nodal volume, βr the nodal perfusion rate factor, and Tr the nodal
temperature. The value for the countercurrent heat exchange coefficient hx
remains constant over time but varies between body parts, see Appendix A.

2.1.4 Respiration

The heat loss due to respiration is a function of the partial vapor pressure
of ambient air, ambient air temperature, and metabolic rate. The respi-
ration heat loss has a latent and a sensible term, Qresp,lat and Qresp,sens,
respectively, see (2.15). [20]

Qresp = Qresp,lat +Qresp,sens

= 3.45M(0.028 + 6.5 · 10−5Tair − 4.98 · 10−6pair)
+ 1.44 · 10−3M(32.6− 0.934Tair + 1.99 · 10−4pair)

(2.15)

Where Qresp is the respiratory heat loss and Qresp,lat and Qresp,sens are the
latent and sensible terms, respectively. Tair is the ambient air temperature,
pair is the partial vapor pressure of the ambient air, and M is the metabolic
rate.
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The respiratory heat loss is only distributed to muscles in the head (face),
muscles in the neck, and lungs. This results in an extra term in (2.5) and
the equation for the metabolic heat generation rate for these parts is defined
as (2.16).

qm,r = qm,0,r + ∆qm,r −
arespQresp
Vcomp

(2.16)

Where aresp is the respiratory heat loss distribution coefficient and Vcomp is
the volume for each part.

2.1.5 Core nodes

Core nodes are placed on the central axis of cylindrical body segments and
in the center of spherical body segments. A second-order central second
difference cannot be used for these nodes since no (r − 1) node, see (2.3),
exists. It is assumed that the node (r + 1) has the same properties as the
non-existing node (r − 1) and the discretization is approximated to (2.17).
[32]

ρrcr
T

(t+1)
r − T (t)

r

∆t

= kr

2T (t+1)
r+1 − 2T (t+1)

r

∆r2

+ q(t)
m,r + β(t)

r

[
T

(t)
bl,a − T

(t)
r

]
(2.17)

The terms in (2.17) are rearranged to obtain the governing equation for core
nodes, see (2.18).

(
ζr

2∆t + 2
)
T (t+1)
r −2T (t+1)

r+1 =
(
ζr

2∆t − δrβ
t
r

)
T tr+δrqtm+δrβtrTbl,a (2.18)

Where

γr = ω∆r
2r

ζr = 2ρrcr∆r2

kr

δr = ∆r2

kr

The body parts are not divided into sectors in the current model. When
sectors are implemented, heat should be transferred through conduction
between core nodes in the sectors and the governing equation (2.18) has to
be redefined.
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2.1.6 Skin nodes

The boundary conditions on the skin surface include convection with the
surrounding air and sweating. Since the pilot wears clothes the surrounding
air is represented by the air gap between the skin and the inner clothing
layer, see Section 2.1.9. By adding the extra terms, Pennes bioheat equation
for skin nodes is modified to (2.19).

k
∂T

∂r
+ β(Tbl,a − T )− hsk(Tr − Tcp) + qm − qsw = ρc

∂T

∂t
· V
A

(2.19)

Where qsw is the local sweat rate, hsk is the heat transfer coefficient at the
skin surface, V is the volume of the skin node, and A is the skin area.

The local sweat rate, qsw, for each body part is calculated with (2.20).

qsw = λ

6 · 104 ·Ask
dmsw

dt
(2.20)

Where λ is the latent heat of vaporization of water, Ask is the skin area
of the studied body part, 6 · 104 g·s/(min·kg) is a conversion constant, and
dmsw
dt is the local sweat rate, see Section 2.1.8.

The heat transfer coefficient hsk is currently set to a constant value due
to lack of experimental data. This parameter should e.g. depend on time,
air flow, and body part but in the current model these dependencies are
neglected.

Pennes bioheat equation for skin nodes, (2.19), is discretized using an im-
plicit finite difference method [32]. Similar to previous calculations, the last
four terms on the left hand side of (2.19) is discretized explicitly. The dis-
cretized equation is rearranged to separate current terms from future terms,
resulting in the governing equation for skin nodes, see (2.21).

− ζskT t+1
r−1 + (ψsk + ζsk)T t+1

r

=
(
ψsk − βtr − htsk

)
T tr + βtrT

t
bl,a + htskT

t
cp + qtm − qtsw (2.21)

Where

ζsk = kr
∆r

ψsk = Vsk
Ask

ρskcsk
∆t

Where Vsk is the volume of the skin node, ρsk is the density of the skin, and
csk is the specific heat capacity of the skin.
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2.1.7 Whole-body matrix

By applying (2.4) to all interior nodes, (2.18) to all core nodes, and (2.21)
to all skin nodes, the whole-body matrix equation shown in Figure 2.5 is
obtained.

Figure 2.5: Structure of the whole-body matrix. Matrix A contains body
segment and clothing matrices, vector T contains new temperatures for all
tissue nodes and the clothing nodes, and vector E contains the right hand
side terms from the governing equations.

All future terms and their coefficients are placed on the left hand side of the
whole-body matrix equation while all current terms are placed on the right
hand side. Future temperatures are obtained by multiplying the inverse
A-matrix with the E-vector, see (2.22).

T = A−1E (2.22)

Where T is the temperatures in the next time step, A−1 is the inverse of the
A-matrix shown in Figure 2.5, and E is the vector with coefficients in the
current time step, also shown in Figure 2.5.
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2.1.8 Control equations

The control system essentially contains four control equations that are used
in the model to regulate shivering (Sh), sweating (Sw), vasodilation (Dl),
and vasoconstriction (Cs). These equations are presented in (2.23)-(2.26).

Sh =10 [tanh(0.48∆Tsk,m + 3.62)− 1] ∆Tsk,m

− 27.9∆Thy + 1.7∆Tsk,m
dTsk,m
dt

− 28.6
(2.23)

Sw =[0.8 tanh(0.59∆Tsk,m − 0.19) + 1.2]∆Tsk,m
+ [5.7 tanh(1.98∆Thy − 1.03) + 6.3]∆Thy

(2.24)

Dl =21[tanh(0.79∆Tsk,m − 0.70) + 1]∆Tsk,m
+ 32[tanh(3.29∆Thy − 1.46) + 1]∆Thy

(2.25)

Cs =35 [tanh(0.34∆Tsk,m + 1.07)− 1] ∆Tsk,m

+ 3.9∆Tsk,m
dTsk,m
dt

(2.26)

Where ∆Tsk,m is the whole-body mean skin temperature error signal, dTsk,m

dt
is the rate of change of the whole-body mean skin temperature, and ∆Thy is
the hypothalamus error signal. The hypothalamus temperature is approxi-
mated as the head core temperature.

The rate of change of the whole-body mean skin temperature is calculated
using (2.27).

dTsk,m
dt

=
T

(t)
sk,m − T

(t−1)
sk,m

∆t (2.27)

Where Tsk,m is the whole-body mean skin temperature.

Shivering can at its maximum produce heat corresponding to a value five
or six times higher than the value at rest due to body limitations, but
some of the produced heat is immediately lost to the environment [34]. The
immediate heat loss to the environment is assumed to be approximately
20 %; hence a maximum value for (2.23) is set to 350 W (80 % of basal
metabolic rate times five). The heat generated from shivering is distributed
over the body according to (2.28).
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qm,sh,j = ashSh

Vmsc
(2.28)

Where Vmsc is the muscle volume, qm,sh,j is the shivering component in
(2.6) in Section 2.1.2, and ash is the shivering distribution coefficient which
is found in Appendix A.

The term ∆Tsk,m
dTsk,m

dt in (2.26) is only activated when dTsk,m

dt < 0 and
∆Tsk,m < 0, i.e. when the mean skin temperature is decreasing and the
mean skin temperature error signal is less than zero. For all other condi-
tions the term ∆Tsk,m

dTsk,m

dt is set to zero in (2.26).

The control equation for sweating, (2.24), has an upper limit of around
30 g/min [35] and is distributed according to (2.29). [8]

dmsw

dt
= aswSw · 2

Tsk−Tsk,0
10 (2.29)

Where dmsw
dt is the local sweat rate and asw is the sweat distribution coeffi-

cient which is presented in Appendix A.

Due to vasodilation and vasoconstriction, the blood perfusion rate factor for
the skin depends on the mean skin temperature error signal and the control
equations for vasodilation and vasoconstriction, see (2.30).

βsk = βsk,0 + adlDl

1 + acsCs exp
(
−Dl

80

) · 2 Tsk−Tsk,0
10 (2.30)

Where βsk is the blood perfusion rate factor for the skin, and adl and acs
are the vasodilation and vasoconstriction distribution coefficients which are
presented in Appendix A.

There is a maximum possible skin blood flow since the cardiac output (CO)
is limited and the maximum skin blood flow depends on how much blood is
being pumped to working muscles [43]. This is solved by setting a limit to
βsk in (2.30) which depends on the external workload.

βsk,max = 386.9− 0.32µH (2.31)

Where µ = 0.932 1
K is a proportional factor and H is the internal heat load

due to exercise, see (2.8) in Section 2.1.2.
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2.1.9 Clothing

The pilot wears special clothing depending on mission and environmental
conditions. The clothing set-up also depends on which model of Gripen that
is used and in what country. The clothing layers are modeled the same way
no matter what body part that is considered; therefore the clothing set-up
can easily be replaced. Values for mechanical and thermodynamic proper-
ties and thicknesses for the new materials are the only parameters to be
updated if a substitution of the clothing set-up is required.

The clothes are divided into three layers. The first layer contains clothes
worn closest to the body e.g. under clothing or socks. In the middle there
is a combined air and clothing layer to simulate space between clothes e.g.
between under clothing and jacket. On top there is a final layer to simulate
the outer layer of clothes e.g. jacket, gloves, or shoes. The clothing model
is illustrated in Figure 2.6.

Figure 2.6: An illustration of the clothing model. An inner layer of clothes
is placed closest to the skin, on top of that is a combined clothing (cotton)
and air layer, and on the outside a final clothing layer is placed. The dots
represent the node placement.

The clothing set-up for some body parts contains more than one type of
clothes within each layer. The mechanical and thermodynamic properties
of these layers are volume and mass weighted averages of the properties for
each individual material. A table of the clothing set-up for each body part,
the individual clothing thicknesses, and the properties for each material are
found in Appendix C.

The pilot receives cooling air from an air ventilated garment (AVG) on the
thorax and a leg ventilated garment (LVG) on the thighs and calves. Air
is taken from the cockpit cooling air system and the pilot decides through
a vault how much air that enters the cockpit and how much air that enters
the cooling garments. The mass flow and temperature of air to the AVG
and LVG is assumed to be the same and the air is distributed equally over
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the thorax, thighs, and calves. Air from the AVG and LVG diffuse to cool
other body parts as well but this effect is not included in the model. Air
only affects body parts directly underneath the AVG and LVG and the air
then enters the cockpit which is a simplification made in the current model.

The cooling air is modeled as a convective heat loss in the combined air and
clothing layer which is where the AVG and LVG is positioned. A heat trans-
fer coefficient is calculated for the AVG and LVG separately, see (2.32) [4].
The geometry is assumed to be two parallel plates, a slit, and the thickness
between the plates (the cooling garment and the inner clothing layer) is es-
timated for both the AVG and LVG. From the mass flow and the geometry
of the slit an estimated velocity is obtained, which is used to calculate the
Reynolds number.

h = Nu · k
L

(2.32)

Where Nu is the Nusselt number, k is the thermal conductivity, and L is the
characteristic length of the geometry. The Nusselt number can be expressed
as (2.33). [22]

Nu = CRemPrnK (2.33)

Where C, m, n, and K are constants to be determined, Re is the Reynolds
number, and Pr is the Prantdl number.

The constants C, m, n, and K from (2.33) depend on geometry and the
product RePr 2δ

l [22]. If the product is greater than 70 the constants are
expressed as:

C = 1.85
m = 1

3
n = 1

3
K = 2δ

l

Where δ is the thickness of the slit and l is the distance from the inlet to
the exit.
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If the product RePr 2δ
l is less than 70 the constants are expressed as:

C = 7.54
m = 0
n = 0
K = 1

The constants are put into (2.33) and the Nusselt number is used in (2.32)
to obtain the heat transfer coefficient. The characteristic length L in (2.32)
is set to the thickness of the slit. The convective heat loss is calculated with
(2.34) and put into the governing equation for the combined air and clothing
layer node.

q̇ = A

V
(Tr − Tcca) (2.34)

Where A is the cylindrical outside area at the distance where the combined
air and clothing layer node is positioned, V is the nodal volume of that node,
Tr is the temperature in the node, and Tcca is the temperature of the cooling
air.

The convective heat loss results in a temperature increase of air that enters
the cockpit from the cooling garments. The temperature of air that enters
the cockpit is calculated with (2.35). [4]

Tcca,out = Tcca,in + q̇

ρcp
∆t (2.35)

Where Tcca,in is the inlet temperature of the cooling garments air, q̇ is the
heat loss from (2.34), and ∆t is the time spent in the clothes before entering
the cockpit.

The time spent in the clothes, ∆t in (2.35), is estimated from the inlet ve-
locity and the length of the clothes. The heat loss from the AVG and LVG
differs in reality. In the model flows from the AVG and LVG are simplified as
one with a total mass flow and an average temperature of the two separate
flows.
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2.2 Environment
The environment refers to the model parts surrounding the pilot; hood,
interior, cockpit air, and surroundings, see Figure 2.1. The environment
computes various temperatures in the cockpit but the most interesting to
investigate in this study is the cockpit air temperature which serves as an
input to the pilot model. Radiation and convection to and from the pilot
to the environment are neglected but should be included in further studies.
Basic equations and simplifications are presented in Section 2.2.1-2.2.4 and
the equations are, if nothing else is mentioned, taken from Havtun [4].

2.2.1 Surroundings

The surroundings refer to the atmosphere around the fighter and serves as
boundary condition to the hood and the interior. Temperature and pressure
of air surrounding the fighter, TOAT , is calculated using international stan-
dard atmosphere (ISA) which is an atmospheric model of how air properties
vary with altitude or elevation. Input to the ISA calculation is the ground
temperature. The air temperature is used to calculate the recovery temper-
ature which is the temperature in the boundary layer immediately adjacent
to the surface of the fighter. The recovery temperature is obtained through
(2.36) [29].

Trec = TOAT · (1 +Mach2 · r · γ − 1
2 ) (2.36)

Where Trec is the recovery temperature, TOAT is the calculated ISA tem-
perature, Mach is the Mach number, r is the recovery coefficient, and γ is
the isentropic exponent.

The recovery coefficient r depends in particular on flow characteristics at
the surface, the flow regime, and thermal properties of the air. The Prandtl
number for air is around 0.72; hence the recovery coefficient can be expressed
as below [29].

r = 3√Pr

Where Pr is the Prandtl number for air.
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2.2.2 Hood

The hood (canopy) is the translucent cover of the cockpit, illustrated in
Figure 2.1. It is described using an explicit 1D finite difference method [40]
and transfers heat between the surroundings and the cockpit environment.
The hood is assumed to have the properties of polymethylmethacrylate [47]:

ρhood = 1180 kg/m3

cp = 1465 J/K
k = 0.19 W/mK
εh = 0.86

Where ρhood is the density, cp is the specific heat capacity, k is the thermal
conductivity, and εh is the emissivity of polymethylmethacrylate.

The geometrical numbers presented below are estimations of the hood which
were provided at the beginning of this study.

Ah = 2.3 m2

Ahp = 1.15 m2

Ahi = Aho = Ah
L = 1 m
th = 0.026 m
γhood = 0.1

Where Ah = Ahi = Aho is the total, inside, and outside area, th is the
thickness, L is the length, and Ahp is the projected area of the hood. γhood
is a parameter describing how much heat from the sun that is absorbed by
the hood.

The heat transfer coefficients at the inside and outside of the hood, hi and
ho, are time dependent and therefore recalculated in each time step. An
average velocity of the air intakes in the cockpit is estimated and hi is then
calculated using (2.37), which is the heat transfer coefficient for turbulent
flow over a flat plate [6].

hi = 0.037 ·Re4/5 · Pr1/3

L
· k (2.37)

The heat transfer coefficient for the hood outside depends on altitude and
Mach number of the fighter and is calculated using (2.38) which is an equa-
tion provided by Saab.
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ho = 5.66 · 105 ·Mach · e−H/8.5

16.95− H
19 + log(x ·M)

· 2.45 (2.38)

Where H is the altitude in kilometers and x is the distance from the leading
edge. x is set to L

2 to get an average ho.

Heat transfer to the inside and outside of the hood from radiation is shown
in (2.39) and (2.40).

qri = γint · σ · εint · T 4
int − σ · εh · T 4

hi (2.39)

qro = σ · εh · T 4
bg − σ · εh · T 4

hu (2.40)

Where γint is how much of radiation from the interior that hits other sur-
faces than the interior itself. σ is the Stefan-Boltzmann constant and εint is
emissivity for the interior. Tint, Thi, Thu, and Tbg are temperatures of the
interior surface, hood inside, hood outside, and atmosphere. Radiation from
the sun is described in (2.41).

qabs = qsun · γhood (2.41)

Where qsun is the solar irradiance and γhood is how much heat from the sun
that is absorbed by the hood (set to 10 %).

qri, qro, and qabs are inputs to a finite difference model. The model accounts
for radiation and convection on the inside and outside of the hood and
radiation and conduction for nodes within the hood. Equations for the
finite difference model is presented in (2.42)-(2.44). [32]

dT

dt
= k ·

hu
dx
k (Trec − Tt(1))− (Tt(1)− Tt(2)) + qro

dx2

k

ρhood · cp · dx2 (2.42)

dT

dt
= k ·

Tt(i− 1)− 2Tt(i) + Tt(i+ 1) + qabs
dx2

k

ρhood · cp · dx2 (2.43)

dT

dt
= k ·

Tt(end− 1)− Tt(end)− hidx
k (Tt(end)− Tcp) + qri

dx2

k

ρhood · cp · dx2 (2.44)

Where dx is the distance between the nodes, Tt is the temperature in each
node which is update each time step. Trec is the surrounding temperature
on the hood outside, also known as the recovery temperature, and Tcp is the
temperature of the cockpit air.
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2.2.3 Interior

The interior is modeled with a lumped heat capacity method and conse-
quently only one temperature is obtainable from the model. The interior is
not connected to the fighter body and the model therefore predicts slightly
higher temperatures than in reality since no heat is able to conduct from the
interior to the surroundings. The heat transfer coefficient for the interior was
provided at the beginning of this study and further investigations regarding
the accuracy of this parameter have not been prioritized. Parameters used
for the interior are shown below. Values for mass flows, temperatures, and
other heat flows below and in Section 2.2.4 are, if nothing else is mentioned,
received from Saab.

hint = 15 W/m2K
Aint = 2.15 m2

εint = 0.8
γint = 0.5

Where hint is heat transfer coefficient, Aint is surface area, and εint is emis-
sivity of the interior. γint is a coefficient describing how much radiation from
the interior that hits other surfaces than the interior itself.

There is a flow of air to the interior, mflcac (mass flow to cabin avionics
cooling), which main purpose is to cool avionics in the cockpit. The air has
a mass flow of around 0.02 kg/s for all altitudes and a temperature of 0 ◦C.
After cooling the avionics the air enters the cockpit with a temperature of
around 50 ◦C and the same mass flow as before.

The equipment in the cockpit generates heat, qequip, which is set to a con-
stant value of 1450 W. Around 1300 W of qequip is assumed to heat the
interior and 150 W is directly heating the cockpit air. In Section 2.2.4 the
parameter qequip is therefore changed from 1300 W to 150 W. These heat
flows are estimations and further investigations are necessary to find more
accurate values.

The heat balance for the interior is presented in (2.45).

qint = qequip + qconv − qr,out + qr,in − qcool,int (2.45)

Where qint is the total heat flow to the interior, negative value means that
the air is losing heat and positive value means it is gaining heat. qconv, qr,out,
and qr,in is heat from convection, radiation from the interior, and radiation
to the interior. The cabin avionics cooling mass flow, mflcac, results in a
cooling of the interior, represented by the term qcool,int which is calculated
using (2.46).
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qcool,int = mflcac · cpair · (Tint − Tcac) (2.46)

Where cpair is the specific heat capacity for air and Tcac is the temperature
of the cabin avionics cooling air.

The bulk temperature of the interior, Tint, is calculated using (2.47).

Tint(t) = Tint(t− 1) + qint
dt

mc · cpc
(2.47)

Where dt is the time step length, mc is mass of interior, and cpc is the
specific heat capacity of the interior. t is the current time.

2.2.4 Cockpit air

The cockpit air is, similar to the interior, modeled with a lumped heat ca-
pacity method and used as a convective boundary condition to the hood,
pilot, and interior. The temperature of the cockpit air depends on the hood
inside temperature, the interior temperature, heating from equipment, and
air flows to the cockpit. The air flows consist of cockpit avionics cooling air
that has been heated to 50 ◦C from the equipment and air from the cockpit
conditioning system. The mass flow and temperature of the cockpit condi-
tioning air, mflcca and Tcca, can be altered by the pilot with a temperature
control wheel. The temperature control wheel is located inside the cockpit
and mass flow and temperature at sea level vary according to Figure 2.7.
This is a general behavior of the temperature control wheel and not the
actual behavior according to information from Saab.

The maximum mass flow of air from the cockpit conditioning system varies
with altitude and it is assumed to decrease linearly up to 16 km where it
reaches its minimum value of 0.15 kg/s. The temperature variation regard-
ing altitude is negligible according to Saab.

The cockpit conditioning air is divided into two flows, one which enters the
cockpit directly and one that is used in the cooling garments. The partition
of air that enters the cockpit is altered by the pilot through a vault which
is represented by the parameter xmfl. The parameter xmfl varies between
zero and one where zero means that all air enters the cooling garments and
one means that all air enters the cockpit directly. The temperature and
mass flow that enters the cockpit from the cooling garments is the sum of
the flows and average temperature of the AVG and LVG air.
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Figure 2.7: Illustrates how the temperature and mass flow of the cockpit
conditioning air varies with the position of the temperature control wheel
at sea level.

Air is entering the cockpit from a defroster system which is used to remove
fog or ice from the hood. The defroster air is generally only operating when
the fighter is descending and therefore an assumption is made, based on the
studied flight case, how often this air is set to 0 kg/s. The mass flow of
air from the defroster, mfldefroster, is dependent on current altitude; be-
low 10 km it has a mass flow of 0.05 kg/s but at higher altitudes the mass
flow decreases to around 0.04 kg/s. The temperature of the defroster air,
Tdefroster, is approximately 80 ◦C when it enters the cockpit.

The heat balance for the cockpit air is written as (2.48).

qcp = qequip − qhood − qcool,cp − qdefroster + qconv − qair,int − qpilot (2.48)

Where qcp is the total heat flow to the cockpit air, negative value means
the air is losing heat and positive value means it is gaining heat. qhood
is convection from the hood inside, qconv is convection from the interior,
and qpilot is the resulting heat flow from the cooling garment air. qcool,cp,
qdefroster, and qair,int are resulting heat flows from the air flows into the
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cockpit; mflcca, mfldefroster, and mflcac. These heat flows and the heat
flow from the cooling garments are calculated using (2.49)-(2.52).

qcool,cp = mflcca · xmfl · cpair · (Tcp − Tcca) (2.49)

qdefroster = mfldefroster · cpair · (Tcp − Tdefroster) (2.50)

qair,int = mflcac · cpair · (Tcp − (50 + 273.15)) (2.51)

qpilot = mflcca · (1− xmfl) · cpair · (Tcp − Tcca,p) (2.52)

Where the last term in (2.51) is from Section 2.2.3, cabin avionics cooling air
enters the cockpit with a temperature of 50 ◦C. Tcca,p is the cooling garment
air temperature when it enters the cockpit. The temperature in the cockpit,
Tcp, is calculated using (2.53). [4]

Tcp(t) = A1(t) ·A2(t) + Tdefroster(t) ·A3(t)
mair(t)

(2.53)

Where
A1(t) = Tcp,0 + qcp

dt
mair·cpair

A2(t) = mair − (mfldefroster +mflcca · xmfl) · dt
A3(t) = (mfldefroster +mflcca · xmfl) · dt

Tcp,0 is initial temperature in the cockpit, mair is the mass of the cockpit
air, and t is the current time step.
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Chapter 3

Results

Input to the model is a flight case containing altitude and Mach number of
the fighter for each time step. An example flight case, provided by Saab,
is shown in Figure 3.1. The flight case consists of: flight at high altitude
and low Mach, attack at low altitude and high Mach, flight home at high
altitude and low Mach, and landing.

The example flight case is simulated with a surrounding (ground) tempera-
ture of 0 ◦C. Figure 3.2 shows the temperature of each node in the thorax.
It is seen that the temperature drops significantly at node 33 which is where
the AVG operates. The AVG air temperature during the entire simulation
is 16.5 ◦C and the mass flow around 0.12 kg/s; hence the drop in tempera-
ture.1 The exercise level of the pilot is low, set to ”office work” [45], which
is why heat generated through metabolism is relatively low in the muscle
nodes (23-26). The initial temperature is obtained by simulating a seden-
tary pilot in the cockpit with the fighter at ground level. The weather is
clear sky (maximum solar irradiance), the surrounding temperature is 0 ◦C,
and the cooling garments are turned on.

1The temperature controller is set to a constant value, in this case 0.3 which results in
a temperature of 16.5 ◦C and a mass flow of 0.12 kg/s, see Figure 2.7.
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Figure 3.1: The example flight case provided by Saab illustrating altitude
and Mach number of the fighter for each time.

Figure 3.2: The initial node temperatures and the node temperatures at the
end of the simulation in the thorax. Node number 1-18 is lungs, 19-22 bone,
23-26 muscle, 27-30 fat, 31 is skin, and 32-36 clothes.
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Experimental data from an F-4 Phantom fighter aircraft was in 1981 col-
lected by researchers at USAF School of Aerospace Medicine [30]. The paper
contains information about the pilot, outside conditions, and some informa-
tion about the mission. Not all data needed to recreate the flight case is
presented in the paper and is therefore estimated based on information about
the aircraft such as cruising speed, top speed, and operating altitude [38],
see Figure 3.3. The relative velocity is set to Mach 0.8 at an altitude of 0
m. The pilot of the F-4 aircraft controlled conditioning air during the flight
himself and the cooling air was not logged. The temperature and mass flow
of air are therefore set to average values from the system used in Gripen.
The exact geometry and volume of the cockpit are not known and these
vales are estimated based on drawings of the F-4 aircraft [39]. The esti-
mated flight case is simulated with the model and results and comparison
with experimental data is shown in Figure 3.4.

Figure 3.3: Illustration of the estimated flight case from a mission with
an F-4 aircraft. The mission lasted 2.5 hours (9000 seconds) and includes
taxing before take-off and after landing.
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Figure 3.4: Comparison of experimental data and model estimations of cock-
pit air temperature, core temperature, mean skin temperature, and head
temperature. The blue lines are model estimations, green are front seat ex-
perimental data, and red are rear seat experimental data. The black vertical
lines illustrates transition between phases in the flight case; taxing, take-off,
flight, attack, flight, landing, and taxing, see Figure 3.3.

From Figure 3.4 it is seen that the cockpit air temperature is higher than in
the experimental case during flight and attack. The model has an average
flow of conditioning air entering the cockpit while the pilot in the experiment
could change the flow as desired which is assumed to be a reason for the
difference in temperature. The head temperature is higher in the simulated
results than from experimental data, presumably due to the conditioning
air. No data were available for core temperature in the experiment and
therefore no comparison is possible with the model. The mean skin temper-
ature is close to the front and rear experimental mean skin temperatures.
Cooling garments on the pilot in the model is assumed to be the reason why
the mean skin temperature is not higher than in the experiment. The head
temperature was in the experiment measured in the ear canal but the model
does not contain such a detailed description of the head; hence the head
temperature in the model is estimated as the hypothalamus temperature.
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Given the amount of uncertain parameters and conditions, the results ob-
tained with the model are considered promising. The pilot model behaves
as expected during simulation of the flight case and no instability tenden-
cies are observed. The cockpit air temperature seems to respond too fast to
variations in altitude which is something to investigate further.

It is interesting to study the body temperatures during e.g. a transporting
mission, when the pilot position is stationary over a long time period. To
get an indication of the model behavior during these conditions a flight case,
”HALT” (high altitude long time), is simulated. The flight case simulates an
8 hour long mission and consists of: taxing, take-off, flight at high altitude,
landing, taxing. The cockpit conditioning system provides a temperature
of 16.5 ◦C during the entire simulation and the pilot controlling vault is set
to 0.5 (equal amount of air is going to the cooling garments and directly
into the cockpit). The cockpit air temperature decreases to around 22 ◦C
during ascent and flight at high altitude. During a real flight the pilot would
increase the temperature of the conditioning air but implementation of such
a feature is not completed. The low temperature of conditioning air and
cooling garment air is assumed to be a reason why the skin temperature
and mean body part temperature in Figure 3.5-3.6 is relatively low. An
implementation of a variable temperature controller needs to be done in
further studies to get more realistic results. The model behaves as expected
throughout the simulation and no indication of instability is observed.
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Figure 3.5: Skin temperature in the right calf during simulations of the flight
case HALT.

Figure 3.6: Mean body part temperature in the right calf during simulations
of the flight case HALT.
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Two flight cases are generated with a step up and down in both altitude and
Mach to study the model response to rapid alteration in input data (altitude
and Mach number). The cockpit conditioning air is set to 16.5 ◦C during
both simulations and the outside ground temperature is set to 0 ◦C. Solar
irradiance is set to a value corresponding to 50 % clear sky.

In the first simulation the altitude is stepped from 200 to 8000 meters and
from 8000 to 1000 meters while keeping the Mach number constant at 0.5,
see Figure D.1 in Appendix D. The cockpit air temperature drops from
37.5 ◦C to 25.5 ◦C in approximately 30 seconds and rises from 24.5 ◦C to
35.2 ◦C in close to 25 seconds, illustrated in Figure D.2 in Appendix D.

In the second simulation the Mach number is stepped from 0.2 to 1.2 and
from 1.2 to 0.5 while keeping the altitude constant at 5500 meters, see Fig-
ure D.1 in Appendix E. The cockpit air temperature rises from 24 ◦C to
38.7 ◦C in approximately 80 seconds and drops from 39.9 ◦C to 27.5 ◦C in
close to 75 seconds, illustrated in Figure E.2 in Appendix E. The rate of
change in temperature during the two step simulations is considered reason-
able considering the altitudes and Mach numbers studied.

The pilot model and the environment are simulated separately to reduce the
complexity and to get a perception of the behavior of the models when they
are not interacting with each other. The input to the separate simulations
is the example flight case illustrated in Figure 3.1 and results from these
simulations are found in Section 3.1-3.2.
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3.1 Pilot model

The pilot model is tested with the example flight case and with a fixed
surrounding temperature for the convective boundary condition. Figure 3.7
shows the nodal temperatures in each body part after 5000 seconds and with
a surrounding temperature of 25 ◦C. The initial temperature of each node
is 37 ◦C and each body part consists of 36 nodes. The order of the body
parts can be seen in Figure 2.2.

Figure 3.7: Results from running the example flight case displaying the
nodal temperatures of each body part after 5000 seconds. The initial tem-
peratures are set to temperatures at thermal neutrality for all nodes and the
surrounding temperature is set to 25 ◦C during the entire simulation.

As seen in Figure 3.7 the clothing temperatures of the thorax (node 105),
the thighs (node 393 and 429), and the calves (node 465 and 501) drop
significantly due to the cooling garments which has an air temperature of
16.5 ◦C. The work intensity during the simulation is set to ”office work”.



3.2. ENVIRONMENT MODELS 43

3.2 Environment models
The environment models calculate temperatures of the hood, the interior,
and the cockpit air. Initial values are set based on estimations of the real
fighter and the outside condition. The cockpit air temperature after simulat-
ing the example flight case is shown in Figure 3.8. Due to e.g. aerodynamic
heating during descent and increase in velocity, it can be seen that the air
temperatures in the cockpit rises after approximately 4000 seconds. The
temperatures then drop again after approximately 4800 seconds during as-
cent and when the velocity of the fighter decreases.

Figure 3.8: Cockpit air temperature during simulations of the environment
models with the example flight case.
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Figure 3.9 shows temperatures of the hood, cockpit air, and interior after
simulations of the example flight case. The rise in temperature during the
last minutes of the example flight case is due to descent to a lower altitude
and solar irradiation when the fighter has stopped.

Figure 3.9: Results from simulations of the environment models with the
example flight case as input. It displays the hood inside and outside tem-
perature, cockpit air temperature, and surface temperature of the interior.



Chapter 4

Discussion

Due to time limitations some assumptions and simplifications are necessary.
The impacts of these assumptions and simplifications on the results are dis-
cussed in this chapter. The fundamental parts of the complete model are
developed in this study but future work is necessary for validation and to
get a more detailed description of some systems. Some advice on where to
start and what parts that have greater impact on the results are presented in
Section 4.3, which is a summary of the discussion below and the discussion
in Section 4.1-4.2.

No conduction between the pilot and the cockpit environment is imple-
mented in the model. A refined description of the cockpit interior needs
to be completed to acquire temperatures on several nodes in the interior.
Depending on these temperatures the conduction results in either loss or
gain of heat for the pilot. Radiation to and from the pilot have been ne-
glected which lowers the precision of the model and should be included in
future studies. Values for some clothing parameters such as emissivity need
to be more accurate to benefit from adding heat loss through radiation to
the model.

The model is tested with 37 flight cases provided by Saab and seven addi-
tional flight cases that are set up to simulate various extreme conditions,
for instance; stationary fighter with clear skies (maximum solar irradiance),
steps in both altitude and Mach, and high Mach number at low altitude.
Results from these simulations have been examined and the resulting tem-
peratures are considered reasonable given the environmental conditions dur-
ing the simulations.
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This study is part of a larger research intending to improve working con-
ditions for pilots and to get a better understanding of risks involved in
certain missions. The physical and mental state of the pilot during and
after flights could eventually be improved through better understanding of
incorporated factors that affect the pilot. By using the model instead of
putting the real pilot at risk, testing e.g. new clothes at certain body parts
or conditioning air flows in the cockpit could be performed safely and rela-
tively effortlessly. The developed model fundamentally uses a well validated
human thermoregulatory model and therefore serves as a reliable basis for
future developments. Since the model is a useful first stage in the larger and
more complex research, the objectives of this study is considered achieved.

4.1 Pilot model
The pilot model is based on the human thermoregulatory model developed
by Dusan Fiala in 2001 and the model uses Pennes bioheat equation, (1.1),
for one-dimensional, steady state, heat transfer to calculate temperatures in
the tissue. Pennes bioheat equation assumes that the temperature of blood
entering and exiting capillaries is constant for a small volume of tissue. Each
tissue layer is assumed to be homogeneous and the nodal spacing within each
layer is constant. These assumptions are considered reasonable since Pennes
bioheat equation has been validated several times for a wide range of steady
and transient environments. [1]

The pilot model performance, see e.g. Figure 3.7, is difficult to evaluate
since no data are available from Gripen flights. The model behaves as pre-
dicted during simulations when critical parameters such as metabolic rate
and blood perfusion rate are altered. Actual resulting temperatures from
simulations are difficult to comment but the general behavior shows that the
temperature is vastly dependent on factors such as conditioning air temper-
ature and cockpit air temperature.
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4.1.1 Body

Pennes bioheat equation is mostly implicitly discretized with some explic-
itly discretized terms. Explicit terms can in some cases make the model
unstable but no such behavior is noticed during simulations. No thorough
investigation has been made but since a vast number of flight cases are ex-
amined during the study without displaying any problems it is assumed that
the model implementation is acceptable. A Crank-Nicolson method, which
is roughly a mean value of an implicit and explicit discretization, would
improve the performance and accuracy slightly but the implementation of
this method is not realized in this study. The modification is assumed to
give negligible improvements on the performance and is recommended to be
implemented only if stability issues occur.

Body parts in this study are not divided into angular sectors. This leads to
less accurate boundary conditions since the anterior and posterior sides are
exposed to different environments. The boundary conditions for the poste-
rior side should mainly include, apart from convection, conduction between
the pilot and the cockpit interior while the anterior side is more exposed
to radiation. Since no radiation or conduction between the pilot and the
environment exist in the current model, the effects of adding more sectors
to body parts are considered negligible.

Body parts only interact with each other through blood perfusion. It might
be interesting to add conduction between adjacent body parts and inter-
action between e.g. the inside of the arm and the side of the thorax to
get a more accurate model. The complexity of the model would increase
considerably but the effects on the results from these interactions might be
worth examining. The pilot is relatively stationary during flight; hence it is
possible to assume that the interactions are reasonable constant.

The simplifications mentioned in the two paragraphs above lead to inaccu-
rate boundary conditions between the pilot and the surrounding environ-
ment and inaccurate interaction between body parts. Conduction between
the pilot and the chair leads to lower thorax and abdomen temperatures
while radiation from the equipment leads to higher body temperatures. In-
teraction between body parts will reduce the temperature disparity between
adjacent body parts and provide a more realistic physical description.
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The body of the pilot is based on an average person; hence the model gives
less accurate results for a smaller or larger pilot. The amount of fat and
muscle tissue in each body part are also based on average values found in
literature. To get more accurate results the values for length of body parts
and tissue thicknesses should be updated to match the studied person. In
the current model this is done by changing the length of each body part and
the outer radii of each tissue layer.

4.1.2 Clothing

The clothing set-up is the one to be used by Swedish fighter pilots in
Gripen E in warm outside temperatures, see Appendix C. The implementa-
tion of the clothing model is assumed to make modifications of the clothing
set-up efficient. Thicknesses and properties of clothing materials are esti-
mated values based on observations of the clothes and interviews with staff
at Saab. A more accurate description of the clothes along with improved
measurements of the actual clothes would give results closer to reality. Due
to estimated parameters there are some uncertainties regarding the accu-
racy and performance of the clothing model. However, the model basis is
developed and only more thorough investigations of geometry and thermal
properties of the clothes need to be conducted.

4.1.3 Cooling garments

In the model, cooling air is hitting the thorax directly through the AVG
and the thighs and calves directly through the LVG. In reality the air dif-
fuses inside the clothes to adjacent body parts resulting in a heat loss at
those parts too. In this study the diffusion is neglected and the cooling air
enters the cockpit immediately after cooling the thorax, thighs, and calves
which results in less cooling of adjacent parts and a lower temperature of
air entering the cockpit than in reality. The current model therefore gives
clothing temperatures that are higher than in reality but the effect on core
temperature has not been studied. The spikes seen in Figure 3.7 would exist
for more body parts if the air diffused. The cooling air has great impact on
clothing temperatures since it can be varied between 0 and 55 ◦C and has a
high mass flow. For a more accurate description of the air cooling system,
diffusion of air to adjacent body parts is necessary to include in the model.



4.2. ENVIRONMENT MODELS 49

4.2 Environment models
The interior is modeled as a lump and has no heat exchange through con-
duction with the fighter body. Since the interior is warm due to avionics and
that no heat is exchanged with the rest of the fighter, it results in slightly
higher cockpit air temperature than in reality. The direct effect on core tem-
perature is acceptably small even with cockpit air temperature variations as
large as some degrees since the fat of the body isolates the heat. However,
the skin temperature varies significantly and the skin temperature controls
sweat rate and consequently heat loss through sweating which affects the
core temperature. No validation with real data from Gripen has been per-
formed, hence it is hard to say whether the core temperature variation due
to incorrect cockpit air temperature is acceptable or not. Further investiga-
tion is needed for a reasonable conclusion.

The cockpit cooling air system has two inlets that are positioned behind
the pilot. This air is assumed to go straight into the cockpit with a certain
mass flow and with the inlet temperature, without any interference with the
pilot. Some body parts will in reality experience forced convection which
results in heat exchange between these parts and the air. Computational
fluid dynamics (CFD) simulations have previously been conducted to obtain
air velocity from the different inlets. These calculations could be used in the
model to investigate which body parts are hit and at what air velocity. The
air enters the cockpit at a certain temperature that the pilot can adjust but
the temperature change depending on the cockpit air temperature is not
examined in this study; hence it was difficult to implement these air flows
to the model with higher precision.

The mass flow and temperature of air entering the cockpit and the cool-
ing garments can in reality be altered by the pilot during flight. The mass
flow and temperature of the cooling air is in the current model constant
during a simulation but should be formulated as a variable which depends
on e.g. cockpit air temperature. The cooling air has significant impact on
cockpit air temperature and body temperatures and is therefore interesting
to examine further. From Figure 3.9 is it seen that temperatures in the
cockpit have reasonable values during simulations with the example flight
case. During simulations of such flights, with relatively constant altitude
and velocity during long period of time, the constant air flow and tempera-
ture might not be a bad simplification since the pilot would not alter those
values very often. Simulations of flights with fast and frequent variation in
altitude and/or velocity are more affected by this simplification.
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In some simulations the cockpit air temperature seems to respond too fast
during alterations of Mach number or altitude, see e.g. cockpit air tempera-
ture in Figure 3.4. However, in simulations with step responses the cockpit
air temperature is responding as expected, see Appendix D and E. The
strange behavior should be investigated since it might indicate that some
parameter in the model have too large impact on the air temperature.

4.3 Future work

Below is a list of suggested improvements that are presumed to increase the
performance of the complete model and/or the model parts. The suggestions
are listed in no particular order.

• The complete model needs to be validated with experimental data
from Gripen and/or the pilot to acquire an estimation of the precision
of different temperatures.

• A radiation boundary condition should be added to the outer clothing
layer node.

• Thermal and geometrical properties of the clothes and the clothing
set-up need further investigation. This should have significant impact
on temperatures in the clothes as well as tissue temperatures.

• Air from the cooling garments should diffuse to adjacent body parts.
By studying the behavior of body parts that is directly affected from
cooling air, this is assumed to have a significant effect on the temper-
ature of nodes close to the cooling.

• A more realistic description of the cockpit conditioning system should
be implemented. The temperature is currently constant during a sim-
ulation but it should vary with e.g. cockpit air temperature or body
core temperature.

• The cockpit interior should be modeled with higher precision. It will
result in a more precise cockpit temperature and it will e.g. enable
adoption of conduction between the pilot and the cockpit interior or en-
able implementation of a more detailed description of radiation bound-
ary conditions.

• The activation level (metabolic rate) of the pilot is set to a constant
value, corresponding to average activation level of a fighter pilot during
flight. The value is set to 27 W in the model, which is added to the
basal metabolic rate, for all times in the current model. The metabolic
rate should be time dependent and depend on the studied flight case.
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In combat situations or during certain missions the activation level
can increase significantly, as much as ten times the average value [23].

• Add at least two sectors to each body part, one anterior and one
posterior to get more accurate boundary conditions. Possibly add two
additional sectors, sinister and dexter, to account for unsymmetrical
behavior on left and right.

• Add heat exchange through conduction between body parts to make
them interact in more ways than through blood perfusion.

• The body is in the current model entirely covered in clothes. Skin on
some body parts are in reality exposed directly to the environment,
such as parts of the face and neck. Implementation of this exposure
in the model would presumably have a significant impact on the tem-
perature of affected body parts. However, complementing the model
with the previously mentioned sectors should primarily be completed
to achieve an appropriate implementation of environmental exposure
to the skin.

Impacts on tissue and clothing temperatures from all of the recommended
improvements of the model mentioned above have not been studied. It ap-
pears that the metabolic rate and the cooling air are the ones with most
impact on the temperature. The recommendation is therefore to start ex-
amine the metabolic rate and the cooling air system to see if an improved
description of these can be implemented in the model. Varying parameters
during model validation should ascertain which factors that has a significant
impact on the model and which that does not.
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Chapter 5

Conclusion

Previously developed models have shown good performance under certain
circumstances and environmental conditions. No existing model is suitable
for fighter pilots as it is but the Fiala model has displayed good performance
for a wide range of environments and work intensity levels for the studied
person and therefore serves as a good basis. A more detailed description
of considered models and their advantages and disadvantages is found in
Section 1.4.

The results indicate that it is possible to develop a thermoregulatory model
of a fighter pilot by modifying previously developed models. It is difficult
to estimate the factual accuracy of the developed model since no suitable
experimental data from Gripen flights are available. The base model is
established but for better accuracy the model needs further improvement.
Uncertainties regarding some parameters will most likely always exist but
the effect on different temperatures due to these parameters can expectantly
be eliminated. In other words, it appears feasible to develop a model of the
pilot and the cockpit which are able to predict temperatures with high ac-
curacy using the developed model from this study as basis.

It is noticed from the results that the temperature of the conditioning air
has huge impact on cockpit air temperature. To acquire a better description
of reality it is necessary to make the conditioning air depend on cockpit air
temperature or body core temperature.
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Appendix A

The figure on the next page is mainly taken from Fiala [1] but some values
are removed and the values for body part length, L, is altered. The L values
are obtained through own measurements of an average person. The value
for εsf is altered for the head to get an average of hair and skin emissivity.
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Where L is length of body part (first value is upper arm/thigh, second is
forearm/calf), hx countercurrent heat exchange coefficient, hc heat exchange
coefficient, ask skin sensitivity coefficient, εsf surface emission coefficient, r
outer radius, k heat conductivity, ρ density, c heat capacitance, wbl,0 basal
blood perfusion rate, qm,0 basal metabolic rate.



Appendix B

The table below shows the surface area, % of total area, and weight for each
body part.

Body part Surface area [m2] % of total area Weight [kg]
Head 0.1117 6.03 3.02
Neck 0.0297 1.6 1
Thorax 0.3333 18 20.5
Abdomen 0.3333 18 20.5
Arms 0.3354 18.11 7.06
Hands 0.09 4.86 0.67
Legs 0.5012 27.07 20.68
Feet 0.1172 6.33 0.97
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Appendix C

The first table below shows the clothing layers for each body part, the
material, and the thickness of each layer. The clothing layers are divided
into three groups, the first group is the inner layer, the second is the middle
layer and the third is the outer layer. The air and cotton middle layer is
50 % air and 50 % cotton (volume). The second table shows the properties
for each material. [15] [16] [17] [18]
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Clothing set-up
Body part Layers Material Thickness [mm]

Head

Hood Cotton 2

Air layer Air and cotton 3

Helmet inside Foam 10
Helmet shell PA6 3

Neck

Jacket inside Nomex 2

Air layer Air and cotton 3

Jacket outside Nomex 5

Thorax

Underclothing Cotton 2
Flight suit Nomex 4

Air layer Air and cotton 3

Jacket inside Nomex 2
Jacket bladder PA66 8
Jacket outside Nomex 5
AVG outer Nomex Delta T 0.9*2
AVG bladder PA66 5
AVG spacer Polyester 10

Abdomen

Underclothing Cotton 2
Air layer Air 3
Flight suit Nomex 4

Air layer Air and cotton 3

Jacket inside Nomex 2
Jacket outside Nomex 5

Arms

Underclothing Cotton 2
Air layer Air 3
Flight suit Nomex 4

Air layer Air and cotton 3

Jacket inside Nomex 2
Jacket outside Nomex 5

Hands

Air layer Air 3
Gloves inside Leather 2

Air layer Air and cotton 3

Gloves outside Leather 2
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Body part Layers Material Thickness [mm]

Thighs

Underclothing Cotton 2
Flight suit Nomex 4

Air layer Air and cotton 3

Anti-G inside Nomex 2
Anti-G bladder PA66 8
Anti-G outside Nomex 5
Air layer Air 3
LVG outer Nomex 2
LVG bladder PA66 4
LVG spacer Polyester 3
LVG lining Polyester 2

Calves

Underclothing Cotton 2
Flight suit Nomex 4
Socks Cotton 3

Air layer Air and cotton 3

Anti-G inside Nomex 2
Anti-G bladder PA66 8
Anti-G outside Nomex 5
Air layer Air 3
LVG outer Nomex 2
LVG bladder PA66 4
LVG spacer Polyester 3
LVG lining Polyester 2

Feet

Socks Cotton 3

Air layer Air and cotton 3

Shoes Leather 8
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Material k [W/(m ·K)] c [J/(kg ·K)] ρ [kg/m3]
Air 0.0271 1005 1.127
PA6 0.26 1700 1140
PA66 0.25 1600 1150
Nomex 0.13 1200 1380
Nomex Delta T 0.13 1200 1380
Polyester 0.195 1000 1380
Cotton 0.04 1338.88 1550
Leather 0.14 1500 860
(Polyurethane) Foam 0.03 1800 30



Appendix D

Illustrations of the flight case and the cockpit air temperature when simu-
lating a step in altitude.

Figure D.1: The altitude and Mach number during simulations of a step up
and a step down in altitude.
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Figure D.2: Cockpit air temperature during simulations of a step up and a
step down in altitude.



Appendix E

Illustrations of the flight case and the cockpit air temperature when simu-
lating a step in Mach number.

Figure E.1: The altitude and Mach number during simulations of a step up
and a step down in Mach.
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Figure E.2: Cockpit air temperature during simulations of a step up and a
step down in Mach.



Appendix F

The table below shows the number of nodes in each layer in each body part.
Figure F.1 on the next page illustrates the nodal placement in a body part
that is not head, thorax, or abdomen is placed.

Body part Brain Lungs Viscera Bone Muscle Fat Skin Clothes
Head 21 - - 3 3 3 1 5
Thorax - 18 - 4 4 4 1 5
Abdomen - - 18 4 4 4 1 5
Other - - - 10 10 10 1 5

67



68 APPENDIX F.

Figure F.1: Example of the nodes in a body part that is not head, thorax,
or abdomen.
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