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Problem area

In the second edition of the
Strategic Research Agenda (SRA)
of the Advisory Council for
Aeronautics Research in Europe
(ACARE), the research needs of
Europe in the field of air transport
systems over the next 20 years are
outlined. One of the high level
target concepts in this SRA is the
highly customer oriented air
transport system, and one of the key
technologies of this target concept
is personalized passenger climate
control as part of the on-board
environmental control system of
future aircraft. In modern wide-
body aircraft, the spacious interior
allows for improved seating
conditions. At the same time,
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airlines operating the aircraft have
their own conditions on cabin lay-
out and interior usage. This
customer-centered approach is
posing significant challenges to the
interior designers. Despite varying
interiors within the same type of
aircraft, the cabin needs to be
refreshed within a given time
without compromising thermal
comfort for each passenger and
without compromising the highly
important air filtration requirements
to minimize health risks. To design
such cabin interiors, a level of
physical modelling higher than
usual is necessary, incorporating
modelling upgrades from one-
dimensional to three-dimensional
methodology.
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Description of work

In the framework of the European
Ideal Cabin Environment (ICE)
project, the enhancement of the
Tanabe thermoregulation model
with cabin pressure and relative
humidity dependency has been
performed. The Tanabe
thermoregulation model is a
physics-based multi-node human
model based on the bio-heat
equation predicting temperature
distributions over the passenger and
heat exchange with the environment
for an average passenger. The focus
of the current research is the
assessment of the sensitivity of the
predicted results when cabin
pressure and relative humidity are
implemented in each relevant term
of the set of bio-heat equations. For
this purpose, a large amount of
literature research has been
performed to identify appropriate
modelling for those terms that are
susceptible to pressure variations
and humidity influences. To
validate the enhanced model, a
significant amount of existing
experimental conditions has been
simulated and compared with
available experimental results.
Specifically, the experimental
results from the ICE project using
simulated flights in a depressurized
flight test facility have been used to
support the sensitivity conclusions
for pressure and relative humidity
variations from the simulated
results.

Results and conclusions

A fully enhanced thermoregulation
model has been obtained, following
the theoretical derivation of
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pressure and humidity influences
for specific terms of the set of bio-
heat equations. Simulated results
from the enhanced thermoregulation
model compare quite well with a
significant amount of experimental
datasets, both in terms of objective
data (skin or clothing temperatures)
and subjective data (thermal
comfort votes). It has been found
that the counteracting impact of
pressure and humidity in different
terms of the set of equations results
in an overall limited impact of these
effects on simulated results, at least
for the allowable range of variations
of pressure and humidity in an
aircraft cabin, although a small
increase of thermal comfort votes
with higher cabin altitude is
predicted. These findings are
supported by experimentally
obtained correlations.

However, the shift of heat exchange
between the passenger and the
environment to different
mechanisms can result in a change
of perception of well-being of
passengers, such as sensations of
dry mouth and changes in
perspiration.

Applicability

The enhanced thermoregulation
model is readily applicable to
support studies related to the
definition of the optimum range of
cabin environmental parameters,
e.g. ventilation optimization and air
recirculation, either as a stand-alone
thermal comfort indicator or in a
coupled mode with a CFD-method
for cabin air flow.
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Modelling the impact of aircraft cabin pressure and
humidity on thermal comfort

J. van Muijdeh
National Aerospace Laboratory NLR, Amsterdam, The Netherlands

In aircraft cabins during cruise conditions at high altitude, common operative values for
cabin pressure and relative humidity are significantly lower than those at sea level. In this
paper, the impact of cabin pressure and humidity on thermal comfort is investigated using a
physics-based multi-node human thermoregulation model. The objective of developing an
enhanced thermoregulation model is to support the envelope determination of
environmental cabin parameters for maximum occupant well-being. Enhancements to the
thermoregulation model to account for variable ambient pressure and humidity are
described and applications of the model are shown. It is concluded that, within the normal
operative range of aircraft cabin pressure and humidity, their impact on thermal comfort of
passengers is limited.

Nomenclature
Latin symbols

B = convective heat exchange with the central blood compartment
C = heat capacity

c = specific heat of dry air

clo = unit of clothing insulation (1 clo = 0.155 m2K/W)

D = conductive heat exchange with neighbouring layers within a segment
E = heat loss by evaporation

f = response due to sensible heat loss, also clothing factor

h = heat transfer coefficient

i = clothing vapour permeation efficiency

I = thermal insulation of clothing

LR = Lewis ratio

met = unit of metabolic activity (1 met = 58.15 Wijm

n = exponent of pressure impact on convective heat transfer

PMV = Predicted Mean Vote

PPD = Percentage of People Dissatisfied

Q = heat production, also heat loss to the environment

R = heat loss by respiration, also gas constant

RH = relative humidity (%)

t = time

T = temperature

TS = thermal sensation vote

\% = air speed

V = pulmonary ventilation rate

w = skin wettedness, also humidity ratio

Greek symbols

A = difference

A = heat of vaporization of water

Y = response due to nonlinear coupling of skin and hypothalamus sensations

! Senior Scientist, Department of Flight Physics and Loads, Aerospace Vehicles Division, P.O. BOX 90502, 1006
BM Amsterdam, The Netherlands, AIAA Member.
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Subscripts
a = ambient, also air
c = convective
cl = clothing
dry = dry air
e = evaporative
eq = equivalent
ex = exhaled
hy = hypothalamus
p = at constant pressure
re = latent respiratory
sk = skin
sSw = skin wettedness
t = total
w = water vapour
0 = sea level, also neutral state

I. Introduction

N current civil air transportation, a trend is emerging towards a larger focus on passenger satisfaction. While air

travel has become an ordinary way of transportation over the past decades for many people, passengers are
becoming more demanding in terms of service and comfort. Despite the large increases in air travel volume,
individual passengers insist on safe, comfortable, prompt and reliable air transportation. Aircraft cabin issues play an
increasingly important role in the satisfaction of passengers, ranging from basic characteristics like seat pitch and the
availability of on-board video entertainment to highly complicated issues such as the quality of on-board air and the
spreading of diseases. Airlines and aircraft industries are determined to provide an optimal cabin environment in
their modern fleet of aircraft that fulfills the diverse demands of individual passengers and the general regulations
imposed by aviation authorities. General regulations for the aircraft cabin environment are reviewed regularly, and
work is ongoing in defining new standatdsAs part of the air travel experience, passenger thermal comfort is one
significant aspect in cabin-related issues.

In the framework of studying human thermal comfort for given ambient environmental conditions, activity level
and other boundary conditions such as clothing, a significant amount of research has been devoted to the
development of predictive models. Predictive models for thermal comfort generally simulate the interaction between
the human body and the environment on the basis of some form of heat exchange equations. The output data of a
predictive model typically consists of two different parts, an objective and a subjective part. The objective part
consists of predicted physical values such as body temperatures and heat fluxes, values that can be validated against
measured data under the same environmental and boundary conditions. Secondly, a subjective part is usually
generated that provides a perceptive value of human thermal comfort for the given environmental and boundary
conditions.

A well-known approach following this scheme has been developed by Eangehnas later been adopted as an
international standardization nctnranger’s approach uses a single heat balance equation between the human body
ard the environment. In this model, the human body has no physical dimensions and is represented by a set of data
describing the average thermal state of the body. Clothing is included as a uniform property over the body. Since
only the average state is given, the body can be visualized as a single node in the surrounding environment. The
resulting thermal load from the single heat balance equation is linked to the human perception of thermal comfort
using a thermal sensation coefficient. The thermal sensation coefficient has been derived by correlating the mean
thermal comfort votes of a group of people to the physical output of the heat balance equation. From Fanger’s
research, the well-known thermal comfort indices Predicted Mean \Ri#V)( and Percentage of People
Dissatisfied (PP have emerged. Although simple in its approach and very successful in its application to e.g.
building research, a number of weak points are inherent in Fanger’s model. The single heat balance equation only
generates averaged values of thermal comfort in a uniform environment, creating doubtful results in asymmetrical
conditions like in moving vehicles with significant asymmetrical solar heat radiation through windows from one
side. The model provides a perceptive qualification of the thermal environment in a single number, again based on a
uniform assumption of the environmental conditions. Also, common human active regulation reactions to cold
(shivering) or hot (perspiration) environments are not explicitly modelled, resulting in a limited applicability of the
approach to moderate thermal environmental conditions only (i.e. approximately 20-30 degrees Celsius).
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Multi-node models are better suited in dealing with more complex thermal situations. The development of multi-
node models involves the subdivision of the human body in spatially distributed segments (like head, legs, arms,
hands, etc.) and a number of layers per segment (like skin, fat, muscle, core). By drawing up the heat balances
between adjacent nodes, a set of equations is obtained that can be solved to obtain the temperature distribution over
the nodes. Active control mechanisms of the human body — i.e. shivering to produce more heat, perspiration to dump
excessive heat, and related physiological reactions such as vasoconstriction and vasodilatation controlling the blood
flow through the skin layer — are modelled explicitly, and have a significant impact on the output of the model. A
multi-node model generates temperature distributions on the body or on the passenger’s clothing that can be verified
in experiments. On the other hand, a single perceptive qualification of the ambient thermal environment is more
difficult to obtain from the distributed data from multi-node models, although correlations with mean votes have
been derived. A more general comfort perception analysis is to identify the well-being per body surface node by
comparing the actual body surface node temperature with a preferred range of comfortable temperatures for that
specific node.

A missing link in many thermal comfort models is the ability to correctly simulate the impact of varying
environmental pressure and relative humidity. For aircraft cabin environments, the operational range of ambient
pressure and relative humidity along the flight path is significantly different from ambient values at sea level. In the
following, the enhancement of a multi-node human thermoregulation model with combined pressure and relative
humidity dependency is addressed, based on physical considerations.

The main objective of developing a reliable predictive model for thermal comfort in air transportation is its
application in determining the envelope of environmental cabin parameters for maximum occupant well-being,
thereby supporting the development of the flying experience of the future.

II. Tanabe multi-node thermoregulation model

In the past 40 years or so, a significant amount of research has been devoted to the development of models to
determine the thermal state of human beings under different environmental conditions, including their perception of
thermal comfort. Resulting thermal comfort models range from simpl& @angvo-nodé models to multi-node
models, where ‘multi’ is to be interpreted as at least an order of magnitude larger than one. During this entire period,
the development of multi-node human thermoregulation models has been atterSpiefdl models simulate
phenomena of human heat transfer inside the body and at its surface, taking into account the anatomical, thermal and
physiological properties of the human body. These multi-segmental and multi-layered models are capable of
predicting local temperatures in each node. The environmental heat losses are determined on the basis of resulting
inhomogeneous distribution of temperatures over the body.

In the present work, the multi-node model of professor Tdriatiaken as the starting point. Tanabe’s model is
anadvanced and yet compact multi-node thermoregulation model, which has been developed as an extension of the
model of Stolwijk. The model of Stolwijk
consists of six body segments, each wi
four layers of tissue, which together with
central blood compartment results in a 2
node model. A draw-back of the Stolwijl
model is its inherent symmetry, i.e. n
distinction between left and right hand ar
so on, rendering the Stolwijk mode
unsuitable for asymmetrical environmenti
conditions. In the extension of this model k
Tanabe, more nodes are used withc
symmetry assumptions. Use is made
sixteen separate body segments, i.e. he |— —
chest, back, pelvis, left and right upper art
left and right lower arm, left and right hanc
left and right upper leg, left and right lowe | —] |

leg, and left and right foot. In Fig. 1, ¢ — — . .-
schematic representation of the TanaFigure 1. Body segmentation in the 6&oode model, consisting

model anatomy is shown. Similar to th16 body segments (left), each having 4 layers of differetissue
{(middle). For visualization of model results, a seated manikinan

Stolwijk model, all sixteen body segmen ) . ;
consist of the same, concentric four Iayeb? used (right), currently showing the numbering of segments.

Segment
no.

16

15

14

13
\

12
11
10
9
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per segment with a similar tissue distribution. In this way, together with a central blood compartment, a 65-node
model is obtained. The model replicates an averaged man with respect to body mass of 73 kg and a total body
surface area of 1.87°nFor the Tanabe model, the total body surface area and its distribution over the six main body
elements are quite similar to the values as used by Stolwijk.

The thermoregulation model consists of a passive and an active system part. By modelling the physical human
body and the heat transfer phenomena occurring inside and at its surface, the passive system is obtained. For each of
the 65 nodes, the heat transfer phenomena are represented by a time dependent heat balance equation (also known as
bio-heat equation), which takes the general form:

cdl - Q- B+ D-R-E-Q. @)

dt
Here,C represents the heat capacity of each nddejts temperature, artds the time. On the right hand sidg,

denotes the heat productidd represents the convective heat exchange with the central blood compartmbnt and

accounts for conductive heat exchange with neighbouring layers within the same segment. Rireiezsents the

heat loss to the environment by respiration, occurring only at the core layer of the chest. The respiration heat loss to

the environment is the sum of the dry respiration heat loss due to warming of the inhaled air, and of the latent

respiration heat loss related to evaporation of moisture in the lungs which increases the relative humidity of the

inhaled air. The terrg, active in the skin layer only, accounts for the evaporative heat los§; &nthe sum of the

convective and radiant heat exchange to the

environment. Both these terms are

influenced by the clothing the passenger is

wearing. The heat balance in the central

blood compartment accounts for convective

heat exchange with all body segments and

Environment

3 A
Respiration(Chest) |Convection / Radiation / Evaporation

[ ] iClothing

A

| Skin

j=4

Bloodstream

t Conduction

| Fat

j=3

Bloodstream

¢ Conduction

| Muscle

=2

# Conduction

Core

j=1

Bloodstream

Bloodstream

Central Blood
(65th node)

their layers. The modelled heat exchange
between nodes in the Tanabe model is
depicted in Fig. 2. The rate of heat
production Q on the right hand side of

equation (1) consists of three different

contributions, stemming from the basal
metabolic rate, from heat production by
external work, and from shivering. The latter
two contributions occur only in the muscle
layer and are zero in all other layers.

........................ Segment(i) -msvmmsmmssssnsnnnnsd
Figure 2. Conceptual model of heat exchanges between segm:

and layers of the Tanabe 65-node model, with i repsenting the
body segment number (1 to 16) and j the tissue layer (1 to 4).

Applying equation (1) to all nodes, a set of
65 equations is obtained. Solution of the set
of equations is straightforward, applying

time integration until a steady-state solution
is obtained. The solution process requires
the evaluation of the right-hand sides of the
equations during each time step.

Some remarks have to be made here for the impact of the insulation of the human body by clothing. Two types of
clothing insulation have to be considered. The overall value is defined as an insulation value of a clothing ensemble
as if applied over the entire body surface, as is used in Fanger's model. However, such a value does not represent
the local values which are needed in a segmental model like the 65-node model. Calculation procedures to get
overall clothing values from clothing items are for example defined in Ref. 8. Thelanépresents the clothing
insulation. A more detailed description of establishing the local insulation values for clothing ensembles is given in
Park. For practical purposes, five clothing ensembles for a seated person have been defined in terms of local
insulation values according to this approach that are easily switched on in the 65-node model. The five clothing
ensembles represent appropriate clothing insulation for the following situations: summer indoor, summer outdoor,
spring/autumn, winter indoor, and winter outdoor. In these clothing ensembles, the contribution of a typical aircraft
seat has been included.
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The active system is represented by fo
different thermoregulatory mechanism: emperare ceisius)
namely: vasodilatation and vasoconstrictic ! 2
that are controlling the blood flow througl — 3
the skin, and perspiration and shivering . © 2
active heat loss and heat productic ' 2
mechanisms. The active thermoregulato
mechanisms are controlling terms in tr
right-hand sides of the set of 65 passi
equations. The active thermoregulatol
mechanisms are driven by a head cc Yeevm
signal, a skin signal, and a signal related B
both (core and skin). In this context, a sign - o
driving the rate of thermoregulation is Igf
temperature difference between the actt = °©
node temperature and the set-poi
temperature. Thus, the 65-node model F
predefined set-point temperatures for ea

node. The set-point temperatures repres,.. . .
the thermally neutral situation of the humeF'gure 3. Coupling example of 65i0de thermoregulation mode

bodv. the ideal th | situati hich in a CFD-environment for accurate determination of hea
ory,_ S ' ena ith err[na S'rl? ;]or;tw Ic ld'exchange with the cabin environment. Manikin surface shows
perceived as neither too wa Or 100 COI0, oy ) skinfclothing temperatures, coloured strakes sho

A more detailed descrlpt.|on of the bas‘recirculation zones and local air velocities of cabin flow.
65-node model, the precise form of the

right-hand side terms of the set of equations, and the active control signals definitions can be found in Ref. 4. The
65-node model has been applied as a stand-alone routine, in which case the convective and radiative heat exchange
with the environment is based on predefined heat transfer coefficients as averaged from thermal manikin
measurements. Alternatively, the 65-node model has been coupled with the in-house CFD-systelh se®ER).

3 where a forced convection case by prescribed air input and output conditions due to the air refreshment system is
shown for half a cabin slice. In this case, the convective and radiative heat transfer coefficients are calculated based
on accurate geometrical and fluid flow information from the non-uniform cabin environment. Thus, the influence of

the thermal cabin environment on the passenger is calculated while also the impact of the passenger acting as a heat
source on cabin convection is obtained. Obviously, the coupled approach provides a larger flexibility and higher
accuracy at the cost of the effort needed to model the cabin environment in a CFD-mesh.

lll.  Model enhancements for cabin pressure and humidity

Besides experimental investigatiéh®**regarding cabin influences on the passengers, there is also the need for
modelling the cabin influences in thermoregulation models for the sake of sensitivity analysis under varying cabin
conditions. The main impact of aircraft cabin environments relative to normal vehicle or office environments at sea
level is caused by the significant variations in cabin pressure and humidity. In the definition of the standard
atmospher¥, the pressure variation with altitude is shown in Fig. 4. Following regulations, the cabin pressure is not
allowed to drop below the value occurring at an altitude of 8000 ft, which is identical to a cabin pressure limiting
ratio of 0.743.

The reduction of cabin pressure has an impact on several terms in the bio-heat balance of Tanabe’s model, which
will be addressed below. Also, a very low relative humidity is to be expected in aircraft cabins at cruise altitude,
with usual values in the order of 5-15 percent. Such a low relative humidity is believed to affect the basal wettedness
of the skin, having a normal value of 0.06 which may drop to values as low as 0.02 in very dry environments.

A. General assumptions

Lacking specific information, it is assumed that all the properties of the individual tissue in each body segment
as well as the central blood compartment are independent of the air pressure. The properties represent: heat capacity,
basal metabolic rate, basal blood flow, thermal conductance, density, and set-point temperatures. The dimensions,
i.e. the body surface area and the weight, are taken independent of pressure as well. Furthermore, all weighting,
distribution and control coefficients are independent of air pressure. Concerning the clothing, it is assumed that the
air pressure does not affect the dimensions of the garments worn. Since the clothing argaifadédined as the
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ratio between the outer surface of tt
clothed body and the skin surface, this fact
is unchanged. Finally, the influence of a 100000 \ — atmospheric pressure
pressure on the insulation properties of tl H cabin pressure limit

garments worn is unchanged. Note that t gggg0 L
impact of air pressure on the vapol 3

permeation efficiency of the clothing will be

addressed below. ’660000 0
o

~

B_. Investigatio_ns on contributions to the 2,,,.. [

bio-heat equation H
Evaluating the general assumptior I N

reported above for the bio-heat equation (¢ 20000

1), the heat capacityC, basal heat

production Q, and heat production by ol 1. L L

external work W are independent of air 0 5000 10000 15000

pressure, as well as heat transfer by blo h (m)

flow B and the heat exchange by conductiFigure 4. Atmospheric pressure as function of flightaltitude.

D. The same holds for the active terms in tThe maximum cabin altitude is defined at 8000 ft (2438

thermoregulatory system, i.e. the signesetting the cabin pressure limit at a minimum value of 75271 Pa.

controlling vasomotion, perspiration an

shivering heat production. The remaining

terms of the bio-heat equation are: heat loss by respiratjphdl loss by water vapour diffusion through the skin

(BE), and sensible heat exchange at the skin surface due to convection and radjatibhe§@ terms, and the

influence of cabin conditions, are described below.

C. Transdermal water vapour diffusion

Skin wettedness is defined as the actual evaporative heat loss divided by the maximum possible evaporative heat
loss. The basal skin wettedness is related to the transdermal skin diffusion which is a passive mechanism as opposed
to perspiration. Variations of the basal skin wettednesg have been re-examined in order to obtain a decreased
value of the basal skin wettedness when exposed to very dry environments. The normal value of 0.06 might drop to
a value as low as 0.02, depending on the actual relative humighich is supported theoretically by Gonzafez
The following linear model is proposed, creating a depedency of the basal skin wettedness on ambient relative
humidity:

w,, = min(006 00+ RH *006/70). (2

sSwW

This approach results in a basal skin wettedness value of 0.06 at a relative humidity of 58.33 percent or higher,
and a linear decrease below this value until at about 10 percent relative humidity the value 0.02 is obtained. It should
be noted, however, that a reduction in basal skin wettedness will be counteracted by the active regulation system
through the perspiration term, if necessary. Therefore, it is believed that the actual form of the dependency of the
basal skin wettedness on relative humidity is not that important.

D. Latent respiratory heat loss
The latent respiratory heat loss is modelled in the usual agy

E. = V(W —W,)A, 3)

whereV is the pulmonary ventilation ratee, is the humidity ratio of the expired aiv, is the humidity ratio of the

ambient air, andl is the heat of vaporization of water. It can be shown that the heat of vaporization of water does
not change with pressure and is a function of temperature only. There is no need for specific adaptations of eq. 3 to
altitude conditions, as long as unnecessary approximations are avoided. The humidity ratio of ambient and expired
air is calculated directly from the common psychrometric relation
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W:&—pw ,
R, P~ P,

with R, and R,, denoting the gas constants for dry air and water vapour, respectively, having a constant ratio of
0.622. The pressure ternpsand p,, denote the pressure of moist air and water vapour, respectively. Using the
ambient and exhaled air temperature, eq. 3 can be evaluated. According td’,Rhegexhaled air temperature is
given by

4)

T, = 326+ 0D66T, +32w, . (5)

E. Dry respiratory heat loss
No changes are necessary to account for variations in cabin conditions to the dry respiratory heat loss. The
common expressidn

By = VC, (T~ T.) ©)

can be used as is, with denoting the specific heat of dry air at constant pressure. For an ideal gas, which is a
common assumption for dry air, it can be shown that the specific heat at constant pressure is independent of the
ambient pressuté

F. Convective heat loss

From common correlations in heat transfer studies between Nusselt, Reynolds and Prandtl numbers, which are
obtained in a semi-empirical way by dimensional reasoning and using experimental data, a dependency of the
convective heat transfer on pressure can be obtinEde common expression for the convective heat transfer
coefficient resulting from such an analysis is given by

hc n
_| P
== (— (7)
h, (P
with subscript 0 indicating sea level values. The actual value of the expoiserdriable, depending on the type of
convection (natural, forced or mixed) and ¢

the geometry used. For human bodies, t — n=0.65
advocated powers range from 0.5 (Kr&jth r ————— n=0.60

0.55 (ASHRAE, see Chahy to values — —— n=0.55

higher than 0.60 (de D&dy. The actual I - ::gi':?)ressure limit
value has some impact on overall results, ¢ 0.9

Fig. 5, but its value is not that important du
to counteracting effects from other terms i
the bio-heat equation that also depend on- 0.8

power of the convective term. The propost i
value is 0.6, which is supported from studic a \

under extreme conditiofis

/)
7/

h/h,,

. 0.7
In case the thermoregulation model -
used in a strongly coupled fashion with
CFD-model, the convective heat transfi
coefficients are calculated directly fromth %67~ "G5 08 07 06 05
flow solution, by relating the conductive P/P,

heat transfer deep in the resolved boundFigure 5. Relative changes in convective heat transfer coefficie
layer with the convective heat loss. In tfhwith cabin pressure, showing the impact of the exponemt in still
case of using the thermoregulation model air (eq. 7).

a stand-alone mode, eq. 7 can be enhanccu
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for non-negligible air speeds (air speeds larger than 0.1 m/s) by

n
h- Y ( g j ®
h,, 011 p,
with V denoting the convective air speed ehgnow denoting the convective heat transfer coefficient at sea level
in still air.

G. Evaporation heat loss
In the Tanabe model, the evaporative heat loss from the skin is modelled by

h o] LRI
¢ i

9)

cl

cl +
hc fC|

In this equation.R denotes the Lewis ratio
defined as the ratio of heat to ma:s
diffusivity, iy denotes the clothing vapou
permeation efficiency, anfj, is the clothing
areafactor, i.e. the ratio of the body surfac 1
area of the clothed person to the surface a 1
of the nude person. For a nude person (i 1
14=0, fy=1), eq. 9 states thahs=LR.h,
which is a well-known result. At sea leve
the Lewis ratio is 16.5C/kPa or 0.0165 3 |
°C/Pa. The value for is usually taken as =
0.45 at sea level. These values have
pressure dependency, however, as will
detailed below. When taking the corres -
ambient pressure impact on the convecti 1T1F
heat transfer coefficient, on the Lewis rati B 55 N RPN IR T AR
and on the garment vapour permeati 1 09 %8 op, %7 06 05
efficiency, the evaporative heat transfe_ o 0 ) )
coefficient follows automatically. TheFlgure 6. Impact of cabin air pressure ratio on Lewis numbe
pressure impact will be shown after defininfatio-

the pressure impact on Lewis ratio and o

the clothing vapour permeation efficiency.

Lewis number ratio
cabin pressure limit

_.
MW R O N ® © N
A RRRRNREEEEREEEEEEEsnssRanasnnsaean

e

H. Lewis ratio
The Lewis ratio is defined as the ratio between the Schmidt nusaband the Prandtl number. The Schmidt

number describes the ratio of momentum to mass diffusivity, and the Prandtl number describes the ratio of
momentum to heat diffusivity. Since the Schmidt number is inversely proportional to the density, and thus the

pressure, and the Prandtl number is independent of the pressure, the following expression holds:

LR _p
LR, p’

(10)

with subscript 0 indicating sea level values. Thus, the Lewis ratio is inversely proportional to the pressure ratio, see

Fig. 6. This equation is also found in McInt$fre
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I. Clothing vapour permeation efficiency

Different approaches regarding the garments are found in literature. HaVgiviels a refreshing look on some
of these approaches. By combining the two approaches &f1&@d complementing the result with the measured
data from Kozaf, an expression can be derived for the pressure dependency of the vapour permeation. While the
data by Kozak are given per type of cloth, the combination of data following the combination of ISO-
approache$? results in a generally valid approach, independent of the type of cloth. Using this approach, the
pressure dependency is based on hypobaric as well as hyperbaric investigations and is thus expected to be consistent
and valid over a wide range of pressure variations. The resulting equation is given by

. n+ 047
_(_pJ . W
IcI0 pO

Here, n represents the exponent as used

the convective heat transfer coefficient, s 1
Eqg. 7 and Eq. 8. As a result, the presst B n=0.65
S a |l UL i n=0.60

dependency power in this equation is clo Y n=0.55
to unity for common values of the - n=0.50
convective powem. The variation of the i cabin pressure limit
clothing vapour permeation efficiency witt 0'8;
pressure is shown in Fig. 7. g [ N

Summing up the above describe S 07F

pressure influences to obtain the presst

dependency on the evaporation heat loss 0.6
Eqg. 9, the results are shown in Fig. 8. It I
found that, relative to a nude person, tl 0.5f

clothing significantly reduces the pressul i
impact on the evaporative heat transf oql o 1)
coefficient. Nevertheless, depending on tl ! 08 0.8
garments worn, at minimum cabin pressu
an impact of up to about eight percent ci
be expected.

— 07 06 05
p/p,

Figure 7. Impact of cabin air pressure ratio on clothing vapou
permeation efficiency, for various values of the convective he
transfer exponent n.

J. Impact of convection exponentn on
predictive model results
The exponent as used in modelling the 130 — lci=0

impact of air pressure on the convective he I — :g:=$-5

transfer coefficient is reported to ran i - -
between values of 0.5-8.65 for humg 125 cabin pressure fimit
applications. The actual value of th
exponentn has some impact on overa
results of the model. It will be shown the ¢ -
this impact is of minor importance witt <,1.15F
respect to the current project objectives. F i
this purpose, seated reclining persons (w 1.1 F
a metabolic rate 1.0) in an aircraft cabi B —
environment at 8000 ft cabin altitude, i.e. . 1.05 F _—
a cabin pressure of 75271 Pa, and 15 perc %//

relative humidity at ambient temperatures jle=——1 . .
1 0.9 0.8

I IR

07 06 05

25°C are simulated for the five availabli

. . p/p,
clothing profiles. As output, the averag . L ’ . .
skin temperatures as predicted are given Figure 8. Impact of cabin air pressure ratio on evaporative hei

Table 1. It is found that the resulting meztransfer coefficient (using a convective exponent=0.6) for nude

skin temperature hardly varies with thand clothed persons
exponent, and the variations that occur are
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Clothing profile nude 1 2 3 4
n=0.5 32.38 34.65 34.55 34.75 34.95 35.20
n=0.6 32.42 34.65 34.56 34.76 34.95 35.21
n=0.65 32.44 34.66 34.56 34.76 34.95 35.22

Table 1. Impact of convective exponent on predicted mean skin temperature, at met=1.0[,=25°C, RH=15%,
8000 ft cabin altitude

well within any known accuracy of experimental results. The active regulation mechanism as has been implemented
in the 65-node model might play a non-negligible role in keeping these outputs at rather constant levels. Following
Brake”, the value r0.6 has been selected in the model.

K. Correlating model output to thermal comfort votes

The common output of multi-node models, i.e. the objective data for temperature distributions, can be compared
directly with measured data. However, quite often the available experimental data are limited to the more subjective
thermal votes. For multi-node models, specific care has to be taken to analyze and correlate the spatially distributed
model output to thermal votes. In the automotive industry, it is common to compare local equivalent temperatures
per body segment with certain boundaries of corffféttThis approach is also used here to visualize the output of
the 65-node model. On the other hand, an overall thermal comfort vot®NMKkéis sometimes very handy,
especially when the thermal environment is only mildly deviating from comfortable conditions and not too much
influenced by asymmetries. For this purpose, the approach of®rgfallowed, although the correlation has been
adusted to the specific characteristics of the Tanabe model in order to arrive at similar thermal votes. The thermal
sensation vote is obtained from

TS= 3tanHf, +y). (12)

In this approachgfrepresents the response due to sensible heat loss at the sifirerésents the response due to

the nonlinear coupling of skin and hypothalamus sensations. The current implementation is slightly different from
Fiala’s original correlation; the following expression is used for the sensible heat loss at the skin:

i, = 2 at
" |o208)

Eq. 13 should be interpreted such that when the temperature diffeﬁeﬁgds positive, the upper multiplying

coefficient is used and alternatively the lower coefficient should be applied. The expression for the nonlinear
coupling of skin and hypothalamus sensations is given by

- 0565 - 7634
ex . (14)
AT, 5-AT,,

The temperature differences in these equations are computed from actual temperatures minus the set-point
temperature at thermal neutrality, corrected to improve the correlation of overall thermal vote predictions from the
65-node model with experimental data. The following expression is used for the skin temperature difference:

+

(13)

Y = 6662ex

AT, =T,- T, + 01879, (15)

ijtima\

whereas the hypothalamus temperature difference is obtained from

AThy = Thy - (I-hyoptimal + 012& ’ (16)
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IV. Validation of 65-node model for various applications

The enhanced 65-node thermoregulation model has been applied in stand-alone mode to predict the thermal
comfort of people wearing various clothing ensembles in different environmental conditions, and the model output
has been compared with available experimental data. For this purpose, experimental data have been used from
published experiments as well as from newer experiments conducted in the framework of the Ideal Cabin
Environment (ICE) project. It should be kept in mind, though, that publications sometimes poorly describe the
environmental conditions, clothing ensembles of test persons, and average characteristics of the test persons like
weight, height, etc. Comparisons on the basis of estimated environmental conditions and clothing profiles depend on
the correctness of such information, while averaged personal characteristics determine if the current 65-node model
implementation is adequate for that group. In the following, predicted results using the 65-node model are validated
with objective data — i.e. measured temperatures — as well as with subjective thermal votes.

A. Validation with objective data

Though not representative for aircraft cabin environments, data from nude persons are valuable for the validation
of thermoregulation models. Results for nude persons are not influenced by estimates for clothing properties. A first
set of available data for a nude person is obtained from Boregbvrdavhich nude persons are exposed to two
rather cold conditions. Available experimental data are limited to core and averaged skin temperatures. The
simulated results versus experimental results are given in Table 2. Despite the remaining differences in absolute
levels of temperatures between simulation and experiment, the trends observed between the two different conditions
are remarkably similar from experiment and simulation.

T.(°C) | T,(°C) | RH (%) | Activity level | Teore °C) Toore (°C) T 0 T 0
(met) simulation experiment Sk sk
simulation experiment
13.0 13.0 45.0 1.0 35.94 36.8 27.57 26.3
17.55 17.55 30.0 1.0 36.03 36.9 29.32 28.0

Table 2. Comparison of simulated results versus experimental data for a nude person

A second set of results comprising segmental skin temperatures is found if?,Amengeutral, warm and cold

conditions. Such distributions allow for a more detailed comparison. It should be remarked, though, that the
experimental conditions and clothing data are not quoted precisely. Simulations have been performed with as good

Figure 9. Comparison of segmental skin temperates in neutral

conditions.

as possible estimates for the required input

Simulated result data to obtain a close match in average skin
1 e Experimental result temperature comparison. Then, the resulting
2 |Hchest) body segmental temperatures have been
3 fHEack A\ plotted against the experimental distribution.
4 [HPeivs) )(l The results for the neutral condition are
g 5 [HLeft shouider shown in Fig. 9. For this case, it is estimated
£ S i‘:::&i I\) that the ambient and mean radiant
2 8 _'Em | temperature are 25°C, and that the metabolic
R ] 7 activity equals 1.2 met. For clothing
°E’ 10 Hrighthand) N properties, a clothing profile for summer
11 ettt \|/‘\| indoor has been selected, whereas the
O 12 {Right igh) relative humidity is estimated at 50 percent.
13 [HLeftieal | [ The resulting simulated and experimental
1;% average skin temperatures are 34.67°C
16, Ungnt oot A T S I P versus 34.45°C. Despite the uncertainties in
3 33 T 3‘20(:) 35 36 37 experimental conditions, it is shown in Fig.
skin 9 that a reasonable comparison in body

temperature  distribution is  obtained,
although the legs are not as cold as in the
experiment. Results for the warm condition
are shown in Fig. 10. For the simulation of

this case, the temperature is estimated at 30°C, with a high relative humidity of 90 percent, a slightly higher
metabolic activity of 1.4 met, and a clothing profile for summer indoor. A reasonable comparison with measured
data is obtained. Results for the cold condition are depicted in Fig. 11. Once again, estimated conditions have been
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used, with a temperature of 10°C, a low relative humidity of 20 percent, and a metabolic rate of 1.2 met. The
persons in this test appear to be practically nude, all other clothing profiles result in higher skin temperatures.
Overall, the comparisons in neutral, warm and cold conditions show a reasonable agreement between simulation and

experiment. Further comments on the
remaining differences would require a bett Simulated result
knowledge of the environmental condition — Experimental result
of the experiment. 2 Lichest

A third, well-documented case fo 3 Heax) A\
comparisons is obtained from Van Ooifen 4 feavs) /\
quoting core temperatures and mean sk g 5 [leftshouider [ |
temperatures  from climate chamb¢ g 6 [-feht shouider
experiments. In these experiments, t| 2 ;% | |
subject wore garments with an insulatiq € g| i
value of 0.71 clo, which correspond & 10 |mgrirens
approximately to the clothing profile fol 9 11 Hstmem f
summer outdoor. The test persons we @ 12 HAchhoh —
reclining (metabolic activity level of abou 13 rLeftieal |/
0.8 met) during the experiments in th ET
climate chamber. Since the experimer I i A I I S |
have been conducted in summer as well 31 32 33 T 34°C 35 36 37
in winter, comparisons have been made w s ('C)

the averaged results of both seasons. Figure 10.

Table 3, the results of the simulations awarm conditions.

compared with the experimental data. It 1>

Comparison of segmental skin temperatures

observed that for the neutral case, averaged skin temperatures are predicted very well at a slightly too low core
temperature, whereas for the cold case the prediction of the averaged skin temperature is slightly too high at a too

T.(°C) | T,CC) [ RH (%) | Activity level | TooeC) | Tome °C) T 0 T 0
(met) simulation | experiment sk sk

simulation | experiment

21.7 21.7 50.0 0.8 36.53 36.85 32.20 32.25

15.5 15.5 50.0 0.8 36.29 36.90 30.40 29.50

Table 3. Comparison of predicted skin and core temperatures with climate chamber data (averaged from
winter and summer experiments)

low core temperature. No effort has been

‘ Simulated result devoted to study the differences between
P— Experimental result . summer and  winter  experimental
2 [Hehest temperatures of the test persons, since the
3 A\ — 65-node model does not distinguish seasonal
L— |+ ..
4 — variations.
_§ 2 [\ K A final case for comparisons is taken
E - — from Fial@!, where segmental temperature
2 g 1NN data are given as well as body core
g 9 | temperatures. The conditions for this case
£ 10 L\ are for test persons clothed in a college
o 11 = | uniform with an insulation value of 0.6 clo,
D 12 exposed to a temperature of 25.5°C. For this
12 i [1] clothing profile which is not available in the
15 — five standard clothing profiles, an additional
g lumgntiootlol b bbb bbb clothing insulation distribution has been
18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 used. For this case, the simulated core
skin is 36.68°C versus an

temperature
experimental value of 36.9°C. The averaged
skin temperature comparison shows a
simulated value of 34.10°C against an
experimental value of 33.5°C. The results are shown in Fig. 12, showing a good comparison with experimental data

Figure 11. Comparison of segmental skin temperatures in cc
conditions.
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except for the arms and shoulders. Probably,

the clothing profile for this case needs some
1 s revision in this respect. For most segments,
2 Hehest N the predicted temperatures are slightly too
3 [HBack) \>i warm, except for the head which is
4 [HPelvs| = somewhat too cold.
E 2 :‘:’;:o"’;; | | ~ These comparisons with objective data
E - ( _ involve uncertainties commonly involved in
2 r the experimental temperature data due to the
C 8 HRghtarm} @l ;
‘g 9 Y . standard deviation . of measured skln
£ 10 [Hrghthand} N temperatures on multiple test persons, and in
D 11 Hretgh | ] the actual clothing insulation distribution.
D 12 [-Aahiign For cases where the differences with
13 [Hettiea [ | Simulated result experiment are significantly larger than the
14 [-Righteg} Experimental result L. L.
15 |eiTeen ‘ ‘ average, the uncertainties in input data are
153@3; . |33‘ — ‘316‘ - ‘317 also larger. The conclusion is that the
T,. (°C) current thermoregulation model gives
s sufficiently accurate overall results and

Figure 12. Comparison of segmental skin temperatures

. e . temperature distributions for steady state
ambient temperature of 25.5°C, clothing insulation of 0.6 clo.

situations.

B. Validation with subjective data

The correlation that is applied between temperature distributions and thermal votes has already been explained.
In this section, averaged actual votes are compared with predicted thermal votes. A range of experimental thermal
votes for various environmental conditions and metabolic rates are taken from two different souré@snigiala
Nilssor’2. The environmental conditions in
these experiments range in temperature fr
15°C to 48°C, in metabolic rate from 1 m¢ 3
to 4 met, and in relative humidity from 40 t - o
85 percent. The comparison betweg 2?_ °
simulated and experimental thermal votes B
shown in Fig. 13. Ideally, the comparisg B ° ;’//
should show that all data points coincig
with the straight line from the left lower tg
the right upper corner. Several outliers a
identified that could be related to one of th
following causes: very high metaboli
activity (up to 4 met) where difference i
between predicted and experimental vot 2f
are observed to be more significant; no :
negligible scatter in experimental dat N
resulting in inaccurate experimental vote

and seasonal influences on experimen._ . . .
thermal votes. As noted before, the 65-nofigure 13. Comparison of 65-node model predicted theral votes

model does not distinguish seasonWith experimental thermal votes for a wide range ¢

influences and this does not appear to bel€mperatures and metabolic rates.

importance for the distributed temperatu

output of the model which generally shows similar comparisons with experimental data. The translation of thermal
output to comfort votes, however, might benefit from seasonal influences in the correlations. Several indications
exist for a non-negligible impact of the season on experimental thermaf*?0tésalthough the associated
objective data do not need to show a similar shift of magnitude. Apparently, during summer people tend to accept
warmer temperatures as a neutral thermal condition, whereas in winter the neutral condition is found at somewhat
lower temperatures. Thus, with some caution it can be stated that the temperature output of the thermoregulation
model is adequate for all seasons, whereas the perception of the environmental conditions and the translation into a
mean vote could be susceptible to seasonal influences.

predicted thermal vote
o
<
el

-1 0 1
experimental thermal vote
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C. Pressure and relative humidity impact
Finally, the variation of pressure and relative humidity on aircraft cabin comfort is investigated in some more
detail on the basis of experiments performed in the framework of the ICE project. Temperature recordings on people

during the tests were obtained using
infrared camera. The influences of cab
pressure and relative humidity, however, 1 [iHead} NS
not show up in skin and clothing 2 [-Chest S—
temperature distributions obtained in th 3 [Back —
Th It for the inf & [P
way. The resulting accuracy for the infrare 5| rorsrouen
recordings is quoted to be +2°C, whereast & 4 Lrgnsmoussr ]
65-node thermoregulation model predic § 7 Histtam) W‘/
skin and clothing temperature changes § £ 8 Hrghtam) —
aircraft cabins that are at least an ord § 9 [fthed | Il/
smaller than this accuracy. This is shown | § 10 [femmsrs———0
a simulation of the thermal comfort o @ !![etme T
: . @ 12 Hrightthigh}
people in an environment of 23°C at 13 Loeg) —
metabolic rate of 1.2 met and a clothin 14 Hrighiisg! IH\ Simulated result, normal conditions
. . . Simulated result, low RH
profile for summer indoor. At first, the 15 HEsftfoot] jﬁ —— i d result, low RH, low pressure
pressure is set at sea level value and 16, Aont ol — —
relative humidity is set at 70 percen Ty (°C)

Secondly, the pressure is maintained at sgjgure 14. Comparison of simulated results for segmental sk

level value whereas the relative humidity (emperatures for normal, dry, and low-pressure conditions.
significantly lowered to 15 percent. Finally

the pressure is lowered to a cabin altitude of
8000 feet and the relative humidity is maintained at 15 percent. The predicted variation of skin temperatures for
these three different environmental conditions is depicted in Fig. 14. The associated values for the core temperature

are 36.87°C, 36.87°C and 36.84°C
respectively, and for the average skin
;g temperature 34.47°C, 34.52°C and 34.57°C
- respectively. The maximum segmental
4 e // variation is predicted to be limited to about
& 5 [Hsfishouser ] 0.25°C, which clarifies the difficulty to
.cE: 6 |Hright shouiger} observe such changes on the basis of
3 7 ((K infrared camera recordings. As an additional
= 8 [{Fiaht arm) (( visualisation of simulated results, the impact
9 [HLeft hand . . L
[ | of these conditions on skin wettedness is
€ 10 Hrighthand) A . .
S 11 honmay shown in Fig. 15. It is observed that the skin
O 12 Hrightthigh} | wettedness decreases, especially with the
13 Hieftlea) - L reduction in relative humidity. The reduction
14 rihtiea) Simuitod rosult o contions of cabin pressure gives an additional, yet
15 Heftioot Simulated result low RH, low pressure| | smaller reduction on skin wettedness values.
1 Aghtioot] A S S I EAST R . .
0 0.2 0.4 0.6 0.8 1 Although the basal skin wettedness drops in
W a dry environment, it has been noted before
Figure 15. Comparison of simulated results for segmental sk that the active perspiration control
wettedness for normal, dry, and low-pressure conditions. mechanism is likely to compensate for this

reduction. Since the heat exchange
mechanisms within the aircraft cabin environment change with pressure and relative humidity variations, it is still
possible that the perception of the environment becomes different. For this purpose, the impact of the relative
humidity and pressure changes on the different heat exchange terms of the bio-heat equation are visualized in Fig.
16. It is shown that the skin diffusion term significantly drops due to the low relative humidity, but this change is
counteracted by the perspiration term at sea level or by the latent respiratory heat loss at altitude. Convection is
reduced at altitude, which is in part taken over by the latent respiratory heat loss. Thus, the main result is that skin
diffusion is reduced in low relative humidity conditions, whereas the pressure impact is mainly to be found in the
latent respiratory heat loss and the convection. Radiative heat loss increases a bit at lowered cabin pressure due to
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the slightly  higher resulting  skin
temperatures. It should be noted that oth
shifts are possible when using differe 140
clothing profiles or different environmenta
conditions. :

What the 65-node thermoregulatio 120
model is actually showing is that, within th .
normal operational range of aircraft cab I
pressure and humidity, the impact of the
parameters on thermal comfort is found
be limited, but the heat exchange variatio
could imply a change in perception of cab
comfort. For instance, the increase in latg
respiratory heat loss could be linked to tf
occurrence of a dry thrd4t whereas the -
increase of the perspiration term in d - E
environments as a result of the active cont 40
mechanisms could result in a reducg N
feeling of well-being.

A further attempt to specify the impag
of pressure and relative humidity on therm
comfort in aircraft cabins is based o

roduction
Perspiration

Skin jﬂusion

3
Heat
Latent|respiration
Dry respiration
Radiation
Convection

Magnitude (%)
o]
o

(o2}
o

ea level
BH

Esw, 8000
L. 8000 fi
8000 fi

Q. 8000 ft

Q
Q

20

Figure 16. Relative variation of individual terms of the biokheat

Cr? m|f(c;)|r5t votgsétllirzom the'e|>|<pe':|ments \;V'E:“equation, summed over the body segmentfr simulated results
the ICE-project™*, especially the part of t Eusing the clothing profile for summer indoor.
experiments that has been performed in tiic

Flight Test Facility (FTF) at the Institute of Building Physics (IBP) of the Fraunhofer Institute in Valley, Germany,

data have been obtained from groups of test persons exposed to simulated flights in a pressurized aircraft cabin with

controlled pressure and relative humidity variations. The analysis of thermal votes obtained in this way has resulted

in correlations, predicting the percentage of people dissati$tieD)(with temperature, pressure, relative humidity

and so on. Although information on a vast

number of variables has been obtained in the

experiments, here only the resulting pressure

and relative humidity correlations are

- considered. It has been found from the

8o experiments, when cabin altitude is

increased and thus pressure is decreased,

that the percentage of people dissatisfied

with the temperature decreases, based on

| answers in the range between ‘too cool’ to

40 ‘comfortable’ (denoting a cool or blue

I branch). The averagBPD for the overall

satisfaction with temperature has been

correlated with altitude according to the

I curve in Fig. 17, with the cabin altitude in

- \ . .

B ——— feet, I|m|te_d to the range between 0 and
cabin altitude (ft) 8000 ft. This correlation shows that theD

. . . . for the overall satisfaction with temperature
Figure 17. Correlation of PPD for the average oveall satisfactior o ayer larger than 21 percent, and is about

with temperature as function of cabin altitude, correlationfrom , percent at 8000 ft. Since the results are
FTF-experiments.

PPD with overall temperature, cabin altitude dependency

100 —

60

PPD (%)

20

obtained from a cool branch, a decrease in
PPD is equivalent to an increase MV,

see e.g. a normative referehc@hus, an increase in cabin altitude results in a higher thermal vote. Another
correlation obtained from the experiments is shown in Fig. 18 for thewiBrDair quality as function of the relative
humidity. This figure shows that the percentage of people dissatisfied with the dryness of the air increases with
decreasing relative humidity. A maximum of about 56 percent is obtained for very low relative humidity. It should
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be noted that no flights with a relative
PPD with air quality, RH dependency‘ humidity larger than 40 percent have been
performed, although the trend suggests that
i the PPD will drop to lower values for higher

80 relative humidity values.

I The experimentally obtained correlations
are supported by the trends in the results of

100

i S——— the 65-node thermoregulation model. A
a R small increase in the predicted thermal vote
& — with altitude is obtained, thereby reducing

40
- the number of people still experiencing a too
I cold temperature. A similar increase in the
20 predicted thermal vote is obtained when
I lowering the relative humidity, which
I changes the heat exchange with the
% 30 35 40 environment to different terms of the bio-
heat equation. The overall increase in
Figure 18. Correlation of PPD for the averagesatisfaction with thermal sensation vote from the 65-node
air quality as function of RH, correlation from FTF-experiments. thermoregulation model is about 0.2, which
could be related to a decreaseRRD of
about 8 percefit This decrease iPPD is
somewhat lower than the experimentally observed value of about 15 percent, which might be linked to the fact that
the experimental correlation shown in Fig. 17 is only accounting for the cold branch (some people might become
dissatisfied with the increase in thermal sensation, i.e. the hot branch BPreurve, thereby reducing the
decrease inPPD). The change in heat
exchange mechanisms with the environment

SIS (SIS S SR T
RH (%)

| ritead due to low relative humidity is reflected in

2 (HChest} . .

Y [ the experimentally obtained percentage of

Py - people _dlssz_atlsfled with the air quality as

5 [HIeft shouider} shown in Fig. 18. Although the 65-node
§ 6 HAiohishouider thermoregulation model does not provide an
E 7 Histtam output parameter of air quality sensation in
I this respect, the increase in perspiration and
] in latent respiratory heat loss for low relative
o 10 [HRight hand} .- s
-3 I— humidity and low pressure conditions,

12 | Simulation, nomal conitions | | '€SPECtiVely, is easily understood in a

13 |Hieftieg) = = = = Simulation, low RH decreased feeling of comfort with the air

Dy — ————— Slm_ulahon, low RH, low press. quallty

151‘:"“':”"“” | X' I Finally, following a local comfort data

{l 00! L L L L L L L L . .
16 1 30 35 presentation approach from the automotive

0 — ‘ 25
T (0 industry, the results of the 65-node
Figure 19. Equivalert temperature evaluation per body segmer thermoregulation ~ model  for  the

in uniform conditions for the assessment of local comfort. environmental conditions as used in Fig. 14
and Fig. 15 are shown in terms of equivalent

temperature per segment, together with the claimed limits of local cétifosee Fig. 19. According to Ref. 35, the
equivalent temperature is “the uniform temperature of the imaginary enclosure with air velocity equal to zero in
which a person will exchange the same dry heat by radiation and convection as in the actual non-uniform
environment”. By visualizing the equivalent temperature per body segment in this way, an impression is obtained of
the local comfort of body segments in a non-uniform environment. This is especially useful when temperature
gradients exist in the cabin, either vertically or horizontally. In the current simulations, no temperature gradients
were applied and a uniform environment is assumed, resulting in an identical equivalent temperature over all body
segments. As shown in Fig. 19, the change in relative humidity and cabin pressure does not impact the equivalent
temperature based on the dry heat exchange due to radiation and convection. Thus, within these three different
environmental conditions, a result for the local comfort is obtained that is acceptable for all body segments. For a
specific enhancement of this type of visualization of predicted results for aircraft cabin environments, a similar plot
showing the skin wettedness per body segment (as in Fig. 15) together with associated minimum and maximum
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limits is proposed, to be used in combination with the segmental equivalent temperature plot. For this purpose, the
minimum and maximum comfort boundaries for acceptable skin wettedness per body segment need to be developed.
The minimum is likely to be close to 0.06 (the normal basal skin wettedness) whereas the maximum is expected to
lie around 0.2 for clothed body segments.

V. Conclusion

The 65-node thermoregulation model of Tanabe, describing the thermal response of an average person, has been
erhanced to model the impact of cabin air pressure and humidity on thermal comfort. For this purpose, relations in
the model have been adjusted, and an appropriate correlation of predicted model temperatures with thermal votes
has been added. Validation of the model with objective data (measured temperature distributions) and subjective
data (thermal votes) has been shown on the basis of a range of available data. The specific impact of aircraft cabin
pressure and relative humidity on thermal comfort has been studied in relation to available information from
simulated flights with controlled parameters in a flight test facility. It is observed that, for the common operational
range of cabin pressure and relative humidity in aircraft cabins, the impact of these parameters on temperature
distributions over the body is limited, whereas a small increase of thermal comfort votes (a decrease of the number
of people dissatisfied with a too cold environment) with higher cabin altitude is predicted. These findings are
supported by experimentally obtained correlations.

This does not imply that the impact of pressure and humidity on thermal comfort in aircraft cabins can be
completely ignored. The shift of heat exchange between the passenger and the environment to different mechanisms
can result in a change of perception of well-being by passengers, such as sensations of dry mouth and changes in
perspiration. Studies related to the definition of the optimum cabin environment should focus on such perception
issues, and how they can be influenced by ventilation optimization, air recirculation, and so on. The enhanced
thermoregulation model is a suitable tool to support such studies, either as a stand-alone thermal comfort indicator
or in a coupled mode with a CFD-method for the cabin air flow.
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