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This work is a first thorough presentation of the widely used PET (Physiological Equivalent Temperature) comfort
index. It underlines the simplifications made in solving the equation system for the PET and proposes a correc-

PET tion of the errors in the widespread version of the PET calculation routine. A comparison of the corrected model

Diffusion vapour transfer

with a stringent solving of the equation system is made: as a result, the PET calculated after the original method

introduces a bias of — 0.5 to + 2.3 [K] in the studied conditions (operative temperature, high mean radiant
temperature and windy environments).

The original vapour diffusion model is also examined and shows no dependency to the clothing level. The
comparison with a state-of-the-art vapour transfer model exhibits a significant — 7 to + 2.6 [K] discrepancy
with the corrected PET model in the aforementioned studied conditions. Links to the two versions of the code

are provided in the appendix.

1. Introduction

The PET comfort index is based on the original work by Refs. [1,2]
and used as a reference in the German norm VDI [3], which provides a
base for the source code of the GrassHopper/LadyBug tool [4]. Over the
past decade it has been used in numerous case studies [5-9].

This comfort index is based on a “two-node model” of the human
thermoregulation system after [10,11], from which the Standard Effec-
tive Temperature (SET*) was derived. Such models yield the key para-
meters in the estimation of comfort: core temperature, skin temperature
and skin wettedness resulting from the exposition to the environment
considered.

The principle of these is to retrieve the temperature of a reference
environment that would provoke the same physiological response as
the studied environment. For both the PET and SET*, the reference en-
vironment is very similar to an office: low air velocities (respectively
0.13 [m.s~1] and 0.1 [m.s~']), 50% relative humidity (or 1200 [Pa] for
PET). The metabolic level for PET is composed of 80 [W] activity plus
the basal metabolism which depends on the age, gender and morphol-
ogy of the subject.

The main difference between the SET* and PET* comfort indexes are
following:

* Corresponding author.

- The SET* is the air temperature in the reference environment yielding
the same skin temperature and skin wettedness as the actual environ-
ment, whereas the PET is the air temperature in the reference envi-
ronment yielding the same skin and core temperatures as the actual
environment.

The PET clothing level is set at 0.9 [clo] for the standard environment,
whereas the SET* clothing level is calculated to match the activity
level.

The SET* is calculated after a transient calculation where the
two-node model of metabolism is exposed to the conditions for which
comfort has to be evaluated. The PET may be calculated in both steady
and unsteady conditions of the metabolism (it the latter case it is used
with the IMEM "Instationary Munich Energy balance Model” [2,12]). In
this work, we examinate the steady-state calculation.

In comparison with the well-known PMV index [13] that uses a ther-
mal sensation scale, the results of the PET and SET* are easier to un-
derstand as they represent a temperature. The PET is also adapted to
evaluating outdoor environment where thermal discomfort can be high,
whereas the PMV was constructed for the indoor space. Moreover, re-
sults provided by the PMV are to be taken with care when out of the
temperature range for which it has been established (id est 10 to 40['C]
of radiant temperature [13]).
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To the best of the authors' knowledge, the original development of
the PET [14] can only be found as hard copy. Details of the model can
otherwise only be read partially in Refs. [1-3] or decrypted from the
code in the appendix of [3,9].! Therefore it is justified to expose the
model thoroughly first, showing the assumptions made when solving for
the PET. Discrepancies that result from the simplifying assumptions and
shortcomings of the model are exposed in the second part of the article.

The purpose and objectives of this paper are hence the following:

Provide an exhaustive description of the model and its original resolu-
tion (respectively in sections 2 and 3)

Underline the errors of the widespread PET routine used in Refs.
[3,4,9] (in section 3.3) and provide a corrected version (in the
Appendix B.2)

Compare the simplified resolution used in the original model with a
stringent resolution of the equation system for the PET (in section 4.2)
Compare the effect of the original vapour diffusion model with a
state-of-the-art one (in section 4.3) and provide the corresponding
routine (in the Appendix B.3)

2. Description of the two-node model

A common approach for the evaluation of comfort in semi-outdoor
spaces is to use a model of the human metabolism represented as two
concentric-cylinders for core and skin compartments, as described in the
work of [10,11]. An updated version can also be found in Ref. [15]. All
equations in this section originate from the code in the appendix of [3],
unless specified otherwise.

2.1. Heat transfer with the environment

The metabolic internal energy is calculated after the basal metabo-
lism and the activity of the subject. The basal metabolism M depends on
the mass m, height H and age for male (Equation (1)) and female indi-
viduals (Equation (2)):

M,, = 3.45x m"? (1 +0.004 (30.0 — age)

(@]
+ 0.01 (Hﬂ - 43.4>> [W]
m/3

My =3.19 x m*? <1 +0.004 (30.0 — age)

@
+0.018 <Hﬂ - 42.1>> [W]
PRYE

The heat exchange occurring when the air is heated or cooled by the
lungs at core temperature as well as the mass exchange with the ambi-
ent air are also taken into account. The breathing flow rate gy is de-
pendent on the activity level M [W.m~?]:

gn’ =M x144x107° [kgm 2s7"] ©)

The temperature of the air expired Teyp, is correlated to the ambient

air temperature T:

Top = 0.47 X T, +21.0 [°C] @

1 The Python source code for PET calculation can also be downloaded on Github.
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The sensible heat loss Cpegp is then calculated with the temperature
difference between inspired and expired air and the air specific heat ca-
pacity c,:

_ . Tesp -2

Cresp =Cfdm X (Ta - Texp) [W'm ] ®

As for latent heat transfer, it is assumed that the air is saturated with

humidity when exiting the lungs at temperature Texp (Equation (4)) (air

close to saturation or saturated was measured by Ref. [16]). The vapour

pressure of air expired Pv exp is calculated after the correlation for satu-
rated vapour pressure:

Texp

7.45
Py exp = 611X 10 B5¥ ey [Pyl ©

The latent heat transfer Eresp is then calculated with the difference

of vapour pressures as:

Ercsp =0.623 x wl’vqgsp [W‘m_z] 7)
where p is the atmospheric pressure and L, the latent heat of vaporiza-
tion.

Actually the heat exchange by breathing Qesp is the sum of the sen-
sible and latent heat fluxes: Qresp = Cresp + Eresp- Equations (5) and
(7) are simplified versions of the actual breathing heat transfer, how-
ever with a correct level of approximation (a detailed analysis is given
in Appendix A).

The body surface is calculated after the Dubois surface A in square

meters, depending on the body mass m and height H, described in Equa-
tion (8).

A= 0.203"’10'425 X H0.725 [mZ] 8)

The surfaces of exchange with the ambient conditions are split into
bare and clothed areas. The fraction of the body covered by clothes is
given by following correlation, depending on the clothing level i, in clo:

173.51 X iy = 2.36 — 100.76 X i2, +19.28 X i,
100

Jaa = ©)

The bare area Apyyre is a fraction of the clothed surface:

Abare =AX (1 - facl) [mZ] 10)

At the surface of the body, convection and radiation losses are pro-
portional to the clothing surface A., which is calculated by subtracting

the surface of the bare cylinder A X (1 — f,¢) to the clothing surface Af

Ag=AX fy—Ax (1= foq) [m?] an

In Equation (11) the term f; is the Burton coefficient that describes
the linear increase of heat exchange area with clothing level i (the in-
crease can also be a piecewise linear function [17,18]):

fCl = 1 + 031 X iCl (12)

The heat flux through the clothing is calculated after Fourier's law
through a cylinder. The internal and external radius of the cylinder are
required. Let r, be the inside radius of clothing. For an individual height

of H and a clothed fraction of body y, the clothed area is the one of a
cylinder of height H X y and is equal to the total surface of the body mul-
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tiplied by the fraction covered by clothing A X f,:

27”a[—1y = Afacl (13)

In the original PET model, the clothed fraction of body varies in de-
pendency with the level of clothing i |, after following relationships:

= H_TOZ for 06<iy3<2 (14)
y=05 for 03<i,;<0.6 (15)
y=01 for iy <03 (16)

The exterior radius of the clothing cylinder of radius ry, and height
H Xy is calculated as follows:

2rrpHy = AX(fg—=1+ faa)

a7)

= AX (031 Xigo + foul) 18)

The bare area is the surface of the internal cylinder of radius r, and
height H that is not covered with clothing:

Apgre =27y X H (1 = y) (19)

The clothing heat transfer conductance is calculated after Fourier's
law through a cylinder:

27HyA

_ 2 -1
= /) [W.m2K™|

cl

(20)
The equivalent conductivity of clothing, A is calculated using the

clothing thickness r, — r,:
T b — r

L [W.m™ LK™

by = ——2
47y %x0.155 2D

At the clothing and skin surface, the convection heat transfer coeffi-
cient h is calculated after correlation:

h. =2.67+65x 0" [Wm™.K™'] 22)

Convection losses are calculated for both bare (Cpare) and dressed ar-
eas of the body (C)), depending on air, skin and clothes temperatures,
such that:
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AX (1= fo)
A

Chare = he X (Ta - Tsk) X [W'm_z] 23

A 1 —
Cuo = he X (T, — Ty) X - [W.m™?] 24)
Before calculating radiation losses, the fraction of the body effec-
tively subject to radiation is defined as fegr. It is a reduction factor that

depends on the position of the individual. The effective radiative area is
then A X fofr. The radiation losses Rp,pe Of the bare fraction of the body,

temperatures being expressed in Kelvin, is as follows:

_ Afeff (1 - facl)

Rbare - A (25

4 4
EgkO X (Tmrt - Tsk

) [W.m_z]

In equation (25) &g is the emissivity of skin and ¢ is the Stefan-Boltz-

mann constant.
Radiation losses of the clothed fraction of the body R, with a cloth-

ing emissivity g are such that:

Acl

— 4 4 -2

Rajo = —F ferr€ai X (T3, —T3) [Wm™?] (26)
The heat transfer from the core to the skin layer occurs in parallel via

conduction through the skin with a heat transfer coefficient Uy, along

with blood flow g}, which creates an additional flux (these terms are ex-

plained in Section 2.2).

A representation of heat transfer through the body shell is drawn
with the equivalent electrical scheme on Fig. 1. On the left-hand side
of the figure, one can observe the parallel heat transfer resistances be-
tween core (T.) and skin (Tg) related to tissue conductance and blood

flow. On the right-hand side of Fig. 1, the heat transfer resistance be-
tween the skin temperature and the environment at air temperature T,

and radiant temperature T, is drawn: the lower two resistances repre-

sent the convective and radiative heat transfer resistance between skin
and environment; the upper part includes the clothing layer resistance
R in between skin and environment.

2.2. Thermal control of the body

The physiological control model of the PET is based on the Pierce
two-node model [10]. It can be seen as a thermally regulated system
evolving in response to the temperature difference with the skin, core
and body set temperatures. Vasomotricity and sweating are the two
main phenomena used for temperature control. The shivering effects
presented for instance in Refs. [1,11] are not used in the original ver-
sion of the routine [3].

1/ he
Rcl Tr;] Tmrt
1/(pvqucp) 1/ h,
— AN I
Too—| 1/Uge . 1/hy
AN AN T

AN T

Fig. 1. Equivalent electrical scheme for the steady-state heat transfer from core to skin.
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The blood flow rate qy, is ruled by the difference of both skin and
core temperatures with their set values Ty 7" as per Equation (27):

qts)et + Cd (Tc _ Tset)

C

1+ C (T - Ty)

q = [L.m™2h7"] 27)

The coefficients C4 and Cj relate to the dilation and constriction phe-

nomena. The control mechanism is such that the temperature differ-
ences are set to zero in Equation (27) when they are negative. The upper
limit of blood flow is set at 90 [L.m~2h~!] where as the set value 4; " is
6.3 [L.m~2h~1].

The body temperature T}, is the weighted average of skin and core
temperature:

T, = 0.1 X Ty +0.9X T, [°C] 28)

In the VDI norm, the mass fraction of body composed of skin or core
is constant and does not depend on blood flow, hence it does not affect
the calculation of T}, unlike in the transient two-node model in Refs.

[10,11,19]. Equation (28) has a major influence insofar as it provides

the temperature at which the sweating latent heat flux begins.
Sweating is controlled by the body temperature, triggering the pro-

duction of sweat depending on the discrepancy with the body set tem-

perature and the sweating coefficient Cgy = 304.94x10 3
[kg.m~2h~1.K~1] as per:
gy = Cg, X (Tb - T;et) [kg.m_z.h_l] (29)

In the original model [1,3], an additional coefficient of 0.7 applies
to Equation (29) for female individuals.
The evaporation Eg,, at skin surface depends on the production of
sweat and on the latent heat Ly:
Iy

Eg = Lyzgrs [W.m™?] (30)

The maximum heat flux E,y that could evaporate from the skin at

saturated vapour pressure pys(Ts) to the given environment at a vapour
pressure p, is depending on the vapour transfer efficiency Fyej and the
latent heat transfer coefficient he:

Emax = Lvaclfclhe (pvs (Tsk) - pa) [W.m—Z] (31)

In the literature, the vapour transfer efficiency factor Fy of Equa-
tion (31) is often expressed as follows [19] (see also the detailed expla-
nation of [20]):

1

Tahe (32)

F1=
1-'_hecl

pc

The latent heat transfer coefficient he in [W.m~2.Pa~!] is given after
the Lewis relation LR such that:

he =LRX h, (33)

The Lewis relationship LR is calculated after the analogy between
heat and mass transfer [21].

2
L, My L, Di_ M, . _
R~ Ko 7 oK 2 "' K] G
PEp™ RTLeS  Por™ ol
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In general the Lewis ratio stands by LR~ 0.0165 [K.Pa~!]. The K fac-
tor in Equation (34) accounts for molecular counter diffusion of dry air
against the flow of water vapour and is generally comprised around 4%
of the vapour flow [21]. The calculation for ambient conditions of 20C/
50% relative humidity and a saturated skin at 34C yields K = 1.049
(detailed explanations of the calculation can be found in Chapter 6 of
[22]).

In the code provided along the VDI norm, the relationship for the
evaporative heat transfer coefficient is given after Equation (35) for
which no reference could be found:

hC
hy = 0.633 X

b, atm Ca

[W.Pa™!| 35)

This expression yields an order of magnitude of the Lewis ratio, how-
ever it is generally ~10% below the values given by Equation (34).
The total latent flux E;.; at skin surface is then the sum of the sweat-

ing and diffusion phenomena:

E o = Egitr + Egy (36)

In order to calculate the diffusion losses Egjff, the skin wettedness

w is introduced. It represents the ratio of the latent flux dissipated by
sweat at the surface of skin E;; against the maximum latent flux Ej ..

E[Ot

w= E (37)

max

If the skin wettedness w is greater than one it is set to unity and the
latent flux is at the surface of skin is such that Eg, = Epax. Otherwise

diffusion occurs through the so called “non-wetted” part of skin (1 — w)
and following relation applies in the VDI norm:

Ly X (1 = w) (pys (Ty) = py)
Ry

Egitr = [W.m™] (38)

The resistance to vapour diffusion Rq of Equation (38) is simply de-

fined (without supporting justification) as a constant Rq = 0.79 X 10

[Pa.s.kg 1], for which no reference could be found. We speculate that
this might be a skin tissue vapour diffusion coefficient, however this for-
mulation is surprising as it would take the vapour pressure at skin tem-
perature instead of tissue temperature and neglects the effect of clothing
on vapour diffusion.

A generic formulation for the vapour diffusion heat loss from the
non-wetted surface of skin would be following [20]:

_ (1-w) (pvs (Tsk) —PV)
diff = R

[W.m™2] (39)

€

Equation (39) requires the computation of the evaporative resistance
of the air and clothing layers R, for example by the method thoroughly

described in Ref. [20]. The evaporative resistance is computed after the
heat transfer resistance of air R,;, and clothing R such that:

_ Rair + Rcl 40

°~ IRxi, (40)

where R,i; is the combined convective and linearized radiative heat

transfer resistance and iy, is the Woodcock permeability index, generally
taken at 0.38 [23].
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3. Original solving of the model

In this section, the method for solving the PET equation described in
the VDI norm is presented.

3.1. Governing equations

Hoppe's representation of the human metabolism is also based on the
Pierce two-node model as per [10,11]. Writing the heat flux equality
through clothes that equals convection and radiation losses at the cloth-
ing surface, as per Fig. 1, one obtains:

T, —T
( SkR Cl) = c% (Tcl - Ta)
cl 41)

A 1 4 4
+ chlfeffjc (Tcl - Tmrt)

The second equation of the model is a balance on the core node.
The algebraic sum of metabolic rate and respiratory losses equals the
heat flux exchanged from core to skin by conduction and blood flowrate
through the skin layer:

M + Qresp = (Tc - Tsk)
@+ Cy (T = T3) (42)

X U+pbcb><
1+c42f-4@)

In Equation (42), the right-hand side represents the heat transfer
from the inside of the body towards the surface of the skin via the flesh
equivalent conduction U and blood flow g. The left-hand side stands

for the metabolic heat production rate M as well as the sensible and la-
tent losses by breathing.

The third equation of the model is a global steady-state balance on
the body, summing metabolic activity, convection, radiation, sweating,
diffusion losses and respiratory losses:

M+C+ R+ Esw + Ediff + Qresp =0 (43)

where C and R stand for the convection and radiation on both the
clothed and bare fractions of the body. Equation (43) intrinsically con-
tains the metabolic reactions of temperature regulation of the body in
the considered.

When T, and T resulting from the studied environment are known

the air and clothing temperatures are iteratively adjusted such that
Equation (43) equals zero, the body being in the reference environment
described in Section 1. The air temperature obtained is the PET.

Using the hypothesis that the three unknown temperatures T, Tg, T

are independent, solving for the each of them separately is possible. In
order to reduce the numerical complexity of the problem, the original
version of the code developed by Hoppe, and provided along with [3],
neglects the dependency between core and skin temperature with their
environment. The influence of the environment on the body tempera-
tures appears only through the calculation of Tgy.

3.2. Second-order polynomials for thermoregulation cases

Making the assumption that equations are independent reduces the
problem to solving the second order polynomial (42) with T, being the

unknown. The skin temperature is supposed constant during the iter-
ation and the procedure repeats over the whole system until conver-
gence is reached. The different polynomials that correspond to the ther-
moregulation possibilities depending on vasomotricity are presented
in this para-
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graph.

- Set value of the blood flow rate: In this situation, the balance equation
simplifies to the following:

(Tc - Tsk) X (Usk + Ppcp X qts)et) =M+ Qresp (44)

- Maximum blood flow rate: following equation represents the maxi-
mum blood flow rate configuration in Hoppe's original code:

(Tc - Tsk) X (Usk + Ppp X qtr,nax) =M + O (45)

- Set value of blood flow and cold signal from the skin. In this case, the
general equation reads:

set

9
1+ C (T = Ty ) (46)

(Te = Ty) x| Uge + pocy X
=M+0Q

resp

The striction constant is taken as C; = 0.5 [K~1].

- In the case of pure vasodilatation, Equation (42) reduces to a second
order polynomial such that:

2
al? +bT,+c=0 47)
In Equation (47), the coefficients a,b,c are as:
a = Cypycy (48)
b=Ug — T2 X Cypper, — Cypycy Ty (49)
c=- (M + Qresp) + Tiet X Cdpbchsk = Uy X Ty (50)

- When vasodilation and constriction occur, a similar second order poly-
nomial can be derived and the coefficients a,b,c of Equation (47) take
following values:

a = Cypycy G

b=Ugy xC; (T:ft - Tsk) - sz X Cappey, — Cappep Tk (52)

c=- (M + Qresp) X Cs (Tsslft - sk) - TskUsk

set set (53)
X Cy (T3 = Tye) + T2 X CqTyepycy
The results of this modelling choice will be presented in Section 3.3
and compared with the stringent solving of the equation system.

3.3. Errors in the existing procedures for the PET calculation

In the original formulation of the code, several typos can be cor-
rected (see respectively appendix B1 and B2). The code provided at the
end of [3,9] or used in the PET routine of [4] contains moreover three
major errors:
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the metabolic activity level is kept as the one of the real environment
whereas it should be defined as 80 [W], the term M of Equation (43)
is hence incorrect,

the breathing sensible and latent losses are defined after the activity
level are subsequently incorrect as it depends on the activity level as
per Equation (3),

the vapour transfer E,y is calculated for the clothing level of the real

environment whereas it should be calculated with 1200 [Pa] and a
clothing level of 0.9 [clo]. The calculation of w and Egjs are subse-

quently affected.

The procedure was subsequently amended to include a correction
of the errors mentioned above (it can be found in the appendix B.2).
The results obtained were compared to the reference values published in
Ref. [2] for 80 [W] activity and a clothing level of 1 [clo]. They are pre-
sented in Table 1 and present a difference lying between — 3.8% and
+ 10.1%, respectively for summer, shady conditions and winter, windy
conditions.

The original PET resolution was then compared to the corrected ver-
sion for various ambient conditions and both methods tend to produce
similar results. However, ambient conditions referring to a high mean
radiant temperature present a more significant difference: on Fig. 2, the
PET is plotted on the psychrometric chart for a mean radiant tempera-
ture taken 30 [K] above the air temperature whereas the wind velocity
remains at a 0.2 [m.s~!] (for instance in the case of a ~800 [W.m 2]
incident solar radiation and still air). The iso-value lines of the origi-
nal PET are slightly overestimating compared to the corrected version.
This relates to the fact that, unlike in the amended procedure, the skin
wettedness is not calculated again in the original version, which affects
the latent heat flux via evaporation at skin surface. A similar trend can
be observed in operative temperature conditions as well as windy con-
ditions, with lower differences between the VDI method and its correc-
tion.

Another simplification was made for the solving of the equations: the
three temperatures T, Tg,Tcl, are supposed to be independent, which

means the coupling between skin and core temperatures is not consid-
ered in the model. Next section deals with this aspect of the subject.

4. Comparisons with an improved model

In this Section, the method for calculating the PET from the coupled
system of equations is first presented. The results obtained with the orig-
inal method, presented in Section 3 (including the correction of errors
mentioned in Section 3.3) are then compared to the PET obtained with
the coupled system of equations. As the original vapour diffusion model
appears to be insensitive to the level clothing, an improvement of the
equation for diffusion is proposed. The results are compared with those
of the corrected original model.

4.1. Resolution of the non-linear model

In steady-state, heat flows from the core to the ambient atmosphere
through the skin layer and the bare skin according to the equivalent
electric scheme presented on Fig. 1. The skin, core and clothing temper-
atures are dependent on each other, resulting in a system of three equa-
tions.

The core node equation is the algebraic sum of metabolic rate, respi-
ratory losses and core to skin heat transfer:

M+ 0O, - (Poven + Ug) X (T, = Ty) =0 (54)

The heat balance on the skin node shows the equality between the
heat flux from core to skin and the heat transferred from skin to the en-
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vironment, either directly for bare skin or through the clothing:

Rbare + Cbare + Etot + (pbqbcb + Usk)

(55)
X (Tc - Tsk) - h’cl X (Tsk - Tcl) =0
The balance on the clothing node yields the equality of flux between
the clothed fraction of skin and the environment:

Colo + Rejo + Ay X (Tsk =T ) =0 (56)

The system of equations (54)—(56) is non-linear as the coefficients qy,
and Egy, representing the human thermal regulation in Equation (54),
depend on the values of T and T, as described previously. This crossed

non linear system is solved with a hybrid Powell scheme from the stan-
dard Python function fsolve (the routine used is provided in appendix
B.3).2

After the values for T, Tgx and T, are known, the PET is calculated
by dichotomy, solving for the steady state Equation (43) with the ref-
erence ambient conditions defined in Section 1. The dichotomy method
proves to be efficient in this case as it only requires a search interval
instead of an initial value. The PET calculation can be illustrated in fol-
lowing frame:

Calculation of T,, T, andT with a Powell

Steps . .
P Solving for the operative temperature such that E
in the reference

4.2. Influence of the resolution method

Three situations are examined in order to evaluate the influence of
the numerical simplification on the resulting comfort. The calculated
PET values are plotted on the psychrometric chart for an activity level
of 80 [W] and 1 [clo] insulation of clothing. The skin diffusion losses
Egiff were kept as per their original definition in Equation (38) and no

amendments were made, except for the typos mentioned in appendix
A2.

- Operative temperature environment: The original model was com-
pared with the stringent resolution for “operative temperature” con-
ditions, id est with no difference between the air temperature and the
mean radiant temperature. The air velocity was chosen as v = 0.2
[m.s~!]. Fig. 3 shows the difference between the two resolution meth-
ods in an operative temperature environment. Discrepancies can be
observed of about — 0.5 to + 0.75 degree between the original model
and the present work.

High mean radiant temperature environment: the mean radiant
temperature is taken 30 [K] higher than the air temperature and the
wind velocity remains at a low value of 0.2 [m.s~!]. These conditions
could correspond to a ~800 [W.m™2] solar radiation and still air. The
iso-PET values drawn on Fig. 4 show that the PET computation after
the VDI norm overestimates the PET value after the present work by

2 Using a standard Newton-Raphson procedure proved to be inefficient: given the
thermal regulation of metabolism and the dependency of skin and cloth temperature to
the power of four, the algorithm is likely to diverge if an improper initial value of T is

chosen.
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Table 1
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PET values obtained with the corrected procedure compared to [2] for 80 [W] activity and 0.9 [clo].

Tair [C] Tmrt [C] Vair [m.s~'] py [hPa] PET after [2] Corrected PET Difference [%]
21 21 0.1 12 21 21 0
-5 40 0.5 2 10 10.09 - 0.9
-5 -5 5 2 -13 - 11.69 10
30 60 1 21 43 42.70 0.2
30 30 1 21 29 28.95 - 38
— 0.4 to ~2 [K] at the maximum in environments with high mean
4000 T T T radiant temperatures. The difference increases with elevated tempera-
3500 |- tures as well as elevated vapour pressures (id est high relative humidi-
¢ 3000 |- tes) .
= - Windy environment: A comparison was also made between the clas-
52500 sical PET and the stringent, coupled solution in an environment with
% 2000 an air velocity of 1.5 [m.s~!] where air and mean radiant tempera-
S tures are equal. The results are presented on Fig. 5. In this situation, a
g 1500 - similar tendency can be found between both methods and the PET de-
a 1000 viates by about + 1 [K] at the maximum. In environments with high
> 500 : 3 wind speed, the same trend can be observed: the classical calculation
0 | [ B | gives a slight overestimation of the PET calculated after the coupled

0 5 10 15 20 25
Air temperature ( ° C)

corrected original

Fig. 2. High mean radiant temperature conditions - Original versus corrected PET. Iso-PET
values: 20, 30, 40 and 50°C.
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;‘1500 = 150
8 1000 10
= 500 5
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Air temperature ( ° C)
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Fig. 3. Operative temperature conditions - PET after the corrected VDI versus present
work. Iso-PET values: 0, 10, 20 and 30°C.
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Fig. 4. High mean radiant temperature - PET after the corrected VDI versus present work.
Iso-PET values: 20, 30, 40, 50 °C.

system, as illustrated on Fig. 5. The difference ranges from — 0.4 [K]
to 2.3 [K].

The method for resolution used in the original PET hence induces a
bias evaluated between — 0.5 and + 2.3 [K] in the conditions studied.
Surprisingly, the PET does not exhibit an important sensitivity to humid-
ity: the iso-PET lines are almost vertical for both calculation methods. In
the literature, the comfort indexes based on the same two-node model
such as the ET* or SET* show a much stronger dependence to humidity
(see the graphs in Refs. [11,20,24,25]). The weak influence of clothing
and humidity on PET was also underlined by Ref. [26].

This behaviour can be explained by the equation chosen for the mod-
elling of diffusion at skin surface and will be dealt with in the next Sec-
tion.

4.3. Diffusion heat transfer E s

In this section, the diffusion heat flux Eg;f was amended after Equa-

tion (39), corresponding to the state of the art [20], instead of us-
ing Equation (38) for which no justification could be found. Equation
(39) also has the advantage of accounting for the clothing resistance to
vapour transfer, which Equation (38) does not allow.

The results obtained for the two diffusion heat transfer models
are shown for 0.5 [clo] and 1 [clo] clothing level on Fig. 6. The
coupled resolution presented in Section 4.1 was used for the com-

putation of the PET

4000 | | [ [ I 30
’“?3500 = o5
Q3000
22500 -
2 =
$ 2000 154j
(=% o
51500 10
21000
< 5
= 500

0 0

O 5 10 15 20 25 30

Air temperature ( ° C)
corrected........

coupled

Fig. 5. Windy environment — PET after the corrected VDI versus present work. Iso-PET
values: 0, 10, 20°C.
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4000 : 35
_.3500 30
¢ 3000 25
%2500 L 20,
£2000 - i
gwoo = Pa
21000 |- N 19
0 L 0

0 5 10 15 20 25 30

Air temperature ( ° C)
modified E 35 ——  original E 4

Fig. 6. Comparison of the original skin diffusion model versusEgjf after Equation (39)
with and activity level of 80 [W].

to reduce the discrepancy induced by the numerical procedure. It can
be seen on Fig. 6 that the iso-PET depend more strongly on humidity
compared to the original formulation. The difference between 0.5 and 1
[clo] is also slightly narrower for the original Egis model, whereas it is
more significant for the diffusion model of Equation (39).

The influence of the choice of the diffusion model was compared for
the three environments studied in Section 4.2. The same activity and
clothing levels were used. The version of the PET routine provided in
Appendix B.2 was used, including the corrections of errors mentioned in
Section 3.3.

Operative temperature: In such environments, the influence of the
diffusion model shows several degrees difference at high and low rel-
ative humidities (see Fig. 7). The difference between both methods
ranges from — 4.8 to 2 [K].

High mean radiant temperature environment: The comparison of
the methods for high mean radiant temperature environments presented
on Fig. 8 range from — 7 to + 2.6 [K].

Windy environment: The comparison of the methods for windy en-
vironments presented on Fig. 9 range from — 3.6 to 2.2 [K].

In the studied conditions, the difference between the correct VDI and
the coupled resolution with implementation of the diffusion heat trans-
fer after Equation (39) ranges — 7 to + 2.6 [K]. The PET comfort zone
being 5 [K] broad (from 18 to 23°C PET is considered to be the range
without thermal stress), this variation represents a significant discrep-
ancy.

4000
3500 |-
& 3000 |
1]

£2500 |-
w

$2000 -
21500
=3

§1ooo
- 500

Ak [ E

10 156 20 25 30
Air temperature ( ° C)

coupled R corrected ------ -

Fig. 7. Operative temperature environment — Original skin diffusion model versusEgjg af-
ter Equation (39). Iso-PET values: 0, 10, 20 and 30°C.
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Fig. 8. High mean radiant temperature environment — Original skin diffusion model ver-
susEg;¢r after Equation (39). Iso-PET values: 20, 30, 40 and 50°C.
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Fig. 9. Windy environment —Original skin diffusion model versusEg;s after Equation (39).
Iso-PET values: 0, 10, 20°C.

5. Conclusion & perspectives

This work presents a full description of the PET model, which can be
partially found in different articles of the literature. The analysis of the
model with reference publications proved that the code provided by the
German VDI standard contains several errors.

The main findings of this work are the following:

- The procedures in Refs. [3,4,9] should not be used as they contain er-
rors and incoherences. The authors of this paper present a revised ver-
sion of the code (provided in Appendix B.2).

- Given the few available numerical tools at the time the PET outdoor

comfort indicator was constructed, the simplified formulation of the

problem is elegant. It allows for the resolution of the non-linear equa-
tion system yielding the physiological equivalent temperature, using
second-order polynomials. However, for outdoor environments, the
assumption that skin and core temperature are independent, as sug-
gested at the end of [1], proved to be inaccurate given the numeri-
cal results obtained in this work. The influence on the calculated PET

ranges from — 0.5 to + 2.4 [K] and is detailed in Section 4.2.

The procedure used for resolution has a limited effect on accuracy,

however using up to date tools for the resolution of non linear systems

of equations proved to be faster by a factor of two versus the classi-
cal one, with a more readable and compact code. The coupled solving
procedure for PET is provided in the appendix B.3 of the present work.

- The sensitivity to humidity of the original model is very low and can
be explained by a surprising choice for the equation of vapour diffu-
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sion that does not depend on the clothing level in the original PET
model. The diffusion model should hence be modified for instance af-
ter the state of the art [20] (an implementation is provided in the code
of Appendix B.3). The difference between both vapour diffusion mod-
els produces a significant variation in the PET, ranging from — 7 [K]
to + 2.6 [K], as shown in Section 4.3.

It was shown that the heat and mass transfer dependency with am-
bient air velocity can cause an important shift of the comfort zone
[18,23,27]. The heat and vapour transfer modelling in comfort in-
dices should hence be improved after [18,23] to include wind effect on
clothes properties. The PET vapour transfer model should also be modi-
fied, for instance after the state of the art [20].

The variety of constants found in the literature, e.g regarding body
set point temperatures [10,15] or dilatation/constriction coefficients for
blood flow, leads us to think that variability should be taken into ac-
count when modelling the human metabolism, especially for comfort
purposes [28-30] The impact of physiological variability on the dis-
persion of two-node-models-based comfort indexes is currently explored
and will be presented in another work.
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Nomenclature

Al equivalent conductivity of cloth [W.m~1.K~1]

Pb blood density = 1060 [kg.m ']

° Boltzmann's constant = 5.67 x10 8[W.m‘Z.K. -4

Ecl emissivity of clothes = 0.95 [-]

Esk emissivity of skin = 0.99 [-]

A body surface after Dubois A = 0.203mo'425 ><H0'725[m2]
Abare bare surface of the body [m?]

Ad clothed surface of the body [m?]

Ca specific heat capacity of air = 1010 [J.kg~L.K~!]

Chare Convection losses for bare area [W.m 2]

b specific heat capacity of blood = 4180 [J.kg~L.K~!]

Celo Convection losses for dressed area [W.m 2]

Cq dilatation coefficient = 75 [L.m~2h~1.K~1]

Cresp sensible heat loss by the air expired [W.m 2]

Csw sweating coefficient = 304.94 [g.m~2.h-1.K~!]

Cs striction coefficient = 0.5 [K™1]

Cy specific heat capacity for of water vapour = 1830

[Jkg LK™ 1]
Eqiff heat loss by diffusion [W.m~2]
Eresp Latent heat transfer by breathing [W.m 2]

Esk total latent skin heat loss [W.m 2]

Esw heat loss by sweating [W.m 2]

Jacl fraction of the body covered by clothing [-]

fa Burton factor for the increase of exchange surface with cloth-

ing insulation = 0.31 [clo~!]
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Jeft factor for the effective surface subject to radiation (ex: 0.725
when standing)

H height of the individual [m]

hel clothing conductance [W.m~2.K~1]

he convective heat transfer coefficient [W.m~2.K~1]

he o latent heat transfer coefficient for clothing [W.m~2Pa~1]

he latent heat transfer coefficient for air [W.m ~2.Pa—1]

hy radiative heat transfer coefficient [W.m ~2.K~1]

il clothing insulation level [clo]

im Woodcock's permeability index taken as 0.3

Ly latent heat of water = 2400 [J.g ']

Le Lewis number [-]

LR Lewis ratio ~0.0165 [K.Pa—1] for usual ambient conditions

M metabolic heat rate [W.m 2]

m mass of the individual [kg]

My female metabolism [W]

My, male metabolism [W]

Pa vapour pressure of ambient air [Pa]

Py exp vapour pressure of expired air [Pa]

Dv vapour pressure of air [Pa]

db blood mass flow rate from core to skin [L.m~2.h~1]

‘If;et set blood flow rate from core to skin = 6.3 [L.m~2.h 1]

an¥ flow rate of inspired air [kg.m~2h~1]

qny sweating rate [kg.m~2.h~1]

Qresp Sum of the heat exchanges by breathing [W.m~2]

Rair convective and radiative heat transfer resistance to the envi-
ronment [m?K.W~1]

Ta internal radius of clothing [m]

Rpare Radiation losses for bare area [W.m 2]

b external radius of clothing [m]

Relo Radiation losses for dressed area [W.m 2]

Rq clothing heat transfer resistance [K.W~1]

T, temperature of ambient air ['C]

Ty body temperature ['C]

Tbsa body set temperature = 36.34 ['C]

Tel clothing temperature ['C]

Te core temperature ['C]

T core set temperature = 36.6 ['C]

Texp temperature of expired air ['C]

Tnrt mean radiant temperature

Tsx skin temperature ['C]

T:ket skin set temperature = 34 ['C]

Usk skin heat transfer coefficient = 5.28 [W.m~2.K1]

v air velocity [m.s 1]

w skin wettedness [-]

y clothed fraction of the body [-]

Appendix A. Respiration losses

Equation (7) assumes that (pmm - PV) >~ (Palm =Dy exp) 2~ pam. This
allows for a simplified version of the vapour transfer between expired
air at moisture content Wexp, [kgyater/kgair] and outside air with moisture

content w, given in Equation (58):
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Eresp = (wa - wexp) qu:rfsp [W'm_2] (57)
p
=0.622x< B vew )
Patm —Pv  Patm ~ Pv exp (58)
X Lygy ¥ [W.m™]

The sensible heat required for the temperature variation of water
vapour is also neglected in Equation (5). A stringent expression would
be as per Equation (59):

C Tes;

resp — 9m P x (Ca + wacv) X (Ta - Texp) (59)

The influence of the assumption is however limited: depending on
the environment conditions, the bias induced by Equation (7) is of ~
7% compared to Equation (58) depending on the air temperature and
vapour pressure, as presented on Fig. 10. The impact on the PET calcula-
tion could be non negligible in specific conditions. Indeed, total breath-
ing losses account for ~ 25 to 30% of the resting metabolism in the mea-
surements by Ref. [16].

Appendix B. Analysis of the VDI original code

The user may find it difficult to understand the code provided with
the VDI norm [3]. It is indeed poorly commented and profusion of nu-
merical constants are used. This section might prove to be useful for
whom has the soul of a Champollion and would wish to decode the VDI
original code (to be found for instance in the appendix of [9]), as it pro-
vides the origin of some numerical constants.

B1. Explanation of the numerical constants and errors

The correspondence between numerical constants and literal expres-
sions hard coded in Hoppe's Fortran code are provided hereafter.

13 75 Cy

00208 = — = — = Lm2s 1 K!
3600 = 3600 ™S |

635 ¥0)

100 7

. 6 =
s 80 o
> ¥ e
'-6 —
g 60 4 g
E o
o 40 3 @
> | @
© 12 o
& 20 1 g

|—

0 5 15 20 25 30

10
Air temperature ( ° C)

Fig. 10. Difference between the simplified the exact expression of Qesp depending on rel-
ative humidity and air temperature.
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36.6x75 _ T X Ca
3600 3600

0.7625 = [L.m™2s7] (61)

19 _9," L
40 ~ 3600 ~ 3600

m2.s”! ] (62)

Several typographical mistakes can also be noted:

The skin set temperature is taken as T = 36 [C] whereas it should be
34 [C] for the sake of coherence throughout the program (lines 245
and 256 of the Fortran code).

The body set temperature is taken as T, = 36.6 [C] whereas it should
be 36.4 [C] for the sake of coherence (line 271 of the Fortran code).

- The constant "0.7625” explained in Equation (61) is mistyped as
”0.76075” throughout the VDI code.

B2. Corrected version of VDI code

The amendment proposed can be found thereafter in Python lan-
guage https://github.com/eddes/AREP/blob/master/VDI_PET_
corrected.py.

B3. Coupled resolution of the code

The amendment exposed in Section 4.1 can be found thereafter in
Python language. The version proposed is more compact and exhibits
a faster computation time: https://github.com/eddes/AREP/blob/
master/PET fsolve_code.py.
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