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Human Thermal Comfort: an
Irreversibility-Based Approach
Emulating Empirical Clothed-Body
Correlations and the Conceptual
Energy Balance Equation

Exergetic analysis can provide useful information as it enables the identification of
irreversible phenomena bringing about entropy generation and, therefore, exergy losses
(also referred to as irreversibilities). As far as human thermal conffort is concerned,
irreversibilities can be evaluated based on parameters related to both the occupant and his
surroundings. As an attempt to suggest more insights for the exergetic analysis of thermal
comfort, this paper calculates irreversibility rates for a sitting person wearing fairly light
clothes and subjected to combinations of ambient air and mean radiant temperatures. The
thermodynamic model framework relies on the so-called conceptual energy balance
equation together with empirical correlations for invoked thermoregulatory heat transfer
rates adapted for a clothed body. Results suggested that a minimum irreversibility rate
may exist for particular combinations of the aforesaid surrounding temperatures. By
separately considering the contribution of each thermoregulatory mechanism, the total
irreversibility rate rendered itself more responsive to either convective or radiative
clothing-influenced heat transfers, with exergy losses becoming lower if the body is able to

transfer more heat (to the ambient) via convection.
Keywords: thermodynamics, exer getic analysis, thermal comfort, thermoregulation

I ntroduction

Thermal comfort analyses may contribute to desigelionatic
and energy-efficient buildings as well as to oglgafety (or health)
precautions or standards for workers at food psingsareas or
refrigeration chambers. Several parameters have deéned to
assess human thermal sensation, acceptability afocb (Givoni,
1981; Parsons, 1993) and they are referred td) abréct, if based
on data read from instruments used to imitate bedponses,ii}
empirical, when obtained via numerical regressidn hoaman
physiological responses as occupants become exposditinct

where actual and comfort entropy generatidBgn e and Syen con)
are calculated based on occupants’ responses andntdment
variables. Referred to as human coefficient, thmedisionless
parameteH accounts for variations due to factors like ags, @&nd
race. Bearing in mind ASHRAE (or ISO 7730) defioiti for
thermal comfort, namely, “that condition of mind sl expresses
satisfaction with the thermal environment” (ASHRAZ)O01), one
may regard the coefficied as an attempt to link physiological to
psychological responses, which may vary from persomperson.
Such an idea of introducing particular correctiomas similarly
conceived by Humphreys and Hancock (2007) via afju&ed

ambient conditions, orll() rational, when based on theOfetiCﬁ'therma| sensation’ concept to indicate how mucmpant‘s actual

reasoning.

Rational parameters have been usually definedrmsteof an
energy balance applied to the human body, accaynfor
concurrent effects from the well-known six basictéas, namely:
air temperature, radiant temperature, air humidiéy, speed,
activity-related metabolism, and clothing (Fange®70; Parsons,
1993). In other words, rational parameters hav&keddhe first law
of thermodynamics to deal with thermoregulatorypoeses related
to energy interactions between the human body amdbiemt
parameters (the first four basic factors in theredaid list)
combined with behavioural parameters (the last faators in the
list). Yet, the first law cannot identify imperfems in real
processes while it makes no distinction betweert laea work
interactions.

Depending on the amount of energy that can beftraned into
useful work, the second law introduces a qualitatfeature to
energy interactions. Taking into account the sectavd the so-
called objective thermal comfort index (OTCI) hasb put forward
as “the percentage deviation in the value of eytiggneration from
the comfort or equilibrium condition” (Boregowda,wari and
Chaturvedi, 2001):

OTCIl(%)=H[1- (Sgenact/sgencom)] x100 1)
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thermal sensations exceed the desired ones on AEHRAle for
thermal comfort.

First and second laws of thermodynamics can bealsyit
combined to improve process efficiency. Resultimgnf such
combination, exergy is a property that can be preted as the
useful energy available for a system (Kotas, 19B&jan, 1988;
Szargut, Morris and Steward, 1988). Taking intcoaot parameters
related to the system as well as to its surroursjirexergetic
analysis may identify dissipative or irreversiblaepomena and
compare a given process to the most efficient wawlhich it could
be carried out, namely, an ideal reversible pracess

Links between thermoregulation and exergy haveadjrédeen
attempted. Considering a two-compartment (core giid) model
for the human body, Prek (2004, 2005, 2006) anwvaxker (Prek
and Butala, 2010) discussed exergy consumptiors ke respect
to related values for standard predicted mean (Rit#V), based on
one-compartment model (Fanger, 1970), and for idlified value
(PMV"), proposed for any dry or humid environment (Gagge
Stolwijk and Nishi, 1971).

By the same token, one might attempt to correlamupant’s
thermal discomfort and exergy losses, equally referto as
irreversibilities. Based on a steady-state modeméwork and
preliminary concepts as discussed in a previouk WRabi, Fresia
and Benzal, 2006), the present work puts forwardenmasights to
the exergetic analysis of human thermal comforrddying on the
so-called conceptual energy balance equation tegeifth existing
empirical correlations for the invoked thermoregong heat transfer
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rates expressed in terms of a clothed body. Beanngind a
prospective rational assessment of thermal comifoelversibilities
are calculated and discussed for a sitting persearing relatively
light clothes and subjected to some combinatiorenabient air and
mean radiant temperatures.

Another approach to human thermal comfort is gibgrBatato
et al. (1990), where three different temperatuvelleare modelled
and submitted to an exergetic analysis. The humedy bvas
considered at rest, which corresponds to the saomitton
considered herein, i.e., a sitting person weaiigtg klothes.

Data from Simone et al. (2011) point out a secomtbio
polynomial relationship between human-body exerggsamption
rates, i.e., irreversibility rates, with a slightlyool sensation,
reaching minimum values when thermal sensation lisec to
neutrality. The study considered sedentary peapée and female,
subjected to convective and radiant heat transfers.

In a recent work (Mady et al., 2012), the thermethdviour of
human body was simulated by dividing it into 15 pamments.
Exergy balances were accomplished considering tiadja
convection, evaporation and respiration and resoligcated that
human body becomes more efficient and destroysdresgy for
lower relative humidity and higher temperaturesdMat al. (2012)
elaborated a human thermal model for each pattehtiman body
and considered thermoregulation and passive sydianss healthy
person under basal conditions. Their results indithat minimum
entropy production is achieved for an adult perand that exergy
efficiency decreases during lifespan.

Nomenclature

area, nv?

energy content, J

clothing surface area factor, dimensionless

human coefficient, dimensionless

= heat transfer coefficient (for convection or thermal
radiation), W/(n? &)

= irreversibility (= exergy loss), J

= irreversibility rate, JJs= W

irreversibility rate per unit of area, J/(sff) = W/m?
= insulation (= thermal resistance), n?&/W (or Clo =
0.155 n? B/W)

= mass flow rate, kg/s

mass flow rate per unit of area (= mass flux), kg/(sf/¥)
partial pressure (water vapour in air at saturation
condition), kPa

Q = heattransfer rate, J/'s= W

— o~ o~ —
|

g" = heat transfer rate per unit of area (= heat flux), J/(sfrf) =
Win?

$ = entropy (generation) rate, J/(sK) = WK

S = gpecific entropy, J/(K &G)

T = temperature, K (or °C)

t =time s

v = velocity (air speed), m/'s

W = mechanical (muscular) work rate, J/s= W

W' = mechanical (muscular) work rate per unit of area,
JI(sP) = Win?

Greek Symbols

¢ = air relative humidity, dimensionless

Subscripts

act = actual value (level) for entropy generation

air = surrounding (ambient) air

body = human body (or body core)

cl = clothing-influenced (clothing-related) value
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com = comfort value (level) for entropy generation
cond = conductive heat transfer
conv = convective heat transfer

evap = evaporative heat loss

gen = generation (due to imbalance)

in = inlet (or input) of open system

isol = isolated system

met = metabolic value

moist= moisture (in air exhaled from lungs)
musc= muscular value

out = outlet (or output) of open system

rad = radiative heat transfer

resp = respiration value

sat = saturation value (water vapour)

skin = skin value

sw = sweat (evaporation from the skin)

vap = water vapour (diffusion through the skin)
0 = surrounding (ambient) reference value

Acronyms

EMR = exit matter reservoir
MER = mechanical energy reservoir
TER = thermal energy reservoir

Theory

Preliminary concepts and ideas

Homeothermy is markedly characterized by energgrautions
between body and ambient (lvanov, 2006). Human body
temperature should remain within a narrow rangéwéen 36.7C
and 37.6C, as measured in the mouth, while rectal temperatu
about 0.6C higher (Guyton, 1995). In line with the heat-degent
thermoregulation rationale (Webb, 1995) and pogtmthe limited
efficiency of thermoregulatory mechanisms, Ivano20Q06)
discussed the responsiveness of the human therolatery system
with respect to body's energy content and mean éeatpre.
Assuming that thermoregulation attempts to follow energy-
efficient path, one may, in principle, argue whetltee body is
equally sensitive to energy quality and enquire uabdts
“preference” for a given energy interaction rattigan another in
order to achieve homeothermy.

An exergetic analysis of thermal comfort may intkoqualitative
differences among distinct thermoregulatory heatsdfers and one
may start such analysis by discussing the following
e System definition: Rigorously, the body is a control volume

(open system) as it transfers water to the ambésntsweat

and/or vapour through the skin (evapotranspiratianyl as

moisture in exhaled air (respiration). Food andewantakes
play an opposite role. Yet, depending on the saage.g., short
time exposure), the amount of mass transferrecbeaas small
as to be practically disregarded so that the badybe treated as

a control mass (closed system).

e Process dynamics and irreversibility: One may argue to what
extent thermoregulation entails quasi-equilibriumn pon-
equilibrium processes, besides discussing whetharob they
are steady-state processes. Comprising dissipptiemomena
(direct dissipation of work into internal energy) spontaneous
non-equilibrium processes (natural tendency of esgst to
achieve equilibrium with their surroundings), ireesibilities
always occur in real processes. Depending on thiwitac
muscular (mechanical) work varies from about zgraa 25%
of the total metabolic energy release (Parsons3)198ith the
resulting excess being transferred to the ambigrteat, over a
finite temperature difference.
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¢ Surroundings: With respect to the body, the ambient may behave

as a thermal energy reservoir (TER) for heat teassénd as an
exit matter reservoir (EMR) for water transfers.gReling

muscular work (if any), the concept of mechanicakrgy

reservoir (MER) can be considered. Irrespectiviessahteractions
with the occupant, changes in the thermodynamite sté the

ambient are only due to variations in the extecoalditions.

Human ther moregulation: conceptual heat balance equation
and empirical correlations

The first law of thermodynamics expresses an enkeaignce of
a system over its work and/or heat interactionshwthe
surroundings regardless of how much heat can beecwmd into
useful energy (work is useful energy by definitioBased on a one-
compartment (one-node) approach for the human bodg, may
write the following energy balance (Bligh, 1985):

dEbody -

dt (Qmet _Wmusc) + (Qevap"' Qcond + Qconv + Qrad) (2)

In line with the so-called heat-engine sign coniemtin the

previous balance equation ay>0 indicates a heat gain by the
body while anyQ<0 refers to a heat loss. One should be aware

that a different sign convention is proposed for. E8) in
(ASHRAE, 2001).
In Eq. (2), energy accumulation is lumped into & ssystem

(qlr'net - Wrgwusc) + (qgvapskin + qgonvskin + q'rladskin)+ ( )
4

+ (qgvapresp + qgonvresp) =0

Respiration heat transfer via thermal radiationu# (dradesp= 0)
as humid air is assumed transparent.
Fanger (1970) proposed to modify Eq. (4) to somrtergxbased
on the subsequent premises:
¢« Heat balance prevails so that body temperature tésdg
(homeothermy); and
* Sweat rate and mean skin temperature are withirfarpfimits.
ASHRAE (or ISO 7730) has equally followed such thar
comfort approach (ASHRAE, 2001). Further modifioat in Eq.

(4) are such thaf)(skin-related heat transfeGyapskin are split up
iNto Gyapskin - due to water vapour diffusion, ang, sin, due to
sweat evaporation, whileiiY Geonyskin @nNd Gragskin  DECOME
Geonvel @nd Graqg - respectively, i.e., convective and radiative heat

transfers account for the clothing influence. Irewiof that, the
conceptual energy balance equation becomes:

(q;’net - W’musc) + (qylapskin + qgwskin + qgonvpl + q’r'adcl )+ ( )
5
+ (qgvapresp + qgonvresp) =0

Following ASHRAE sign convention, Parsons (1993)sented

(one-node) so thatEl.q/dt > O leads to a body temperature riseempirical correlations for the heat transfers cdestd in Eg.
while dEyeg/dt < O results in a temperature drop. Referred toeas (5). Yet, as this work follows the heat-engine siggmvention, a

heat release rate, the differen(iémet - Wmus& gives the available n_1'|’nus sign must be properly introduced so thatgatrec yalue for
refers to a heat transfer from the occupant toathbient. The

energy from the total metabolic releas@qfe;> 0), after muscular  4torementioned empirical correlations then become:

power (Wisc> 0) has been discounted. A8 < 025Qmet
(Parsons, 1993), such difference is always posifite® summation

(Qevap + Qeond + Qeony + Qrag) COmprises evaporative, conductive, = Gewskin = 042[(Gmet~Wusc)~ 5815]

convective, and radiative heat transfer rates eesgely. According
to the heat-engine sign convention applied to B, (egative
values for those rates denote heat transfers ftembbdy to the
ambient.

One may normalize Eq. (2) over different body sizés its

division by the body surface aré&q, If steady-state (homeothermy) ~Gconvresp= 00014met (34— Tair)

is assumed, one may then impos&,g{/A.q)/dt = O in order to
obtain the so-called conceptual heat balance egué®arsons, 1993)
per unit of body area:

3

(q"met - Wmusc) + (qgvap"' qgond + qgonv + q'r'ad) =0

where Wuse=Winuse/ Apody @nd all §" =Q/ Ayoqy terms have

_q('/apskin = 305[5733-0.00699met ~ Winusd ~ Psatair] (6a)
(6b)
_qgonvcl = fer heonv(Tet = Tair) (60)

= Gfager = 396x10°° ) [(Tyy + 27315 * — (Traq + 27315 %] (60)
- qgvapr,esp =0.00173)me; (5867 Psagair) (6e)
(6f)

Similar expressions for the respiration-relatedt feexes are also
found in Prek (2006).

In the equations (6), all heat fluxa¥ are in W/ni provided
that all temperatures (namely, air temperatligg mean radiant
temperaturd .4 and clothed-body surface temperatligg are in °C
while water vapour pressuf, i in ambient air (at the saturation
condition) is in kPa. Referred to as clothing afaetor, fy is a

dimensions of energy time™ x area’. Though muscular power dimensionless parameter that depends on the dipthsulationic,

Wmuse cCould, in principle, comprise involuntary motior(s.g.,

peristalsis or heart beating) as well as voluntaofions (e.g., writing
or walking), the former have already been takemw iatcount in
experiments measuring the metabolic heat relegse (Nishi, 1981).

In the second pair of brackets of Eq. (3), condedtieat transfer
Oeong 1S Usually neglected (Parsons, 1993) while evdjvera
convective, and radiative terms are collected ihtat transfers
through two separate pathwayd: gkin (dgin ) and (i) lungs due to

respiration @resp)- Accordingly, one may rewrite Eq. (3) as the

following steady-state balance equation for theipaat’s body:

452 [ Vol. XXXIV, No. 4, October-December 2012

and it can be assessed as (Parsons, 1993):
fy = 1+ 03lig (i in Clo units, 1 Clo = 0.155 HKW™)  (7)
A different correlation forf, is found in Olesen (1982). The

convective heat transfer coefficient,,, can be assessed frofg
andT,;, together with the air speeq, as (Olesen, 1982):

Peony = maX(ZBS(TcI ~Tair) 025 rlz-lvairo's) (in W *K™) (8)

ABCM
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A simpler correlation based solely ag, is presented in Parsons
(1993) for a seated person.

In order to obtain the clothed-body surface tempeedrl,, an
iterative calculation procedure is here followedrs#y, the sum

Gconvel +Uradel 1S assessed by inserting in Eqg. (5) all heat 8uxe

"

g" that are independent froff, in Egs. (6). From a trial value
assigned td, the radiative heat fluxy,q. is assessed from Eq.

(6d), which thus allows one to obtaidf,,n, ¢ - With the help of Egs.

(6c) and (8), a newl value is determined and the procedure is

repeated until convergence is achieved. In the igHeq. (5), such

converged value fofly is exactly the one that satisfies the heat

balance equation, thus rendering steady-state lioeneothermy) a
reasonable assumption. Conversely, a temperatudifferent from
such value leads to an energy imbalanc&,g{An.q)/dt # 0, so
that the body should undergo either a temperatseeor drop.

Human thermor egulation: irreversbility (exergy loss) analysis

Like entropy, exergy is exempt from a conservatawm in the
sense that an exergy-loss term must be introduredose exergy
balances. Also referred to as irreversibility, steim refers to the
degraded useful energy when real processes areectaut. By
taking into account the conceptual energy balargqeation, Eg.
(5), and auxiliary empirical correlations, Eqgs. (@ (8),
irreversibilities can be assessed under two disapproaches with
respect to occupant’s interactions via skin andysufrespiration)
with the ambient. Under the first approach, theupemt behaves as
a control volume (open system) so that moisture/andapour
losses are treated as mass flows, indicated adedtmé arrows in
Fig. 1(a). Under the second approach, the occupehaves as a
control mass (closed system) and the effects ieguftom those
mass transfers are modelled as heat transfers, (Gajs.(6b) and
(6e), indicated as single-line arrows in Fig. 1(b).

Regardless of the approach followed, it is heresuaed that:

« Ambient and occupant form an isolated system anddtier is
undergoing a steady-state process;

¢ Heat-engine sign convention is adopted;

¢« No EMR is attributed for water / food intakes asugmant is
presumably not eating or drinking;

* Muscular power per unit of body surface argg, .. (if any)
only comprises voluntary motions (as previoushcdssed) and
it is always from occupant to ambient, the lattehdwing as a
MER (the direction of such energy interaction remdixed as
indicated by the arrowheads in Fig. 1);

» Direction of metabolic heat release remains fixgf, > 0), as
indicated by arrowheads in Fig. 1, so that the paoti always
receives energy from a TER presumably at tempexaiydy,

« Directions of evaporative mass transfers (first rapph) or
related heat fluxes (second approach) remain fikemn
occupant to ambient, as indicated by the arrowhé&adsg. 1
(under the first approach the ambient behaves &R while
it becomes a TER under the second);

* In contrast, convective heat transfer via resiratizony resp S

well as clothing-related heat fluxedgy,, o and giaqq can be

either from occupant to ambient or in the opposiiction;
specifically, a common TER is assigned to the cotive
transfers ionyesp @Nd deonver (Namely, the ambient air &)

while a distinct TER (afl,,g is appointed to the radiative
transfer 4raq -
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Figure 1. Sketch of the two possible model framewor
calculations: (a) occupant as a control volume (ope
occupant as a control mass (closed system).

ks for irreversibility
n system) or (b)

Normalized to the body surface amdggq, one may assess the
irreversibility rate (= exergy loss per unit of 8jnper unit of area
under the first approach as (Kotas, 1985):

" =To zmg)utsout - Zm'hsin - Zq_

= ©)
EMR EMR TER

where Ty is ambient temperatureji’ and s are respectively the

mass flux and the specific entropy of every masteeam crossing

the system boundary, and eagh is a heat flux interaction with a

given TER at temperatuie One may follow a procedure similar to

Prek (2004, 2005, 2006) so as to estimate outlessnfluxes

Myapskin » Mewskin @Nd Meyapresp DY Using the corresponding heat
fluxes QCapskinv qgw,skin and qgvaprespv given by Egs. (&), (6b)
and (&), together with the specific enthalpies for liqaidd vapour
phases (obtained via steam tables) at the thernameignconditions

of skin and lungs. Specific entropigs, siin Svap,skin 8N Sevap respalt
the outlet can be similarly obtained and it is assd that

Zm’h Sy =0 since water or food intakes are both disregarded.
EMR

Yet, the present work follows the second approaghich
suppresses all aforesaid exit mass fluxes by asgurthiat the
occupant behaves as a control mass instantaneoustr a short
period of time. Each omitted mass flux is replacéah
compensation) by a heat transfer with a TER asdiga¢
temperatureTy, as the suppressed EMR referred to ambient air.
Accordingly, Eq. (9), under the second approaahdees itself to:

October-December 2012, Vol. XXXIV, No. 4 / 453



_ qy/apskin _ qgwskin _ quvapresp _
Tair Tair Tair

I. n

-+

A o N/ .
_ Yeonvresp _ Gconvel  Gradel _ Omet
Tair Tair Trad

(10)

Tbody

Results and Discussion

A sitting person (occupant) wearing rather lighotibes was
preliminary considered and Table 1 presents theegahssigned to
some necessary thermal comfort parameters. By tingethose

values in Eqgs. (8 and (7), one obtains some initial results (also

presented in Table 1), which are independent fremperatured
andT,

Table 1. Thermal comfort parameters and initial res
temperatures Tair and Trag.

ults independent of

Thermal comfort parameter or
initial result

Value assigned / calculated

Metabolic heat release flux per unit her= 100 W/nt

Rabi et al.

One could be tempted to wonder about a probablaasice
whereT > Tyoqy With the body (or only part of it) behaving aseah
pump. Accordingly, one should then infer about thmperature
differences as well as the source for and the eaitithe necessary
work input. Furthermore, one may also abandon thady-state
assumption for thermal comfort (Fanger, 1970) antfprward a
transient model. By acknowledging that thermal atoss (e.g.,
thermal pleasure) are transient in nature and damm@xperienced
under steady-state conditions, Parsons (1993) dedathermal
comfort simply as “a lack of discomfort”. One cowdtso propose a
two-node (e.g., body-clothing) model framework, lamty of those
previous issues are beyond the scope of this work.

By interpretingT,, as the clothing temperature, one may suggest

that any heat 10SSj¢ony o <0 OF Gfagq <O first occurs from body

to clothing over a temperature differentgq, — Ty > 0 and then
transferred from clothing to ambient over a differeTy — Ty, > 0

or Ty — Tiag > 0, depending on the heat transfer mechanismorder

to prevent violations of the second law of thermmaaiyics (i.e., heat
being spontaneously transferred from a colder sydie a hotter
one), care was exercised to only consider allowabfabinations of

Tar and T,,¢ FOr some mean radiant temperature values (namely,
Taq = 16°C, 18C, 20C, 22C, 24C and 28C) and using a proper
variation range for the air temperature (namelyCl< T,;, < 33°C),

body area Fig. 2 shows the converged values for the clotheitbsurface
temperature T, which seems to vary almost linearly with
Muscular power per unit of body area Whuse= 0 temperaturd .
Clothing insulation ie = 0.6 Clo = 0.093 AE/W 38
Ambient air velocity Vair = 0.25 m/s 361
34
Ambient air relative humidity ¢=1(100%) 1
32
Body (core) temperature Thody = 37.0C g 30;
o ] —T_rad = 26T
Heat flux due to sweating (from ¢, in = -17.577 Winf el T rad = 24C
occupant to ambient) 1 . -- T rad=22C
. . . 26;,»”” T rad = 20C
Dimensionless clothing area factor fo=1.186 2 — T rad=18C
1 T_rad = 16T
According to model equations presented in section 2 2 17 ‘ 1‘9 ‘ 2‘1 ‘ 2‘3 ‘ 2‘5 ‘ 2‘7 ‘ 2‘9 ‘ 3‘1 23
subsequent results depend on eithgror T4 (or both) and care T (T)

should be exercised to fulfil the applicability thie aforementioned
correlations. One constraint refers to the fact thigpgin and

Gevapresp Cannot be positive (occupant may transfer heatrtbient

by evapotranspiration but the opposite does notipcén order to
calculate those heat fluxes, values for the saturgiressuréPg,; 4
were obtained from steam tables as a functionT gf assuming
relative humidity as¢ = 1 (Table 1) and eitherypskin OF

Gevapresp Was deliberately set to zero wheneRgj »led them to a

prohibitive value (as discussed above).
As temperature3,;, andT,,q dictate the heat fluxes yielding the
SUM Qeonvel * Grader from Eq. (5), another important constraint

refers to the clothed-body surface temperaiyrebtained from the
iterative procedure previously described. As disedsin section 2,
the converged value foily is the only one satisfying the
homeothermy (i.e., steady-state) assumption of(&)q.Still, as far
as heat transfers to the ambient (= body heat lass)concerned,
one should equally bear in mind that any clothimiizienced heat
transfer ultimately starts at the body level sd thgg, > T should
be an additional requisite to allow eith&f,n, o <0 Or Gfaggq <O
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Figure 2. Clothed-body surface temperature
function of surrounding air temperature
radiant temperature  Tiaq.

Ta (converged value) as a
Tar for some values of mean

In line with the second approach (i.e., occupantasontrol

mass), irreversibility rates per unit of ared were assessed
assumingT, = T4 in Eq. (10). Using the values fdr,y and the
variation range fofT,;, as considered in Fig. 2, Fig. 3 shows the

values resulting for the irreversibility rate penituof area I”.
Except for relatively low air temperaturég,{ ~ 17°C) where values

for [" are comparable to some extent (and among thetighes),
irreversibility rate levels increase inasmuctifag decreases, i.e., as
Traa departs fromT,eq, Bearing in mind the irreversibility rates
obtained for relatively lowT 4 values, there seems to be a critical

T value that minimized” . As T,.qincreases, such critic; also
increases and approach@g., as indicated in Table 2. Such
rationale also seems to hold for relatively higly (namely,T,.q =

24°C or 26°C), but minimun” values could not be observed due
to the temperature constraints previously discugsédis work and
pointed out in Fig. 2.
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Figure 3. Irreversibility rates per unit of (body s
function of surrounding air temperature
radiant temperature  Traq.

Table 2. Minimum irreversibility rates I' and corresponding minimizing air
temperatures T, for some mean radiant temperatures  Tiaq.

Radiant temperature Irreversibility rate  Air temperature

Trac (OC) I (W/ mz) Tair (DC)
16.0 5.601 26.0
18.0 4.994 28.0
20.0 4.383 29.5
22.0 3.773 315

Irreversibilities reduce thermodynamic efficienaydathey can
be either intrinsic or avoidable (Kotas, 1985). Tatter could be
associated to behaviour-influenced irreversibditigclothing and
activity), while the former could be linked to iversibilities related
to basal metabolism or, instead, to some thermaifad zone. In
order to fulfil homeothermy necessities, one caiédm that exergy
deficits should be somehow compensated (e.g., véhaatfall or
collapse of a thermoregulatory mechanism in detninoé another).
Bearing in mind the prospective definition of amewersibility-
based thermal comfort index, those irreversibititgsimilarities in
nature could be accounted for.

In order to compare each contribution to the totalversibility

rate per unit of area, one may considiérin Eq. (10) as the sum of
the following irreversibility terms (or components)

"

"= Ivapskin + Isw,skin + |evapresp+ I convresp"' (11)
S o “n
+ Iconvcl +1 radel * I met
where:
2 To " To
| o=—_0 ) | o =—_0 )
vapskin T Cvapskin swskin T Usw,skin )
air air
I'n —_ TO o I'n —_ TO n
evapresp — _T Gevapresp convresp — _T Gconvresp
air air (12)
. T . T
In — 0 anm In — 0 an
convgl T qconvcl ’ radgl T qradcl ’
air rad
Y To
I'met = _T_ Umet
body

It is worth noting that Prek’s approach (Prek, 2GBD5, 2006;
Prek and Butala, 2010), i.elyapskin - lewskin and | avapresp
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evaluated via heat transfer rates, Eqgs. (10), &bdl) (12), may lead
to inaccuracy with respect to the entropy bala@ethe other hand,

one may observe that variations of irreversibiligtes I'(}apskm,

W I "

sw,skin » ! evapresp: I(';onv,resp and I e (as a function offy,) are

sensibly minor when compared to those f@gnm and I.;’ad,cl-

Respiration and sweat irreversibility rates wersoalound to be
negligible in a different calculation approach,psnted by Batato
et al. (1990) under the same conditions considdrectin, i.e.,
human body at rest (sitting person wearing liglothets). Batato et
al. (1990) suggested another approach to humamé#heromfort
where three different temperature levels are mededhd submitted
to exergetic analysis. Respiration exergy rates piesented minor
values in the studies performed by Mady et al. 201

Over the same values and range Ty and T, plots in Fig. 4
present the behaviour of each contribution to thal irreversibility

rate I". One may also verify that, ds,q increases, so does the air
temperatureT,;, at which related contributions become equal (i.e.,
ltonvel = Iadel)- It is worth remembering that the corresponding
heat transfers occur at TERs at distinct tempegat@namely, T,
and T,,9 while relying on a common auxiliary temperatufg

determined from an iterative procedure satisfyingteady-state
energy balance (i.e., the conceptual heat balanpeatien).

Furthermore, by analysing,q.; as a function solely of 54 (over
the range 17°G T, < 33°C), it is worth noting tha';'ad'd reduces

asTq increases and approachesTigy Which may suggest a link
between thermal comfort and exergy loss reduct®ifiaa as such
heat transfer mechanism is concerned.
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Although temperatur@&,; influences dgqpn, ¢ While temperature
Trag dictates Qraqe, it is worth recalling that those clothing-

influenced heat transfer rates are linked to eatferovia the
clothed-body surface temperatufg. As already described, the
evaluation of the latter depends on the sifiy},, o + Qragcl @S given

by Eg. (5), so that the decrease of one heat gamséchanism is
somehow compensated by the augmentation of the. dtheiew of

that, Fig. 5 shows the behaviour of the stifg,, ¢ +I7aqc OVer the
same values and range Mgy and Ty,
Similarly to the behaviour of [, rates, one can observe that

the sum %nycl + [1ader reduces ad ,g approachedpog,. One also

verifies that I fonyc + I ager diminishes inasmuch &, decreases
and, hence, inasmuch d@g,, ¢ increases and compensatigy

more and more. In other words, exergy (useful egnelgsses are
minor whenever the body is able to transfer moreat heia
convection.

For thermoregulation purposes, those previous tesudy point
to a prospective body’s “preference” for losing theé@ convection
rather than by thermal radiation. Indeed, bearimgnind Egs. (6¢)

and (6d), by increasing,y one increases';'ad'd while decreasing

K In view of Eq. (6f), I

convgl - convresp
minor extent if compared to other irreversibilites, as pointed out
previously.

As far as thermoregulation is concerned, theredeen some
dispute about what variables are in effect the leggd ones from
the control theory viewpoint (Blight, 1985) and theominees”
have comprised distinct temperatures (e.g., cdtm, ©r brain),
body energy content, or heat outflow rate. Whilelely accepted
indices have been proposed for uniform thermal antbiit is
claimed that thermally non-uniform surroundingsll stacks a
universal index (Zhang and Zhao, 2008). By takintp iaccount
thermodynamic factors related to both ambient dred dccupant,
exergy loss may become another promising “conténiferthe
previous list of thermoregulated variables. Indemdrgy is known
to increase as the thermodynamic state of a sydggrarts from that
of its surroundings so that exergy has the abitityevenly assess
both extremes of thermal comfort or sensation scganning from
the uncomfortably cold up to the uncomfortably hot.

Results in the literature have indicated that husr@erceive hot
or cold discomfort more intensively as thermal dtods depart

also decreases, though to
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more and more from a given comfort range (Parsd®93;
ASHRAE, 2001). Recalling that exergy
thermodynamic state of any system departs from thfatits
surroundings and expecting a similar trend for viersibilities
(exergy losses), one could wonder whether thernubaéign has
exergy-saving or entropy-efficient criteria. If stne may think of
irreversibility-based indices as prospective quatitie parameters
to assess thermal comfort, based on a rationalbapprcombining
both first and second laws of thermodynamics.

Last but not least, it is worth remembering thaadly-state was
assumed for preliminary calculations herein perinthe analysis
of transient equations is beyond the scope of wusk. Yet, it is
known that beyond a critical head temperature gegit) a sharp
shift occurs from heat loss through insensible evaion to heat
loss via sweating (Guyton, 1995). With respectimetabolic heat
release, there is also a similar set-point shifnfibasal to shivering-
induced and it is interesting to observe that ksetipoints depend
on skin temperature. Reminding that humans are #bleither
acclimatize or acclimate, i.e., to naturally orifaially acquire
physiological response changes after long exposuegther hot or
cold environments, it is worth investigating potahttonnections
between the coefficientH introduced by OTCI definition
(Boregowda, Tiwari and Chaturvedi, 2001) and theidtactors for
thermal comfort. One should recall that OTCI degend entropy
generation rates while calculations herein preserdepend on

irreversibility rates () or irreversibility rates per unit of ared"().
However, by properly identifying a reference tengpereT, in the
surroundings, one can relate these irreversibifitgs by means of
Gouy-Stodola relation (Kotas, 1985; Bejan, 1988ar§at, Morris
and Steward, 1988).

Concluding Remarks

As suggested elsewhere (e.g., definition of PMVredzted
mean vote and PPD - predicted percentage dissaljsfenergy
balance (i.e., first-law analysis) for occupanttsdb is a necessary
condition for thermal comfort but it may not be afficient one.
Recognizing that both ambient and personal (huntamditions
affect thermal sensations, one may attempt to asstser hotness
or coldness experiences by taking into accountstwond-law of
thermodynamics as well. By lumping information teth to both
ambient and occupant, an analysis combining finst second laws
may enable one to identify process thermodynanetfigiencies as
exergy losses (irreversibilities) thus helping eaeuantify thermal
efficiency either at optimal conditions (minimumeegy loss) or at
non-optimal conditions, with thermoregulatory meukans
rendering thermal discomfort.

An underlying question refers to the human bodycepgbility
to irreversibilities resulting from its own thernegulatory
mechanisms and this paper suggested more insighexdrgetic
analysis of thermal comfort, bearing in mind a pexdive
definition of an irreversibility-based index. Acdimgly,
preliminary calculations were performed following @odel
framework that evoked empirical heat-transfer datiens for a
human clothed body and the so-called conceptuat heknce
equation, which is based on a steady-state enea@ante for the
human body.

For a sitting person under distinct combinationsawbient air
and mean radiant temperatures, results showed athainimum
irreversibility rate may exist for particular comhtions of ambient
air and mean radiant temperatures. In addition, cbynparing
irreversibility contributions from each energy irgetion, results
suggested a stronger influence of both clothinfisérfced heat
transfers’ mechanisms, i.e., convective and ragidtieat transfers,
on total irreversibility rate. Among those two manfsms, exergy
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losses become lower whenever the body is abletsfier more heat

increases & t via convection other than by thermal radiation, ehhicould be

linked to a prospective “preference” for losing e convection
for thermoregulation purposes.

Despite results may eventually encourage the diefiniof an
irreversibility-based thermal comfort index, it sta be stressed
that irreversibilities were here calculated relyiog a steady-state
assumption, which can be quite restrictive. Inahadiother
scenarios, potential links to thermal comfort clafor future
analysis or improvement as, for example, eventunds| between
intrinsic irreversibilities and basal metabolic srdcomfort zone
levels as well as between avoidable irreversibgitiand the
departure of such minimum physiological condition.

Bearing in mind second-law efficiency of thermoriegory
mechanisms for a resting person, this paper atesrptput forward
a model framework to identify minimum irreversibjlirates for a
wide range of air temperature. As it is well knownjnimum
irreversibility rates imply minimum entropy geneoat and, thus,
maximum second-law efficiency. Finally, as therbtere reviewed
in this work suggests, comfort thermal sensatiodlearly attached
to minimum human-body exergy consumption-rates,ctvhs also
expected to render neutral thermal sensation Vid8&/) or neutral
predicted mean vote (PMV).

Future developments may improve or extend the mmepho
model framework as, for examplé) broader range of,,4 values,
(ii) distinct body conditions (e.g., performing phyiactivity) and
(iii) different boundary conditions (e.g., surroundirggsclimatic
regions). It is believed that a comprehensive exé&aance of the
human body may lead to a better understanding ofaluthermal
comfort and its relation to irreversibility rates.
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