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Abstract. In this work the Second Law of Thermodynamics was applied from the use of exergy analysis to account for
exergy destruction (entropy production) and Second Law efficiency in human body under basal conditions. The
thermal model of human body was divided in 15 cylinders with elliptical cross section (which generates a model with
realistic dimensions) representing: head, neck, trunk, arms, forearms, hands, thighs, legs, and feet. For each cylinder a
combination of some of the following tissues was considered: skin, fat, muscle, bone, brain, viscera, lung, and heart.
The heat conduction equation with constant heat generation is solved for each cylinder. From this model it was
possible to obtain heat and mass transfer to the environment through skin due to radiation, convection and
evaporation, as well as mass fluxes due to respiration (difference of temperature and humidity of inspired and expired
air). It was also possible to obtain the transitory response of body due to a variation on environment conditions
(temperature dependence with time). The Second Law of Thermodynamics was applied through the use of exergy
analysis. So, it was necessary to obtain the exergy fluxes due to heat and mass exchange on skin (radiation, convection
and evaporation) and exergy transfer by respiration fluxes. Also, it was possible to calculate exergy variation
(temperature dependence with time) of each compartment’s tissue and blood whose sum leads to entropy variation of
the body. Results indicate that, although entropy production decreases with aging, the second law efficiency also
reduces, the energy contribution of heat and mass fluxes was considerable, but exergy contribution was poor.
Simulations were carried out for different parts of the body. With the exception of the head and trunk all human parts
have lower exergy contribution of metabolism than exergy destruction. Also, the exergy analysis was used as a tool to
determine the constants of thermoregulatory system equation. The minimum exergy destruction and maximum second
law efficiency led to the constant that resulted in similar behavior of experiments.

Keywords: Human Body; Exergy Destruction; Second Law efficiency; Aging
1. INTRODUCTION

The exergy analysis is a combination of the First and Second Law of Thermodynamics. From the concept of
destroyed exergy (or entropy production) it is possible to compute the irreversibilities associated with human body and
these quantities are always greater or equal to zero.

One of the first authors that tried to describe life as a function of the physical quantity entropy was Schrddinger
(1945). He claims that the body extracts negative entropy from the environment to compensate the entropy produced
continually. He used the idea of statistical mechanics that relates entropy with the degree of order of the system to
affirm that the organism absorbs continually order from the environment.

Prigogine and Wiame (1946) proposed a principle that a biological organism tends to progress to a state of minimum
entropy production (minimum entropy production principle), their theory is based on the foundation that most of
entropy production is related to metabolism. Because Second Law dictates the direction of increasing chronological
time it is often referred to as "time's arrow".

Several authors performed experimental studies attempting to confirm the minimum entropy principle. Stoward
(1962) studied the entropy production in bacterial culture. Zotin and Zotina (1967) examined different organism (from
trout eggs to organism). Balmer (1982) studied the fish Nothobranchius guentheri, a species that lives in interment
rivers of the East Africa and has the life cycle of 12 months. They all based the idea that most of entropy production is
related to metabolism. Other authors, such as Aoki (1987, 1989, 1990, 1991), Rahman (2007), Silva and Annamalai
(2008, 2009) analyzed the entropy generation over the lifespan and their results confirmed the minimum entropy
principle. Batato et al. (1990) performed the exergy analysis and found that, although the energy losses to the
environment are considerable, the exergy losses are very small and the Second Law efficiency is almost zero. Ferreira
and Yanagihara (2009a) performed a similar analysis, but using a numerical model for the thermoregulatory system
which leaded to similar results. Prek (2005, 2006) and Prek and Butala (2010) aiming to obtain the relation between
exergy consumption and a combination of environment conditions with thermal comfort simulated a two node model of
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human body. Finally, Albuquerque Neto et al. (2010) propound models for the respiratory system and thermal system to
perform the exergy analysis of the human body under physical activities.

The purpose of the present work is to apply the exergy analysis on the thermal model developed by Ferreira and
Yanagihara (2009b). Most of the analysis in the literature involves the calculus of entropy production as function of
lifespan, but not much has been talked about the Second Law efficiency as function of aging. The exergy analysis was
applied as a function of environment parameters. Furthermore, the analysis was performed to investigate the
experimental constants of the thermoregulatory system. The aim is to obtain a response for a set of specific anatomic
parameters that is close to experimental results.

2. MODEL DESCRIPTION

The human thermal model developed by Ferreira and Yanagihara (2009b) is composed of the thermoregulatory and
passive system. The first is related to physiological responses to changes in thermal environment or activity level:
vasodilatation or constriction, shivering and sweating. The second includes heat conduction inside the body, heat
transfer by convection because of the flowing blood and heat and mass transfer between the body and the environment.

As presented by Ferreira and Yanagihara (2009b), the global data of the anatomic model used are: height 1.76 m,
weight 67 kg, surface 1.8 m? and volume of 0.0627 m*. The human body was divided in 15 cylinders representing the
head, neck, trunk, arms, forearms, hands, thighs, legs and feet which represent a model with realistic dimensions. Each
cylinder has a combination of some of these tissues: skin, fat, muscle, bone, brain, viscera, lung and heart. With
exception of the head and trunk, that have composition as function of the cross section, all cylinders have composition
independent of the cross section.

The heat conduction equation with constant density and specific heat and internal heat generation (metabolism) is
solved for each tissue. The numerical solution is achieved using a coordinate transformation which transforms an
elliptical cylinder in Cartesian space in a parallelepiped in the new coordinate system. To calculate the heat transfer
between tissues and blood it was necessary to divide vessels in two classes the small ones (that can be treated as part of
continuum) and the big ones. The model is similar to the one proposed by Pennes (1948) with the difference that the
arterial blood temperature depends on the position inside the tissue and it is not equal to the body core temperature. The
big vessels can be modeled as proposed by Wissler (1985), using two reservoirs, one of arterial blood and other of
venous blood, with exception of the trunk that is modeled with only one reservoir. From this model it is possible to
obtain heat and mass transfer to the environment through skin due to radiation, convection and evaporation, as well as
mass fluxes due to respiration (difference of temperature and humidity of inspired and expired air). It is also possible to
obtain the transitory response of body due to a variation on environment conditions (temperature dependence with
time). A representation of the model is indicated on Fig.1.
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Figure 1. Overview of the passive system model, showing possible boundary conditions, geometry and circulatory
system used in each segment. Adapted from Ferreira and Yanagihara (2009b)
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To perform the simulations that correlate exergy destruction and age, an equation proposed by Harris and Benedict
(1918) that correlates age, height and weight with metabolism was used for an adult man. For all other simulations the
metabolism chosen was 79.1 W (middle aged person) originally used in Ferreira and Yanagihara (2009b). Table 1
indicates the results of metabolism as function of age. Ages lower than 18 years was not considered because the mode
dimensions were fixes for an adult.

Table 1. Metabolism as function of age for men using Harris and Benedict (1918) equation

Age M (W) Age M (W)
18 84.3 40 77.0
20 83.6 50 73.7
25 82.0 60 70.4
30 80.3 70 67.1

2.1. Thermoregulatory system

In Ferreira and Yanagihara (2009b) model, of thermoregulatory system comprises the mechanism of vasodilatation
and constriction, shivering and sweating. Equation (1) is used for the vasomotor mechanism (variation of blood flow to
the skin) and was proposed by Savage and Brengelmann (1996)

Awy =k, (Thy _Thy,o) +Ky (T = Ta0) 1)

where, dwg, (M*/(m’.s)) is the skin blood perfusion rate variation (814x10° < Awg <3345 m*/(m>.s)), k; and k; are
constants whose values are 1810x10° and 181x10® m*/(m?.s) respectively, Ty, and Ty, (K) are the hypothalamus
temperature and reference temperature (brain temperature in the model - ), Ty and Ty (K) are the skin temperature and
reference temperature.

The equation proposed by Nadel et al. (1971) calculates the evaporation of sweat as indicated in Eq. (2).

Tsk,O

Ts i
Esw,i = [k3 (Thy _Thy,O) + k4 (Tsk _Tsk,O)]eXp (kl—

2
0 ) )

wherez, Eqwi (W/m?) is the evaporation of sweat in segment i, k; and k, are constants whose values are 197 and 23
W/(m*K).
The Eq. (3) is similar to the one proposed by Gordon et al. (1976) and can be used to calculate the shivering.

M sh = k5 (Thy _Thy,o) + k6 (Tsk _Tsk,o) + k7AQ (3)

where, Mg, (W) is the change in the metabolism due to shivering (0 < Mg, < 429W), ks, ks and k; are constants whose
values are 250W/K, 40W/K and 0,06, and 4Q (W) is the difference between heat lost through skin in any instant and in
thermal neutrality.

2.2. Heat and mass transfer to the environment

Assuming symmetrical and uniform environments the heat transfer due to convection can be calculated as indicated
in Eq. (4):

Qc = Afcl hc (Tcl _Ta) (4)

where, Q. is the rate of heat transfer by convection in W, T and T, are the external surface temperature of the
cloth and environment temperature in K, respectively, A is the body area in m? fy is the ratio between the surface
area of the clothed segment and the nude one, and h, is the convective heat transfer coefficient in W/(m? K) (Dear, et
al., 1997).

The heat transfer due to radiation can be calculated as indicated by Eqg. (5):

Qr = Afcl hr (Tcl _-Fr) (®)
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where, Q, is the rate of heat transfer by radiation in W, T, and fr are the external surface of the cloth temperature and
mean radiant temperature in K, respectively, and h, is the linear radiant heat transfer coefficient (Dear, et al., 1997) in
W/(m2 K).

If the person is naked, T in Eq. (4) and (5) becomes the skin temperature (Tg) and fy becomes equal to 1.

The combined effect of heat transfer due to radiation and convection can be calculated using Eq. (6).

T, -T
Q +Q =—*—- ©)
Ry +——+
f.h

cl

where, T, is the operative temperature (K), Ry is the thermal resistance of the cloth (m?K/W), and h is the combined heat
transfer (convection + radiation) coefficient in the element in W/(m? K).
The enthalpy flow rate associated with evaporation at surface of each element can be calculated by Eq. (7).

P, —#.P
E— ,A\wvvvsk—‘/ﬁalvvna )
Re ot
' fclhe

where, E is the enthalpy flow rate due to vapor mass fluxes trough skin in W, Py, is the water vapor pressure at the skin
surface temperature, P, , at the environment temperature (both in Pa), w is the skin wettedness (varies from 0.06 when
there is only water diffusion, to 1.0 when the skin is completely wetted by sweat), @ (%) is the relative humidity of the
air, Ry is the resistance to the evaporation imposed by clothes (m°Pa/W), and h, is the evaporative transfer coefficient
of the element in W/(m?Pa) (calculated from convective heat transfer coefficient using the analogy between heat and
mass transfer).

The enthalpy flow rate to the environment due to respiration can be calculated by Eq. (8).

Rres = mrescp,a(Tex _Ta )+ mres (a)ex hW (Tex) - a)ahw (Ta)) (8)
where, Ry is the enthalpy flow rates due to respiration in W, my is the pulmonary ventilation in kg/s, ¢, is the specific
heat at constant pressure of the air in kJ/(kg.K), Te and T, are the temperatures of the expired and inspired air,
respectively, we and w, are the absolute humidity of expired and inspired air, respectively, and hy,p(Tex) and hy,p(Ta) are
the vapor enthalpy at expired and air temperatures, respectively (kJ/kg).

As indicated by Fanger (1967), the pulmonary ventilation rate is directed related to the metabolic internal energy
variation (M - metabolism) as indicated by Eq. (9).

m,.. =1,433.10° AM ©)

The First Law of Thermodynamics (Eg. (10)) can be used to obtain the time dependent internal energy variation due
to a transient environment conditions (dU/dt| 47) in W. Note that the total internal energy variation with time is dU/dt=-
M+ dU/dt]| 4.

du

—| =M-W+Q,+Q,+E+R (10)
dt |5

2.3. Exergy analysis

The Exergy Analysis was applied on the control volume indicated in Figure 1. In order to develop the exergy
balance it is necessary to have the environment/reference conditions such as temperature (T, and Tg), pressure (P, Pg)
and relative humidity (@, and @,). It is also necessary to know a time history of the temperature of the tissues and blood
for all compartments nodes. The model was considered naked. Equation (11) indicates the exergy balance and Eq. (12)
the application on human body. Note that dB/dt is the total variation rate of the exergy of the body and dB/dt|,; is
temperature dependent of the total variation of the body exergy, both in W.
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dB T
®_$o-ga-gofib)u-s,

Bdest = Bc + Br + BE + Bres +(BM _?j_B

—W (12)
)

where, B is the rate of exergy destruction, By is the metabolic exergy rate, W is the work done by the body, Bqr, Bac,
Be and Bg are exergy contribution of radiation, convection, evaporation and respiration respectively, all and dB/dt| 4 is
the temporal variation of the exergy of the body. All magnitudes are in W.

Batato et al. (1990) achieved that the metabolic internal energy and the metabolic exergy are very close (difference
below 3%). So, the approximation By, = M can be used. It is important to note that metabolic exergy constitutes a part of
dB/dt.

Equation (13), indicate the exergy associated with heat exchange with the environment due to radiation. In Eq. (13),
T IS the skin temperature (K).

T
B =Q (1— —°J (13)
Tsk
The exergy contribution of convection can be calculated as indicated by Eq. (14).
T
B, =Q, (1— —°j (14)
Tsk

The vapor diffusion through skin can be calculated by the Eq. (15). The First term of this equation is related to
vaporization of the sweat on the skin, the second term is related to the difference in the concentration of saturated vapor
near the skin and the concentration of the vapor in the environment.

P
B, =— mw(hfg —Tosfg)+ m,R,T, In[ F;VYSKJ (15)

w,0

where, m,, is the mass flow rate of water evaporated and diffused through skin, hy; and sy, are the enthalpy and entropy
of vaporization respectively, R, universal gas constant of water in kJ/(kgK), Pys and Py are the partial pressure of
water vapor at skin temperature and at the environment respectively, both in Pa.

The exergy associated with the respiration can be calculated from Eq. (16), and due to the inspired and expired air
fluxes. This equation was divided in two, one related to the dry air (Eqg. (17)) and the other related to the water (Eq.
(18)). Note that the second term in both equations becomes zero if the adopted reference is equivalent to the
environment conditions. In Eq. (18) c,, is the specific heat of the vapor in kJ/(kgK) and R, universal gas constant of the
air in kJ/(kgK).

By =—(>m,b, - > b, )= —(AB, - AB,) (16)

P
AB, =m, cp‘air(TeX -T,—T, In[TﬂB +R,T, In[ a'exj —
TO Pa,O
P
Myes| Cpair| Ta = To = To IN Ta +R,T,In| =22%
Y TO Pa,O

(17
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The time variation of the exergy can be calculated as indicated by Eq. (19), with the hypothesis of no volume
variation of the model. The first term is the temporal variation of the internal energy and can be calculated from Eq. (7).
The second is the temporal variation of the body entropy and can be calculated from each element (hand, arm, forearm,
etc) as indicated on Eq. (20).

(18)

dB du ds

— == -T,— (19)
dt|, dt[y Cdt|,

dS element j dSbl tlssuej

dt], Z _Z( dt  dt (20)

where, dSy/dt is the temporal variation of entropy in the blood compartment (Eq. (21)) and dSysse/dt is the time
variation of the entropy in the tissues (the blood in the small vessels are considered in the tissues), both in W/mK.

Equation (21) gives the entropy variation on the blood reservoirs, where the subscript ar indicates arterial and ve
indicates venous blood reservoir. Tarx, Tark+t, Tvex @nd Tyex+1 are the temperatures of the reservoir j in the instant k and
k+1 and cy, is the specific heat of the blood.

T T
dSbI — d ar Jcbl | ark+1 Ve JCbl | ve,k+1 (21)
dt  dt Tork Toex

Equation (22) gives the entropy variation on the tissue i (skin, fat muscle, etc), Trissuex Ttissuex+1 are the temperatures
of the tissue i in instants k and k+1 respectively and Cysqe iS the specific heat of the tissue.

ds d T

tissue __ tissug ,k+1
dt - dt zmtissuqctissuq In T

i tissug ,k

(22)

Using Gibbs relations for each compartment, it is possible to obtain Eq. (23) that should result in similar values of
Eq. (20), but with the only necessity to calculate the mean temperature (T,,) of the element (hand, arm, forearm, etc).

Y

AT Tm (23)

s
dt

The Second Law Efficiency () can be calculated as indicated by Eq. (24)

B, — B

dest

n= B,

(24)

3. RESULTS AND DISCUSSION

To simulate conditions different than thermal neutrality in the model, it is necessary to know the thermal neutrality
temperature (T,) for each age (metabolism). According to ASHRAE (1993), the range of operative temperature from 29
to 31°C provides a thermal neutral condition. Figure 2 indicates the calculated T, (for each metabolism) as a function of
age, for relative humidity of 50% and air current of 0.15m/s. The nude model was considered in stand up position. This
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figure indicates that the lowest value of thermal neutrality is on the maximum metabolism (18 years) and it tends to
increase over the life.

The principle of minimum entropy generation is valid for an adult (in this case the destroyed exergy - Bgest) as
indicated by other authors. The Second Law efficiency () also tends to decrease over the lifespan (Fig. 3). Therefore,
the maximum exergy destruction was obtained for 18 year old men. The environment conditions considered were: 32°C
and ¢$=70%.

w
w o w
o wn e

Thermal Neutrality
N
Lo
(0]

Temperature - Tn (°C)

N
(o}

10 20 30 40 50 60 70
Age (years)

Figure 2. Thermal neutrality temperature as function of age
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Figure 3. Bges; and # as function of lifespan. The environment condition adopted was:32°C and $=70%

For an adult middle aged man (metabolism of 79.1W), the thermal neutrality temperature is 30°C as indicated by
Ferreira and Yanagihara (2009b). Results presented in Tab. 2 confirns Batato et al. (1990) and Ferreira and Yanagihara
(2009a) results that although the energetic contribution of radiation, convection, evaporation and respiration are large,
the exergy contribution is almost negligible. Exergy data showed in Tab. 3 indicate that, for the neutrality condition,
with the exception of trunk and head, all parts of human body destroy more exergy than produce, nevertheless, the sum
indicates that the hole body produce more exergy than destroy (which is a expected result).

Table 2. Difference of the contribution of the energy and exergy fluxes (thermal neutrality)

(W) (W)
Q 29.0 Bor 0.35
Q. 23.2 Boc 0.27
E 19.7 Be 1.26
R 7.2 Bk 0.15
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Table 3. Each member contribution on the exergy metabolism and exergy destruction (thermal neutrality)

Biest (W) Bm (W) Biest (W) Bm (W)
Hand 14 0.3 Thigh 7.6 2.9
Arm 2.3 05 Head 6.7 15.2
Forearm 3.3 0.9 Neck 2.7 0.5
Foot 2.4 05 Trunk 24.9 50.7
Leg 4.5 1.3 Total 77.2 79.1

The exergy analysis can be a powerful tool in adjusting the constants of Eq. (1) to (3), which are determined or
from experimental results (whose values are hard to find and are specific to a person) or from methods to adjust these
constants to the specific anatomic characteristics of the model. Figures 4 to 6 indicate the exergy destruction and
Second Law efficiency as function of the thermoregulatory system. In Fig. (4), for a temperature of 30°C, the constants
of vasomotor mechanism do not affect significantly the total of exergy destruction, but it is clear that the constant used
in the model are close to the minimum of exergy destruction and close to maximum of exergy efficiency, which is
indicated in (a) and (b) by an arrow.
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In Fig. (5) the effects of the constants in total exergy destruction are poor, but the model constants values are at the
minimum values of exergy destruction in Fig. (5-a) and close to the minimum in Fig. (5-b). Furthermore, the exergy
efficiency is maximum for the model constants in Fig. (5-a), and close to the maximum in Fig. (5-b). So, the model
constants (which gives results close to experimental results) leads to (or close to) the minimum exergy destruction and
maximum second law efficiency.
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Finally, the increase in the metabolism own to shivering has different effect on exergy analysis and the effect is
more evident. The environment temperature chosen was 20°C (lower to thermal neutrality to exist the shivering). In Fig.
6 (a-c) the model constants are near the minimum of exergy destruction, but also the minimum of exergy efficiency,
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This is an expected result because an increasing in metabolism comes with an increasing of exergy destruction and on
Second Law efficiency.
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Figure 6. Exergy destruction and exergy efficiency as function of constants ks, ks and k5

4. CONCLUSIONS

In this work a thermal model was used to analyze the exergy behavior of the body. From the range analyzed it is
possible to conclude that:

The thermal neutrality temperature of a person is a function of age, and the minimum values occur when at
the time of life that the person has the larger metabolism (18 years old). For an adult the temperature of
neutrality tends to increase with life.

The theory of minimum entropy production is confirmed for an adult, the Second Law efficiency also
decreases during lifespan. Both quantities achieve the maximum value at the age of 18 years old.

The energy contribution of heat and mass fluxes are relevant, although the exergy fluxes are almost
negligible. Furthermore, with the exception of trunk and head, where the most of metabolic reaction occur,
all the human parts destroy more exergy than their exergy metabolism.

The exergy analysis can be used as a tool to determine the constants of the thermoregulatory system for
specific anatomic condition. Destroyed exergy and Second Law efficiency indicate the results that leads to
thermal response close to experiments in patients, even though the effect is not elevated the method
indicates the point a possible parameter to choose. So, the model constants (which give results close to
experimental results) lead to the minimum of exergy destruction.
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