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Abstract

Entropic analysis makes it possible to determine the equilibrium of a system with its environment, but heat exchange at
boundaries is a difficulty in this exercise. In this article, we establish the energy balance of a water liquid and air mixture:
the Gibbs-Duhem equation is used to describe the balance. Diffusion terms are expressed while accounting for volume
changes and their entropic contributions, leading to an expression for fugacity. After mixing, the mixture spontaneously
evolves combining mechanical, chemical and thermal changes towards equilibrium. This latest is solved assuming either
an isenthalpic or isentropic transformation in the balance, to highlight the energy exchange between the system and its
environment. Some irreversibilities are included in transformations and primarily affect the chemical path. The comparison
reveals heat transfer terms corresponding to uncompensated heat. This analysis illustrates the concept of uncompensated
heat and introduces its complement, the apparent heat, which corresponds to enthalpy. The models explain the limiting
phenomena involved in spray cooling, whose efficiency varies depending on whether the process follows an adiabatic or
an isenthalpic path. The isenthalpic model was applied to literature data to estimate experimental cooling efficiencies over
a wide range of operating conditions. However, further modelling work is needed to express the scaling factor for fugacity
as a function of the droplet size distribution. The mechanical pathway also requires more attention and dedicated measure-
ments are needed to include pressure drops in the analysis.
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OF THERMODYNAMICS

1. Introduction

Spray cooling of air, heat exchangers or electronic devices al-
lows adapting heat-releasing systems to our actual atmosphere,
overheated by climate change. Many studies were carried on to
describe the spray cooling efficiencies and their related operat-
ing parameters in various evaporative applications: for a direct
use outdoors [1], in direct heating, ventilation, and air condition-
ing (HVAC) systems [2—7], in indirect or M-cycle air coolers
[8—11], for heat releases in chillers [12—15] or cooling towers

[16—21], or electronic applications [22,23]. Most of the time, re-
sults are given according to a simplified thermal analysis: effi-
ciency is found by comparing results to the guess state, which is
the saturated state of air. Because of the spontaneous and uncon-
trolled nature of evaporation, attention is not paid to the physical
processes that alleviate efficiency. The complete evaporation of
a spray is rarely observed in experimental studies reported in the
literature [1,3,6]. Actual development in spray cooling tech-
niques relies on intermittent injection, in order to save water and


http://www.imp.gda.pl/archives-of-thermodynamics/

Lacour S., Feidt M.

Nomenclature

Cp — molar heat capacity, J mol* K1

d —droplet diameter, m

H - enthalpy, J

HR - relative humidity, %

Hvap— enthalpy for water phase change, J mol*
k —scaling factor

M —mass of compound, kg

M — molar mass, kg/mol

n —mole of compound, mol

N — number of droplets, m

P — pressure, Pa

R —ideal gas constant, J mol! K

S —entropy, JK?

Sd¢ — entropy for partial pressure change, J K
Sv - entropy for volume change, J K!

Svap— entropy for water phase change, J mol! K
T —temperature, K

V  —volume, m?

X —evaporated mole of water, mol

let the system dry out regularly [24]. Nevertheless, spray cool-
ing techniques would surely be improved if more care was paid
to the exceeding liquid water, remaining as a result of non-ideal,
not the so-called adiabatic, cooling. Hence, irreversibilities have
to be studied, which can be done using entropy analysis.
Entropic analysis in classical thermodynamics allows the
study of the irreversibilities of a system that undergoes transfor-
mations. Advances in thermodynamics of finite physical dimen-
sions integrate these irreversibilities into methods of optimizing
energy systems [24]. Entropy is often used for spray in order to
predict the size of spray droplets using the maximum entropy
formalism [26]. Le Moyne et al. in [27] explored the concept of
scale entropy, shifting from the self-similarity theory to the so-
called ‘close-to-fractal’ evolution to describe spray atomization.
Such mechanistic approaches are less suited when dealing with
evaporative cooling because the focus is mainly on the thermal
change, not addressed in mechanics. Combined heat and mass
transfer phenomena are also usual problems handled with ther-
modynamics. Water in moist air is one of the well-documented
ones [25,28]. The entropy of moist air was studied in atmos-
pheric problems. Dynamic and thermal pathways were exam-
ined to assess the entropy production in the Earth's atmosphere
and study the piston effect of convection with moist air [29]. The
chemical pathway is added to describe convective motion in
cloud formation [30]. In the latest, local entropy deficits explain
convective air entrainment and cloud size evolution. Piston ef-
fect in spray and moist air was even exploited for an evaporative
engine in [31]. For an evaporative cooler, the entropy analysis is
a basis for exergy assessments [28,32,33]. Most of the key psy-
chrometrics processes used in HVACR (heating, ventilating, air
conditioning and refrigeration) were studied by Ratlamwala and
Dincer [33], using various definitions for energy and exergy ef-

Greek symbols

a —exponent in the scaling factor

Bi — coefficient in the evaporation temperature relation
y —adiabatic index

p — phase density, kg m3

ui —chemical potential of water in phase i, J mol*

dQ — heat exchange, J

oW — work exchange, J

Subscripts and Superscripts
d —droplet

eq —equilibrium

f —final state

g -—gas

i —initial state

I —liquid

v —water vapour

vap— vaporisation

m  — initial mix (liquid+gas)
t - total of compounds

x —related to vapour at the early stage of evaporation
0 - standard state

ficiencies. For an evaporative cooler, they considered a com-
plete evaporation of the liquid water in the process. Energy effi-
ciencies were, however, highly different according to the bene-
fits brought by such an ideal process and its related efficiency
definition. In the work of Santos and Barros [34], the second law
gives an interesting insight for assessing the exergy efficiency
of air washers. In the same way, entropy analysis was success-
fully used by Wang et al. [35] for the optimization of a M-cycle
cooler. Smekar et al. in [16] also used the entropy approach to
link local temperature fluctuations and their related entropy to
the efficiency of a cooling tower. Majunath et al. [36] used the
second law of thermodynamics in a heat exchanger to reduce
irreversibilities with an optimal design. Like in [34] or [35], the
entropy generation is used for quantifying irreversibilities. How-
ever, in an adiabatic cooling method, such as spray cooling, both
entropy generation and entropy transfer are critical factors that
influence cooling efficiency. The transformation during spray
cooling involves multiple pathways related to chemical, thermal
and mechanical changes. Therefore, it is essential to integrate
these pathways into a comprehensive energy analysis of the sys-
tem.

Defining a system consists of delimiting a portion of the Uni-
verse, whose behaviour is described in detail and which is op-
posed to the rest, that is, “its environment”. The existence of the
system is thus based on the notion of the geometric dimensions
assigned to the system by defining it. The transfer of mass and
energy at the boundary is generally described, but that of entropy
at the boundary is rarely addressed. Bejan [28] evokes the diffi-
culty associated with accounting for these transfers in his work.
He underlines the problem of boundaries of isolated systems,
which are often subjected to temperature gradients.

The isolated system is a limit case, with no transfer of mass
or energy to the environment. The absence of transfer simplifies
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the description of system transformations, making it ideal. The
actual state observed generally differs from the ideal state: this
is then attributed either to imperfections in the insulation of the
system (transfers), or to irreversibilities (internal productions)
which prevent a return to the initial state. The distinction be-
tween irreversibility and transfer is delicate: the two terms, gen-
erally second-order, are often confused. In open systems, energy
transfer at the boundaries occurs, internal irreversibilities are
present and are easily confused with the irreversibilities of trans-
fers. Exchange at the boundaries also includes the transfer of
matter, but the latter does not better explain the distinction be-
tween entropic and thermal transfer at the boundaries. The pur-
pose of this paper is to highlight the distinction between transfer
terms and internal irreversibilities in spray cooling. Therefore,
we study the spontaneous evolution of a mixture of air and liquid
water in free conditions. Mixing generates an imbalance, which
causes the two phases to evolve towards a state of equilibrium.
In the Lagrangian approach, the mixture evolves spatially in
a tunnel at the entrance of which we carry out the mixing, and at
the exit of which we recover a mixture assumed to be in equilib-
rium: we describe an open system in a permanent steady state.
In the Eulerian approach, the description involves the temporal
evolution of the mixture in a spatially limited closed space,
which exchanges energy at its boundaries. A succession of trans-
formations details the chemical, thermal and mechanical pro-
cesses at work in the evolution of the mixture. The Gibbs-Du-
hem equation, extended to this non-isolated system, brings to-
gether these three types of thermal, mechanical and chemical
processes in a global equation of evolution. The equilibrium is
expressed with an assumption regarding chemical equilibrium
and two alternatives for the thermal equilibrium. The internal
irreversibilities for this system control the position of the chem-
ical equilibrium, while the heat transfer terms are of small am-
plitudes. Entropic transfers systematically differ from thermal
transfers and analytically explain the notion of uncompensated
heat.

2. Materials and methods

2.1. Mixing moist air with liquid water

Mixing operation induces a temporary non-equilibrium state in
the system’'s components, enabling the extraction of a useful ef-
fect such as cooling during the relaxation back to equilibrium.
Mixing is often used to quicker obtain an equilibrium state, add-
ing convection transport to diffusion processes. Optimization
serves to minimize the cost of creating an imbalance state, while
maximizing the service provided. This approach is not the sub-
ject of our description and we are not interested here in the en-
ergy cost of unbalancing. On the other hand, we use entropic
analysis to identify the parameters that impose the final position
of the equilibrium. Indeed, these parameters describe the acces-
sible final state. We use a method based on the control volume
approach [37] to describe the evolution of the energy terms cor-
responding to the movement towards equilibrium of our mix-
ture.

Entropy analysis allows identify the intrinsic physical limi-
tations of our mixture. Just as Chambadal and Curzon-Al-

born [38] demonstrated that Carnot's efficiency was inaccessible
due to the need to have a temperature gradient to carry out heat
transfer, we seek here to express the effective cooling obtained
from the mixture of air and water. Entropy analysis is one way
to achieve this. We apply it here to operating mixing conditions,
given a quantity of humid air at a known temperature and hu-
midity (T, Mg, HR) and a quantity of liquid water (M), Tw = T).
In a stationary or permanent dynamic regime, (Mg) and (My) will
be quantities per unit of time, while they will be the extensive
quantities in the Eulerian approach. Such a mixture of humid air
and water is a classic thermodynamic system. Many authors
have shown that the evolution of these mixtures involves a path
of transformations, which combines thermal, mechanical and
chemical modifications [32,39]. Most of the time, particularly in
exergy approaches [36], the final state is assumed to correspond
to the adiabatic saturation state of the air. Adiabatic saturation is
related to the reference state, assuming infinite air volumes.
In a finite volume, the final equilibrium state differs from adia-
batic saturation. To describe the effective cooling, a succession
of transformations makes it possible to express the mechanical,
thermal and chemical contributions. These are detailed in the
following paragraph. Physical processes are broken down to
simply express transformation terms.

2.2. Path of transformations
2.2.1. Evaporation stage

A quantity of water (x) is transformed into vapour and this
physicochemical transformation modifies enthalpy, entropy and
chemical potential by modification of the reference values. For
enthalpy, the reference values are preferred to its definition with
internal and PV energies (where PV energy arises from the
pressure (P) and volume (V) of fluid): enthalpy is more likely
used in this form in evaporative cooling. Thus, we have:

dH= (Hg — H))dx = Hyepdx, 1)
ds= (S; - S))dx = Syapdx, (2)
dp = (Hyqp — TSyap)dx. 3)

2.2.2. Vapour diffusion stage

Water in the vapour state occupies a volume Vy greater than the
volume occupied in the liquid state. This volume of gas diffuses
into the total volume of air V4 and generates entropy. This con-
tribution is obtained by writing the variation in volume entropy,
between the initial state V; and the final volume Vs, for each com-
ponent j of the gas mixture containing ng moles of air, and by
deriving with respect to the evaporated quantity dx:

= RY .. InL = Var €73 Vig
S, =RY;n;In Vi R(ng In o +xIn v +n;ln V”).
Neglecting the volume variation for the liquid content and
assuming that water evaporates at a constant atmospheric pres-
sure, one obtains

ng+x

+ x1n

S, = R(ng In

ng+x _ x
" )=> ds, = —Rin_“—dx. (4

ng
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This term corresponds to the diffusion of vapour in the gas vol-
ume. At constant pressure and temperature, it represents the
non-ideality resulting from the gas volume and molar increase
associated with the phase change. Due to its form, this term is
assumed to balance the fugacity required for a non-ideal reac-
tion. The homogenization of the partial pressures of water va-
pour and liquid water is also accounted for by expressing the
diffusion entropy according to the mixing law, known as Ama-
gat’s diffusion. The Amagat’s diffusion is also balanced with
partial pressure terms in the chemical potential.

2.2.3. Compression stage

Our diffusion model does not keep the volume. Hence, a com-
pression step is added to keep an isochoric evolution. The gas
volume (Vg + V) is compressed to retrieve the initial volume Vg
through an isentropic compression following:

PVY = const.

(®)

Temperature, pressure and volume are modified and affect all
three paths. Although the mix composition does not vary during
this step, all changes are related to the evaporated quantity,
which determines the initial volume of this step. For an ideal
gas, we get

ng+x

) dx,
ng

from which the pressure drop and thermal changes are estab-
lished, where Ty, is the initial mixing temperature, used here to
alleviate notations.

PdV=—yRT,, ( ©6)

2.2.4. Cooling stage

The energy required to convert dx moles of water from liquid to
vapour produces a significant decrease in thermal energy, which
results in a decrease in the temperature of a mixture and a pres-
sure drop. The pressure change modifies the chemical potential:

()
(8)

dH = n,C, ndT,

VdP = nngT,

dx

(g — p)dx = RT ln

©)

2.3. Gibbs-Duhem equation

The Gibbs-Duhem equation brings together the different contri-
butions of the thermal (dH), mechanical (VdP) and chemical
((ug - w)dx) pathways, revolving around the evolution of en-
tropy, written in the form

dH =VdP + (u, — w;)dx + TdS. (10)

This equation makes it possible to track the energy redistribu-
tions, which take place as the transformations progress. The or-
der of the transformations does not matter. All the terms detailed
before are reported in Table 1 and brought together in Eq. (10)
by equating all terms of the first column to all those of the sec-
ond, third and fourth columns.

Any modification of the thermal state (dH) has repercussions
on the entropy. Similarly, the chemical and mechanical states
also contribute to the entropy term TdS. In all the transfor-
mations, the Gibbs-Duhem energy terms are balanced. The ex-
haustive writing of the terms makes it possible to analyse the
energy redistributions from one path to another, as shown in
Fig. 1.

System Environment

| Work r—b [6W]

Internal
energy
du

Mechanical path: V.dP

|| Entropic

term =)

Internal
redistribution
Gl

[60Q]

Chemical path: Zp.dn;

Fig. 1. Energy variation of control volume in its evolution towards
a state of equilibrium: storage in internal energy, energy
redistributions and exchange with the environment.

Table 1. Decomposition of energy terms in Gibbs-Duhem equation corresponding to dx moles of liquid water, which evaporates at a constant volume

(see text for the stage description).

Thermal path Mechanical path Chemical path 8Q -sw
Operation dH = VdP + (ug = ul)dx +TdS
Evaporation Hyqpdx (Hyap — TSyap)dx TSyapdx
. x
S'V""'"g RTIn ( ) —RTIn <n — x) dx
Y 0 0 g+ g RT,,dx
v » X
. n(ei)e | (e
n = n =
. x \ x \ n, +x ng +x\" x \
Compression  yRT,, dx | yRT, dx RT In dx —RTIn dx —RT, dx
ng +x ng +x ng ng ng +x
T i+ A\ (nth_m - ngR)riTy
- g _
Cooling n,CpdT ngRAT RT In [a (T) ] dx e ll (ng + x) ] ”
Ta\ ny
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Likewise, the term TdSq corresponds to the balancing of par-
tial pressures. It was identified by Amagat as a diffusion en-
tropy, which reflects the irreversibility of mixing. In our pro-
posal, we brought out dS,, the variation in entropy associated
with the change in volume: this term balances with the fugacity
in the chemical potential. The pressure drop recovers mechani-
cal dissipation, marking the irreversibility of cooling. The whole
entropic term TdS therefore contains dissipations, related to dif-
fusion and mechanical degradations. It is not in exact corre-
spondence with the thermal term dH, in the sense of [35]: the
first describes the thermal energy transfer with the environment,
while the second characterizes conversion processes that modify
the thermal state of the system.

The entropic term governs heat exchange with the environ-
ment. In this, it is difficult to assess the reversible or irreversible
nature of the subterms. Many terms are associated with the re-
duction of chemical potential and pressure. Others correspond
to the thermal change in enthalpy and the change in the entropy
of formation.

3. Results and discussion

3.1. Chemical potential of moist air with liquid water

Evaporation is driven by the chemical potential. The chemical
potential, in exergy approaches concerning moist air, is ex-
pressed with the change of state term (Hvap — TSvap) and the par-
tial pressure equilibrium (Sq). For pure water, the potential is
positive at ambient temperature and becomes negative at 100°C.
Spontaneous evaporation is not possible. Mixed with ambient
air, the chemical potential is set to zero at adiabatic saturation
conditions for the air; it is the reference state — or dead — state
used in exergy approaches [28]. In the present work, the entropy
of volume change was used to express the fugacity without using
a reference state.

Thus, the chemical potential is completely defined and
evolves during evaporation: very negative at start, it increases

Chemical potential during evaporation

-u- dH=0 sat. J
o |-4- ds=0
S I
= (=]
o w
E
juc
ST
=z
£ 3
c
) e 7
s 9
o
8 ]
[=J—
2 -
' T T I
0.0 0.1 0.2 0.3

Moles of evaporated water (mol)

Fig. 2. Evolution during evaporation of the chemical potential,
for an isenthalpic or isentropic transformation.

with the quantity of water evaporated, as can be observed
in Fig. 2. The spontaneous evaporation ends when the chemical
potential becomes positive. At zero, an equilibrium is found and
the evaporation is stopped. This occurs before saturation, be-
cause the contribution of fugacity (S,) is larger than the constant
related to saturation conditions.

The vapour diffusion term (S, entropy of volume change, in
red in Fig. 3) compensates for the positive terms. It is enough
for a water molecule to break away from the liquid phase and
pass into the much larger volume of gas; the number of possible
positions (probable state) of this molecule is very large. This is
the meaning of the entropy of volume change in a probabilistic
approach (statistical mechanics). This entropy, very important at
the start of the reaction, reduces as the number of vapour mole-
cules increases. Hence, the diffusion of vapour initiates and con-
trols the evaporation. As the liquid was neglected, this model

Decomposition of chemical potential

8
s 3
£ )
= o
= —6— Lvap-T.Svap | dmu=0 Sat.
:.{_- —&— Sd
=2 |—— Sv
k<) é —— Sp
2 .
E =
K
8
o
o
o T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Moles of evaporated water (mol)

Fig. 3. Process contributions to the chemical potential.

applies only to a disperse spray mixture but gives, at Au =0, an
estimate for the cooling efficiency of a mixture for the given op-
erating conditions inside a finite volume.

3.2. Towards the equilibrium state

The evaporation of liquid water in air is a spontaneous reaction
requiring a negative chemical potential. Also, setting the chem-
ical potential to zero (the third column of Table 1 equals zero) is
the condition for ending spontaneous evaporation and defining
the chemical equilibrium. The cancellation of the chemical po-
tential does not involve dx, nor dT, and is written as

_ _ npg+x x T
0= Hyqp — TSpap+ RT In (nl_x = Tm).

11)

Furthermore, cooling by evaporation of water in air is generally
called adiabatic, which provides a second boundary condition.
Classically, the overall process is assumed to be isenthalpic with
dH = 0. The temperature gradient is then written as a function of
the quantity of water evaporated, by making a series expansion
of the exponent term (y), which gives for the isenthalpic case:
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Hyap+VRTm

dT = -dx( V2R ) (12)
ntCpm ngntCpm
Integrating gives:
x2
T=Tm‘ﬁ1x_ﬁ27 (13)

_ Hyap+YRTm

with B, = and g, = V-RTm_

ntCp,m ngneCpm’

The adiabatic system is without heat exchange with the out-
side, meaning that the entropic term is cancelled, TdS = 0. There,
entropy reaches an extremum. As the production of entropy in
the system can only be positive or zero, the isentropic equilib-
rium position corresponds to a minimum of entropy. By making
the chemical equilibrium match with the minimum entropy,
Eq. (11) is introduced into the entropic term to express the tem-
perature gradient as a function of the quantity of evaporated wa-
ter:

dT = —dx (A) (14)
NntCpm — Rng
After integration, it yields:
T=T,—fx wWith f =—2o (15)

ntCpm — Rng’

Introducing this latest expression of T(x) into the isentropic
equation dS = 0 gives the expression for the chemical equilib-
rium at the minimum entropy:

0= Hvap = (Tn — ﬁlx)svap+

YR (T, — Byx)In (uiw) (16)

np—x ng Tm
3.3. Comparing isenthalpic and isentropic solutions

The root of Eq. (16), namely, the isentropic solution, is assessed
using an equation solver between 0 and n;, the molar quantity of
injected liquid water. The same procedure is applied to the isen-
thalpic case, combining Egs. (11) and (13) (results are written
later, in Eq. (18)).

Differences between the isenthalpic and isentropic ap-
proaches are illustrated for the following given operating condi-
tions:

My=1145g, Tq=T;=33°C, Mi=6g, HR =40%.

Solutions are given in Table 2 for both cases. Chemical equilib-
rium is reached before evaporating all the injected liquid water
in both cases.

The isentropic line, corresponding to Eq. (14), is represented
inred in Fig. 4 and the blue line corresponds to the isenthalpic—
Eq. (12). These curves represent the isentropic and isenthalpic

Table 2. Temperature and evaporated liquid mass at chemical
equilibrium of mixture for two cases.

Equilibrium temper- Evaporated mass

Case ature (°C) (g)
Isenthalpic 25.3 3.5
Isentropic 23.6 3.3

Moist air diagram

Humidity (kg v /kg as)
0.016 0,018 0.020

0.014

0012
I

T T T T
290 295 300 305 310

Temperature (K)

Fig. 4. Temperatures and quantities of liquid evaporated at equi-

librium, assuming isenthalpic or isentropic transformation. Marks

represent the equilibrium positions, the black curve is the satura-
tion curve and the dotted black one is the air isenthalp curve.

evolution of temperatures with the evaporation. The equilibrium
points are represented with the marks. In both cases, the final
equilibrium state has a temperature above and a humidity below
the adiabatic saturation point. Isentropic cooling, i.e. without
heat exchange with the environment, provides access to a lower
equilibrium temperature and ensures better cooling by evaporat-
ing less water. In the isenthalpic case, the surrounding environ-
ment transfers heat to the mixture: equilibrium temperatures are
higher and water consumption is slightly higher than in the is-
entropic case. To increase cooling, the quantity of liquid water
injected can be increased, as shown in [40].

3.4. Exchange with the environment

In the isentropic case, there is no heat exchange with the sur-
rounding environment. It is the ideal case, where cooling is max-
imum. The real case, closer to the isenthalpic model, is not adi-
abatic, because dSeq > 0 (dSeq = 32 J/K, in the previous condi-
tions). Heat (6Q = TdS) is transferred from the hot surrounding
environment to the cooled system: the entropy of the system in-
creases despite the drop in temperature. Inserting the isentropic
equation (Eq. (14)) into the TdS term gives the following equa-
tion, where redistributions are identified:

(Ton = B12X)Svap ] TdS [formation]
R(T,, — Byx) 1 (—T'”‘Bl"i"”—”>
8Q = TdS = dx TR = B In (0 - TdS[u] (17)
+Rngpy TdS [P]
— 1 CymPy | TdS [H]
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Entropic terms resulting from energy redistributions, via chem-
ical, mechanical and thermal pathways, are identified according
to the following methods: the thermal path is balanced with
terms in the first column, the mechanical path with terms in the
second column and the chemical path with terms in the third col-
umn. This latest includes only the diffusion process and the
phase change was separated. Entropic contributions are quanti-
fied at equilibrium for the previous test conditions and compared
for the isentropic and isenthalpic cases in Table 3.

Table 3. Heat exchange TdS according to chemical, thermal
and mechanical paths (Eq. (17)).

TdS at equilibrium Isenthalpic Isentropic
Formation: TS, 35160 34940
Chemical: TdS [u] 8510 8710
Mechanical: TdS [dP] 13230 16940
Thermal: TdS [dH] = apparent heat —47260 —60550
Total transfer 9646 ~0

As 60 and dS have the same sign, the entropy production
pathways are identified. Thus, the phase change corresponds to
a net creation of entropy (TdS [formation]). The reduction of the
chemical potential by diffusion corresponds to an increase in the
entropy of the system (TdS [«]). The loss of pressure is also
a source of increase in entropy (TdS [dP]). Thermal cooling de-
creases the total entropy. Cooling is the only operation that ab-
sorbs entropy (TdS [dH]), while changing state is the operation
that produces the most (see Fig. 5).

Decomposition of T.dS (J) at equilibrium

(=]
o
§ -
dS[dH]

o - m ..
8
S - Formation| dS[Mu] | dS[VdP]
(8Y]

m dH=0
= ® dS=0
[= D
(=]
o

Fig. 5. Heat exchange with the environment for
the isenthalpic and isentropic cases.

Apparent heat corresponds to the transfer of latent energy
into sensible energy (TdS [dH]). The term ‘apparent heat’ is the
usual term, although it is here a question of cooling. This energy
transfer is internal to the system, but perceptible by measuring
its temperature. In the isenthalpic case, this term is more or less
equal to the latent energy transfer, i.e. the energy required for
modifying the enthalpy of formation due to phase change.

In the isentropic case, there is no exchange with the environ-
ment. The case is however irreversible, because irreversible dif-
fusion processes are taken into account in the Gibbs-Duhem
equation. This case is truly adiabatic (without any exchange with
the environment), even if irreversible. Compared to the isenthal-
pic case, the energy dissipated in the pressure loss and diffusion
is increased. So, the irreversibilities rise in the isentropic case.
But the apparent heat increases more, as shown in Fig. 5: at equi-
librium, the system is colder because the latent energy transfer
is increased. This internal transfer is sufficient to compensate for
the energy dissipation. The absence of heat input from the out-
side prevents any heating of the system.

In the isenthalpic case, heat from the outside (remaining
term: 9646 J) corresponds to uncompensated heat; it is not
linked to the system temperature and represents 20% of the ap-
parent heat. It is not perceptible by a temperature measurement,
but contributes to the reactive blocking. It includes some PV en-
ergy changes related to pressure drop by cooling and irreversible
diffusion as well.

Irreversibilities and cold production both increase in the is-
entropic case compared to the isenthalpic case. Comparisons to
measurements show that real cases are close to the isenthalpic
and are not truly adiabatic.

3.5. Efficiency of spray cooling

The isenthalpic equilibrium, described by Eq. (11) with the tem-
perature coming from the isenthalpic Eq. (13), is given by

2
0= Hvap - (Tm = Bix— B x?) Svap +

x2
R (T = fix = 4,5 n (12 BT (g

n—x ng Tm

It is solved for various operating conditions using real data for
cooling air with a spray. Measurements were obtained by Sur-
heshkumar et al. [4] for the first series, and by Tissot et al. [5]
for the second series. In both papers, operating conditions
(Ty, Tg, My, Mg, RH) at the wind tunnel inlet are fully given (or
retrieved from air volume rate and wet bulb temperature). The
atmospheric pressure was not given and we take the standard
value in calculations (101 325 Pa).

The standard spray cooling efficiency is given by the ratio
between the air temperature decrease between the inlet and the
outlet, versus the maximal decrease, given by the difference be-
tween wet and dry bulb temperature:

Treal_Tg,inlet

n - wa,g,inlet_Tg,inlet. (19)

An average temperature at the outlet was computed from op-
erational conditions and Eq. (18). Modelled temperatures are
compared with measurements made at the wind tunnel exit in
Fig. 6 for the first series and in Fig. 7 for the second one. A per-
fect efficiency would have been achieved if blue temperatures
were aligned with the red ones. In all these experiments, satura-
tion was not reached.

A good agreement was found between the real efficiency of
spray and the temperature derived from modelling chemical and
thermal equilibrium (Figs. 6 and 7). The evaporation rate is also
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Fig. 6. Temperatures measured by Sureshkumar et al. [4]: dry
bulb (green) and wet bulb (red) at the wind tunnel inlet, modelled

(blue) and observed (black line) at the wind tunnel outlet.
The green-red interval corresponds to the ideal cooling.
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Fig. 7. Temperatures measured by Tissot et al. [5]: dry bulb
(green) and wet bulb (red) at the wind tunnel inlet, modelled
(blue) and observed (black line) at the wind tunnel outlet.

close to measurements and the temperatures at the outlet were
close to an equilibrium. However, the isenthalpic model needs
scaling for obtaining such results; the fugacity term was scaled
with a scaling factor k.

dS, = —RT In—2—.

ng+x

(20)

The scaling was needed because the liquid content was ne-
glected in writing the entropy of volume change. The volume of
vapour starts from small volumes around droplets and should
therefore depend on the droplet concentrations. This is the
meaning of the scaling factor, which is related to the volume
concentration of droplets:

K = Mgtx (nl—xﬂ>a

ne \ n pg

(21)

Differences between the experiments depend precisely on
the droplet concentrations and sizes. The reported sizes are
about 10—-30 pum in Tissot et al. [5] and bigger in Sureshkumar
et al. [4], of about 100 um to 300 um. The surface of the liquid
was, however, equivalent in the experiment, because Sureshku-
mar et al. compensated for the small specific surface of droplets
by injecting more water. Evaporation of large droplets is more
likely related to a droplet size reduction. Due to the high capil-
lary pressure inside the liquid, evaporation reduces droplet num-
bers rather than the diameters for small droplets [41]. The vol-
ume of liquid is expressed by

_u=M _ Ngmd3

Vl =
pL 6

(22)

Reducing the size of droplets (dg) does not have the same
effect on the volume concentration as reducing the number of
droplets (Ng). The volumetric concentration depends on whether
Nq or dq varies with x, according to Eq. (22). This changes the
exponent « in the scaling factor (Eq. (21)), which is 6/8 for the
evolution of dq [4] and 1/8 for the evolution of Ng [5]. The aver-
age value for k (all data of each series) is given in the figures’
titles and is related to the hypothesis made on how the volume
fraction of droplets decreases with evaporation.

As shown in Fig. 8, heat exchange at the boundaries accounts
for more than 20% of the cooling power in the study of Tissot
et al. [5], and for approximately 10% in the case of Sureskumar
et al. [4]. The relationship between boundary heat and the sys-
tem follows a linear trend with the temperature gradient for Tis-
sot’s measurements, but more discrepancies are observed in
Sureskumar’s measurements. This can be attributed to the
higher water content; the temperature gradients are scattered by
the water temperature during mixing. The liquid content also in-
fluences the calorific capacities of mixtures. The heat exchange
corresponds to the uncompensated heat involved in irreversible
processes, such as water vapour diffusion or pressure drop. The
more evaporation and efficient cooling, the greater the irrevers-
ibility of the processes. Even when cooling is balanced by water
evaporation, other energy redistributions are involved in evapo-
rative cooling. These energies prevent the system from reaching
the saturated state and govern the effective cooling efficiency.

The model accounts for some of the observed phenomena re-
ported by the authors. The measurements made by Tissot et al.
were made at 5 cm and 20 cm downwards the injection point.
Measurements were very close in both sections for most of the
cases. As the chemical equilibrium was reached, the maximum
permissible cooling was achieved under the operational condi-
tions. Hence, the chemical potential explains why evaporation
was rather null between sections. Results also indicate that the
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equilibrium is rapidly achieved. In half of the data of [4], the in-
jection of water was in the counter-current direction of the air
flow. Such an orientation fails to improve cooling efficiency no-
tably, which is mainly limited by the chemical blockage. It may
help, however, to get more homogeneous temperatures at the out-
let, but was not seen as an explanation factor for improving our
estimate.

4. Conclusions and perspectives

By using the Gibbs-Duhem equation to describe the evaporation
of liquid water in air, it is possible to study the irreversible pro-
cesses in the evolution of such a mixture. Four stages are used
to distinguish processes and quantify the governing energy path-
ways of the system, involving mechanical, chemical and thermal
energy changes. The Gibbs-Duhem equation allows to study en-
ergy redistributions and identify the limiting phenomena when

multiple pathways are involved.

With spray cooling, the physicochemical evaporation reac-
tion governs the evolution of the mixture and rules the cooling
efficiency. The chemical potential is depleted before the air
reaches the adiabatic saturation, due to irreversibilities associ-
ated with the diffusion of water vapour in gas: the variation of
the volume entropy allows expressing a chemical fugacity and
thereby sizes the ending state of the mixture. The chemical po-
tential limits the quantity of spontaneously evaporable water,
although vapour diffusion is a process that requires little energy.
Other entropic contributions, such as the change of state of water
molecules or loss of pressure through cooling, are more im-
portant sources of entropy production. Apparent heat (here, ap-
parent cooling) absorbs this production.

In an isentropic transformation, the cooling is maximum and
fully compensates for the entropic production, half of which is
linked to irreversibilities in the chemical (diffusion, formation)
and mechanical (pressure drop) pathways. The transformation
takes place without any heat exchange with the outside. In an is-
enthalpic transformation, the quantity of water evaporated is quite
similar, but the cooling is less. Heat is received from the hot sur-
rounding environment and provides an increase of entropy of this
system. For such a transformation, the chemical potential also
limits the cooling, but the heat received from the environment re-
duces it. The isenthalpic transformation is not adiabatic, due to the
need for this uncompensated heat, which is necessary for the sys-
tem evolution. An isentropic cooling is more efficient than the is-
enthalpic cooling and it corresponds to a minimum of entropy.
However, entropy production is higher for the isentropic cooling
and is compensated by a higher destruction. Both cases do not
reach the adiabatic saturation when considering a finite volume.

The isenthalpic equilibrium was applied to real measure-
ments. A scaling was made to account for the volume concen-
tration of droplets in the fugacity model. When scaled, results
were found in good agreement with the literature data regarding
the spray cooling efficiency. The equilibrium equation gives es-
timates of efficiencies over a wide range of operating conditions
and could help in improving management of spray cooling. The
entropic analysis also provides insights about some reported ob-
servations and gives an estimate of heat transferred from the sur-
rounding into the system. Surface tension phenomena have to be
further described to provide more details about the scaling factor
used to correct fugacity. Further experiments, including pressure
measurements, are required to assess the ability of the approach
to handle with combined pathways, to assess the mechanical en-
ergy depletion in such systems.
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