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ABSTRACT

In order to determine the energy needed to arti-
ficially dry a product, the latent heat of vapori-
zation of moisture in the product, hy, must be
known. Generally, the expressions for he re-
ported in the literature are of the form hgy =
h(T)f(M), where h(T) is the latent heat of vapori-
zation of free water, and f(M) is a function of the
equilibrium moisture content, M. But expres-
sions of this type contain a simplification be-
cause, in this case, the ratio hg/h would only
depend to the moisture content. In this article a
more general expression for the latent heat of
vaporization, namely hy = g(M,T), is used to de-
termine h¢, for banana. To this end, a computer
program was developed which fits automatically
about 500 functions, with one or two independ-
ent variables, imbedded in its library to experi-
mental data. The program uses nonlinear re-
gression, and classifies the best functions ac-
cording to the least reduced chi-square. A set of
executed statistical tests shows that the gene-
ralized expression used in this work given by hg
= g(M,T) produces better results of h¢ for ba-
nanas than other equations found in the litera-
ture.

Keywords: Energy; Agricultural Products; Dried
Banana; Heat and Mass Transfer

1. INTRODUCTION

One of the important stages in several productive
processes, in the most different areas of human activity,
is that regarding the drying of bodies or products consti-
tuted by porous materials. As example, drying is used in
the following fields: foodstuff, ceramics, pharmaceutical
and paper industries. The drying of a wet body can hap-

Copyright © 2012 SciRes.

pen in a natural or artificial way. In the case of artificial
drying, the most common method for agricultural pro-
ducts is to heat up the air, decreasing its relative humidity,
and soon after to transfer it, in a given velocity, for the
ambient in which it is placed in contact with such pro-
duct. Then, there is a continuous process of transfer of
heat from air to inside the body. Simultaneously, there is
transfer of moisture from the interior of the body to its
surface, and from the surface to the drying air, in the
form of vapor.

In several studies on artificial drying of a product, it is
observed that the determination of the amount of energy
requested in the process depends, among several factors,
on the latent heat of vaporization, hg, of water in the
product. In addition, in the determination of the apparent
thermal diffusivity to describe the heat transfer from air
to inside the product, hy is required [1-11]. In some
works, latent heat of vaporization is neglected to describe
heat transfer from air to inside product during the drying
process [12]. In several works, when researchers do not
know hgg in given drying condition, they use latent heat
of vaporization of free water, h [1,4,7,10]. But hy in ge-
neral is significantly different of the latent heat of va-
porization h of free water, and it is dependent on the
studied product. So, many researchers have conducted
studies with objective of determining expressions for the
calculation of hyy for several products during the drying.
Brook and Foster [13], cited by Brooker et al. [14], de-
termined expressions for the calculation of hyy for several
products, using experimental data, presupposing that the
relation hy/h for a given product could be written
through a function which depends only of the moisture
content of the product.

The expression proposed by Brook and Foster [13] is
used in works about drying simulations of agricultural
products as, for example, in References [15,16]. Al-Ma-
hasneh et al. [17] studied moisture sorption thermody-
namics of defatted sesame meal and they found good
result admitting that the ratio hig/h depends only on
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moisture content. Prado and Sartori [18] also used the
general expression proposed by Brook and Foster [13] to
study simultaneous heat and mass transfer in packed bed
drying of seeds having a mucilage coating. Corréa et al.
[19] modified the function hy/h proposed by Brook and
Foster [13], and they fitted the modified function to the
data obtained for corn. Kaleemullah and Kailappan [20]
determined an expression for the calculation of hyy for red

chillies using experimental data obtained for this product.

In these works aforementioned, the dependence of the
ratio hi/h with the temperature of the product was not
considered.

The objective of this article is to investigate the de-
pendence of the ratio hg/h with the temperature of the
drying air for a given product, and to verify if that de-
pendence is significant in the determination of an ex-
pression for hy. In addition, it was studied a way of in-
cluding such dependence in the determination of an em-
piric expression for the calculation of hyy for bananas. In
this study, the obtained expression was compared with
other available ones in the literature.

2. MATERIAL AND METHODS

In order to obtain an expression for the calculation of
the latent heat of vaporization, hy, of the water in a pro-
duct, usually the Clausius-Clapeyron’s equation is used
(see, for example, Smith et al. [21]), supposing that the
ideal gas equation can be applied to the vapor, being ne-
glected the volume of water in the liquid phase. A usual
procedure in the solution of the Clausius-Clapeyron’s
equation consists in the integration of this equation con-
sidering hyy as a constant value between two given states.
For free water, the latent heat of vaporization, h, is ob-
tained with the same previous procedure, being substi-
tuted the partial pressure of water vapor, P,, by the par-
tial pressure of water vapor at saturation, Ps. In this way,
observing that P, = ®P,, where @ is the relative hu-
midity of the air, and comparing the expression obtained
for hyy with the expression obtained for h, both in the
same temperature band, we write (see, for example,
Brooker et al. [14]):

hi _ ln(q)lpvsl)_ln(cbzpvsz) 1)
h InP, —InP, '

vsl vs2

If ® and P, are determined for the states 1 and 2,
the ratio he/h, given by Eq.1, is known. In this paper, the
relative humidity of the air, @, will be determined by
interpolation of the Modified-Oswin equation fitted to
the experimental data of banana, and it was made by
[22]:

)
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where T is the temperature (C), @ is the relative hu-
midity of the air (decimal) and M is the equilibrium
moisture content (decimal, dry basis). Given M and T,
the relative humidity of the air, @, can be determined
from Eq.2.

The partial pressure of water vapor at saturation can be
determined from, for example, experimental data avail-
able in Brooker et al. [14], or in Smith et al. [21]. These
data could be used in the fit, for example, of Antoine’s
equation. However, the expression for P,s was obtained
using Riedel’s equation [23,24], because that equation
presents better indicators of fit than Antoine’s equation.
In this paper, the parameters of Riedel’s equation were
obtained through non-linear regression using the avail-
able data in Brooker et al. [14], between 0 and 85°C.
Thus, using LAB Fit Curve Fitting Software V. 7.2.48
(www.labfit.net), the obtained equation for Py is given
by the following way:

P — e[49.20—6643/(T +273.15)-4.522In(T +273.15)] 3)

where P is obtained in kPa when T is given in °C. For
the mentioned fit, it was obtained the determination co-
efficient R? =1.000000 and reduced chi-square

22, =3.78016x10° (almost perfect fit). The form of
EQ.3 results of the integration of Clausius-Clapeyron’s
equation combined with the ideal gas equation applied to
the vapor and the supposition that the latent heat of va-
porization of free water is linear function of the tem-
perature.

With Eqs.2 and 3, ® and P, can be determined for
specified values of M and T, and it makes possible to
determine the ratio hy/h through Eq.1. On the other hand,
an expression for the latent heat of vaporization of free
water is given by [14]:

h(T)=2503-2.386T, )

where h is obtained in kJ-kg™ when the temperature is
given in °C.

In works about determination of latent heat of vapori-
zation of water in a given product, it is common to admit
that the ratio hy/h, in a given temperature interval, only
depends on the moisture content of the product. Brook
and Foster [13] proposed the following equation:

h
14 A, 5)
h
where the parameters A and B are determined by curve
fitting. Corréa et al. [19] proposed a modification in
Eq.5:
h c
% =1+ Ae™ . (6)

Having EqQ.4, and knowing the parameters of EQs.5
and 6, the last two equations can be rewritten to calculate
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latent heat of vaporization of water in a product of the
following way:

h, =(2503-2.386T)(1+ Ae®™ ) @)
and

h, = (2503—2.386T)(1+ e ) ®)

Obviously, in EQs.7 and 8 it is supposed that the latent
heat of vaporization of water in the product is given by a
function expressed by two other, with separation of vari-
ables, in the form:

hy, =h(T)f(M). ©)

g

In this paper, it was investigated if a more general
function, without the previous supposition of separation
of variables, given in the form expressed by EQ.10, de-
scribes the latent heat of vaporization of water in a pro-
duct better than EQ.9:

hy =g(M, T) (10)

The procedure used in the investigation for bananas
involved five levels for the equilibrium moisture content,
M (0.10; 0.15; 0.20; 0.25 and 0.30 db), and four levels
for the temperature, T (10°C; 20°C; 30°C and 40°C). The
calculation of the ratio hy/h through EQ.1, for a given
equilibrium moisture content, M, in a specified tempera-
ture, T, presupposes the knowledge of the relative hu-
midity of the air, @ , in two states, named 1 and 2. Thus,
the relative humidity of the air was calculated, through
EQ.2, in a state 1, with T; = T + 1°C, and in a state 2,
with T, = T — 1°C. The two states around T could be
characterized by other values, as 0.5°C, for example,
instead 1°C. However, the chosen band, defined by 1°C,
produces the same results that the band defined by 0.5°C
and, then, the first band was used in the calculations. The
partial pressure of vapor at saturation was calculated
through Eq.3 and this makes it possible to calculate the
ratio hg/h using EQ.1. Then, the value of hgy could be
determined for each M and T, since h(T) can be calcu-

lated by the EQ.4. Thus, through curve fit, the parameters
A and B of EQ.7 could be determined, or the parameters
A, B and C of EQ.8. The analysis of the results for the
points (M, T, hi/h) could indicate if the consideration of
constant value for ¢/h, with respect to the temperature, is
correct or not. If such consideration is not correct, the
determination of another expression can be tried for hy,
proposing a more general function of M and T. For such,
the “Finder” option of LAB Fit® software was used.
This option fits, in an automatic way, about 500 compact
functions of one and two independent variables con-
tained at its library to the experimental data. This tool
was developed by first two authors of this paper and it
was incorporated to LAB Fit® since version 7.2.18. The
main characteristic of “Finder” is to determine empiric
equations seeking to the description of experimental data.
“Finder” classifies the best fitted functions through least
reduced chi-square. When the expression for hy is de-
termined through “Finder”, a comparison between this
expression and those expressions obtained by fittings of
EQs.7 and 8 will be made. Such comparison will be ac-
complished with base in the following statistical tests:
coefficient of determination, reduced chi-square and t-
Student test.

3. RESULTS AND DISCUSSION

For the specified values for temperature and equilib-
rium moisture content in the banana, Table 1 could be set
up, which indicates the relative humidity of the air, @,
calculated through Eq.2.

On the other hand, using the Eq.3, the partial pressure
of water vapor at saturation could be determined, in the
neighborhoods of each specified temperature: Py (T, =
T+ 1°C) and Pys; (T, =T — 1°C). The results are shown
in Table 2.

With the results obtained in Tables 1 and 2, Eq.1 can
be used for determination of the ratio hy/h for the values
of the temperature and moisture content previously
specified, and it resulted in Table 3.

Table 1. Relative humidity of the air, ®, obtained through Eq.2 for banana, in the neighborhoods of the established temperatures.

T(C)
10 20 30 40
M (db)
2 1 2 1 2 1 2 1
9 11 19 21 29 31 39 41
0.10 0.4012 0.4046 0.4189 0.4226 0.4383 0.4424 0.4599 0.4644
0.15 0.4913 0.4948 0.5096 0.5134 0.5294 0.5336 0.5510 0.5556
0.20 0.5559 0.5594 0.5739 0.5776 0.5932 0.5972 0.6140 0.6184
0.25 0.6049 0.6083 0.6222 0.6258 0.6407 0.6446 0.6605 0.6646
0.30 0.6435 0.6467 0.6600 0.6635 0.6776 0.6813 0.6964 0.7003

Copyright © 2012 SciRes.

OPEN ACCESS



W. P. da Silva et al. / Agricultural Sciences 3 (2012) 214-220 217

Table 2. Partial pressure of water vapor at saturation obtained
through EQ.3, in the neighborhoods of the established tem-
peratures.

T(C) 10 20 30 40

1: Py (kPa) 1.3158 2.4914 4.5004 7.7923

2: P (kPa) 1.1511 22014 4.0126 7.0043

Table 3. Ratio hi/h calculated through Eq.1 for banana.

T(CC)
10 20 30 40
0.10 1.0631 1.0711 1.0812 1.0913
0.15 1.0531 1.0600 1.0689 1.0780
0.20 1.0469 1.0519 1.0586 1.0670
0.25 1.0419 1.0466 1.0529 1.0580
0.30 1.0371 1.0427 1.0475 1.0524

An observation of Table 3 indicates that the depend-
ence among hi/h and the temperature exists for given
moisture content. For moisture content equal to 0.10, for
example, the percentile discrepancy of hey/h between 10 e
40°C is of, approximately, 2.65%. Then, it is evident the
introduction of a systematic error when such ratio is de-
scribed by EQ.5 or 6. This can be visualized by the fit-
ting, for example, of EQ.5 to the data of Table 3, as
shown in Figure 1. Figure 1 shows that all the points
involving the temperatures 30°C and 40°C are located
above of fitted surface while the points involving the
temperatures 10°C and 20°C are below.

On the other hand, the latent heat of vaporization of
free water can be obtained through Eq.4, and it is shown
in Table 4.

Once obtained the values of the ratio hy/h (Table 3)
and h (Table 4), the latent heat of vaporization of mois-
ture in the banana, hy, can be obtained by multiplication
of the two values, and it is shown in Table 5.

An observation of Table 5 makes it possible to say:
the bigger the equilibrium moisture content of banana is,
the more hy approximates the value of h. On the other
hand, comparing the data of Table 4 with the data of
Table 5, it can be noticed that a considerable error is
made when substituting h for hy. The smallest error be-
tween hy and h is 3.6% (T = 10°C; M = 0.30), and the
bigger is 8.4% (T =40°C; M =0.10).

The fit of EQ.7 to the data of Table 5 gives the expres-
sion:

h, =(2503-2.386T )(1+0.0991e "> ) (11)
with hgg in kJ kg'; T in °C and M decimal. Eq.11 in-

volves four parameters, although two have only been

Copyright © 2012 SciRes.
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Figure 1. Eq.5 fitted to data of Table 3. The full circles repre-
sent experimental points above or on the surface, and the empty
circles below it. Each vertical line gives an idea of the distance
between the experimental point and the surface.

Table 4. Latent heat of vaporization for free water, h, obtained
by Eq.4.

T(CO) 10 20 30 40

h(kJkg™" 2479 2455 2431 2408

Table 5. Latent heat of vaporization of moisture in banana, hgg,
(kIkg ).

T(C)
M (db)
10 20 30 40
0.10 2635 2630 2628 2628
0.15 2611 2602 2598 2596
0.20 2595 2582 2573 2569
0.25 2583 2569 2560 2548
0.30 2571 2560 2546 2534

determined by curve fitting in the present paper. About
the fit, the following results are presented for the accom-
plished statistical tests. With respect to the reduced
chi-square, it was obtained ., = 448.92. For the coef-
ficient of determination, it was obtained R? = 0.756869.
For t-Student test, it was obtained P(t) = 0 for two deter-
mined parameters. Details on these statistical tests can be
obtained, for example, in Bevington and Robinson [25]
or in Taylor [26]. A plot for the function hy = (M,T),
given by EQ.11, is presented in Figure 2.
For Eq.8 fitted to the data of Table 5, it was obtained:

0.4156
h,g=(2503—2.386T)(1+0.1936e’2'42°M j (12)

with hyg in kJ'kgfl, T in °C and M decimal. EQ.12 in-
volves five parameters, although three have only been
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Figure 2. Plot of hy(M,T) obtained by the proposed model
through Eq.11. The full circles represent experimental points
above or on the surface, and the empty circles below it. Each
vertical line gives an idea of the distance between the experi-
mental point and the surface.

determined by curve fitting in the present paper. With
respect to the statistical tests, it was obtained R* =
0.760549 and y., = 467.58. The t-Student test for the
first parameter indicates that the probability that this pa-
rameter is zero is 74.8%. The second parameter has a
probability equal to 19.0%, and the third, 71.2%. The
plot of the function h¢y (M,T), given by EQ.12, is shown
in Figure 3.

From statistical indicators 2, and R* we can’t con-
clude that EqQ.12 is better than EQ.11 to describe data of
Table 5. In addition, three parameters of EQ.12, deter-
mined by curve fitting, have a considerable probability of
being zero, in spite of the obtained values. This means
that the model given by EqQ.12 should be rejected as ex-
pression for the calculation of the latent heat of vaporiza-
tion of water in banana. On the other hand, the fit which
resulted in EQ.11 has very bad statistical indicators, and
this equation should also be rejected as expression for the
calculation of latent heat of vaporization of water in ba-
nana.

As the inspection of Table 3 indicates a considerable
dependence between the ratio he/h and the temperature,
functions of the type suggested by Brook and Foster [13],
given by EQ.9, with separation of variables, cannot be
the more adapted to express the latent heat of vaporiza-
tion of water in banana.

Using LAB Fit®’s Finder for the data of Table 5, the
software related the best functions among the existent
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ones in its library. The one that best represents the data of
Table 5 is the function identified by the order number
given by 450:

f=AM®) DT, (13)

where A, B, C, and D are the parameters of the fit.
After fit of this function to the data, it was obtained:

(14)

where hy, is obtained in kJ-kg "' when M is decimal and T
is given in °C. EQ.14 involves four parameters, all them
determined by curve fitting in this paper. Statistical indi-
cators to the nonlinear regression of this function were
obtained as it follows: R* = 0.996725 and 2, =3.514.
In this fit, all the parameters are significant because, for
all them, t-Student test is zero: P(t) = 0. The indicators of
the quality of this last fit are much better than those re-
ferring ones to EQs.11 and 12 and, for this reason, EqQ.14
can be considered as an option for the determination of
latent heat of vaporization of water in banana. The plot
of hyy (M,T), given by Eq.14, is presented in Figure 4.

The idea of the precision of a result obtained by Eq.14,
in comparison to the corresponding value in Table 5, can
be given performing the calculation of hiy with M = 0.10
and T = 20°C, for example. For such values of M and T,
it is determined h, =2631 kJ-kg ' (EQ.14) and
h, =2630 kJ -kgfEil (Table 5), and this means that the
two values have a percentile discrepancy of only 0.04%.

Naturally, the more precise the results obtained by
EQ.2 for @ are, the better will be the results obtained
by Eq.14 for hy,.

For the determination of the uncertainty of a value ob-
tained through fitted function, the covariance matrix
must be known, and this matrix also is given by LAB
Fit® software (see EQ.15).

With the covariance matrix known, the uncertainty of
a value calculated by EQ.14 is determined by error pro-
pagation [27]:

n n f
Ohyg = \/ZZ(’ﬁT._COV(Zj’Zk) >

(—1.782x10’2 —34570x10’4T)

hy, =2529.1M —2.386T

(16)

j=1k=l1 j aZk

where f is given by EQ.13, n is the number of fitted pa-
rameters, and cov(z;,z) is the covariance between the
parameters z; and z,. In EQ.15, the element (1,1) is
cov(A,A), the element (1,2) is cov(A,B), and so on. Then,
performing the calculation of hy again, with M = 0.10

1.925x10! 4.240x107
| 4240x107  9.848x107
-1.336x10™* -3.105x107®
-6.400x107" —-1.407x107*
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-1.336x10"  —6.400x10™"
-3.105x10° —1.407x107* (15)
1.177x10°  5.318x10°°
5318x107°  2.548x107
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Figure 3. Plot of hiy(M,T) obtained by the proposed model
through EQ.12. The full circles represent experimental points
above or on the surface, and the empty circles below it. Each
vertical line gives an idea of the distance between the experi-
mental point and the surface.
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Figure 4. Plot of hy(M,T) obtained by the proposed model
through Eq.14. The full circles represent experimental points
above or on the surface, and the empty circles below it.

and T = 20°C, the complete result obtained by Eq.14,
including uncertainty calculated by error propagation, is:

hy, =(2631.0£1.9) kJ-kg™ (17)
with a probability of 95.4%.

4. CONCLUSIONS

The analysis of the obtained results for banana, in the
temperature band of 10°C up to 40°C and moisture con-
tent between 0.10 and 0.30 (db) makes it possible to af-
firm:

1) As the ratio hiy/h depends on the temperature, for
given moisture content, functions of the type of Eq.10
are more suitable than those given by EQ.9 for the de-
termination, by curve fitting, of an empiric expression
for the latent heat of vaporization of water in banana.

2) For banana in drying process, the latent heat of va-

Copyright © 2012 SciRes.

porization hyy decreases with the increase of the moisture
content and the increase of the temperature.

3) The statistical indicators of the fit which resulted in
EQq.13 suggest that such equation is a good option for the
determination of the latent heat of vaporization of the
analyzed product.

4) The obtained results for banana suggest that the
proposed methodology in this paper can constitute in a
good alternative for the determination of empiric expres-
sions for the latent heat of vaporization of water in an-
other products.
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