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Abstract: The objective of this work was to determine the thermophysical and transport properties of Hancornia speciosa G.
(“mangaba”), Annona muricata L. (“graviola”), Eugenia uniflora Berg (“pitanga”) pulps. The following properties were
evaluated: thermal diffusivity, thermal conductivity, heat capacity, density and coefficient of thermal expansion. Rheological
properties were determined and adjusted to three models. The effect of temperature on the rheological behavior was also
evaluated. The pulps were further characterized in relation to humidity, °Brix, water activity, surface tension, pH and total
acidity. The results indicated agreement with literature in relation to thermophysical and transport properties, and the pulps
presented a pseudoplastic behavior. Temperature influenced the pulps properties in different aspects: higher effect on the
coefficient of thermal expansion of mangaba pulp, higher effect on the rheological behavior of pitanga pulp. The results
presented an important advance for the knowledge of food fluids, being necessary for the processing of these materials.
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1. Introduction

The knowledge of thermophysical and transport properties
of fluids plays an important role in the processing and
economic viability of materials from different industrial

sectors. The processes of interest may range from
preservation processes using temperature, such as
concentration, evaporation, pasteurization, to processes

which make use of temperature to increase solubility, as in
the mixing, extraction, or diffusion of bioactive compounds.
The lack of data or the use of uncertain data can decrease the
efficiency or even indicates a specific process as infeasible.
Parallel, in many cases, one or more thermophysical and
transport properties may change between the inlet and the
outlet of the equipment, making it difficult to control and
optimize the process. It is for these reasons that even with
process simulators with large parameter data banks, the
studies to evaluate and to determine thermophysical and
transport properties are still being conducted [1-3].

Literature has shown several works presenting properties
of foods. A recent work compiled thermophysical properties
of around 650 foods, including meat, fruits, cereals and dairy
products [4]. Besides the experimental data, predictive
models of density, thermal conductivity, heat capacity and
thermal diffusivity of a wide range of foods were also listed.
However, when dealing with foods, their complex
compositions present a great influence on these properties.
Thereby, even with many works, information of these
properties in tropical and exotic fruits is still scare.

Concerning to the transport properties, the rheological
studies has been used as the principal way to characterize and
to evaluate the fluid dynamic behavior of the most of fluids.
The rheology is important for numerous areas, and further,
for foods, understanding the rheological behavior is essential.
In the food industry, due to the sensibility and the complexity
of these materials, the knowledge of the rheology of the fluid
is necessary in several stages of processing, such as: i)
control, optimization, simulation and project of new
processes; ii) evaluation of different traditional process and
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equipment (pipelines, pumps, extruders, mixers, heat
exchangers, others); iii) determining of ingredient
functionality in product development; iv) development of
new products with special characteristics; v) control of the
quality of the food in the intermediary and final products; vi)
evaluation of food texture and it relation with the shelf life of
the product [3, 5]. For these reasons, the knowledge of

rheological properties is decisive to the food processing.

The behavior of fluid foods has been classified according
to their proximity or not to the Newtonian fluids. Among the
studies involving pulps, some of them are listed in Table 1.
The non-Netwtonian behavior observed in fruit pulps has
been attributed to the complex interactions among soluble
sugars, pectic substances and suspended solids [6].

Table 1. Short review of rheological model parameters of fruit pulps.

Food Model Fitted

Model parameters Temperature (°C)/ °Brix Ref

Araca (Psidium cattleianum sabine) pulp Power-Law

Power-Law

Cassol

Acerola (Malpighia spp.) pulp MizhariBerk

Herschel-Bulkley

Acerola (Malpighia spp.) pulp Herschel- Bulkley

Power-Law

Cassol
Butia (Butia eriospatha) pulp

Herschel-Bulkley

Power-Law

Cupuagu (T. grandiflorum Schum) pulp
Herschel-Bulkley

Guava (Psidium guajava) pulp Mizhari-Berk

Power-Law
Jabuticaba (Myrciaria spp.) pulp
Herschel-Bulkley

Power-Law

Mango (Mangiifera indica L. var. Keitt) pulp Cassol

Mizhari—Berk

Power-Law model

Pineapple (Ananas comusus L.merr var Pérola) Cassol Model
pulp

Mizhari—Berk

Power-Law

Pitanga (Eugenia uniflora L.) pulp
Herschel-Bulkley

K (Pa.s")=13.52- 32.66
n=0.17-0.25

K (Pa.s")=10.381-38.629
n=0.161-0.286

7, . (Pa)=4.342-7.394
K o (Pa.s")=0.142-0.170
7, o (Pa)=4.270- 6.542
K o (Pa.s")=0.196-0.561
n=0.312-480

7, (Pa)=19.836-45.673

K (Pa.s")=0.937-5.504
n=0.393-0.627

7, (Pa)=0.12-0.93

K (Pas")=0.32-13.93
n=0.32-0.56

K (Pas")=13.2-20.9
n=0.159-0.183

7, . (Pa)=4.36-5.62
K . (Pa.s")=0.083-0.127
7, (Pa)=19.4-36.5

K (Pa.s")=0.281-0.553
n=0.566-0.789

K (Pas")=2.73-5.37
n=0.23-0.42

7, (Pa)=(-5.10) - 10.31
Kk (Pa.s")=0.14-9.32
n=0.17-0.82

T, mo(Pa)=(- 0.4336) — 1.8219
K mb (Pa.s")=0.6918-2.6499
n=0.1062- 0.2594

Kk (Pa.s")=0.66-1.36,
n=0.43-0.47

7, (Pa)=1.05-1.62

Kk (Pa.s")=0.20-0.71
n=0.58-0.67

Kk (Pa.s")=0.65-3.63
n=0.44-0.61

7, ~129-2.92

K (Pa.s")=10.18-0.20
7, (Pa)=0.28-0.48
n=0.16-0.66

Kk (Pa.s")=0.65-5.63
n=0.15-0.24

Kk (Pas")=1.11-2.78
n=0.03-0.04

To ,mb(Pa):l.l 1-2.05

K m(Pa.s")=0.03- 0.49
n=0.2-0.5

Kk (Pa.s")=0.197-0.463,
n=0.346-0.446

7, (Pa)=0.291-0.621

K (Pa.s")=0.095-0.189
n=0.448-0.558

10-60°°C/ n.i. [7]

5-85°C/ 13 °Brix 8]

20-60°C/ 5.5-13.5 °Brix [9]

10-60°C/ n.i. [10]

10-60°C/ n.i. [11]

10-60°C/ n.i. [12]

5-85°C/ n.i. [13]

30°C/ n.i. [14]

30°C/ n.i. [14]

83-97°C/ n.i. [15]
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Food Model Fitted Model parameters Temperature (°C)/ °Brix Ref
Power-Law Kk (Pa.s")=0.81-129 Pas",
Ssire (Cnmen mudssin L) e n=0.262 — 0.444 0.4 - 68.8°C/ n.i. [16]
P ) P L Kk (Pa.s")=0.001-5.219 10-70°C, 10-50 °Brix [17]
ower-Law n=0.399-1.032
Kk (Pa.s")=2.53-7.39
Power-Law 1=0.28-0.40
T, < (Pa)"*=2.41-3.
Cassol o < (Pa)"=2.41-3.58
Strawberry (Fragraria ananassa) pulp K ¢ (Pa.s")=0.13-0.17 10-60°C/ n.i. [18]

Herschel-Bulkley

7, (Pa)=0.42-11.82

K (Pa.s")=0.66-4.51
1n=0.33-0.60

n.i= not informed

Among different types of food, fruits are considered an
important source of nutrients in human diet. The Northeast of
Brazil is represented by the large variety of tropical fruits,
many of them considered exotic. This scenery expands the
economy and creates new paths for the formulation of new
products and co-products in the food industry. Amongst the
exotic regional species of fruits in Brazil, special attention
has been given to Hancornia speciosa G. (“mangaba”),
Annona muricata L. (“graviola”) and Fugenia uniflora Berg
(“pitanga”) due to their high nutritional value, aromatic and
economic regional importance [19-30]. The characterization,
and the comprehension of the thermophysical and transport
properties of these foods are necessary to their effective use
in the commercial scale. In this context, the aim of this work
was to characterize pulps of mangaba, graviola, pitanga in
relation to the physicochemical properties, as soon as to
evaluate the thermophysical and rheological properties. For
the rheological study, three models were used to fit the
behavior of these fluids, and the effect of temperature was
evaluated by Arrhenius equation.

2. Materials and Methods

The raw materials used in this study were mangaba pulps
(Nordeste fruit; lot 09.11.07), graviola pulps (Nordeste fruit,
lot 06.11.07) and pitanga pulps (Bonsuco/ Bonito Agricola
LTDA, lot 18.06.08). The pulps were acquired frozen in local
stores and were stored in a domestic refrigerator (Metalftio,
double action, Sao Paulo, Brazil) at — 10°C until the analysis.
For the analysis, the pulps were defrosted at ambient
temperature.

2.1. Characterization of the Pulps

The pulps were characterized regarding the
physicochemical properties: pH, total acidity, heat capacity,
surface tension, water activity, humidity and °Brix, according
to the following methodologies:

a) pH: The analysis was made using approximately 5
grams of sample in 50 mL of distilled water at room
temperature. After 10 minutes shaking the sample, the
probe was inserted in the sample for the pH
determination (Digimed DMPH-2) to check the pH.

b) Total Acidity: Analysis of total acidity of the pulps was
performed based on standard methodology [31]. The

samples were titrated with NaOH (0,1N), using
phenolphthalein as an indicator acid. The acidity is
calculated by the NaOH spent as follow:

NXV x100

Acid (%) = —— 2D~ (1)

where: N is the normality of the solution, V(aom) is the
volume of NaOH (mL), and m is the mass of solution (g).
c) Heat Capacity (C,): it was determined using the
following equation (2):

k
C xp

P

a=

2

where k is thermal conductivity, a is thermal conductivity,
and p is of the fluid. These last properties were determined as
described in the section 2.2.

d) Surface Tension: The surface tension was measured in
the tensiometer (Processor Tensiometer KRUSS, K-
100) with non-diluted sample of the pulp into clean
container.

e) Water Activity (Aw): This property measured in the unit
Aqualab - Braseq (Model: 3TE Series), using the
samples of the equipment in the container.

f) Humidity: This property was determined by
measurements in circulating oven with dry air, at 70°C.
The material was kept in the oven until reaching
constant weight.

g) ‘BRIX: The analysis of soluble solids was made in the
refractometer RL2 (Nr Model 2720) with the
appropriate sample and manual handling of equipment.

2.2. Thermophysical and Transport Properties

The determination of thermophysical and transport
properties was performed using calibrated (as standard
procedure indicated by manufacturer) equipment and the
analyses were carried out as described as follows. The
thermal conductivity (k) and thermal diffusivity (@) were
measure introducing the probe of the instrument meter KD2
(Decagon - Thermal Properties Analyzer) in the non-diluted
sample of the sample, at room temperature. The density was
determined using a digital densimeter (Anton Paar, model
DMA 45000 M, Australia). The effect of temperature and °
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Brix on density were also carry out varying the temperature
from 10 to 70°C, and °Brix, from 10 to 60, for all samples.
With the values of density, it was possible to determine the
coefficient of thermal expansion (Qr,), by the Equation (3):

o =1(2) --1(2) o
vier), plor),

2.3. Rheology

Rheological measurements were performed in a rheometer
(Thermo Haake Rheometer System). The analyses were
carried out at 10-60°C with variation in the shear rate of 0 to
500 s”'. The experimental data of each pulp was fitted to
three rheological models, namely, Newtonian, Power Law

(Ostwald-de-Walle) and Herschel-Bulkley, using the
equations 4-6, respectively:
T=puy 4)
T=ky %)
T=1,+Ky" (6)

where 7T is the shear tension; g is the viscosity; yis the
share rate; x is the consistency index, n is the behavior
index, 7, is the residual tension.

The effect of temperature on the fluid viscosity was
evaluated using the Arrhenius model (Equation 7):

E
Inp, =—=+B 7
o =7 ()
where 77, is the apparent viscosity, E, is the activation

energy, R is the universal constant of gases, T is the absolute
temperature, and B is the adjustment parameter.

3. Results and Discussion
3.1. Physicochemical and Thermophysical Properties

Table 2 shows the physicochemical and thermophysical
properties of the pulps evaluated in this work. The higher
distinction observed in the samples in terms of
physicochemical properties were in the total acidity. Pitanga
pulp presented superior value (11.8%) when compared with
other pulps studied.

Table 2. Physicochemical, Thermophysical and Transport Properties of mangaba, graviola and pitanga pulps.

Properties Pulp of Fruits

Mangaba Graviola Pitanga
Humidity (%) 89.22 +0.08 88.52 £ 0.02 91.83 +0.02
pH 3.45 3.973 £0.005 2.970 £ 0.006
Acid total (%) 9.24 +0.09 72404 118403
Surface Tension (mN/m) 43.91+0.10 43.0+£0.1 45.04+0.04
°Brix 7402 9.76 £ 0.05 8.50 £0.05
Aw 0.985 + 0.002 0.982 +0.001” 0.9896 +0.0005
Density (g/mL) 1.038+ 0.003® 1.0477% 0.0006® 1.038+ 0.001 ®
Thermal Conductivity (W/m.°C ) 0.520.01 @ 0.410.01 © 0.51+0.010
Thermal Diffusivity (m?/s) 1.166 £0.005 x107 @ 1.000 + 0.005 x107 © 1.200 £ 0.005 x107®
Heat Capacity (kJ/kg.°C) 3.94 +0.099 4.3+0.10° 4.06+0.097
Coefficient of thermal expansion (°C ") 2.79 x107'® 0.63 x107'® 1.23 x107'®

@ at T=25.0+0.2 C; ®at T=20.0 £ 0.1°C; @at T=22.4 + 0.6°C; @ at T=24.0 + 0.4°C; () 24.9 + 1.4°C

In relation to the thermophysical properties, an interesting
behavior was observed when the properties of these pulps are
compared. The thermal conductivity of the pulps decreased in
the following sequence: Kmangaba™ Kpitanga™ Keraviola: At the same
time, the °Brix of these pulps were Bpangaba< Bpitanga< Begraviola-
The same effect of °Brix on thermal conductivity has been
observed for other juices and pulps [32-35]. Cabral et al [32] in
the evaluation of thermophysical properties from blackberry
juice observed that the thermal conductivity and thermal
diffusivity decreased with increasing °Brix, however in
different proportions, being the thermal conductivity more
sensitive of °Brix changes then the thermal diffusivity. From
experimental data of Cabral et al [32], it is possible to observe
that the thermal conductivity decreased around 31% while the
diffusivity only 4% with increasing of °Brix, in the same range
of °Brix. Here, in our work, the effect of °Brix on the thermal
conductivity is not being evaluated for a specific pulp. Even
comparing different pulps, it’s verified that the effect of °Brix
on the thermal conductivity is coherent with literature: this

property decreases with increasing °Brix. For thermal
diffusivity, according to literature [32], this property decreases
with increasing °Brix. From Table 2, this behavior occurred
from mangaba to graviola. For pitanga, the value obtained the
thermal diffusivity was superior to the others. However,
according to the results, the pitanga also presented higher
amount of water (91.83% of humidity), and this fact can have
contributed to the higher thermal diffusivity of this pulp.

Concerning to heat capacity, literature also has
demonstrated direct proportionality to °Brix [33]. This
behavior was also observed in the present work when the
three pulps are compared, i.e, the heat capacity increases in
the following sequence: C,, mangaba< C,pitanga< Cp,graviola-

Figure 1 shows the effect of ° Brix (a) and temperature (b)
on the density of the pulps. According to the results
presented on Figure 1, in all cases, the density of the pulps
increases with °Brix from 10 to about 60 and decreases with
the temperature from 10 to 70°C. This behavior is also
coherent with literature [32, 33]. From the results presented
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in Figure 1, the experimental data were fitted to a polynomial
equation of second degree for each pulp. These equations are
presented in Table 3.
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Figure 1. Effect of (a) temperature and (b) °Brix on density of mangaba (4),
graviola (A), pitanga (o).

Table 3. Model fitted to density of mangaba, graviola and pitanga pulps.

Effect/ Pulp Mathematical Modeling of Density (z/mL)  R?
Temperature

Mangabapulp  p=-9x107°T? +7.6x107T +1.0496 0.9964
Graviolapulp  p=-1.43x10777 +0.498x107T +1.0348 0.9900
Pitanga pulp P=-1.11x10"T* +0.325%10°T +1.0369 0.9900
°Brix

Mangabapulp ~ ©=0.0047B +0.9897 0.9948
Graviola pulp £ =0.00458 +1.0069 0.9923
Pitanga pulp £ =0.0049B +0.9933 0.9958

Where T is temperature (°C), and B is °Brix.

With the data of density in function of the temperature it was
possible to determine the coefficient of thermal expansion for
each pulp (Equation 3, Figure 2). The values of the coefficient of
thermal expansion varies from 0.63 to 1529 x10" °C™.
According to the results, it’s possible to verify that the
coefficient of thermal expansion of fruit pulps is inverse to the
behavior observed in the density, i.e, increases with the

temperature from 10 to 70°C. This behavior is in agreement with
observed for all pulps. On the other hand, when coefficients of
thermal expansion of the different pulps are compared, an
inversion between the values of the pulps is verified. At low
temperatures, the coefficient of thermal expansion of the
mangaba pulp is lower than that observed for graviola pulp.
However, the opposite was observed at higher temperatures, i.e,
the coefficient of thermal expansion of mangaba is higher than
that observed for graviola. In fact, it is due to the effect of
temperature on the volume of the pulps. It means that
temperature has more effect on mangaba pulp than on graviola
pulp. The thermal expansion coefficient, also called volumetric
expansion ratio or volume expansivity indicates the amount of
volume variation caused by temperature variation. This thermal
property provides important information especially for processes
that make use of heat transfer pipes and equipment such as heat
exchangers. Up to now, there is no data of coefficient of thermal
expansion of pulps, and only few literature studying this
property in food fluids [36].
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Figure 2. Effect of temperature on coefficient of expansion of mangaba (4),
graviola (A), pitanga (o) pulps.

3.2. Rheological Behavior

Rheological behavior of the pulps is represented in Figure
3. In all cases, the behavior observed was typically non-
Newtonian.

For mangaba and pitanga pulps, increasing the temperature
the shear stress decreased, except for mangaba pulp from 10 to
20°C. Comparing these two pulps, it is verified that the effect
of temperature was more expressive for pitanga pulp. On the
other hand, the graviola pulp presented a different behavior,
there is an inversion on the profile with the temperature, i.c.,
from 10-30°C and 40-50°C, increasing temperature the shear
stress increased. This can be explained by it composition.
Graviola is fruit rich in polysaccharides [37] and studies
revealed the inversion of viscosity with shear rate when the
temperature is increased in fluids containing polysaccharides
[38]. This is easily observed in Figure 4.

Observe that for mangaba and pitanga pulps (Figure 4a
and 4c) the apparent viscosity decreased with increasing
shear rate and temperature. However, there is an inversion for
graviola pulp. The behavior presented in Figure 4b has been
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attributed to the conformational changes of the molecules  with low amount of these constituents (4.0 and 4.9% for
(polysaccharides) when present in a shear field [38]. mangaba and pitanga pulps, respectively, according to the
Therefore, the results are coherent since, graviola pulp is  manufacturer). Evaluating Figures 3a and 4a, it is believed
characterized by containing high amount of fibers (22.0%,  that the behavior observed for mangaba pulps from 10 to
according to the manufacturer), different from other pulps  20°C was due to the reorganization of the molecules.
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Figure 2. Rheograms of shear stress versus shear rates plots of pulps at different temperatures: (a) mangaba; (b) graviola, (c) pitanga.
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From Figures 3 and 4 it is possible to confirm that all pulps
present a clear non-Newtonian profile, specifically classified
as being pseudoplastic fluid, due to the apparent viscosity
decreasing with increasing shear rate. Using the experimental

data, flow curves from each pulp at different temperatures
were adjusted to the rheological models (Equations 5-6) and
Tables 4-6 present the values for the parameters obtained in
the model adjusted for each pulp.

Table 4. Adjustment parameters of different models for the rheological behavior of mangaba pulp at different temperatures.

Model Temperature (°C)
10 20 30 40 50 60
Power Law K (Pas") 2.1634 3.5132 3.1784 3.0319 3.3138 2.7252
n 0.4054 0.3268 0.3090 0.3078 0.2896 0.2991
R? 0.9993 0.9985 0.9988 0.9999 0.9989 0.9992
Herschel-Bulkley 7, (Pa) 3.6701 6.4888 5.1279 5.1015 4.6752 0.5443
K (Pas") 0.9967 0.9681 0.9863 0.8687 1.1339 2.4361
n 0.5079 0.4921 0.4561 0.4654 0.4213 0.3122
R? 0.9998 0.9999 0.9999 0.9999 0.9998 0.9992

Table 5. Adjustment parameters of different models for the rheological behavior of graviola pulp at different temperatures.

Model Temperature (°C)
10 20 30 40 50 60
Power Law K (Pas") 5.6989 6.9997 7.7607 7.5837 7.7709 7.3822
n 0.2193 0.1982 0.1837 0.1678 0.1825 0.1824
R? 0.9903 0.9937 0.9998 0.9919 0.9988 0.9973
Herschel-Bulkley 7, (Pa) 9.6022 9.9159 11.7670 10.5167 4.5119 7.6585
K (Pas") 0.52965 1.0040 0.6450 0.7624 4.4512 2.1469
n 0.5178 0.4298 0.4856 0.4354 0.2398 0.3182
R? 0.9990 0.9992 0.9904 0.9995 0.9992 0.9993

Table 6. Adjustment parameters of different models for the rheological behavior of pitanga pulp at different temperatures.

Model Temperature (°C)
10 20 30 40 50 60
Power Law K (Pas") 0.7293 0.5568 0.4108 0.1562 0.0994 0.0686
n 0.4755 0.4812 0.4796 0.5789 0.6230 0.6485
R? 0.9984 0.9986 0.9982 0.9990 0.9990 0.9977
Herschel-Bulkley 7, (Pa) 24510 1.1816 1.4766 0.6762 0.5040 0.5634
K (Pas") 0.2009 0.1676 0.1034 0.0569 0.0378 0.0148
n 0.6551 0.6483 0.6725 0.7235 0.7630 0.8740
R? 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999

According to Tables 4-6, models applied in this work
presented good adjustment with R>>0.99. However, from
Figure 4 it’s clear that the Hershel-Bulkley model is more
coherent for mangaba and pitanga pulps. For graviola pulp,
although both models have presented R>>0.99, due to the
inversion, there is no indication for the best model. Actually,
both models can promote a good representation of the

rheological behavior of tis pulp. From Tables 4-6, it is
possible also to confirm that these pulps are pseudoplastic
fluids, since n<1 in both models.

The analysis of the effect of temperature by the Arrhenius
model corroborates to the facts previously observed. Table 7
presents the parameters of Arrhenius model for the pulps
evaluated in this work.

Table 7. Adjustment parameters in the Arrhenius model for mangaba, graviola and pitanga pulps at an apparent viscosity of 303 5.

Parameters Pulps

Mangaba Graviola Pitanga
E. (J/mol) 5640.4 839.0 22467.8
B 1.8790 5.7026 -5.9267
R? 0.9972 0.3347 0.9924

According to Table 7, the pitanga pulp presents the highest
activation energy (22467.8 J/mol). Higher values of
activation energy indicate the rheological behavior of the
fluid is more affected by temperature. The values presented
in Table 7 confirm the results previously presented Figure 3
and 4, in which present the effect of temperature on shear
stress and apparent viscosity of the pulps.

4. Conclusion

In this work the thermophysical and transport propertied of
mangaba, graviola and pitanga pulps were determined. The
results were coherent with described by literature for this
kind of food, and the values of these properties were
consistent. Equations were adjusted to experimental data to
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provide the effect of temperature and °Brix on density of
these pulps, showing good results (R>>0.99). All pulps were
characterized as a non-Newtonian fluid, specifically as a
pseudoplastic fluid, being observed an inversion in the
apparent viscosity in the graviola pulp due to the higher
amount of fibers. Hershel-Bulkley model presented better
results for mangaba and pitanga pulps, being rheological
behavior of the last pulp the most sensible to the effect of
temperature. The great importance of this work is opened of
new possibilities of food industry, given support with real
data for the development of industrial products using tropical
fruits with new exotic flavors.
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