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Rheological and thermophysical properties of blackberry juice
Propriedades reoldgicas e termofisicas de suco de amora

Renato Alexandre Ferreira CABRAL!, Carlos Eduardo ORREGO-ALZATE?,
Ana Lucia GABAS®**, Javier TELIS-ROMERO!

Abstract

Rheological and thermophysical properties were determined for blackberry juice, which was produced from blackberry fruit at 9.1 + 0.5 “Brix
and density of 1.0334 +0.0043 g cm. The concentration process was performed using a roto evaporator, under vacuum, to obtain concentrated
juice at about 60 “Brix. In order to obtain different concentrations, concentrated juice was diluted with distilled water. Rheological measurements
were carried out using a Rheotest 2.1 Searle type rheometer. In the tested ranges, the samples behaved as pseudoplastic fluids, and the Power-
Law model was satisfactorily fitted to the experimental data. The friction factor was measured for blackberry juice in laminar flow conditions
of pseudoplastic behavior. Thermal conductivity, thermal diffusivity and density of blackberry juice at 9.4 to 58.4 “Brix were determined,
in triplicate, at 0.5 to 80.8 °C. Polynomial regression was performed to fit experimental data obtaining a good fit. Both temperature and
concentration showed a strong influence on thermophysical properties of blackberry juice. Calculated apparent specific heat values varied
from 2.416 to 4.300 kJ.kg' °C in the studied interval.

Keywords: fruit juice; rheology; thermal conductivity; thermal properties.

Resumo

As propriedades reolégicas e termofisicas foram determinadas para suco de amora produzido a partir da fruta com 9.1 + 0.5 °Brix e
densidade de 1,0834 + 0,0043 g cm™. O processo de concentracao foi realizado utilizando-se um roto evaporador, sob vacuo, obtendo-se o
suco concentrado em aproximadamente 60 °Brix. As diferentes concentragoes foram obtidas a partir da diluicao do suco concentrado em
4gua destilada. As medidas reolégicas foram conduzidas utilizando-se o redmetro Rheotest 2.1 do tipo Searle. Em todos os experimentos
as amostras apresentaram um comportamento pseudoplastico, e o modelo da Lei da Poténcia foi ajustado satisfatoriamente aos dados
experimentais. O fator de atrito foi medido para o suco em regime laminar com comportamento pseudoplastico. A condutividade térmica, a
difusividade térmica e a densidade foram determinadas em triplicata para o suco de amora nas faixas de 9,4 a 58,4 °Brix e de 0,5 a 80,8 °C.
A temperatura e a concentracao mostraram forte influéncia nas propriedades termofisicas do suco de amora. Os valores do calor especifico

aparente variaram de 2,416 a 4,300 kJ.kg' °C.

Palavras-chave: condutividade térmica; propriedades térmicas; reologia; suco de fruta.

1 Introduction

The fruit juice industry has become one of the world’s
biggest agribusinesses. Although Brazil is the main exporter,
there are many other medium and underdeveloped countries
in the fruit juice and pulp market.

Blackberry (Mora de Castilla: Rubus glaucus Benth) is a
fruit originally from the high tropical areas of America and is
widely cultivated in Colombia, Venezuela, Ecuador, Guatemala,
El Salvador and Mexico. There are believed to be as many as
300 species of blackberries of relative importance throughout
the world which contain proteins, vitamins A, C, K, calcium,
phosphorus and potassium. Almost 90% of international
blackberry production is transformed to processed products:
nectars and juices, frozen pulp, 65 °Brix concentrate, jams
and jellies, 33 °Brix concentrated wine and sulfite pulps and
dehydrated powders’.
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The present positive trend of the fruit juice industry, which
stems from the non-alcoholic beverage market, is to improve
and automate fruit juice production plants. During processing,
the fruit juice industry deals with juice in a variety of concen-
trations and temperatures and is submitted to unit operations
such as pumping, heat exchange, evaporation, spray-drying and
others. In order to have a suitable process design, operation and
control, knowledge of thermophysical and rheological behavior
of the fruit juice as affected by water fraction and temperature
are of fundamental importance.

Density (p), thermal conductivity (k), thermal diffusivity (o)
and heat capacity (Cp), are the major thermophysical proper-
ties (TPP) required to evaluate, design and model heat transfer
processes, such as refrigeration, freezing, heating or drying. Ac-
cording to BECKER and FRICKE? and MCMINN and MAGEE"?,
empirical models applied to predict the TPP of foods are effective
in contrast to models derived from theoretical bases. As chemi-
cal composition and temperature can strongly affect the TPP
of foods, these variables are commonly taken into account to
develop the above mentioned mathematical functions®1723,

TPP and rheological studies have been reported for several
liquid foods, common juices such as orange'>?!2*; apple® and
tomato®; yogurt?; milk'®*>?” and coffee extract®. However, TPP
and rheological parameters for blackberry juice are inexistent
in the literature and to obtain these data is quite important
for adequate equipment design. The aim of this work was
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to measure the thermal conductivity, thermal diffusivity and
density of blackberry juice as a function of the extensive range
of temperature and juice concentration and to obtain simple
equations to correlate experimental data. Additionally, in order
to validate the rheological data, they were used to calculate fric-
tion factors for tube flow based on widely accepted correlations.
These results were then compared with those determined from
experimental values of pressure loss in tubes.

2 Materials and methods

2.1 Material

All the experimental measurements were conducted in
samples from the same batch of concentrated blackberry juice
(60.0 °Brix). The concentration process was performed using a
roto evaporator, under vacuum, to obtain concentrated juice. In
order to obtain different concentrations, concentrated juice was
diluted with distilled water. Blackberry juice was extracted from
blackberries with the following characteristics: (9.1 = 0.5) °Brix,
density, (1.0334 + 0.0043) gem™, (45.4 £ 0.9) g.100g ! pulp
content and pH (2.94 £ 0.05)".

2.2 Thermal conductivity

Thermal conductivity at various temperatures and wa-
ter contents were measured using the method described by
BELLET et al.*, based on a cylindrical cell, where the liquid
whose properties are determined fills the annular space be-
tween two concentric cylinders. The physical characteristic is
specified in Figure 1, which presents: two coaxial copper cylin-
ders (aand b), 180 mm in length, separated by a 2 mm annular
space, which was filled with the sample; 50 mm thick covers (c)
made of a low thermal conductivity material (0.225 W.m™' °C)
to prevent axial heat transfer; a heater made with a constantan
wire (resistance 15 W), electrically insulated by a varnish and
coiled around a copper stick; two thermocouples type T to
measure the temperature differences between the two cylinders,
located at half the length of the cell, with wires placed inside
0.5 mm gaps, parallel to the cell axis. The external diameters of
the outer and inner copper cylinders were, respectively, 34 and
20 mm, while the internal diameters were 24 and 10 mm for
the outer and inner cylinders, respectively. To keep the external
temperature constant, the cell was immersed in a thermostatic
bath (model MA-184, Marconi, Sao Paulo, Brazil) containing
ethyl alcohol. The power input to the heater resistance was from
alaboratory DC power supply (model MPS-3006D, Minipa, Sao
Paulo, Brazil), which adjusted the current with a stability of
0.05%. An HP data logger, model 75.000-B, an HP-IB interface
and an HP PC running a data acquisition program written in
IBASIC, monitored the temperatures with an accuracy of 0.6 °C.
In order to measure the temperature, one and three copper-
constantan thermocouples were embedded in the surfaces of the
inner and outer cylinders, respectively. The cell was calibrated
with distilled water. Details of this method, cell calibration and
experimental tests can be found elsewhere* !,

In the steady state, conduction inside the cell was described
by the Fourier equation in cylindrical coordinates, with bound-
ary conditions corresponding to heat transfer between two

Power supply7

7

Thermocouple (e)

Heater (d)

Thermocouple (e)
Figure 1. Cross section of the cell used for thermal conductivity and

specific heat measurements.

concentric cylindrical surfaces kept at constant temperatures,
as given by Equations 1 to 3.

0q oT
2 - _k(T)—

as~ <% )
T(r=R;)=T, (2)
T(r=R,)=T, (3)

where ( is the heat flux in the thermal resistance (W); S is the
surface area of a cylinder of radius r (m?); k is the thermal con-
ductivity of the sample at an average temperature (T1 + T2)/2
(Wm™.°C); T is the temperature (°C); r is the radius (m); R1 and
R2 is the external and internal radius of the internal and exter-
nal cylinder, respectively; T1 is the steady state temperature in
the internal cylinder (°C); T, is the steady state temperature in
the thermostatic bath where the cell was immersed (°C).

Equation 1 was integrated in the form:

log! R% '
k=g 1

2n(T; - T,) (4)

whereby the sample thermal conductivity, k was calculated.

2.3 Thermal diffusivity

Thermal diffusivity was determined using the method
proposed by DICKERSON!¢. The experimental apparatus con-
sisted of a cylindrical cell (24.75 x 10 m internal radius and
248.5 x 10° m length) made of chromium plated brass with two
nylon covers with thermal diffusivity of 1.09 x 10" m?/s, which
is similar to most liquid food products. Two thermocouples
type T were fixed at the center and on the external surface of
the cell. The cell was immersed in a well-agitated thermostatic
bath (MK70, MLW, Dresden, Germany) heated at a constant
rate, and the development of temperatures at the wall and at
the center of the cell was monitored. Temperatures were moni-
tored using the same data acquisition system used in thermal
conductivity measurements.

The calculations were based on the solution of the equation
of energy conservation, considering an unsteady state, constant
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unidimensional (radial) heat flux, subjected to the following
boundary conditions:

T=T,=Att>0,r=R (5)

aT

—=0,t>0,r=0

ot 6)
The value of the experimental thermal diffusivity (o) is

given by:

AR?
40y (7)

where (T -T ) is the temperature difference between the center
and the surface of the sample, and A is the constant heating
rate. For each experiment a plot of T, and T, versus time was
constructed. The heating rate was obtained from the slope of
the T, versus t curve, and (T, -T,) was evaluated from the dif-
ference between T, and T, curves after eliminating the initial
transient.

(T =Tp) =

2.4 Density

The density of blackberry juice at different temperatures
and concentrations was determined in triplicate by weigh-
ing (on scales) the juice contained in a standard volumetric
pycnometer®. The sample temperature was varied by equilibra-
tion in a thermostatic bath. The pycnometer of 25 mL was previ-
ously calibrated with distilled water at each temperature.

2.5 Specific heat

The specific heat was directly calculated from the follow-
ing equation:

k
pxo (8)

C, =

where p = density (kg.m™) and o = thermal diffusivity (m?%s).

2.6 Rheological measurements
and flow characterization

Rheological measurements were carried out using a Rhe-
otest 2.1 (VEB -MLW Priifgerate- Werk, Germany) Searle type
rheometer, equipped with a coaxial cylinder sensor system (ra-
dii ratio of 1.06). The instrument can be operated at 44 different
speeds, which are changed stepwise with a selector switch. The
speed of the rotating cylinder varied from 0.028 to 243 rpm. A
thermostatic bath (model MA-184, Marconi) containing ethyl
alcohol was used to control the working temperature within
the range of 0.5 to 80.8 °C. Shear stress values at the surface
of the internal cylinder were obtained by multiplying torque
readings by the rheometer constant, whereas the shear rate
values were evaluated according to KRIEGER and ELROD'S.
The widely known empirical expression for the stress tensor,
the Power-Law model, was used to describe the flow behavior
of blackberry juices. For the Power-Law model, the local shear
stress depends on the local shear rates as follows®:

dv, " (v,
dr dr (9)
where 1, (Pa) is the local shear stress, K (Pa.s") is the consis-

tency index, n (dimensionless) is the flow behavior index and
dv/dr (s™) is the local shear rate.

1 =-K

1Z

2.7 Pressure drop measurements in pipe flow

The apparatus specified in full details by TELIS-ROMERO
et al.?® was used to measure pressure loss during laminar pipe
flow of blackberry juices. It consists of a heat transfer, a circular
section, which is submerged in a large thermostatic bath (model
MA-184, Marconi Equipamentos para Laboratério Ltda., SB
Brasil) containing water at a constant temperature. Flow experi-
ments were carried out when the samples by the solution in
the thermostatic bath were heated. The equipment was made
with two horizontal steel circular tubes with nominal diameters
of % in and 1 % in, connected to a stainless steel cylindrical
tank with a capacity of 270 L. The total length of the section
was 1.2 m providing a maximum length-to-diameter ratio (L/D)
of 54.8. A distance of 1.50 m provided the developing length of
the flow regime for all experimental tests. Differential pressure
transmitters (model LD-301, Smar Equipamentos Industriais
Ltda., SP, Brasil) connected to pipes were used to measure static
pressure in the equipment. Temperature transducers (model
TT-302, Smar Equipamentos Industriais Ltda., SE, Brasil) were
used to measure the temperature at the beginning and at the
end of the test section. The less concentrated blackberry juices
were pumped by means of a peripheral pump (model P-500,
KSB Bombas Hidraulicas S.A., SP, Brasil), while the most
concentrated used a gear pump (model Triglav, KSB Bombas
Hidraulicas S.A., SE Brasil). A static mixer was placed at the
end of the equipment to homogenize the final temperature of
the juices. A flow meter (model LD100, MLW Priifgerate-Werk,
Germany) was used to initially adjust the desired flow rate in
each experiment, but exact measures were obtained by weighing
fluid samples collected at determined time intervals. A HP data
logger model 75.000-B, an interface HP-IB and an HP PC run-
ning a data acquisition and control program written in IBASIC
monitored temperatures and pressures. The tested samples
were blackberry juices containing 9.3, 24.3 and 34.6 °Brix.
The average flow velocities varied from 0.05 to 2.50 m.s™,
totalizing one hundred experimental values of pressure loss
for each sample.

2.8 Evaluation of friction factors in pipe flow

The friction factor for an incompressible fluid moving in a
straight pipe of a uniform cross section may be written in terms
of pressure loss, as given by Equation 10. The quantity fexp cal-
culated from experimental data on pressure loss is sometimes
called the Fanning friction factor®.

_APD
- =2
szZ L [10]

exp

in which p (kg.m™) is the fluid density, v, (m.s™) is the average
axial flow velocity, D (m) is the tube diameter and AP (Pa) is the
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pressure drop observed in a length L (m) of the tube. For the
fully developed laminar pipe flow of Power-Law fluids, the fric-
tion factor is given by an analogous expression of the well-known
dimensionless form of the Hagen-Poiseuille equation’':

16
Re

mr

ftheo -

(11)

in which f _ is the friction factor estimated theoretically and
Re__is the Reynolds number defined by METZNER and REED'®.
By using the Power-Law model for simple ducts, such as the
circular pipe, it is possible to analytically solve the momentum
equation and to obtain the generalized Reynolds number de-
fined by METZNER and REED:

szz_nDn 4n Y
Reme = =i
-l 1+3n (12)

in which K is the consistency index (Pa.s”) and n is the flow
behavior index (dimensionless).

2.9 Data analysis

Fitted models were obtained by using estimation proce-
dures from statistical program Statgraphics v. 4.0. The suit-
ability of the fitted models was evaluated by determining the
coefficient (r?), the significance level (p < 0.05) and residual
analysis.

3 Results and discussion

3.1 Thermophysical properties

The thermal conductivity, thermal diffusivity and den-
sity of blackberry juice at 9.4, 20.0, 25.2, 29.4, 33.0, 40.2,
46.1, 50.3, 54.6 and 58.4 “Brix were determined, in triplicate,
at 0.5, 9.3, 22.4, 31.3, 42.0, 54.1, 66.7 and 80.8 °C, adding
up to 160 experimental values for each property. Polynomial
regression was performed to fit experimental data, presented
in the following Equations 13 to 15:

k=0.592+10.97x10* xT=3.61x10>xC (13)
2 =0.993
0=143x10"7 +1.63x10'°T-2.31x107'°C (14)
1= 0.949
p=9554-0.513xT+5.725xC (15)
12 = 0.966

0.5°C <T<80.8°C 9.4<C<58.4<"°Brix

Figure 2 shows the experimental data of blackberry juice
thermal conductivity and compares them with the predicted
values in Equation 13.

0.68
0.64
0.60 o
0.56
0.52 o
0.48

0.44

Observed values

0.40 )

0.36
0.3 0.40 0.44 048 0.52 0.56 0.60 0.64 0.68

Predicted values

Figure 2. Experimental data of blackberry juice thermal conductivity
versus thermal conductivity predicted from Equation 13.

Multiple regression analysis indicated a dependence of
thermal conductivity of blackberry juice related to concentra-
tion and with a minor influence with temperature (p < 0.01).
TELIS-ROMERO et al.?* found similar values for orange juice.
It can be observed that it is compatible with experimental data
and the predictions of Equation 13. Comparison with correla-
tions proposed for orange juice at 40 °C by TELIS-ROMERO
et al.?* and for juices by BHUMBLA et al.®, indicated a similarity
between orange juice and blackberry juice.

Figure 3 shows the experimental data of blackberry juice
thermal diffusivity and compares them with the predicted val-
ues in Equation 14. Multiple regression analysis indicated a
dependence of thermal diffusivity of blackberry juice related to
concentration and temperature (p < 0.01). It can be observed
that the experimental data of thermal diffusivity did not fit as

1.58e-7

1.52e-7

1.46e-7

1.4e-7

Observed values

1.34e-7

1.28e-7
1.28e-7

1.38e-7 1.48e-7 1.58e-7

Predicted values

Figure 3. Experimental data of blackberry juice thermal diffusivity
versus thermal diffusivity predicted from Equation 14.

well as other properties. The predictive model for orange juice
proposed by TELIS-ROMERO et al.?* was compatible with the
equation parameters (R? > 0.97) and goodness of fit.
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Figure 4. Experimental data of blackberry juice density versus density
predicted from Equation 15.

Experimental data of blackberry juice density compared
to the predicted values in Equation 15 can be seen in Figure 4.
Multiple regression analysis indicated a strong dependence
of density of blackberry juice related to concentration and
temperature.

3.2 Specific heat

The specific heat was calculated according to Equation 8,
using 160 experimental data for each thermophysical property.
Table 1 shows the average data obtained in the experimental
assays for thermal conductivity, density, thermal diffusivity
and calculated specific heat as a function of temperature and
concentration of blackberry juice.

3.3 Flow behavior

Rheograms of blackberry juice were obtained in the range
of shear rates from 12.4 s to 489.3 s™. In the tested ranges,
the samples behaved as pseudoplastic fluids, and the Power-
Law model was satisfactorily fitted to the experimental data,
with 0.988 <12< 0.999 and a root mean square (RMS) between
0.83 <RMS (%) 3.50. The Herschel-Bulkley model was also fitted
to the experimental data and provided good statistical results
(r?=0.999 and RMS = 1.0%) since it is a three-parameter model,
although the yield stress values were negative, which is meaning-
less from a physical standpoint. POLIZELLI et al.?’ also obtained
negative yield stress values in the rheological characterization
of aqueous solutions of sucrose and xanthan gum.

Table 1. Thermal conductivity, density and thermal diffusivity experimental data and calculated specific heat from Equation 8 as a function of

temperature and concentration of blackberry juice.

Property T (°C) Concentration (°Brix)
9.4 20.0 25.2 29.4 33.0 40.2 46.1 50.3 54.6 58.4
k 0.5 0.562 0.520 0.496 0.483 0.467 0.451 0.433 0.412 0.393 0.389
(W.m™°C) 9.3 0.568 0.532 0.529 0.497 0.476 0.461 0.437 0.422 0.402 0.393
22.4 0.591 0.543 0.527 0.517 0.502 0.473 0.449 0.434 0.415 0.399
31.3 0.591 0.557 0.530 0.512 0.496 0.480 0.459 0.444 0.437 0.418
42.0 0.603 0.559 0.545 0.532 0.519 0.495 0.472 0.453 0.444 0.430
54.1 0.609 0.591 0.558 0.550 0.529 0.505 0.496 0.473 0.454 0.441
66.7 0.631 0.589 0.582 0.562 0.557 0.518 0.502 0.480 0.468 0.455
80.8 0.652 0.616 0.587 0.573 0.555 0.532 0.508 0.507 0.486 0.468
P 0.5 1023.8 1064.5 1080.0 1107.2 1119.6 1179.1 1221.3 1254.8 1248.4 1292.5
(kgm) 9.3 1013.3 1095.3 1113.9 1103.8 1145.0 1180.9 1209.8 1246.7 1292.7 1302.1
22.4 1040.0 1049.8 1080.6 1135.5 1127.0 1167.3 1182.5 1232.7 1257.9 1277.1
31.3 998.7 1051.0 1065.4 1081.1 1092.9 1142.9 1227.5 1214.3 1260.1 1293.6
42.0 993.0 1029.2 1064.1 1114.8 1113.2 1185.3 1195.5 1225.5 1247.3 1284.3
54.1 975.3 1076.4 1083.2 1087.8 1106.7 1130.8 1182.3 1212.1 1220.0 1270.6
66.7 1007.2 1019.4 1063.5 1078.0 1093.8 1168.4 1188.6 1205.5 1264.5 1249.8
80.8 977.8 1027.3 1039.8 1063.5 1125.6 1135.8 1164.6 1214.5 1229.8 1259.7
ax 107 0.5 1.363 1.351 1.345 1.340 1.336 1.328 1.322 1.317 1.312 1.308
(m?/s) 9.3 1.393 1.378 1.370 1.364 1.359 1.348 1.339 1.333 1.327 1.321
22.4 1.434 1.414 1.403 1.395 1.388 1.374 1.363 1.355 1.346 1.339
31.3 1.459 1.435 1.424 1.414 1.406 1.390 1.377 1.368 1.358 1.350
42.0 1.485 1.459 1.445 1.435 1.426 1.408 1.393 1.382 1.371 1.362
54.1 1.511 1.481 1.467 1.455 1.444 1.424 1.407 1.396 1.383 1.373
66.7 1.533 1.501 1.485 1.472 1.461 1.438 1.420 1.407 1.394 1.382
80.8 1.552 1.517 1.500 1.486 1.474 1.450 1.431 1.417 1.403 1.390
Cp 0.5 4052.5 3665.2  3476.3  3323.7 32015 2972.8 2788.1 2617.3 2525.7  2430.9
(Jkg'°C) 9.3 4041.5 3574.2  3500.6  3358.7  3140.9 2081.7  2795.1 2652.0 24835 2416.2
22.4 3973.8  3681.2 35035 33119 32582  3016.5 2861.8 2696.5 2568.0  2459.1
31.3 4060.9  3708.6  3519.7  3385.6  3267.7  3073.7  2807.8 2757.2 2651.8  2508.1
42.0 4092.2  3732.8 35639 33584  3305.6  3033.2 2909.7  2762.8  2686.5 2567.8
54.1 4132.0  3719.0  3533.1 34922  3340.8  3178.8 3035.3 2865.4  2771.4  2629.0
66.7 4090.6  3851.5  3691.8  3557.1 3502.0 3136.6  3034.0  2906.9 2757.4  2725.0
80.8 4300.3 39535  3765.6  3638.9  3385.5  3269.2 3102.1 3011.7  2898.7  2770.6
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The experimental shear rate and shear stress for black-
berry juices which have 29.4 °Brix are presented in Figure 5;
similar rheograms at the same temperatures were obtained for
the other samples. The shear rates were nearly as constant as
the temperature which was increased from 0.5 to 80.8 °C.

The fitting of Equation 9 to the experimental data made it
possible to evaluate K and n, which are presented in Table 2. The
Power-Law is a very simple empirical model extensively used for
engineering calculations due to its simplicity of having only two
parameters. It has been used for describing many liquid foods,
such as yellow mombin?, soursop juice'®, orange juice concen-
trate'®, egg yolk'4, coffee extract®® and many other fluids.

Shear stress (Pa)

T T T T
0 100 200 300 400 500

Shear rate (s')

Figure 5. Rheograms of blackberry juice having 29.4 °Brix at various
temperatures. Experimental values: (H) 0.5 °C, (A) 9.3 °C, (+) 22.4 °C,
() 31.3 °C, (*) 42.0 °C, () 54.1 °C, (A) 66.7 °C and (-) 80.8 °C. Pre-
dicted values: (-) Power-Law model, Equation 9.

Table 2. Rheological properties (K and n) of blackberry juices.

A non linear regression analysis was performed to obtain
a combined effect of temperature and concentration on the
consistency index. Combining the Arrhenius and power law
relationship derived a single equation, as follows:

44343.5

K =9.433x107" xC®® xexp| ————=2
8.315%(T +273)

(16)

> =0.987

Regression analysis was also performed to obtain the effect
of concentration and temperature on the flow behavior index,
as follows:

_ -1 ~ 4
n=844x10 Xexp( 7.89x10 ><C)>< a7

o -630.9
Pl 8315 x(T+273)

*=0.935

This relationship denotes that an increase in concentration
was accompanied by an increase in pseudoplasticity, shown by
a decrease in values of n.

3.4 Fanning factor

Tube flow experiments were carried out when blackberry
juice was heated and the experimental pressure loss data were
used to calculate the friction factor, according to Equation 10.
Densities were evaluated at the average temperature between
the initial and final conditions attained by the juice during flow,
using the empirical Equation 15 presented in this study.

Figure 6 shows the experimental friction factor measured
for blackberry juice in laminar flow conditions of pseudoplastic
behavior. The generalized Reynolds number was calculated with
flow parameters obtained from Equations 16 and 17. In this
region (Re < 2000) the determination coefficient (r> = 0.935)

Property T (°C) Concentration (°Brix)
9.4 20.0 25.2 29.4 33.0 40.2 46.1 50.3 54.6 58.4
K (Pa.s”) 0.5 0.038 0.216 0.551 1.069 2.074 6.705 19.23 37.33 81.58 147.94
9.3 0.018 0.109 0.259 0.540 0.976 3.384 9.048 18.84 38.38 74.67
22.4 0.006 0.039 0.093 0.191 0.352 1.197 3.264 6.666 13.84 26.41
31.3 0.003 0.019 0.047 0.092 0.176 0.580 1.630 3.227 6.913 12.78
42.0 0.001 0.010 0.022 0.047 0.081 0.297 0.755 1.655 3.203 6.557
54.1 0.0007 0.004 0.011 0.022 0.040 0.137 0.373 0.761 1.580 3.015
66.7 0.0003 0.002 0.005 0.010 0.018 0.062 0.169 0.345 0.717 1.369
80.8 0.0002 0.001 0.002 0.004 0.009 0.028 0.081 0.154 0.343 0.611
n(-) 0.5 0.614 0.609 0.606 0.629 0.627 0.624 0.621 0.619 0.617 0.573
9.3 0.644 0.595 0.636 0.610 0.608 0.605 0.584 0.600 0.580 0.620
22.4 0.607 0.634 0.600 0.642 0.597 0.593 0.634 0.589 0.629 0.603
31.3 0.657 0.639 0.636 0.603 0.632 0.641 0.638 0.636 0.634 0.632
42.0 0.662 0.657 0.642 0.652 0.638 0.622 0.619 0.617 0.615 0.594
54.1 0.623 0.637 0.660 0.658 0.656 0.652 0.605 0.647 0.601 0.643
66.7 0.674 0.623 0.640 0.619 0.649 0.613 0.642 0.609 0.607 0.649
80.8 0.680 0.674 0.626 0.670 0.655 0.664 0.648 0.659 0.657 0.610
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obtained by Equation 18 was very compatible in terms of ex-
perimental and predicted values:

_18.02

f. =
f Reg

(18)

This compatibility observed between friction factors calcu-
lated from experimental data of pressure losses shown in Figure
6 and those estimated from the measured rheological param-
eters can be taken as an indication of the reliability of the mod-
els obtained to describe the flow behavior (Equations 16-17).
These equations have shown to be adequate in expressing the
rheological behavior of the blackberry juice in the studied range
of temperature.

I .
‘. Experimental data N
e [
o e o f= 18.02/Reg H
r? = 0.935
_ 10 %> = 3.056 2
3 in
>
&
3
Il 1
—
LI A
I Analytical solution K___
4 f= 16/Reg
o,1+—F+—+HHH 1
1 10 100

Re, = (D"V*"p/8™'K)(4n/(3n+1))*

Figure 6. Experimental and prediction friction factors for blackberry
juice in laminar flow.

4 Conclusions

The thermophysical properties, such as thermal conductiv-
ity, density and thermal diffusivity of blackberry juice were de-
termined between 9.4 and 58.4 °Brix and from 0.5 and 80.8 °C,
which are common conditions applied during evaporation pro-
cesses. Experimental friction factors obtained when blackberry
juice flowing through circular tubes is heated were compared
with predicted values using the similar Hagen-Poiseuille equa-
tion in terms of the generalized Reynolds number. The good
compatibility between predicted and observed values confirmed
the reliability of the equations proposed for describing the flow
behavior of the juice. These results could be used to model heat
and mass transfer during concentration of blackberry juice.
It is important to emphasize that if these properties were not
adequately determined, this could result in under-processing
or an incorrect calculation of equipment dimensions.
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