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Abstract

/% Editor This study aimed to identify the optimum plate geometry and gap size for measuring the
Gustavo Gonzalez-Neves rheological properties of grape juice and to validate the literature's suggested dimen-
Universidad de la Repdblica, ~ Sional correlation that the gap should be at least ten times larger than the particle diam-

Montevideo, Uruguay eter. Gaps from 1.3 to 2.5 mm were tested with flat plate geometry. The third shear flow

curve was analyzed to minimize thixotropic effects. The best gap was compared to the
Received 24 Jan 2025 juice’s particle size, measured by laser diffraction. Data were fitted to Newtonian, Pow-
Accepted 22 Jul 2025 er-Law, and Herschel-Bulkley models, with the quality of fits assessed by R2, Sum of
Published 24 Sep 2025 Squares of Errors (SSE) and Root Mean Square Error (RMSE). Gaps of 1.75 mm and

2.0 mm with smooth plates and a 2.0 mm gap with a rough plate showed typical juice
behavior. The 1.75 mm gap, 10.93 times larger than the average particle size, met the
recommended ratio. The juice has pseudoplastic behavior and can be predicted by
Herschel-Bulkley model (R = 0.998, SSE = 9.63x102, RMSE = 0.031). The 1.75 mm

Louise Emy Kurozawa gap with smooth geometry was ideal, reducing sample requirements and costs.
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Identificacion de la geometria adecuada de la placa y el tamaino de gap para
la caracterizacion reolégica del zumo de uva

Resumen

El objetivo de este estudio fue identificar la geometria de plato y el tamafio de gap 6ptimos para medir las propiedades
reologicas del zumo de uva y validar la correlacion dimensional sugerida en la bibliografia, segun la cual el gap debe ser
al menos diez veces mas grande que el diametro de la particula. Se probaron separaciones de 1,3 a 2,5 mm con una
geometria de plato plano. Se analiz6 la tercera curva de flujo de cizallamiento para minimizar los efectos tixotrpicos. La
mejor separacion se compard con el tamafio de particula del zumo, medido por difraccion laser. Los datos se ajustaron
a los modelos Newtoniano, de Ley de Potencia y de Herschel-Bulkley, y la calidad de los ajustes se evalué mediante R?,
Suma de los errores cuadraticos (SSE) y Error cuadratico medio (RMSE). Los gaps de 1,75 mm y 2,0 mm con platos
lisos, asi como el de 2,0 mm con plato rugoso, mostraron el comportamiento tipico del zumo. El gap de 1,75 mm, 10,93
veces mas grande que el tamafio medio de las particulas, cumplia con la relacién recomendada. El zumo presenté un
comportamiento pseudoplastico y puede describirse mediante el modelo de Herschel-Bulkley (Rz = 0,998, SSE =
9,63x10-2, RMSE = 0,031). El gap de 1,75 mm con geometria lisa fue considerado ideal, ya que redujo la necesidad de
muestra y los costos experimentales.
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Identificacao da geometria adequada da placa e do tamanho de gap para a
caracterizagao reolégica do suco de uva

Resumo

Este estudo teve como objetivo identificar a geometria de placa e o tamanho do gap ideais para medir as propriedades
reolégicas do suco de uva e validar a correlagéo dimensional sugerida pela literatura de que o gap deve ser pelo menos
dez vezes maior que o didmetro da particula. Foram testadas gaps de 1,3 a 2,5 mm com geometria de placa plana. A
terceira curva de fluxo de cisalhamento foi analisada para minimizar os efeitos tixotropicos. O melhor gap foi comparado
ao tamanho da particula do suco, medido por difragéo a laser. Os dados foram ajustados aos modelos Newtoniano, Lei
da Poténcia e Herschel-Bulkley, com a qualidade dos ajustes avaliada por R2, Soma dos quadrados dos erros (SSE) e
Erro quadratico médio (RMSE). Os gaps de 1,75 mm e 2,0 mm com placas lisas e um gap de 2,0 mm com uma placa
rugosa apresentaram um comportamento tipico de suco. O gap de 1,75 mm —10,93 vezes maior do que o tamanho
médio das particulas— atendeu a propor¢do recomendada. O suco tem comportamento pseudoplastico e pode ser
previsto pelo modelo de Herschel-Bulkley (R? = 0,998, SSE = 9,63x10-2, RMSE = 0,031). O gap de 1,75 mm com geo-
metria lisa foi ideal, reduzindo os requisitos e os custos da amostra.

Palavras-chave: gap, suco de fruta, geometria de placa, tixotropia

1. Introduction

Grape juice is one of the main juices with commercial adhesion and industrial applications. As well as being
marketed in its natural state, in concentrated and nectar form(?), this product can be used in the production of
wines, yogurts, natural soft drinks, kefir and other fermented products(®, microencapsulated sources of antho-
cyanins®)4 or even in the preparation of other products, such as jams, jellies and cakes, in order to add
sweetness and flavor(!).

The rheological behavior of liquids, such as fruit juices, has been the subject of growing interest, given its di-
rect influence on the sensory quality, processing and formulation of food products©)®). In the specific context of
grape juice, understanding how determination of rheological properties is affected by factors such as the type
of geometry and the distance between plates (gap) is essential to ensure a product with desirable characteris-
tics and its suitable application in other processes.

Determining the type of plate geometry and the gap in a rheometer are essential aspects when evaluating the
rheological behavior of fluids(), such as grape juice. The proper choice of these parameters can significantly
influence the accuracy of the measurements, since the plate geometry and an inappropriate gap can lead to
distortions in the rheological results®). There is a rule of thumb that correlates the gap value with the particle
size of the fluid. The rule states that the gap value must be at least 10 times larger than the particle size to be
considered an appropriate approach for obtaining reliable rheological results®)(1%. The reason for this is to
ensure that the particles do not get trapped between the plates and affect the measurement of the fluid's be-
havior. However, this correlation still needs to be validated for grape juice.

In turn, the application of empirical models to predict the rheological behavior of grape juice plays a fundamen-
tal role in the in-depth understanding of the fluid properties of this product('!). While experimental measure-
ments provide direct information on behavior under specific conditions, mathematical models allow these re-
sults to be extrapolated to a variety of scenarios('2), saving time and resources. The validation of empirical
models based on selected experimental data allows not only a better theoretical understanding of rheological
behavior, but also the creation of practical tools to optimize industrial processes and develop products with
specific rheological characteristics(13).
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Therefore, this study aims to contribute to the understanding of the rheological behavior of grape juice by ex-
perimentally investigating different plate geometry models and rheometer gaps. The aim of this research is to
determine the most appropriate plate geometry and gap that result in accurate and representative measure-
ments of the rheological properties of whole grape juice, as well as to determine the best empirical model for
predicting the rheological behavior of the beverage.

2. Materials and Methods
2.1 Materials

The frozen organic grape juice (De Marchi, Jundiai, Brazil) was purchased from a local supermarket (Campi-
nas, Brazil) and stored in a domestic freezer at -18 + 2 °C. The juice is a blend of several purple/pink grape
varieties, such as: 'Vitdria', 'Niagara Rosada' and 'Isabel'. The quality of the grape juice was previously attest-
ed to by characterizing its proximate composition and physicochemical properties. The results are detailed in
the study by Almeida and others®, published by our research group, and the data is available in an institution-
al repository(14),

2.2 Steady-State Tests: Evaluation of the Thixotropic Effect, Determining the Best Gap and Type of
Plate Geometry, and Predicting the Rheological Behavior Using Empirical Models

To visually assess the thixotropy of the system, the grape juice was subjected to a process of increasing and
decreasing shear stress, comprising two ascents (step 1 and 3) and one descent. The aim was to assess the
area between the first and last ascending curves. To this end, a controlled tension rheometer (Hakke Mars |ll,
Thermofisher Scientific, Massachusetts, USA) was used to generate the curves. The rheometer had parallel
stainless-steel plates with a diameter of 4 cm. The measurements were carried out at a temperature of 25 °C
over a shear rate range (y) of 0 to 300 s'. Three curves were collected per replicate. The gaps used ranged
from 1.3 to 2.5 mm, using smooth plate geometry.

These tests were also carried out to determine the best gap to be used in determining the rheological behavior
of grape juice. Initially, the tests were carried out with smooth surface geometry. The best gaps were selected
to have the test replicated with the rough surface geometry, under the same analysis conditions. Based on
these tests, the best gap and the best type of plate geometry were selected. However, for this stage of the
research, only the third was considered to avoid thixotropic effects.

The data from the third flow curve, using the best gap, was adjusted to the empirical mathematical models for
Newtonian fluids, Power-Law (Ostwald de Waele) and Herschel-Bulkley, using Eq. 1, Eq. 2 and Eq. 3, respec-
tively. The quality of the fit of the models to the curves was assessed using the coefficient of determination
(R2). The Sum of Squares of Errors (SSE) and Root Mean Square Error (RMSE) were also determined to
check the quality of the models' fits to the experimental data. The modeling and statistical analysis were car-
ried out using Excel® software, version 2016.

TEYXH (Eq.1)
o7 K" (Eq.2)

0= gy +KX(Y)" (Eq. 3)

Note: a - shear stress (Pa), o — initial (or residual) stress (Pa), y — shear rate (s*), p — viscosity (Pa.s™), K- consistency index
(Pa.s™) and n — behavior index.
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2.3 Relationship between Ideal Gap and Grape Juice Particle Size

The best gap was compared with the size of the grape juice particles to confirm a correlation commonly ac-
cepted in the literature: the ideal gap (mm) is at least ten times the value of the mean particle diameter. The
mean size and particle size distribution of the grape juice were determined using a laser light diffraction in-
strument (Mastersizer Hydro 2000 MU - Malvern Instruments Ltd., Malvern, UK). The samples were dispersed
in absolute ethyl alcohol (99.5%) and subjected to 3 readings.

The mean particle diameter was expressed using different methods: De Brouckere mean diameter (D3}, um),
Sauter diameter (D25, um), Dy, 0.5 (Wm) and Dy, 0.9) (um), but only the value of Dy.3) was considered when
calculating the correlation. The span, known as the width of the particle size distribution and indicative of the
homogeneity of the particles, was also measured.

3. Results

3.1 Steady-State Tests: Evaluation of the Thixotropic Effect, Determining the Best Gap and Type of
Plate Geometry, and Predicting the Rheological Behavior Using Empirical Models

Although the gap does not alter the intrinsic thixotropic nature of the fluid, it can influence the magnitude of the
thixotropic response observed during the tests(®). In this study, the application of gaps of 2.3 mm, 1.75 mm
and 2.5 mm, in that order, led to a lower apparent thixotropic effect, while the other gaps resulted in a more
pronounced response (Figure 1). This suggests that, although subtle, the gap size can modulate how thixot-
ropy manifests under the experimental conditions. A more detailed discussion can be found in Section 4.1.

Figure 2. shows the flow curve of whole grape juice, obtained at 25 °C and under different gaps and plate
geometries. For the gap of 1.3 mm, the juice was subjected to visible compaction, which resulted in the serum
being expelled and extremely low shear rate values under the applied stresses. On the other hand, using the
2.3 mm and 2.5 mm gaps provided flows that were visually like dilatant behavior. In contrast, the intermediate
openings (1.5, 1.75 and 2.0 mm) showed typical pseudoplastic behavior, where the apparent viscosity de-
creases with increasing shear rate, consistent with some previous studies on grape juice and other fruit-based
fluids@®(11)(16), Among them, the 1.75 mm and 2.0 mm openings showed the most consistent curves, with re-
duced thixotropy and minimal deviation. Therefore, these gaps were chosen to have the rheological tests rep-
licated using rough plate geometry to reduce slip effects. A more detailed discussion is available in Sec-
tion 4.2.

In general, rough surfaces are known to minimize wall slip, especially in suspensions or structured fluids. The
flow curves from rough plates largely confirmed the trends observed with smooth geometries, with only minor
differences. As observed for smooth plate geometry, as the distance between the plates increased, the shear
flow reduced (Figure 3). Higher stresses were observed at 1.75 mm in the rough plate, while the other tests
showed similar stresses.
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Figure 1. Evaluation of the presence of thixotropy in grape juice flow curves at 25 °C, using smooth plate geometry
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Figure 2. Flow curves for different gaps using the smooth surface geometry
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Figure 3. Comparison of flow curves obtained with smooth and rough surface geometries at gaps of 1.75 and 2.0 mm

Figure 4 shows the fit of the empirical models on the rheological behavior of grape juice. All the models
showed R2 above 0.98 (Table 1). According to Oliveira and others('), R2 above 0.93 can be considered satis-
factory in engineering terms. However, although the Newtonian model showed a high coefficient of determina-
tion (R2 = 0.991), this value does not faithfully reflect the quality of the visual fit seen in Figure 4. It can be
seen that at low shear rates, the model underestimates the stress values, while at high rates it tends to over-
estimate. This compensation of deviations throughout the shear range may have contributed to an artificially
high R2. This is because R? is not sensitive to systematic error patterns('®). Therefore, the use of RZ alone can
lead to misinterpretations and it is essential to also consider the visual analysis of the fits and other statistical
parameters for the appropriate choice of rheological model(18)(19),
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Figure 4. Comparison of the fits of empirical models on the rheological behavior of grape juice
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Table 1. Fits of mathematical models to constant shear flow curves of grape juice

09 K n SRMSE

2 2 i
Model (Pa) (Pa.s") n (Pa.s") R SSE (Pa) Behavior

Herschel-Bulkley 0.72 0.03 0.76 1.08x102 0998 9.63x102  0.031 Bingham pseudoplastic
Power-Law - 023 046 1.04x102 0.982 9.08x10"  0.095 Pseudoplastic
Newtonian - - - 1.27x102  0.991  2.37x10! 0.487 Newtonian

Note: "Apparent viscosity measured at a shear rate of 300 s-'. 2SSE: Sum of Squares of Errors. SRMSE: Root Mean Square Error.

The Herschel-Bulkley model had the highest R2 and the lowest SSE and RMSE (Table 1). This indicates that
this model was more accurate in estimating the rheological behavior of grape juice. However, the Power-Law
model also showed satisfactory R2, SSE and RMSE values, although it did not outperform the Herschel-
Bulkley model. In contrast, despite presenting a satisfactory R2, the Newtonian model exhibited the worst per-
formance among the tested models when evaluated using SSE and RMSE. This confirms the misleading na-
ture of its R2 value and reinforces the inference that grape juice exhibits non-Newtonian rheological behavior.

The Herschel-Bulkley model indicated that the juice exhibits Bingham pseudoplastic behavior, while the Pow-
er-Law model indicated pseudoplastic behavior. The Bingham pseudoplastic behavior observed for grape juice
is because the juice exhibited an initial stress (a,). However, this stress was small (< 1 Pa) and could be dis-
regarded, since pseudoplasticity is predominant(). Thus, from a practical standpoint, it is plausible to state
that grape juice has pseudoplastic behavior. A more in-depth discussion can be found in Section 4.3.

3.2 Relationship between Ideal Gap and Grape Juice Particle Size

Regarding the mean particle size of grape juice, except for the Dp3 ) method, the other parameters suggest
that the particles in grape juice are predominantly macroparticles (Table 2), confirming the observations made
using the 1.3 mm gap (Section 3.2). The D[43; and Dy, 0.5) methods showed size values that were relatively
close to each other. In addition, the particles exhibited a monomodal distribution, according to the supplemen-
tary material (Figure S1), with the size varying in the range of 0.8 to 800 um. As a result, the Span was only
2.49 + 0.04, a value that denotes high homogeneity in particle sizes(. In other words, most of the particles
are similar sizes.

Table 2. Mean particle size of grape juice

Method Diameter (jam)
Dis3) 160.09 + 3.21
D32 34.01 £ 0.49
Dy, 05) 129.36 + 1.61
Dy, 09) 340.52 +9.52

By dividing the gap values (1.75 mm and 2.0 mm) by the value of D3 (mm), the result shows that the
1.75 mm gap is 10.93 times larger than the size of the grape juice particles, while the 2.0 mm gap is 12.49
times larger. This confirms the validity of the relationship between the choice of gap and particle size for this
fluid, demonstrating that the choice of gap satisfies the theoretically recommended value.
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4. Discussion
4.1 Evaluation of the Thixotropic Effect on the Steady-State Rheological Behavior of Grape Juice

The presence of thixotropy is common in most vegetable fluids, including fruit2). A greater thixotropic effect
usually occurs for juices with 55 °Brix(2%) or more, i.e., with a high concentration of sugars, which is not the
case with the grape juice used in this study (17.31 £+ 0.09 °Brix). The choice of gap in a rheometer is a critical
factor in rheological tests, as it directly affects the shear field applied to the fluid(24). The difference in the thixo-
tropic effect observed between the different gaps can be attributed to how the structure of the fluid is affected
by the shear rate(25),

The 2.3 mm and 2.5 mm gaps resulted in higher shear stresses compared to the other gaps. Higher shear
stresses may have broken up structures or agglomerates present in the grape juice, thus reducing the thixo-
tropic effect. This is because shear stress breaks the temporary bonds that cause thixotropy(@6. The use of
these gaps has probably also led to a faster recovery of the structures broken during shear. This means that
when the shear stress was interrupted under these conditions, the structures had less time to regroup and
reconstitute, thus resulting in less thixotropy.

The good performance of the 1.75 mm gap may be related to both the greater shearing effect and the con-
finement effect. This gap may have confined the fluid more effectively than larger gaps, preventing the for-
mation of large-scale thixotropic structures. When the fluid has limited space to move, the formation of thixo-
tropic structures tends to be less favored(®). Theoretically, the 1.3 mm gap should result in less thixotropy com-
pared to the 1.75 mm gap. However, the fact that this gap also contributed to an increase in the shear stress
of the juice (below only the values found for the 1.5 mm, 2.3 mm and 2.5 mm gaps) meant that it outperformed
the 1.3 mm gap, as well as slightly larger gaps, such as the 2.0 mm gap. From these perspectives, the 1.5 mm
gap should have outperformed the 1.75 mm gap. However, it is worth noting that some fluids exhibit thixotropic
behavior that is more sensitive to changes in shear rate. It may be that grape juice is more susceptible to
changes in shear rate at very low gaps, such as 1.3 mm and 1.5 mm, resulting in greater thixotropy.

It is important to remember that rheology is a complex field, and the results can be influenced by several vari-
ables, including the composition of the fluid, temperature, concentration of solids, among others. Therefore, to
accurately interpret the results, further analysis and complementary experiments are suggested.

4.2 Determining the Ideal Gap and Type of Plate Geometry for Evaluating the Rheological Behavior of
Grape Juice at Steady State

Regarding the 1.3 mm gap performance, the use of small gaps in samples with large particles can result in
errors in the reading of the rheology of the suspension, due to the determination of the rheology of the solid
particles only(027), Therefore, the behavior noted with the use of a 1.3 mm gap is an indication that the grape
juice contains macroparticles. To avoid blockage and rupture of laminar flow due to the formation of “bridges”
between shear surfaces in concentrated suspensions of large particles, the gap should be increased(20)(27),

At the other extreme, the use of 2.3 mm and 2.5 mm gaps led to an atypical flow behavior like that of dilatant
fluids, where the shear stress increases disproportionately with increasing shear rate (@29, Fruit juices gener-
ally do not exhibit this type of behavior, since they are typically non-Newtonian fluids in which the apparent
viscosity decreases with increasing shear rate (pseudoplastic behavior)®). Although not expected for fruit juic-
es, this behavior can be attributed to the low structural integrity of the sample at larger gaps, which can allow
excessive movement and reorganization of the particles under shear, mimicking shear thickening effects ().
However, true dilatant behavior is generally observed in dense suspensions such as corn starch, clay or sili-
ca®1@2), Thus, these results suggest the use of experimental artifacts (i.e. wall slippage or uneven stress dis-
tribution) or laminar flow interruption at larger gaps.

8 Agrociencia Uruguay 2025;29:e1589
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Regarding the comparison of the performances of the best gaps on smooth plates with their versions on rough
plates, three conditions (1.75 mm in the smooth plate and 2.0 mm in smooth and rough plates) can be consid-
ered suitable for carrying out the rheological analysis of the product, with the 1.75 mm gap with smooth geom-
etry standing out, as it results in a lower thixotropic effect and requires less sample, making the process
cheaper. Therefore, the use of a 1.75 mm gap is the most suitable configuration for steady-state rheological
tests on whole grape juice. However, the gap of 1.75 mm in the rough plate is not suitable as its tests generat-
ed compaction of the particles and separation of the liquid part of the juice.

4.3 Predicting the Rheological Behavior of Grape Juice Using Empirical Models

Despite the superior scientific performance of the Herschel-Bulkley model, the Power-Law model can be
adopted in industrial applications due to its simplicity and adequate representation of the juice's flow behavior.
The use of a simpler model like the Power-Law facilitates calculations in food process engineering, such as
pumping and pipeline design, without significant loss of accuracy.

The pseudoplastic behavior observed for grape juice is not unanimous in the literature. Depending on the ref-
erence, this juice can be considered Newtonian(16)33), pseudoplastic(1!)(16)33)34)35 and even dilatant(36)e7),
Evangelista and others('!), Kaya and Belibagli('®, de Castilhos and others(®3), Bravo and others(®¥) and
Yogurtcu and Kamisli®3 found pseudoplastic behavior for grape juice, as well as inferring that the empirical
Power-Law model adjusted more accurately to the rheological behavior of the product. Tavakolipur and oth-
ers36)67 found a dilating behavior. However, differently from the works cited above, these results reported by
Tavakolipur and others(36)37) were obtained for grape juice concentrate (67-71 °Brix). For grape juices with a
lower concentration of soluble solids (<13 °Brix), Kaya and Belibagli'6) and de Castilhos and others®3) ob-
served a better prediction of the Newtonian model.

Similar to what happened in this study, de Castilhos and others(®? found a very similar performance between
the Newtonian model and the Power-Law, Bingham and Herschel-Bulkley models in predicting the rheological
behavior of Merlot grape juice. Looking at the rheograms provided by the authors, it is possible to see Newto-
nian behavior for the juice with the lowest soluble solids content (13.6 °Brix), while the juices with the highest
soluble solids content (21-45 °Brix) showed pseudoplastic behavior. This phenomenon may explain the pseu-
doplastic behavior observed in this study, since the juice used in the study had soluble solids content (17.31
°Brix) higher than 13.6 °Brix. The results obtained by Kaya and Belibagli(') strengthen this hypothesis. By
diluting concentrated grape juice, thereby reducing the percentage of soluble solids, the authors noticed that
the product changed from non-Newtonian to Newtonian behavior. Tavakolipur and others(®6)67) evaluated
grape juice with 67 to 71 °Brix. It is possible that this characteristic of the juice was a determining factor in the
dilating behavior of the product. In addition, the authors used a Brookfield viscometer (model DV-Ill ULTRA)
equipped with the spindle R3 to evaluate the rheological behavior of grape juice, applying the system of coaxi-
al cylinders with smooth surfaces. This technique is different from the method used in this study, based on
parallel plates (smooth or rough) used in rotational rheometers. This detail may have influenced the authors'
results, possibly contributing to the observation of dilatant behavior. It should be noted that these hypotheses
have not yet been verified.

Soluble solids, such as carbohydrates (mainly sugars), can interact with water molecules, forming structured
arrangements around the solute and affecting its conformation@8). At higher concentrations, these carbohy-
drate-water interactions become more complex, reducing the free energy of the system and limiting the
amount of water available to hydrate other particles present in the system(@9. This results in an increase in
apparent viscosity and often in non-Newtonian behavior due to the intensification of intermolecular interactions
and the formation of more organized structures%). On the other hand, in juices with lower soluble solids con-
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tent, the intermolecular forces and interactions between particles are less significant, allowing the system to
behave more uniformly, with practically constant viscosity at different shear rates, favoring Newtonian behavior.

5. Conclusions

Therefore, the 1.75 mm gap with smooth geometry plates as well as the 2.0 mm gap with both smooth and
rough geometry plates are suitable options for the rheological evaluation of grape juice. However, as the
1.75 mm gap requires less sample, it is more advantageous in terms of cost. A ten to one ratio between gap
and particle size was considered adequate for studying the rheological behavior of grape juice. The juice ex-
hibits pseudoplastic behavior. In this context, while the Herschel-Bulkley model is more robust for scientific
description, the Power-Law model is sufficiently accurate and more practical for engineering purposes.

Acknowledgements

The authors thank Coordination for the Improvement of Higher Education Personnel (CAPES) - Brazil (Finan-
cial Code 001, CAPES Process number, funded Almeida, R.F.'s scholarship: 88887.613169/2021-00 and
88887.847010/2023-00), and National Council for Scientific and Technological Development (CNPq) — Brazil
(Batista, E.A.C.'s research productivity grant: 1236 311994/2021-0) for scholarships and financial support.

Transparency of Data

Part of the data set that supports the results of this study was published in the article itself. Full data is
available in:

Almeida RF. Data - Rheological behavior of grape juice [Data set]. Zenodo. 2024. Doi: 10.5281/zenodo.15881908.

Author Contribution Statement

RF Almeida EA Batista LE Kurozawa

Conceptualization

Data curation

Formal analysis

Investigation

Project administration

Software

Supervision

Writing — original draft

Writing — review and editing

10 Agrociencia Uruguay 2025;29:e1589



Almeida RF, Batista EAC, Kurozawa LE N

References

(1) Kersh DME, Hammad G, Donia MS, Farag MA. A comprehensive review on grape juice beverage in context
to its processing and composition with future perspectives to maximize its value. Food Bioproc Tech.
2023;16(1):1-23. Doi: 10.1007/s11947-022-02858-5.

(2 Pinta¢ Sarac D, Tremmel M, Vujetié J, Torovié L, Or&ié D, Popovié L, Mimica-Dukié N, Lesjak M. How do in
vitro digestion and cell metabolism affect the biological activity and phenolic profile of grape juice and wine.
Food Chem. 2024;449:139228. Doi: 10.1016/j.foodchem.2024.139228.

() Aimeida RF, Gomes MHG, Kurozawa LE. Rice bran protein increases the retention of anthocyanins by
acting as an encapsulating agent in the spray drying of grape juice. Food Res Int. 2023;172:113237.
Doi: 10.1016/j.foodres.2023.113237.

(4) Almeida RF, Gomes MHG, Kurozawa LE. Enzymatic hydrolysis improves the encapsulation properties of
rice bran protein by increasing retention of anthocyanins in microparticles of grape juice. Food Res Int.
2024;180:114090. Doi: 10.1016/j.foodres.2024.114090.

(5 Wu A, Ruan Z, Wang J. Rheological behavior of paste in metal mines. Int J Miner Metall Mater.
2022;29(4):717-26. Doi: 10.1007/s12613-022-2423-6.

(6) Salehi F. Physicochemical characteristics and rheological behaviour of some fruit juices and their
concentrates. J Food Meas Charact. 2020;14(5):2472-80. Doi: 10.1007/s11694-020-00495-0.

(") Haist M, Link J, Nicia D, Mchtcherine V. Interlaboratory study on rheological properties of cement pastes
and reference substances: comparability of measurements performed with different rheometers and
measurement geometries. Mater Struct. 2020;53:92. Doi: 10.1617/s11527-020-01477-w.

(®) Pieper S, Schmid HJ. Guard ring induced distortion of the steady velocity profile in a parallel plate
rheometer. Appl Rheol. 2016;26(6):18-24. Doi: 10.3933/applrheol-26-64533.

(% Rotational Viscometry. Anton Paar [Internet]. 2023 [cited 2025 Sep 2]. Available from: https://wiki.anton-
paar.com/en/rotational-viscometry/

(19 Barnes HA. A review of the slip (wall depletion) of polymer solutions, emulsions and particle suspensions in
viscometers: its cause, character, and cure. J Non-Newtonian Fluid Mech. 1995;56(3):221-51.
Doi: 10.1016/0377-0257(94)01282-M.

(1) Evangelista RR, Sanches MAR, de Castilhos MBM, Canti-Lozano D, Telis-Romero J. Determination of the
rheological behavior and thermophysical properties of malbec grape juice concentrates (Vitis vinifera). Food
Res Int. 2020;137:109431. Doi: 10.1016/j.foodres.2020.109431.

(12) Tucker G. Applications of rheological data in the food industry. In: Ahmed J, Basu S, editors. Advances in
food rheology and its applications: development in food rheology. 2nd ed. Cambridge: Woodhead Publishing;
2022. p. 181-200. DOI: 10.1016/B978-0-12-823983-4.00009-1.

(13) Castro C, de Oliveira Borges AL, Manica R. A new empirical viscosity model for composed suspensions
used in experiments of sediment gravity flows. RBRH. 2021;26. Doi: 10.1590/2318-0331.262120210048.

(14) Almeida RF, Kurozawa LE. Relevancia das propriedades de encapsulagéo da proteina do farelo de arroz e
seus hidrolisados na retengé@o de antocianinas em microparticulas de suco de uva obtidas por spray drying
[Data set]. Unicamp Research Data Repository. 2023. Doi: 10.25824/redu/KV6GMF.

(15 Mewis J, Wagner NJ. Thixotropy. Adv Colloid Interface Sci. 2009;147:214-27. Doi: 10.1016/j.cis.2008.09.005.

(16) Kaya A, Belibagli KB. Rheology of solid gaziantep pekmez. J Food Eng. 2002;54(3):221-6.
Doi: 10.1016/S0260-8774(01)00205-9.

(17) Oliveira MTR, Berbert PA, Martinazzo AP. Avaliagdo de modelos matematicos na descrigdo das curvas de
secagem por convecgado de Pectis brevipedunculata (Gardner) Sch. Bip. Rev Bras Plantas Med. 2013;15(1):1-
12. Doi: 10.1590/S1516-05722013000100001.

(18) Figueiredo Filho DB, Junior JAS, Rocha EC. What is R2 all about? Leviathan. 2011;(3):60-8.

Agrociencia Uruguay 2025;29:e1589 11



2
9 Almeida RF, Batista EAC, Kurozawa LE

(19 Madamba PS, Driscoll RH, Buckle KA. The thin-layer drying characteristics of garlic slices. J Food Eng.
1996;29(1):7597. Doi: 10.1016/0260-8774(95)00062-3.

(20) Steffe JF. Rheological methods in food process engineering. East Lansing: Freeman press; 1996. 418p.

(21) Jinapong N, Suphantharika M, Jamnong P. Production of instant soymilk powders by ultrafiltration, spray
drying and fluidized bed agglomeration. J Food Eng. 2008;84(2):194-205. Doi: 10.1016/j.jffoodeng.2007.04.032.

(22) Silva K, Machado A, Cardoso C, Silva F, Freitas F. Rheological behavior of plant-based beverages. Food
Sci Technol. 2019;40:258-63. Doi: 10.1590/fst.09219.

(23) Quek MC, Chin NL, Yusof YA. Modelling of rheological behaviour of soursop juice concentrates using
shear rate-temperature—concentration superposition. J Food Eng. 2013;118(4):380-6.
Doi: 10.1016/j.jfoodeng.2013.04.025.

(24) Guzman E, Tajuelo J, Pastor JM, Rubio MA, Ortega F, Rubio RG. Shear rheology of fluid interfaces:
Closing the gap between macro-and micro-rheology. Curr Opin Colloid Interface Sci. 2018;37:33-48.
Doi: 10.1016/j.cocis.2018.05.004.

(25) Pignon F, Magnin A, Piau J. Thixotropic colloidal suspensions and flow curves with minimum: identification
of flow regimes and rheometric consequences. J Rheol. 1996;40(4):573-87.

(26) N'gouamba E, Goyon J, Tocquer L, Oerther T, Coussot P. Yielding, thixotropy, and strain stiffening of
aqueous carbon black suspensions. J Rheol. 2020;64(4):955-68. Doi: 10.1122/8.0000028.

(27) Ferguson J, Kemblowski Z. Applied fluid rheology. New York: Elsevier; 1991. 323p.
(28) Gabas AL, Menezes RS, Telis-Romero J. Reologia na industria de biocombustiveis. Lavras: INDI; 2012. 156p.

(29) Telis-Romero J, Ditchfield C. Reologia de produtos alimenticios. In: Tadini CC, Telis VRN, Meirelles AJA,
Pessoa Filho PA, editors. Operagdes unitarias na industria de alimentos. Rio de Janeiro: LTC; 2018. p. 63-122.

(30) Overcoming and quantifying 'Wall Slip' in measurements made on a rotational rheometer. Netzsch
[Internet]. 2022 [cited 2025 Sep 2]. Available at: https://analyzing-testing.netzsch.com/en/application-
literature/overcoming-and-quantifying-wall-slip-in-measurements-made-on-a-rotational-rheometer

(31) Nakanishi H, Nagahiro SI, Mitarai N. Fluid dynamics of dilatant fluids. Phys Rev E. 2012;85(1):011401.
Doi: 10.1103/PhysRevE.85.011401.

(32) Brown E, Jaeger HM. The role of dilation and confining stresses in shear thickening of dense suspensions.
J Rheol. 2012;56(4):875-923. Doi: 10.1122/1.4709423.

(33) de Castilhos MBM, Betiol LFL, de Carvalho GR, Telis-Romero J. Experimental study of physical and
rheological properties of grape juice using different temperatures and concentrations: part Il: Merlot. Food Res
Int. 2018;105:905-12. Doi: 10.1016/j.foodres.2017.12.026.

(34) Bravo HS, Gonzalo GJ, Santos BC. Effect of some clarifying agents on phenolics and colour parameters in
an aged red wine. Rev Agroquim Tecnol Aliment. 1991;31(4):584-90.

(3%) Yogurtcu H, Kamisli F. Determination of rheological properties of some pekmez samples in Turkey. J Food
Eng. 2006;77(4):1064-8. Doi: 10.1016/j.jfoodeng.2005.08.036.

(36) Tavakolipour H, Mahalleh AA, Hatamikia M. Characterization of rheological properties of grape juice in Iran.
Adv Environ Biol. 2014;201-7.

(37) Tavakolipur H, Kalbasi Ashtari A. Investigation of rheological properties of grape juice. NSISP. 2013;40(10):129-37.

(38) Santos PH, Silva LHMD, Rodrigues AMDC, Souza JARD. Influence of temperature, concentration and
shear rate on the rheological behavior of malay apple (Syzygium malaccense) juice. Braz J Food Technol.
2016;16:¢2015009. Doi: 10.1590/1981-6723.0915.

(39) Benitez El, Genovese DB, Lozano JE. Effect of typical sugars on the viscosity and colloidal stability of
apple juice. Food Hyd. 2009;23(2):519-25. Doi: 10.1016/.foodhyd.2008.03.005.

(40) Diaz-Lima C, Vélez-Ruiz JF. Effect of solids concentration on the physicochemical and flow properties of
cactus pear juices of two varieties (Opuntia ficus-indica and Opuntia streptacantha). Food Bioproc Tech.
2017;10:199-212. Doi: 10.1007/s11947-016-1811-1.

12 Agrociencia Uruguay 2025;29:e1589



Almeida RF, Batista EAC, Kurozawa LE &

AGROCIENCIA URUGUAY

Supplementary Material

0,8 8 80 800

Grape juice particle sizes (um)

Figure S1. Granulometric distribution of grape juice
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