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Abstract. Flow behavior of juices of three varieties (Taifi, Banati and Manfaluti) of pomegranate fruit was 
determined with a concentric-cylinder rotational viscometer. All samples of pomegranate juices behaved 
as a non-Newtonian fluid at all concentrations (13.7-65.0oBrix) with the shear rate and temperature ranges 
10-979 S-1 and 25-70°C, respectively. The power law equation (1: =Kyn) was suitable to describe the 
behavior of the various juices. The flow behavior index (n) was < 1.0 for all concentrations indicating a 
pseudoplastic (shear-thinning) behavior. the suitability of the power law equation to all experimental data 
was obtained. The results indicated that the apparant viscosity of pomegranate juices decreased as the 
temperature was increased. Consistency index of juices was significantly (P < 0.(01) different for the vari
ous pomegranate fruit. The consistency index decrea~ed as concentration decreased and temperature 

increased. 

Introduction 

Rheology of fluid is concerned with the flow and deformations of such materials. 
Ohtaining a knowledge of reliable rheological properties of fluid foods b very impor
tant because of their influence on processing operations such as those involving heat 
transfer (heating and cooling), mas~ transfer. pasteurization, homogenization, and 
concentration. In recent years, rheological properties of single strength and concen
trated fruit juices have been reported [1,2,3,4]. Most of these studies, however, were 
mainly concerned with the effect of concentration and temperature on the rheologi
cal properties of fruit juices under investigation. Nonetheless, earlier studies on 
rheological properties and flow hehaviors of tluid foods have been reviewed by 
Holdsworth [5], Rao [6], and Rao ct ai, [7], 

Temperature is an important factor affecting appmant viscosity of fluid foods 
and its effect must be understood since many rheological parameters including 
apparant viscosity are affected by temperature. Most fluid foods are essentially 

2m 
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exposed to different temperatures during processing. It is therefore, necessary to 
control the temperature of fluid foods under study and to report the test tempera
ture. 

Very scarce information is available on rheological properties of pomegranate 
fruit juice. These properties are especially useful in the food industry in determining 
proccssing parameters such as piping design and the pumping requirements for a 
fluid transport system. The objectives of this work were to determine the flow curves 
for juices of three different pomegranate fruit varieties and to determine the effect 
of temperature, concentration, and variety on rheological parameters of pomegra
nate fruit juices. 

Materials and Methods 

The fruit 

Pomegranate fruit varieties used in this work included Taifi. Banati, and Man
faluti. Healthy fruits were obtained from Agricultural Research and Experiment Sta
tion at King Saud University during the 1992 growing season. Fruits were stored in 
a cold room at SoC and 90-95%) r.h. for two weeks. 

The preparation of single strength juices 

For the preparation of fresh juices. approximately 35. 45 and 50 Kg of fully ripe 
fruit samples of the varieties Taifi, Banati, and Manfaluti, were respectively 
selected, peeled and separated into peel and edible portions. The edible portions 
were separately weighted and were used for the extraction of single strength juices 
using an electric extractor (Moulinex, type 140.6.03). Extracted juices were 
immediately filtered through one layer of cheese cloth. At the end of the extraction 
process, juices were also passed through three layers of the cloth and weighted as 
final extracts. Total solids (TS) and densities (p) of fresh juices were as follows: 
13.7"Brix and 1.032 (g/cm') for Taifi. 16.7°Brix and 1.042 (g/em') for Banati. and 
15.ffBrix and 1.034 (g/cm 3) for Manfaluti. 

The preparation of concentrations 

Parts of the pomegranate fruits extracts were concentrated by evaporation using 
a climbing film evaporator designed to operate as either a batch or continuous 
evaporator (Climbing film and Natural Circulation Evaporator. Corning Process 
Systems, Stone, England). In the system, about 12. 16 and 17 Kg of extract samples 
from the three pomegranates passed up into the calandria where the volatile compo
nent (water) was vaporized. The vapors rising up the calandria and so doing pulled 
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a thin turbulent film of liquid up the calandria wall. The conditions of the evapora
tion process were as follows: operating vacuum = 0.6 bar gauge, water pressure = 

1.5 bar gauge, steam pressure ~ 1.5 bar gauge, feed flow rate ~ 0,5 l/min, feed inlet 
temperature ~ 40°C. 

Feed outlet temperatures were 64, 58, and 65°C for Taifi, Banati, and Man
faluti, respectively. The highest concentrations obtained for the three pomegranates 
were 69.3, 73.6, and 77.9'Brix, respectively. Juices of intermediate concentrations 
were prepared by diluting highest concentrations with the water collected in the 
receiver in the evaporator. These concentrations were 13.7,25,45, and 65°Brix for 
Taifi, \6.7,25,45, and 65°Brix for Banati, and 15.0,25,45, and 6SOBrix for Man
[aluti. 

Rheological measurements and calculations 

The rheological properties of the fresh juices and concentrated samples were 
measured with a concentric-cylinder rotational viscometer (HAAKE. Type VT 181, 
Karlsruhe, Berlin, Germany). The viscometer was connected to both a heating hath 
circulator and a frequency converter to make up an integrated system as described by 
Hassan [1]. It allows the continuous measurements of the shear stress (torque )-shear 
rate (angular speed) data. In the apparatus, each sample was placed into the annular 
spaces between the two concentric cylinders of a sensor system, while the inner cylin
der was rotating at a defined speed the torque required was measured. Sensor sys
tems used were the system NV for fresh juices and low-viscosity concentrations and 
the systems MVI, MVII, and MVIII for higher concentrations. The speed of the 
rotating inner cylinder ranged between 5.6 and 181 rpm with the capability to alter
nate hetween two fixed rotor speeds which differ by their 1:4 ratio. Temperatures 
used in this work were 25, 40,50,60, and 70'C. The temperature of the sample was 
kept constant using the heat bath circulator 0 

Fluid foods exhibit two types of hehavior, namely Newtonian and non-Newto
nian. Newtonian fluids normally obey Newton's law of viscosity which b defined hy 
the following equation: 

(1 ) 

where T is the shear stress (N m"), y is the shear rate (5.1), and [l is the viscosity (N 5 

mo2
). Fluids that are not obeying Newton's law of viscosity are called non-Newto

nians and are described by the following power law equation: 

T ~ Kyn (2) 
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where K is the consistency index (N s" m'), and n is the flow behavior index (dimen
sionless). The rheological parameters K and n can be determined by plotting the 
logarithm of shear stress versus the logarithm of shear rate on ordinary paper. The 
slope of the best fit line gives the flow behavior index (n). The consistency index (K) 
is obtained from the intercept. 

Results and Discussion 

The flow curves 

The relationships between shearing stress (T) and rate of shear (y) are shown in 
Figs. 1-3. The results indicated a pronounced curvilinear relationship for most con
centrations of pomegranate juices within the temperature range 2S-70"C. At the 
6YBrix concentration level of Taifi and Manfaluti pomegranates and at the temper
ature of 2ye, the relationship between shear stress and shear rate was very close to 
a linear relationship. The concentrated Banati juice at the concentration level of 
65°Brix and within the temperature range 2S-70°C had a more pronounced linear 
relationship particularly at temperature 25°C. This result was similar to the relation
ship of higher concentrations i.e. 65 and 78°Brix of a date water extract at the temper
ature range 24.S-69.SoC [1]. The results also indicated a decrease in the shear stress 
as the temperature increased for all juice concentrations of the various pomegranate 
frui t. 

The regression analysi~ were performed to determine the flow behavior index 
(n) and the consistency index (K) of equation (2). The results were summarised as 
functions of variety, temperature, and concentration in Table 1. The flow behavior 
index (n) of the power law equation wa~ less than 1.0 for all concentrations indicating 
a pscudoplastic (shear-thinning) behavior and the acceptability of the power law 
equJtion to all experimental data obtained. 

Effect of temperature, concentration and variet~· on rheological parameters 

The effect of temperature on the apparant viscosity of Taifi, Banati, and Man
faluti pomegranate fruit juices at different concentrations and at different shear rates 
arc shown in Fig~. 4-6. 

The viscosities of all juices were calculated at selected shear rates within the 
shear rate range 10-969 (S-1) and at the temperature range 25-70°C. 

As shear-thinning (pscudoplastic) fluids, pomegranate juices exhibited a 
decrease in apparant viscosity with increasing shear rate. At the shear rate 10 (S-I), 
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Table 1. Mean values of the flow behavior index (0), the consistency index (K), and the correlation 
coefficients (R2) for juices of pomegranate fruits 

Fruit 
Temperature Concentration n K 

(0C) (OBrix) (Ns"m·2) R' 

Taifi 25 13.7 0.796 5.581 x 10-.1 0.99 

40 0.791 5.027 x 10-·' 1.00 

50 0.7XO 3.77X x 10-' 0.99 

60 0.777 3.443 x ]() . .1 0.99 

70 0.775 3.2H2 x [0--' 0.99 

25 25.0 0803 6.678 x J().l 1199 

40 O.7YO 4.749 x 10-' 0.99 

50 0.784 4.132 x 1O--~ 0.99 

00 0.779 3.fi30 x 10-.1 0.99 

70 0.777 3.477 x 10--' 0.99 

25 45.0 0.842 1.8 x 10' 0.99 

40 0.S23 1.1 x ]()-~ 099 

50 0.817 9.623 x to-, 0.99 

OJ) 1I.Rl14 6 . .s45 x 10--' n,99 

70 0.797 5.760 x ]O-J 0.99 

25 65.0 O.!J12 1.07 x 10- 1 1.00 

40 0.891 6.3 x 10-2 0.99 

50 (l,X73 4.0 x 10-2 0.99 

6f) 0.857 2.6 x ]0-2 0.99 

711 I1.S47 2.0 x 10-2 O.9Y 

Ranati 25 16.7 0.798 6.107 x 10-.1 0.99 

40 0.799 4.H33 x ]()-J 0.99 

50 0.781 3.923 x IO-J 11.99 

60 0.779 3.741 x 10-·' 0.99 

70 11.774 3.23k x 10-3 0.99 

25 25.0 O.HI9 1.0 x 10-2 1.00 

411 0.803 6.614 x 10"·' 11.99 

50 0.797 5.799 x 10--' 1.00 

60 11792 5.I33x ]()-, 0.99 

70 0.7S4 4.202 x 10- 1 0.99 
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Table 1. (Continued) 

Temperature Concentration K 
Fruit n 

(OCi (OBrix) (N sAm·2) R2 

Banati 25 45.0 0.871 3.R x !O·l 1.00 

40 0.858 2.7 x to·2 1.00 

50 0.852 2.4 x 10.2 0,99 

60 0.850 2.3 x 10.2 0.99 

70 0.838 1.6 x H)-2 1.00 

25 65.0 0.974 5.34 x 10'] 0.99 

40 0.954 3.17xlO· 1 0.99 

50 0.943 2.40 x 10'] 0.99 

60 0.932 1.85 x to·] 0.99 

70 0.92<\ 1.57 x 10'] 0.99 

Manfaluti 25 15.0 0.799 6.099 x 10.3 l.lK) 

40 0.789 4.839 x 10'-' 0.99 

50 0.785 4.348 x 10 .. 1 0.99 

60 0.780 3.846 x to') 0.99 

70 0.776 3.432 x 10',' 1.00 

25 25.0 0.80<\ 7.407 x 10'" 1.00 

40 0.800 6.374 x 10<1 0.99 

50 1l.790 4.870 x !O·" 0.99 

60 0783 4,042 x 10',' lI.99 

70 lI.783 4.042 x 10'.1 0.99 

25 45.0 0844 J.9 x lO· e 0.99 

40 0.835 1.5 x 10.2 l.OO 

50 O.82X 1.3 x 10.2 (j.9Y 

60 0.813 8.829 x HP l.Oll 

70 0.811 8.4·.p x \0'-' \.00 

25 65.0 0.913 \.{)9x 10'] l.OO 

40 0.892 6.5 x 10. 2 1.00 

50 0.875 4.2 x !(l·2 \.00 

60 0.864 3.2 x \O.~ \.00 

70 0.851 2.3 x 10.2 0.99 
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the apparant viscosities of the 65°Brix Banati juice were 0.704 (N s m-2) at 25°C and 
0.176 (N s m-2) at 70°C. At the shear rate 53 (S-I), the apparant viscosities of the 
65°Brix Taifi and Manfaluti juices were 0.070 and 0.072 (Ns m-') at 25T, and 0.010 
and 0.012 (Nsn m-2 ) at 70°C, respectively. The results indicated that the apparant vis
cosity of pomegranate juices decreased as the temperature was increased. 

The effect of temperature and concentration on the consistency index (K) was 
also studied, Figures 7-8 shows the effect of concentration on consistency index of 
Taifi, Banati, and Manfaluti juices at different concentrations and at temperature 
25°C and 70°C. At both temperatures, the magnitudes of consistency index for 
Banati juices at all concentrations were the highest and for Taifi juices at all concen
trations were the lowest. Consistency index of juices decreased as concentration 
decreased and temperature increased. The multiple comparison procedure (Dun
cans' test) was used to test the consistency index. The analysis indicated that there 
was a significant difference (P < 0.(5) between the Taifi and the Banati pomegranate 
juices and between the Manfaluti and the Banati pomegranate juices (Table 2). 

Conclusions 

The quantitative characterization of the rheological properties of fluid foods 
from the shear rate-shear stress data is of particular interest in process design, quality 
control, and consumer acceptability. The effect of temperature and concentration on 
apparant viscosity can be very useful in the concentration of fluid foods. The consis
tency index is used as a quality control parameter. Based on results of this study, the 
following summarizes the main conclusions: 

1. A curvilinear relationships were found between the shear stress (T) and rate of 
shear (y) for most concentrations of pomegranate juices within the temperature 
range 25-70°C. 

2. The shear stress was decreased as the temperature increased for all juice concen
trations of the various pomegranate fruit. 

3. The pomegranate juice behaved as a non-Newtonian fluid at all concentrations 
with the temperature range 25-70°C. 

4. There was a decrease in the apparant viscosity of pomegranate juices with 
increasing temperature. 

5. The consistency index of juices was decreased as concentration decreased and 
temperature increased. 
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Table 2. Effect of variety on consistency index (K) at different juice concentrations 

Concentration,OBrix 

Fruit 25 45 65 

Taifi 0.0045 0.0102 0.0512 

Banati 0.0063 0.0256 0.2H66 

Difference -O.OOIX' -0.0154* -0.2354* 

Manfaluti 0.0053 0.0129 0.0542 

Banati 0.11063 0.0256 0.2866 

Difference -0.0010* -0.0127* -0.2324' 

*denotes a statistically significant difference at 5% level. 

Acknowledgement. Thanks are due to Messrs. Jamal Alsobky and Fahd Al-Kaiek 
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