
 

 https://biointerfaceresearch.com/  7120 

Article 

Volume 10, Issue 6, 2020, 7120 - 7134 

https://doi.org/10.33263/BRIAC106.71207134 

 

Rheological Behavior of Sumac (Rhus coriaria L.) Extract 

as Affected by Temperature and Concentration and 

Investigation of Flow Behavior with CFD 

Adnan Bozdogan 1* , Kurban Yasar 1 , Mustafa Soyler 2 , Coskun Ozalp 2  

1 Osmaniye Korkut Ata University, Department of Food Engineering, Osmaniye, Turkey 2 bozdogan@osmaniye.edu.tr, 

kurbanyasar@osmaniye.edu.tr; 
2 Osmaniye Korkut Ata University, Department of Energy Systems Engineering, Osmaniye, Turkey, 

mustafasoyler@osmaniye.edu.tr; coskunozalp@osmaniye.edu.tr; 

* Correspondence: bozdogan@osmaniye.edu.tr; 

Scopus Author ID 26429126300 

Received: 10.05.2020; Revised: 2.06.2020; Accepted: 3.06.2020; Published: 7.06.2020 

Abstract: The purpose of this study is to investigate the rheological properties of sumac extract in 

different concentrations at different temperatures as well as its flow behavior in sudden expansion-

contraction and at 90o elbow with CFD. The rheological behaviour of sumac extract in different 

concentrations (45.65%, 50.44%, 55.53%, 60.32%, and 65.13% total solids) were evaluated using a 

rotational viscometer at different temperatures (10, 20, 30, 40 and 50 C). Sumac extract samples 

showed Newtonian flow properties in these temperature ranges. Arrhenius equation was used to 

determine the effect of temperature. Ea value varied in the range of 11.16-34.35 kJ/mol, which 

diminished with a decrease in concentration. Power and Exponential models were used to characterize 

the effect of concentration on flow behavior. Time average velocity vector and contours, vorticity 

contours, kinetic energy contours, and pressure contours are given to show the flow behavior of sumac 

extract. 
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Nomenclature 
       shear rate (s-1) a1       constant in equation (4) (dimensionless) 

       shear stress (Pa or mPa) a2       constant in equation (5)  

η       viscosity (Pa s or mPa s)  A1      constant in equation (6)  

Ea     activation energy (kj/mol) A2      constant in equation (7) (kJ/mol) 

η0        constant eq. (3)  (Pa s) B1      constant in equation (6) (dimensionless) 

k       consistency coefficient B2      constant in equation (7)  

R       gas constant (kj/mol K) η3          constant in equation (8)  (Pa s) 

T       temperature (Kelvin) η4,         constant in equation (9) (Pa s) 

C       Total solids  ( % ) D1      constant in equation (8)  

η1      constant in equation (4)  (Pa s  ) D2      constant in equation (9) (dimensionless)  

η2      constant in equation (5)  (Pa s)  

1. Introduction 

Sumac (Rhus coriaria L.), which belongs to the Anacardiaceae family, may reach a 

height of 3-4 m. Sumac grows in a large area extending from the Canary Islands to the 

Mediterranean coastline, and to Iran and Afghanistan [1]. 

In Turkey, Sumac is grown in the Mediterranean and Southeastern Anatolia regions. It 

is widely used as spice and sauce added to kebabs, grilled meats, salads, and soups. Sumac 

sauce has a sour and fruity aroma [1,3]. There are two types of sumac, Rhus coriaria L. and 
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Rhus cotinus, in Turkey. A more common one, Rhus coriaria L., is used to prepare sauces and 

spice. Sumac extract (sumac sauce) is especially used in southern and eastern Turkey, and its 

market has recently developed in Turkey.  

There are a few researches about some properties of sumac. Zalacain et al. [4] optimized 

the extraction of gallotannins from sumac. Nasar-Abbas and Halkman (2004) reported that 

sumac has an antimicrobial effect on some strains of bacteria. Bayram et al. [5] studied flavor 

compounds of sumac, which was produced by the spray drying technique. Bozkurt (2006) 

studied the effect of sumac extract on Turkish dry-fermented meat products. Ozkanli and Tekin 

[6] examined the rheological properties of sumac extract according to temperature and 

concentration, but the research was limited to this.  

Understanding the rheological properties of liquid food is necessary for quality control 

and sensory evaluation, as well as engineering applications that design industrial plants. Such 

engineering applications require that the effect of concentration and temperature on the 

rheological behaviors must be known for comprehending unit operations such as heat transfer 

and evaporation [7-17]. 

There are two types of pressure loss in the design of duct systems. These are major and 

minor losses. Minor losses are caused by changes in pipe geometries and fitted components 

such as sudden or gradual flow expansion and contraction, entrance and exit of tanks, elbows, 

bends, fittings, valves, etc. These parts of piping systems interrupt the smooth flow and cause 

pressure losses because of flow separation and friction.  

Xia and Sun [18] reviewed the application of CFD in food processing industries, 

including drying, mixing, refrigeration, and sterilization. They discussed the advantages of 

CFD and outlined the future of CFD applications. Gut and et al. [19] studied the pressure drop 

of pineapple juice in a plate heat exchanger (PHE) with 50º chevron plates. They determined 

the rheological behavior of pineapple juice at different temperatures and concentrations. The 

Ostwald–de Waele model accounted for the flow properties of pineapple juice. The friction 

factor for the non-isothermal flow of pineapple juice in the PHE was acquired for diagonal and 

parallel/side flow. Gratao et al. [20] experimentally studied Laminar axial flow of a 

pseudoplastic liquid food in annular ducts. The rheological behavior of soursop juice was 

determined, and then pressure loss in annular regions was measured. Huang et al. [21] 

investigated the rheological properties produced from inward sudden and outward expansion 

geometries. Some other studies about sudden expansions, contraction, and elbows are those 

conducted by Delhaye [22], Guglielmini et al. [23], Nathan et al. [24], Langrish et al. [25], Guo 

et al. [26], Tsai et al. [27], Ahmed et al. [28].  

The aim of this work was to ascertain the effect of concentration and temperature on 

viscosity, in order to characterize the rheological properties of sumac extract and numerical 

investigation of some minor losses of piping systems with variable viscosity depending on 

temperature and concentration. Two different temperatures and concentrations are selected for 

the numerical part of the study.  

2. Materials and Methods 

 2.1. Materials. 

Concentrated sumac extract (65.13% total solid) was obtained from a local 

manufacturer. The concentrated sumac extract was diluted with pure water to acquire different 

sumac extract concentrations. 
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2.2. Analytical methods. 

A pH meter (Inolab, Germany) was used to determine the pH value. The total acidity 

was found using 0.1 N NaOH (until pH 8.1). The specific gravity of the sumac extracts was 

found using a refractometer (Mettler T. RE50, Switzerland) at 20 ºC. Protein value was 

analyzed by the Kjeldahl method performed according to the AOAC method [29,30]. Total 

solids (concentration) were found by the oven drying method [31]. The composition of 

concentrated sumac extract was given in Table 1. 

2.3. Rheological measurements. 

The viscosity of Sumac extracts was determined at 10, 20, 30, 40, and 50 ºC using a 

Brookfield viscometer (Model RDVD-II, USA). All the measurements were done using spindle 

(LV 1) at six different speeds (2.5, 5, 10, 20, 40, and 80 rpm). The thermostatic water bath was 

used to adjust the temperature, and three measurements were performed for each sample at 30 

s intervals. Shear rate () was calculated according to user’s instructions as follow: 

220.0= N      (1) 

Shear stress ()  was obtained using equation (2): 

 =                (2) 

where η is the viscosity,  is the shear rate and  is the shear stress. 

2.4. Statistical analysis. 

The parameters of models were calculated by the non-linear regression procedure using 

Sigma Plot (Sigma-Plot 11.0 version, USA). Variance analysis was performed to determine the 

effect of concentration and temperature on the viscosity of sumac extract using SPSS statistics 

software version 18.0 (Chicago, USA). Further, parameters of Eq. (11,12) was estimated by 

the multiple regression analysis (SPSS 18.0 software).  

2.5. Numerical analysis. 

The numerical analysis was performed in steady-state conditions. The CFD code 

ANSYS Fluent 15.1 was employed in order to solve the governing equations using the control 

volume approach. Two-dimensional piping geometries were used to study the piping system 

by solving the momentum and energy equations. Velocity, pressure, vorticity, and kinetic 

energy distributions were also given for investigating the flow properties with variable 

viscosity. The accuracy of calculation results for the mesh structure was controlled, and the 

virtually grid-independent results were obtained for the selection of optimum grid numbers. 

The velocity inlet and pressure outlet were applied as initial conditions. No-slip condition and 

zero heat flux were assumed as boundary conditions.  

The conservation of mass and momentum equations for steady, isothermal and incompressible 

flow can be written as: 

∂Ui

∂xi
= 0 (3) 

Uj

∂Ui

∂xj
= −

1

ρ

∂p

∂xi
+

∂

∂xj
(v(

∂Ui

∂xj
+
∂Uj

∂xi
)  (4) 

A grid independence study was carried out with the comparison of maximum velocity. 

The comparisons for both sudden expansion and elbow geometries are given in Table 7. Based 
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on the optimum performance in terms of accuracy, 14800 and 21300 quadrilateral elements 

were selected for the individual geometries. Validation was carried out with an analytical 

equation in laminar flow in the pipe. In order to validate the simulation, the results were 

compared with analytical equation 5.  

Laminar flow in pipes: 

 

(5) 

The velocity profile of the CFD and analytical solution results in laminar pipe flow is 

shown in Figure 1. 

 
Figure 1. Meshed geometry. 

3. Results and Discussion 

3.1. Physicochemical properties (65.13 % total solids concentration). 

Some physicochemical properties of the sample are given in Table 1. Total dry matter, 

protein, density, acidity, and pH values of the sample were determined as 65.13%, 3.79%, 

1.2678g/cm3, 6060 milliequivalents (me)/L, and 1.75, respectively. It is seen that the pH value 

of the sample is low, and its acidity is high. The low pH and high acidity values prevent the 

presence and development of microorganisms. These are important as they influence food 

viscosity and shelf life [32]. Ozkanlı and Tekin [6] determined the pH value of the concentrated 

sumac as 3.2, while Bozdogan [33] found the acidity and pH of bitter orange juice concentrate 

as 6094 me / L and 1.75, respectively.  

Table 1. Compositional data of concentrated sumac extract. 

Total solid (%) 65.13 

Protein (%, N x 6.25)                                       3.79 

Specific gravity (g/cm3, 20 ºC) 1.2678 

Titrable acidity (me/L) 6.06 x 103  

pH 1.75 

 
Figure 2. The relationship between shear rate and shear stress for concentrated sumac extract (65.13 % total 

solids concentration). 
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3.2. Rheological behavior. 

The rheological properties of sumac extract were examined at a concentration of 

65.13%, 60.32%, 55.53%, 50.44% and, 45.65% of total solids and at temperatures in the range 

of 10-50C. Figure 2 shows the flow diagram for the concentrated sumac extract. The shear 

stress versus the shear rate value gave a linear relationship. Thus, all samples displayed 

Newtonian behavior. The experimental results were fitted to the Newtonian equation (eq.2) 

[6,34,35,36,37]. Similar results were acquired for diluted samples of sumac extract. The 

viscosity values were calculated from the Newtonian model for concentrations and 

temperatures (Table 2). As shown in Table 2, the viscosity of the sumac extracts decreased 

with a rise in concentration and temperature.  

3.2.1. The effect of temperature. 

The effect of temperature on the flow properties of foods can be explained by the 

Arrhenius model [38-42]. 

=  )/(exp RTEao                                (6) 

where Ea is the activation energy, η0 is a constant, T is the temperature and R is the gas constant. 

The activation energy values calculated from the slope of the linear relationship of ln (η) versus 

(1/T) are given in Table 3. As can be observed in Table 3, Ea values changed in the range of 

11.16-34.35 kJ/mol for all concentrations of sumac extracts. These values are consistent with 

the values reported by other authors for clarified fruit juices [34,43]. Furthermore, lower extract 

concentrations gave higher η0 values. The correlation coefficient (r2) values for this modeling 

were higher than 0.8642. Results have displayed that temperature has a significant effect 

(p<0.01) on the flow behavior of the sumac extract. 

Table 2. Viscosities of sumac extracts at different temperatures and concentrations. 

Concentration T (ºC) Newtonian model  

( % total solid)  η (mPa s) r2 

65.13  10 95.88±2.86 0.9991 

 20 61.85±0.49 0.9999 

 30 32.96±0.53 0.9999 

 40 22.84±0.76 0.9997 

 50 16.56±0.03 0.9997 

60.32  10 47.38±0.69 0.9997 

 20 29.26±0.02 0.9999 

 30 19.09±0.28 0.9998 

 40 13.98±0.23 0.9993 

 50 11.12±1.03 0.9981 

55.53  10 26.30±0.37 0.9986 

 20 16.18±0.14 0.9991 

 30 10.85±0.49 0.9957 

 40 9.68±0.22 0.9981 

 50 7.85±0.03 0.9960 

50.44  10 15.14±0.41 0.9994 

 20 10.98±0.39 0.9946 

 30 8.38±0.26 0.9976 

 40 6.42±0.32 0.9883 

 50 6.29±0.03 0.9922 

45.65  10 9.68±0.27 0.9905 

 20 8.13±0.20 0.9893 

 30 6.13±0.18 0.9853 

 40 5.38±0.06 0.9897 

 50 5.77±0.06 0.9993 
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Table 3. Activation energies of sumac extracts. 

Concentration 

 (% total solid) 

η0 (mPas) Ea (kJ/mol) r2 

 

65.13  4.34x10-5 34.35  1.87 0.9912 

60.32  3.33x10-4 27.78  1.69 0.9890 

55.53  1.6x10-3 22.47  2.88 0.9529 

50.44  8.18x10-3 17,58  2.1 0.9591 

45.65  8.06x10-2 11.16  2.50 0.8642 

3.2.2. The effect of concentration. 

The effect of the concentration on the viscosity is given in Figure 3. The viscosity rose 

linearly with sumac extract concentration at all temperatures. Furthermore, the effect of 

concentration on the viscosity of sumac extract was found to be significant (P<0.01).  

The change in viscosity with concentration was explained by Power law and 

Exponential type model, (Eq 4) and (Eq 5) [44]. 

1
1

a
C =                   (7) 

( )Ca2exp2 =                (8) 

In this case, C stands for the concentration (% total solid), whereas η1, η2, a1, and a2 

represent the constants. The values of viscosity from Table 2 were fitted into Eq. (7) and Eq. 

(8) to calculate η1, η2, a1, and a2, and presented in Table 4. The correlation coefficients (0.9657) 

for the Exponential model were higher than the Power law (0.9459). These values indicated 

that the Exponential model seems to define well the effect of concentration on the viscosity of 

sumac extract. 

Activation energy depends upon concentration at a constant temperature. The change 

of activation energy with concentration can be defined by several models [35,45]. Two models 

(Power law (Eq. 9) and Exponential model (Eq. 10)) were used in this study: 

1
1

BCAEa =                         (9) 

( )CBAEa 22 exp=               (10) 

Where Ea is the activation energy, C is the concentration (% total solids), and A1, A2, 

B1, and B2 are constants. The relationship between Ea and C values was assessed by fitting the 

experimental data with the Exponential and Power-law models. The parameters estimated for 

these models are presented in Table 5. As can be seen in Table 5, the best fit was acquired for 

the Power-law relationship as in Eq (9).  

 
Figure 3. The relationship between viscosity and concentration for sumac extracts. 
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Table 4. Effect of concentration on the viscosity of sumac extract at different temperatures. 

 Power-law model:  η= η1C a Exponential model: η= η2exp (bC)  

T (C) η1 (mPas) A r2 η2 (mPas) b r2 

10 4.25x10-13 7.910.61 0.9915 1.65x10-2 0.130.06 0.9964 

20 4.12x10-13 7.810.98 0.9766 1.14x10-2 0.130.01 0.9857 

30 2.64x10-9 5.550.68 0.9736 4.59x10-2 0.10.009 0.9862 

40 7.96x10-8 4.650.52 0.9755 9.15x10-2 0.080.006 0.9882 

50 4.54x10-6 3.610.55 0.9459 2.53x10-1 0.060.007 0.9657 

Table 5. Effect of concentrations on the activation energy of the flow. 

Model i Ai Bi r2 

Power law: Ea= A1 CB1 1 2.14x10-4 2.870.18 0.9910 

Exponential: Ea: A2 exp(B2C) 2 1.290.34 5.06x10-2 0.9816 

3.2.3. Combined effects of temperature and concentration. 

In the process applications, it is significant to acquire a simple equation describing the 

combined effect of concentration and temperature on sumac extract. Equations (11) and (12) 

were used to assess the viscosity of sumac extract for the temperatures and concentrations 

studied.   

( )RTEaCD /exp 13 +=                 (11) 

( )RTEa
D

C /exp
2

4 =                      (12) 

where C is the concentration (% total solids) and η3, η4, D1, and D2 are constants. The equation 

was linearized to acquire the parameters given below. The values of the constants are presented 

in Table 6. 

Table 6. Combined effects of temperature and concentration on viscosity. 

Equation I ηi j Dj Ea (kJ mol-1) r2 

8 3 1.39x10-5 1 0.0870.006 22.662.18 0.9372 

9 4 1.02x10-11 2 4.73  0.35 22.662.37 0.9255 

As can be seen from Table 6, Eq.(11) explained the combined effect of concentration 

and temperature adequately. We proposed a model to describe the viscosity of sumac extract 

as below: 

( )TCx /2726087.0exp1093.1
5

+=
−

  

3.3. Numerical results. 

Figures 6-9 show the a) velocity vectors b) velocity magnitude c) streamlines d) 

vorticity contours e) pressure distributions f) kinetic energy distributions for sudden expansion 

case with different fluid temperatures and concentrations. Two different temperatures and 

concentrations were selected to examine the effect of variable viscosity, which depends on 

temperature and concentration. Firstly, the fluid temperature of 10oC and fluid concentration 

of 45.65% is given in Fig. 4. Then the fluid temperature of 10oC and fluid concentration of 

65.13% is given in Fig.5. Also, the fluid temperature of 50oC and the fluid concentration of 

45.65%, as well as the fluid temperature of 50oC and the fluid concentration of 65.13 %, are 

given respectively in Figures 6 and 7. Streamlines show the recirculating flow zone with eddies 

that occur near the wall of the larger section of pipe for all the cases. These turbulent eddies 

result in a loss of total energy. The recirculation length is minimum, and the pressure difference 

between the narrow and larger section of pipe is maximum in the cases when the fluid 

temperature is 10oC, and fluid concentration is 65.13%. When the vorticity contours are 
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examined, it is seen that the vorticity values appear close to the wall of the pipe with a larger 

diameter. However, vorticity levels are zero in this region for other cases. The maximum 

velocity values are concentrated in the narrow section of the pipe for each case, whereas at 50 

degrees and 45.65% concentration, maximum velocity values are formed towards the 

expansion section of the pipe because of the lower viscosity, and the shear stress, accordingly. 

Due to the higher viscosity, the pressure loss is high for a concentration of 10 degrees and 

65.13% concentration, and a rapid decrease of velocity in the cross-section expansion occurs. 

Inlet velocity of 0.1 m/s increased to 0.26 m/s in the contraction section for all cases. Pressure 

value in the inlet section was approximately 350 Pa and decreased to approximately 40 Pa for 

the cases with the values of 10oC and 45.63%. Negative pressure values are seen in the 

expansion section for all other cases.  

Table 7. Grid independence study 

Sumac velocity inlet (m/s) Number of elements Maximum velocity(m/s)   

sudden expansion    

0.1 3700 0,2942 

 7400 0,2993 

 14800 0,2998 

 29600 0,3 

Elbow   

0.1 6940 0,1514 

 14120 0,152 

 21300 0,1521 

 28560 0,1521 

 
Figure 4. Velocity profile of CFD and analytical solution results in laminar pipe flow. 

Figures 9-12 show the a) velocity vectors b) velocity magnitude c) streamlines d) 

vorticity contours e) pressure distributions f) kinetic energy distributions for 90o bend case with 

temperatures of 10oC and 50oC, and concentrations of 45.63% and 65.13%. When the fluid 

moves inside the bend, maximum velocity with the value of 0.15 m/s tends to occur towards 

the curvature section of the bend for the case of the fluid temperature of 50oC and fluid 

concentration of 65.13%. As the flow enters the pipe bend, the pressure decreases gradually 

from the curvature of bend to the exit of the bend for the case of 50oC fluid temperature and 

65.13% fluid concentration. In contrast to this case, the pressure increases on the outer wall of 

the bend due to the curvature of the bend for other cases. Dashed lines show negative pressure 

values.  
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Figure 5.  a) Velocity vectors b) Velocity magnitude c) Stream Lines d) Vorticity contours e) Pressure 

Distributions f) Kinetic Energy Distributions for the case of a fluid temperature of 10oC and fluid concentration 

of 45.65%. 

 

Figure 6. a) Velocity vectors b) Velocity magnitude c) Stream Lines d) Vorticity contours e) Pressure 

Distributions f) Kinetic Energy Distributions for the case of a fluid temperature of 10oC and fluid concentration 

of 65.13%. 
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Figure 7. a) Velocity vectors b) Velocity magnitude c) Stream Lines d) Vorticity contours e) Pressure 

Distributions f) Kinetic Energy Distributions for the case of a fluid temperature of 50oC and fluid concentration 

of 45.65%. 

 
Figure 8. a) Velocity vectors b) Velocity magnitude c) Stream Lines d) Vorticity contours e) Pressure 

Distributions f) Kinetic Energy Distributions for the case of a fluid temperature of 50oC and fluid concentration 

of 65.13%. 
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Figure 9.  a) Velocity vectors b) Velocity magnitude c) Stream Lines d) Vorticity contours e) Pressure 

Distributions f) Kinetic Energy Distributions for the case of a fluid temperature of 10oC and fluid concentration 

of 45.65%. 

 
Figure 10. a) Velocity vectors b) Velocity magnitude c) Stream Lines d) Vorticity contours e) Pressure 

Distributions f) Kinetic Energy Distributions for the case of a fluid temperature of 10oC and fluid concentration 

of 65.13%. 
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Figure 11. a) Velocity vectors b) Velocity magnitude c) Stream Lines d) Vorticity contours e) Pressure 

Distributions f) Kinetic Energy Distributions for the case of a fluid temperature of 50oC and fluid concentration 

of 45.65%. 

 

Figure 12. a) Velocity vectors b) Velocity magnitude c) Stream Lines d) Vorticity contours e) Pressure 

Distributions f) Kinetic Energy Distributions for the case of a fluid temperature of 50oC and fluid concentration 

of 65.13%. 
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Figure 13. Pressure distribution at the sudden expansion section center along the x-axis and (b) curvature of the 

bend. 

Figure 13 shows the (a) pressure distribution at the sudden expansion section center 

along the x-axis and (b) curvature of the bend. As shown in this figure, maximum pressure 

magnitudes occur for the values of 10oC and 65.13%. 

4. Conclusions 

 Sumac extracts at different concentrations (45.65 %  -  65.13 %  total solids) were 

detected to show Newtonian behavior within the temperature ranges of 10-50 C. The viscosity 

of sumac extracts diminished with increased temperature, as expected. The activation energy 

is found to rise with increased concentration. The relationship between activation energy and 

concentration was well explained by the Power-law model in comparison to the Exponential 

model. Furthermore, viscosity rose non-linearly with concentration. The effect of concentration 

on viscosity was best explained by the Exponential model. Due to the higher viscosity, the 

pressure loss is high for the temperature of 10oC and a concentration of 65.13%, and a rapid 

decrease of velocity occurs in the cross-section expansion. In contrast to the concentration of 

65.13% at 50oC, the pressure increases on the outer wall of the bend due to the curvature of the 

bend for other cases. 
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