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Abstract

:

The pipeline flow behavior of suspensions of cellulose nanocrystals (CNCs) was investigated over the CNC concentration range of 0.24 to 3.65 wt% in different diameter pipelines. The CNC suspensions were Newtonian below the CNC concentration of 1 wt%. At higher concentrations, the CNC suspensions were non-Newtonian power-law fluids. For Newtonian CNC suspensions, the experimental friction factor–Reynolds number data were obtained only in the turbulent regime, and the data followed the Blasius equation closely. For power-law CNC suspensions, the experimental data of friction factor–Reynolds number covered both laminar and turbulent regimes. The experimental data followed the friction factor–Reynolds number relationships for power-law fluids reasonably well.
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1. Introduction


Cellulose nanocrystals (CNCs) are promising low-cost nanomaterials with unique properties [1,2,3,4,5,6,7,8,9,10,11,12,13] such as high stiffness, high aspect ratio, high surface area, low density, non-toxicity, biodegradability, and renewability. They are produced from cellulose via sulfuric acid hydrolysis of amorphous portions of cellulose fibers. When dispersed in water, they carry a negative charge due to the presence of anionic half ester groups.



The potential applications of CNCs are many. CNCs can greatly improve the gas barrier properties of packaging films when they are added to the polymeric matrix (poly lactic acid) of packaging film. CNCs act as a lubricant in reducing the coefficient of friction between surfaces and surface wear due to alignment of nanocrystals. CNCs are also good dispersants for the suspension of particles in liquids. The high aspect ratio and surface charge make CNCs excellent rheology modifiers; they thicken liquids and impart shear-thinning properties to liquids [14]. The thickening of liquids is required in many applications. For example, the texture and mouth feel properties of many food products can be manipulated using thickeners such as CNCs. For thickening purposes, the CNC is normally used at high concentrations (>1 wt%). CNCs are also excellent stabilizers for oil/water emulsions. Emulsions can be stabilized with CNC concentration anywhere in the range of 0.1 to 1.0 wt%. CNC-stabilized emulsions have potential applications in the food, pharmaceutical, and cosmetics industries. CNCs are also finding applications in the fabrication of flexible and stretchable strain sensors [15,16,17,18], stretchable electroluminescent devices [19], flexible triboelectric nanogenerators [20], and recyclable/biodegradable packaging products [21].



However, systematic studies dealing with rheology and the pumping flow behavior of suspensions of CNCs are lacking, which inspires us to explore this topic. To our knowledge, no work has been published on the flow behavior of CNC suspensions in pipelines. A good understanding of the flow behavior of CNC suspensions in pipes is important from both fundamental and practical points of view. For example, knowledge of the friction factor vs. Reynolds number relationship is required for the design and operation of pipelines and related process equipment used in the formulation and transport of CNC suspensions. The objective of this study is to systematically investigate the rheology and pipeline flow behavior of CNC suspensions over a broad range of CNC concentrations.




2. Background


The flow behavior of fluids in pipes is described in terms of friction factor–Reynolds number relationships. The friction factor (  f  ) is defined as follows:


  f =     τ   w       1   2   ρ   V   2     ,  



(1)




where     τ   w     is the wall shear stress,   ρ   is fluid density, and   V   is the average fluid velocity in the pipe. For horizontal pipes, the wall shear stress is related to pressure drop as follows:


    τ   w   =   D Δ P   4 L   ,  



(2)




where   D   the is pipe internal diameter,   Δ P   is the pressure drop over the length   L   of the pipe.



Thus, friction factor in pipe flow can be measured by measuring the pressure drop as a function of flow rate.



The Reynolds number for Newtonian fluids is defined as follows:


  R e =   ρ D V   η   ,  



(3)




where η is the fluid viscosity. For non-Newtonian power-law fluids, the Reynolds number is defined as follows:


  R e , n = 8       n   6 n + 2       n       ρ   V   2 − n     D   n     K      



(4)




where   K   and   n   are power-law constants, defined by the power-law model as follows:


  τ = K     γ  ˙    n   ,  



(5)




where   τ   is the shear stress and     γ  ˙    is the shear rate. The power-law constants   K   and   n   are determined by fitting the power-law model to the shear stress vs. shear rate data obtained from viscometer measurements. Note that the Reynolds number for non-Newtonian fluids   R e , n   is also referred to as the generalized Reynolds number. For Newtonian fluids where   K = η   and   n = 1  ,   R e , n   reduces to the conventional Reynolds number   R e .  



2.1. Friction Factor vs. Reynolds Number for Newtonian Fluids


In laminar flow of Newtonian fluids, the friction factor is related to Reynolds number as follows:


  f =   16   R e   .  



(6)







The friction factor is independent of pipe roughness in laminar flow. However, in turbulent flow of Newtonian fluids, the friction factor is a function of both the Reynolds number and the relative roughness of the pipe       ϵ  /  D      . When the pipe is a hydraulically smooth pipe       ϵ  /  D → 0      , the friction factor depends only on   R e   in the turbulent regime. The friction factor data for turbulent flow of Newtonian fluids in smooth pipes can be described accurately via the following semi-empirical equation, often referred to as the von Karman–Nikuradse equation:


    1  /     f    = 4   l o g   10     R e  f    − 0.40 .  



(7)







The von Karman–Nikuradse equation is not explicit in the friction factor. Several explicit   f   v s .   R e   relations are available in the literature. One of the popular ones is the following Blasius friction factor equation for turbulent flow of Newtonian fluids in smooth pipes:


  f =   0.079  /    R e   0.25     .  



(8)








2.2. Friction Factor vs. Reynolds Number for Non-Newtonian Power-Law Fluids


For laminar flow of non-Newtonian power-law fluids in pipes, the friction factor is a function of the generalized Reynolds number     Re ,  ⁡  n    , as shown below:


  f =   16     Re ,  ⁡  n     .  



(9)







This is the same relationship as that of Newtonian fluids with the conventional Reynolds number   R e   replaced by the generalized Reynolds number     Re ,  ⁡  n    .



The friction factor in turbulent flow of non-Newtonian power-law fluids in hydraulically smooth pipes is given by the following Dodge–Metzner equation [22]:


    1    f    =     4     n   0.75           log   10    ⁡      f     1 − 0.5 n       Re ,  ⁡  n       −   0.4     n   1.2     .  



(10)







In the special case of Newtonian fluids (  n = 1  ,   K = η  ), the Dodge–Metzner equation reduces to the von Karman–Nikuradse equation (Equation (7)).



The Dodge–Metzner equation (Equation (10)) is not explicit in   f   and has to be solved numerically. Dodge and Metzner [22] also proposed a Blasius-type equation explicit in   f   for non-Newtonian fluids as follows:


  f =     α   n         R e , n       β   n       ,  



(11)




where     α   n     and     β   n     are functions of   n   reported graphically [22]. Pal [23] proposed the following expressions     α   n     and     β   n    :


    α   n   = 0.0077   ln  ⁡  (   n ) + 0.078 ,  



(12)






    β   n   = 0.25 ( n   )   − 0.22   .  



(13)









3. Materials and Methods


3.1. Materials


The CNCs used in this work were provided by CelluForce Inc., Windsor, ON, Canada, under the trade name of NCC NCV100-NASD90. They were produced via sulfuric acid hydrolysis of wood pulp followed by spray-drying. The nanocrystals were rod-shaped with a mean length of 76 nm and mean width of 3.4 nm. The surface area of CNCs was 500       m   2    /  g      and the crystallinity was 88%. The atomic force microscopy (AFM) image of the nanocrystals is shown in Figure 1. The water used throughout the experiments was deionized.




3.2. Flow Loop


The flow behavior of CNC suspensions was investigated in a closed-flow-loop system. The schematic diagram of the flow loop and the images of different portions of the flow loop are shown in Figure 2 and Figure 3, respectively. The CNC suspension was prepared in a large, jacketed mixing tank present in the flow loop (see Figure 3a). The temperature inside the tank was maintained constant at 22 ± 0.5 °C by passing cold or hot water through the tank jacket with the help of a temperature controller. Two centrifugal pumps (low and high capacities) were installed in the loop. Three straight pipe test sections (seamless, hydraulically smooth) of stainless steel with different diameters were installed horizontally (see Figure 3c). The pressure taps in the pipe test sections were made by drilling small holes through the pipe walls. The pressure taps on the pipe test sections were placed far enough from the entrance of flow to the pipe to ensure fully developed flow in the test section where pressure drop measurements were made. Three pressure transducers of different pressure ranges (Rosemount and Cole–Parmer: 0–0.5, 0–5, 0–10 psi) were installed in the flow loop. The pressure transducers were configured in such a manner that a desired pressure transducer could be easily connected to any of the pressure taps in use (see Figure 3b). The loop was equipped with a computer data acquisition system (see Figure 3d) which consisted of an electronic board for input and output signals and a computer terminal to process signals and gather data using the LABVIEW software version 7.1.



Table 1 gives further details about the dimensions of the pipeline test sections installed in the flow loop.




3.3. Viscometry


Fann and Haake co-axial cylinder-type viscometers were used for the rheological measurements. The relevant dimensions of the viscometers are given in Table 2. There were 12 speeds ranging from 0.9 to 600 rpm in the Fann viscometer where the inner cylinder was kept stationary, and the outer cylinder rotated. In the Haake viscometer, there were 30 speeds ranging from 0.01 to 512 rpm, and the inner cylinder rotated, whereas the outer cylinder was held stationary. The viscosity standards of known viscosities were used to calibrate the viscometers. The measurements were carried out at room temperature (  22 ±  1     °  C ) .  




3.4. Preparation of CNC Suspensions


Stock solutions containing 10 wt% CNC in deionized water were first prepared in batches of approximately 4 kg in a benchtop variable-speed homogenizer (Gifford–Wood, model 1L). The mixture was sheared at high speed in the homogenizer for at least one hour. Figure 4 shows the preparation of the stock solution. The known amount of stock solution was then added to the known amount of deionized water in the flow loop tank to prepare the desired concentration of CNC suspension for the pipeline study. The suspension was thoroughly mixed in the flow loop tank with the help of an in-line mixer and pumping system for at least one hour before any pipeline data collection. Figure 5 shows the CNC suspension in the flow loop tank. To prepare a higher CNC concentration suspension, more stock solution (10 wt% CNC) was added to the existing lower CNC concentration suspension in the tank. The rheological and DLS (dynamic light scattering) measurements were carried out on CNC suspensions at each CNC concentration after collection of pipeline data in the flow loop.




3.5. Calibration of Pipeline Test-Sections


Deionized water was used to calibrate the pipeline test sections. The pressure-drop vs. flow rate data were collected over a broad range of flow rates. The pressure-drop vs. flow rate data were transformed into friction factor   ( f )   vs. Reynolds number (  R e  ) data. Figure 6 compares the predictions of the Blasius equation (Equation (8)) with experimental friction factor data obtained from three different diameter pipe test sections using deionized water. There is a reasonably good agreement between the experimental turbulent flow data and the prediction of the Blasius equation, indicating that the pipeline test sections were hydraulically smooth. Note that it was not possible to collect data in the laminar regime as the pressure drops were too small to be measured accurately using the available pressure transducers.





4. Results and Discussion


4.1. Particle Size Distribution of CNC Suspensions


The size distribution of CNC suspension was determined via DLS using a Zetasizer Nano ZS90 with a He-Ne laser operating at 633 nm frequency. The dispersant (water) properties were specified at 25 °C as follows: viscosity = 0.8872 mPa.s; and refractive index = 1.330. For the CNCs, the refractive index specified was 1.51. This value of CNC refractive index was available in the software of the instrument and agrees with the value reported in the literature [25]. For each CNC concentration, three DLS measurements were made, and the average values were calculated. Figure 7 shows the size distributions of CNC suspensions at different CNC concentrations. The average hydrodynamic diameter of CNC at different concentrations is shown in Figure 8. The average hydrodynamic diameter of CNC (Figure 8) decreases with the increase in CNC concentration initially and then levels off at high concentrations (>1 wt%) to approximately 10 nm. The decrease in average hydrodynamic diameter of CNC is probably due to interaction of nanocrystals at high concentrations. Note that the CNC suspensions were subjected to intense shear in the pumping system of the flow loop before the DLS measurements were made.




4.2. Rheology of CNC Suspensions


The rheology of CNC suspensions was measured at each concentration after collection of the pipeline data in the flow loop. Figure 9 shows the viscosity vs. shear rate plots of CNC suspensions at different CNC concentrations. The CNC suspensions are Newtonian at CNC concentrations lower than approximately 1 wt%; the viscosity is constant independent of the shear rate. At higher CNC concentrations, the suspensions become shear-thinning in that the viscosity decreases with the increase in shear rate. As the viscosity vs. shear rate plots are linear on a log-log scale, the CNC suspensions follow the power-law model, expressed in the form of Equation (5). The power-law model can be re-written as follows:


    η =   τ  /    γ  ˙    = K     γ  ˙    n − 1   ,  



(14)




where η is the apparent shear viscosity. From the plots of   η   and     γ  ˙    data, the power-law constants can be determined via linear regression.



Figure 10 shows the plots of power-law constants (  K   and   n  ) as a function of CNC concentration. The CNC suspensions are Newtonian (  n = 1 )    at CNC concentrations below 1 wt%. At higher concentrations, the CNC suspensions are shear-thinning   ( n < 1 )   and the flow behavior index   n   decreases with the increase in CNC concentration. The consistency index (  K  ) increases with the increase in CNC concentration.



The regression analysis of the power-law constants gives the following relations:


  K = 1.104 e x p   1.255 C   ,  



(15)






   n = 1.0       when   C ≤ 1   w t %   ;   n = 0.9785   C   − 0.332       when   C > 1   w t %  ,  



(16)




where   C   is the concentration of CNC in wt%. The R-squared values are 0.97 for Equation (15) and 0.99 for Equation (16), respectively.




4.3. Pipeline Flow Behavior of CNC Suspensions


The pipeline experimental data for CNC suspensions obtained from different diameter pipes at different CNC concentrations are plotted in the form of friction factor vs. Reynolds number in Figure 11, Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16. For the Newtonian CNC suspensions (CNC concentration   <   1 wt%), the conventional Reynolds number (Equation (3)) is used, and for the non-Newtonian CNC suspensions, the generalized Reynolds number (Equation (4)) is used. The experimental friction factor data obtained for Newtonian CNC suspensions from different diameter pipes (Figure 11 and Figure 12) cover mainly the turbulent regime, and the data follow the Blasius equation (Equation (8)) closely. For non-Newtonian power-law CNC suspensions (CNC concentration > 1 wt%), the experimental data obtained from different diameter pipes (Figure 13, Figure 14, Figure 15 and Figure 16) cover both laminar and turbulent regimes, and the data show satisfactory agreement with the corresponding equations for non-Newtonian power-law fluids (Equation (9) for laminar flow and the Dodge–Metzner equation Equation (11) for turbulent flow). Thus, it can be concluded that the CNC suspensions investigated in this study over the CNC concentration range of 0.24–3.65 wt% follow the usual pipeline flow equations for homogeneous Newtonian and non-Newtonian flows with averaged properties. Most of the experimental data points fall within   ± 30 %   of the values predicted by the equations.





5. Conclusions


The laminar and turbulent flow behaviors of suspensions of cellulose nanocrystals (CNCs) were studied in three different diameter pipes. The CNC concentration varied from 0.24 to 3.65 wt%. At low concentrations of CNC (less than 1 wt%), the suspensions were Newtonian in nature. The CNC suspensions behaved as non-Newtonian pseudoplastic fluids at CNC concentrations above 1 wt%. The power-law model was able to describe the rheology of non-Newtonian CNC suspensions adequately. The pipeline data were analyzed in terms of friction factor vs. Reynolds number. For the non-Newtonian suspensions, the generalized Reynolds number was used. The experimental friction factor vs. Reynolds number data obtained for CNC suspensions were described reasonably well using the pipeline flow equations for homogeneous Newtonian and non-Newtonian flows with averaged properties.
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Figure 1. Atomic force microscopy (AFM) image of cellulose nanocrystals [14,24]. 
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Figure 2. Schematic diagram of the experimental flow loop. 
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Figure 3. Images of different portions of the experimental flow loop: (a) mixing tank; (b) pressure drop measuring panel; (c) three different diameter pipeline test sections; (d) computer terminal of data acquisition system. 
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Figure 4. Preparation of CNC stock solution using benchtop homogenizer. 
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Figure 5. CNC suspension in the flow loop mixing tank. 
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Figure 6. Friction factor vs. Reynolds number data for deionized water. 
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Figure 7. Size distributions of CNC suspensions at different CNC concentrations. 
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Figure 8. Average hydrodynamic diameter of CNC suspensions as a function of CNC concentration. 
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Figure 9. Viscosity vs. shear-rate plots of CNC suspensions at different CNC concentrations. 
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Figure 10. Variation of power-law constants (  K   and   n  ) as a function of CNC concentration. 
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Figure 11. Friction factor vs. Reynolds number data for CNC suspensions at 0.24 and 0.48 wt% concentrations. 
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Figure 12. Friction factor vs. Reynolds number data for CNC suspensions at 0.73 and 0.97 wt% concentrations. 
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Figure 13. Friction factor vs. Reynolds number data for CNC suspensions at 1.44 and 1.92 wt% concentrations. 
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Figure 14. Friction factor vs. Reynolds number data for CNC suspensions at 2.39 and 2.86 wt% concentrations. 
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Figure 15. Friction factor vs. Reynolds number data for CNC suspensions at 3.07 and 3.32 wt% concentrations. 
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Figure 16. Friction factor vs. Reynolds number data for CNC suspension at 3.65 wt% concentration. 
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Table 1. Dimensions of the pipeline test sections.






Table 1. Dimensions of the pipeline test sections.





	Nominal Diameter (inch)
	Inside Diameter (mm)
	Test Section Lengths (m)





	0.5
	9.45
	1.22, 3.667



	1.0
	22.02
	0.92, 3.048



	1.5
	34.80
	1.52, 3.048










 





Table 2. Relevant dimensions of the viscometers.
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	Device
	    Inner   Cylinder   Radius ,     R   i      
	    Outer   Cylinder   Radius ,     R   o      
	Length of Inner Cylinder
	Gap-Width





	Fann 35A/SR-12 viscometer
	1.72 cm
	1.84 cm
	3.8 cm
	0.12 cm



	Haake Roto-visco RV 12 with MV I
	2.00 cm
	2.1 cm
	6.0 cm
	0.10 cm
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