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Abstract

Power consumption reduction investigations attracted the attention of enormous numbers of researchers in the
past few decades due to its high academic and economic impacts. The pumping power losses during the
transportation of crude oils are considered as one of the main power consuming applications due to the turbulent
mode of transportation. Investigating the possible solutions for this problem is expensive and time consuming
due to the large apparatuses needed to simulate the flow in real pipelines. Rotating disk apparatus (RDA) is an
instrument mainly comprising a rotating disk and an electrical motor to rotate the disk, which was implemented
as an efficient and economical path to simulate what can be done in pipelines through generating a controlled
degree of turbulence. This technique was also used in many other scientific applications due to its dynamic mode
of operation. For example, a rotating disk electrode was used in electrodeposition processes and to characterize
deposition film thickness and uniformity. The rotating disk reactor was employed to investigate the reaction rate
between fluids and solid surfaces. The present work evaluates the RDA from different prospective and
applications in order to introduce it as an efficient research tools for future dynamic investigations.
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1. Introduction

In industry and research many types of rotating disk apparatus have been used, which can be classified and
named depending on their use and application. For example, the rotating disk electrode apparatus can be used in
electrodeposition processes and characterizes film uniform and thickness. The rotating disk instrument is
increasingly being applied in the laboratory to study the reaction between fluids and solid surfaces. It is widely
used in the petroleum industry for kinetic studies of the reaction of acidic fluids and chelating agents with
reactive rock (Boomer, Mccune & Fogler, 1972; Fredd & Fogler, 1998; K. Lund, Fogler & Mccune, 1973; K.
Lund & Foglers, 1975). In addition, it is employed to examine the effects of different additives on the drag
reduction performance of liquids. The rotating disk apparatus (RDA) used in drag reduction applications is an
equipment for simulating external flow, which includes the flow over flat plates, as well as the flow around
submerged objects and is used for turbulent drag reduction characterization (Tong, Goldburg, Huang & Witten,
1990).

Although the drag reduction mechanism has been the focus of significant research, reportedly no comprehensive
and sufficient explanation has been found (Armstrong & Jhon, 1984; Cadot, Bonn & Douady, 1998; Gyr &
Bewersdorff, 1995; Jhon, Sekhon & Armstrong, 1987; Tabor & Gennes, 2007). Several attempts can be found in
the literature to introduce different techniques to reduce the energy dissipation in pipelines. Generally, these
techniques can be classified into two major categories, namely: passive and active (Abdulbari, Yunus,
Abdurahman & Charles, 2013; Hwang, Kwon & Cho, 2008).
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Methods which do not need any additives are called passive methods, such as oscillating and wavy walls (Jung,
1992), riblets and dimples for which more than 10% drag reduction has been reported (Abdulbari et al., 2013;
Bandyopadhyay, 1986; Baron, Quadrio & Vigevano, 1993; Jung, 1992), and micro bubbles, also introduced as
passive methods to improve the flow in channels (McCORMICK & Bhattacharyya, 1973; Wu, Ouyang & Shiah,
2008), and around 60% drag reduction has been reported by compliant surfaces in this category (Gad-El-Hak,
1998; Kramer, 1960).

The first and typical response for drag reduction is introduced by active methods involving the operation of an
amount of an additive or drag reducing agent (DRA) inside the fluid, which has been reported by many scientists
due to its economical and academic effect (Abdulbari, Shabirin & Abdurrahman, 2013). Moreover, because of
the great influence of additives in conserving energy, the knowledge of drag reduction has been given attention
for both its educational and industrial relevance ( A. Al-Sarkhi, Abu-Nada & Batayneh, 2006; A. Al-Sarkhi &
Hanratty, 2001, 2002; Al-sarkhi, Nakla & Ahmed, 2011; A. Al-Sarkhi, 2010; Dujmovich & Gallegos, 2005; Jhon,
Sekhon & Armstrong, 1987; Moussa & Tiu, 1994; Rehage , Wunderlich & Hoffmann, 1986; Shikata, Hirata &
Kotaka, 1988; Virk, 1975).

Looking at the literature, it is obvious that in active methods most researchers have adopted pipe flows to
examine the turbulent drag reduction that produces a pressure-driven flow in a channel. In 1930 (Forest &
G.Grierson, 1931), investigating a turbulent channel flow, detected a decrease in the loss of energy from timber
paste fibre suspensions in water, and later, in 1949, (K. J. Mysels, 1949) stated that aluminium di-soap markedly
decreased the skin friction of gasoline in a tube. (Toms, 1949) reported more than 80% reduction in the turbulent
skin friction of mono-chlorobenzene by adding only 0.25% polymethylmethacrylate (a long chain hydrocarbon),
the discovery of which led to the first identification of polymers as DRA.

Recently, a number of studies have analysed the drag reduction of a flow by additives through other techniques;
such as a cylindrical double gap rheometer device (Kalashnikov, 1998), coaxial cylinders (Bizotto & Sabadini,
2008; Nakken, Tande & Elgsaeter, 2001) and rotating disk apparatus (RDA) (Burger, Munk & Wahl, 1982; H. J.
Choi, Kim, Sohn & Jhon, 2000; Forest & G.Grierson, 1931; K. J. Mysels, 1949; Peyser & Little, 1971; Wu,
Ouyang & Shiah, 2008). Rotational apparatus has gained attention for determining the drag reduction and
mechanical shear degradation of polymers because of the difficulties and time consumed in analysing the
degradation in pipe systems (H. J. Choi & Jhon, 1996; J. Hoyt, 1972; C. A. Kim et al., 1997; C. A. Kim, Choi,
Kim, & Jhon, 1998; C. A. Kim et al., 1999; Yang, Choi, Kim & Jhon, 1991).

The flow surrounding a rotating disk is very important, mainly in connection with revolving apparatuses.
Furthermore, when the disk, which is rotating in the flow, which is called friction flow, without forced pressure
gradients, the source in the turbulent boundary layer, is altered and this is important when compared with
pressure-driven flow events, since most of the DR happens only in the turbulent region. In other words, the drag
reduction event is associated only with the frictional portion, and creating a friction assessment device, which is
as precise but less huge, is of specific interest. Consequently, for the study of total drag reduction, the rotating
disk scheme is approved (Ge, Zhang & Zakin, 2007; C. H. Hong, Choi & Kim, 2008; C. A. Kim, Jo, Choi, C. B.
Kim & Jhon, 2000; Sohn, Kim, Choi & Jhon, 2001).

One of the factors which can characterise the turbulent flow is a dimensionless quantity, the Reynolds number
(NR,), which is the proportion of inertial forces to viscous forces, and is defined as (Schlichting, 1979): NR,
=por’/p, where p is fluid density, o is angular velocity [2 @ (revolutions per minute) / 60 rad/s], r is the radius of
the disk and p is fluid viscosity [Pa.s]. In RDA, when the NR, reaches a critical value of 3x 10°, the flow
becomes turbulent. Also, it is important to know that RDA is increasingly being employed in the laboratory for
investigating the reaction rate between fluids and solid surfaces (D. Boomer et al., 1972; Litt & Serad, 1964;
Mumick, Welch, Salazar & McCormick, 1994). Since the temperature mechanism is steadier than other drag
reduction measurement apparatus, RDA is appropriate for assessing the drag reduction under fixed temperature
situations.

The motivation for writing this paper is the wide range of application of RDA in industry and the emerging
benefits of using this instrument to compare it with other apparatus in terms of the difficult and time-consuming
analysis of degradation. In this study, rotating disk apparatus types and their application will be illustrated in
three aspects: reactor, electrode, and drag reduction.

2. Rotating Disk Apparatus Applications

Rotating disk apparatus (RDA) is widely used in different industries and has many applications. Some types of
RDA are named according to their application such as rotating disk electrode apparatus, rotating ring disk
electrode apparatus, and rotating disk reactor (or spinning disk reactor). However, the most common application
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of RDA is to use it in drag reduction investigations. Most of the previous work on drag reduction using RDA has
involved investigating the effects of adding numerous types of additives (e.g., polymers, surfactants, and
complex mixtures of polymers and surfactants) on the drag reduction performance. This section includes a brief
description of the common applications of rotating disk apparatus.

2.1 Rotating Disk Electrode Apparatus

One of the rotating disk electrode types is the rotating ring disk electrode (RRDE-3A), shown in Figure 1. This
instrument is a constant rotation system used in hydrodynamic modulation rotating ring disk electrochemistry. It
comprises an electrode with 7 mm diameter and a short stainless steel shaft delivers for a miniature and
concentric circle electrode system, which is capable of highly accurate rotation and modulation. This apparatus
has been designed for laboratory application, and is a compact and computerized rotating electrode system with a
rotating velocity range of 100-8000 rpm. The ring electrode and disk electrode can be used as the working
electrode simultaneously. RRDE is an extremely powerful and well established method for studying complex
chemical and electrochemical reactions in aqueous and nonaqueous solvents at ambient temperatures. The
working electrode, main motor shaft unit, and glass cell are simple to replace. Spin coating can be easily done
because the motor position and the normal rotation function can be reversed. Figure 2 shows a photograph of
typical high temperature Au-Mo RRDE (Stojanovic, Kubacki, Dorin & Frazer, 1995).
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Figure 1. A schematic diagram of the rotating ring-disc electrode: (a) internal Inconel shaft/rotator connection, (b)
glass-filled Teflon bush, (c) outer Inconel tube, (d) boron nitride support, (e) stainless steel screws, (f) gold tube,
(g) boron nitride gap insulator, (h) molybdenum rod, (i) outer boron nitride insulating sheath and (j) slotted
end-piece. (Stojanovic et al., 1995)

200



www.ccsenet.org/mas Modern Applied Science Vol. 10, No. 8; 2016

Figure 2. A photograph of typical high temperature Au-Mo RRDE (Stojanovic et al., 1995)

Sunarso, Torriero, Zhou, Howlett & Forsyth (2012) prepared perovskite oxide electrocatalysts (LaMO; and
LaNipsMysO3) (M = Ni, Co, Fe, Mn and Cr) by a combined ethylenediaminetetraacetic acid-citrate
complexation technique and subsequent calcinations at 1000°C in air. The effect of these electrocatalyst
properties on the oxygen reduction reaction (ORR) was studied in alkaline potassium hydroxide solution using
the rotating ring-disk and electrode rotating disk systems. Voltammograms for the reduction of oxygen and
simultaneous oxidation of HO, were performed using a four-electrode arrangement in a glass cell with 100 ml
employing the rotating ring disk electrode apparatus (RRDE-3A). This comprises a platinum wire counter
electrode, a Pt ring electrode (0.189 cm® area), an Ag|AgCl (3 M NaCl) reference electrode, and a glassy carbon
disk electrode (0.126 cm?® area). The rotating disk electrode runs were performed utilizing a conventional
three-electrode arrangement including a Pt disk electrode with 3 mm diameter (0.071 cm?® area) and similar
counter and reference electrodes were used in the RRDE experiments.

Popov (1993) utilized galvanostatic pulse, pulse reverse and linear sweep voltammetry methods to study the
plating of nickel-iron alloys in the presence of organic additives. They also investigated the effects of reverse
current densities, the presence of organic additives in the bath, pulse current densities and electrode rotation
speed on galvanostatic pulse and pulse reverse Fe-Ni plating using rotating disk electrodes in sulfate baths. Their
study of the dissolution and electrodeposition of alloy and single metal was performed using a linear sweep
voltammetry (LSV) approach, which was applied to dissolve anodically the alloy by a fixed and rotating disk
electrode. The working electrodes were Pt rotating disk electrodes. Determining the optimum concentration of
saccharin to use in the electrodeposition process was the main objective of this study.

Jorge, Neto & Rocha (2007) evaluated and suggested a bismuth film electrode as an environmentally friendly
sensor for the determination of trace levels of thallium (I) in non-deoxygenated solutions. By anodic stripping
voltammetry at a rotating disk bismuth film electrode, the determination of thallium was done using acetate
buffer as the supporting electrolyte. Based on the use of the rotating disk electrode, the potentialities to operate
in flow systems were reinforced by the success of its performance under hydrodynamic conditions. The good
performance of the rotating disk bismuth film electrode and low toxicity of bismuth make the voltammetric
measurements an attractive and promising sensor to monitor toxic chemical species in environmental matrices
using a clean methodology.

Jesusa et al. (2012) demonstrated the possibility of electrodeposition of Pt nanoparticles onto unsupported
SWCNTs and reported the use of the rotating disk slurry electrode (RODSE) approach for the bulk preparation
of P/SWCNTs, which were characterized electrochemically using the cyclic voltammetry method (CV) and
characterized physically by X-ray diffraction (XRD), transmission electron microscopy (TEM), and energy
dispersive spectroscopy— X-ray fluorescence (EDS-XRF). The prepared Pt/SWCNTs were employed as the
sensing material for detection of the CHy ppm level at room temperature. This work introduces a novel and
alternative way to prepare metallic nanoparticles supported on SWCNTs on a large scale. In the same way,
(Rodriguez-Calero, Rivera, Tryk, Scibioh & Cabrera, 2010) described the large-scale production of well
dispersed Pt nanoparticles on unsupported carbon black using the rotating disk-slurry electrode (RODSE)
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system.

Panella, Ydstie & Prieve (2011) proposed a technique for the rapid deposition of titania nanoparticles onto
transparent conductive oxide surfaces for use in dye solar cell anodes. The surface potential of submerged oxide
surfaces such as tin oxide and titania can be controlled by manipulating the pH and ionic strength of an aqueous
solution. Fluid flow, such as that of an impinging jet or rotating disk, was employed to deliver nanoparticles
adequately close to the surface. The rotating disk electrode apparatus, shown in Figure 3, was used to monitor
the particle deposition by measuring the zeta potential of a surface. The zeta potential of a clean disk was
calculated as a function of solution pH between 3.5 and 10, which was adjusted by using a background salt of 0.5
mm sodium nitrate with nitric acid and sodium hydroxide. The volume of the bath used for the rotating disk

experiments was about 450 ml.
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Figure 3. Apparatus for measuring zeta potential using a rotating disk (Panella et al., 2011)

Ying (1988) developed a mathematical model to simulate the electrodeposition of Cu-Ni alloy from citrate
solutions onto a rotating disk electrode under potentiostatic control. The effects of forced convection, ionic
migration, homogeneous equilibria, and diffusion were involved in this model. Hydrogen evolution, copper
deposition, and nickel deposition were the three major electrochemical reactions addressed in the present model.
In their previous work, the authors determined experimentally the influence of forced convection, ionic
migration, homogeneous equilibria, and diffusion on the Cu-Ni alloy deposition process in citrate solutions using
a rotating disk electrode. The experiments were performed at a constant rotation speed (1600 rpm) and room
temperature.

Viel, Bureau, Deniau, Zalczer & Lecayon (1999) performed the electropolymerization of methacrylonitrile under
voltammetric conditions using a platinum rotating disk electrode (RDE) spinning at a high angular rotation rate
(0=10000 rpm) in anhydrous acetonitrile. Then they analyzed the rotating disk electrode surface by X-ray
photoelectron spectroscopy (XPS) and ellipsometry at the end of the experiment. In the same procedure, (Tanguy,
Deniau, Zalczer & Lécayon, 1996) suggested that the use of a rotating disk electrode (RDE) spinning at a very
high rotation rate could provide interesting information towards deciding which mechanism is the most feasible.
Rotating disk electrode voltammetry has been shown to be a fast, inexpensive, and simple technique for studying
substrate kinetics at mutant catecholamine and wild-type transporters. It has become an effective instrument in
the field of neuropharmacology and neurochemistry for the analysis of the transport kinetics of dopamine (DA)
and cocaine's mechanism of inhibition of DA transport in tissue homogenates (McElvain & Schenk, 1992; S. M
Meiergerd, Hooks & Schenk, 1994; S. M Meiergerd & Schenk, 1994; Susan M Meiergerd, Mcelvaint & H, 1994;
Povlock & Schenk, 1997).

Burgess, Kable & Justice (1999) examined the transport of the substrates dopamine (DA) at the human
norepinephrine transporter (HNET) expressed stably in LLC cells. In addition, they described a double electrode
configuration (rotating and stationary working electrodes) for the electrochemical cell. Rotating disk
voltammetric measurements were made using a 3 mm diameter glassy carbon working electrode driven by an
AFMSRX Analytical Rotator System. McBreen et al. (1984) described a rotating disk electrode apparatus for
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studying fuel cell reactions at high temperatures and pressures, and provided primary data for oxygen reduction
in 89.5% H3PO, at temperatures and pressures up to 205 °C and 7.6 atm, respectively. In the work by
(Uribe-Godinez, Castellanos, Borja-Arco, Altamirano-Gutiérrez & Jiménez-Sandoval, 2008), oxygen reduction
and hydrogen oxidation in 0.5M H,SO; were performed using novel osmium electrocatalysts. These
electrocatalysts were characterized electrochemically using rotating disk electrode measurements at room
temperature, with cyclic and linear sweep voltammetry, and structurally characterized by scanning electron
microscopy, X-ray diffraction, and FT-IR spectroscopy. The rotating disk electrode studies were implemented in
a conventional electrochemical cell, which comprised three compartments for the work, a water jacket, counter
electrode and reference electrode. The voltammetry studies were carried out by a Radiometer Analytical
BM-EDII101 glassy carbon rotating disk electrode with a CTV101 speed control unit.

2.2 Rotating Disk Reactor

One of the common types of rotating disk reactor is a rotating disk acid reaction system (CRS-100) which has
utilized the common oil industry acids (acetic acid, hydrochloric, hydrofluoric, etc.) to calculate rock/acid
reaction rates at temperatures up to 250 °C and pressures of 3000 psig standard and 5000 psig and 7240 psig as
options. The reaction rates of carbonate and dolomite samples can be estimated from the experimental and
sample collection data from the CRS-100 and the chemical analysis of the reactant. These reaction rates can be
employed in the design of effective acid stimulation treatments of wells. The apparatus consists of a standard 500
ml capacity acid cell (500 ml and 1000 ml options) to hold a core sample disk, which is rotated by the magnetic
drive mechanism. The sample is immersed to an exact and known depth in the measurement cell, which is
provided by the acid from the pre-charge cell by gas drive. Both acid cells are either cooled or heated to the
desired temperature before displacement, and pressurized to the required pressure when displaced into the
primary cell, as shown in Figure 4. The operating software controls most of the reaction parameters such as test
duration, acid displacement, rotation speed, temperature, and pressure. The software permits the collection of a
number of reactant samples at preselected time intervals. Between 100 and 2000 rpm is the rotating speed range
of this rotating reactor.

Figure 4. The rotating disk acid reaction system (CRS-100)

D. B. Boomer & McCune (1972) designed and used a rotating disk apparatus for studying the reaction between
calcium carbonate disks and hydrochloric acid. This apparatus can be operated in enormously corrosive liquid
environments under controlled pressures and temperatures up to 70 atm and 150 °C. The calcium carbonate disks
were cut from a white Vermont marble (analyzed as 98-99% calcium carbonate) with 5.1 cm in diameter and
0.64 cm thickness. The equipment is assembled in an insulated box using an air bath for temperature control.

Igimi & Carey (1981) studied the dissolution kinetics of the common crystalline forms of cholesterol (anhydrate
and monohydrate) in ursodeoxycholate and chenodeoxycholate solutions by powder dissolution, static disk, and
rotating disk approaches. The rotating disk configuration was used to examine the interfacial kinetics and
relative contributions of diffusion to control the dissolution of cholesterol. As in the static disk apparatus, thin
cholesterol disks (0.75-1.5 mm) were prepared in a stainless steel die of 30.0 mm (id.) under a pressure of

203



www.ccsenet.org/mas Modern Applied Science Vol. 10, No. 8; 2016

10,000 psi. The inverted die plus cholesterol disk was then screwed onto the tip of a straight stainless steel
impeller rod, the free end of which exited through Teflon collars in the central opening of the glass cap to
become the drive shaft of a synchronous motor (Figure 5).

A, STATIC DISC B. ROTATING DISC

30mm 300m
Chokesterol Disk Cholesterol Disk
Figure 5. Diagrammatic representation of A) static disk and B) rotating disk apparatus for dissolution rate and
equilibrium solubility studies (Igimi & Carey, 1981)

Shima, Tomaru, Thara & Miura (1992) investigated the effects of peripheral temperature, velocity, and static
pressure on the cavitation behaviour of stainless steel and the erosion rate over a wide range using a newly
constructed rotating disk apparatus. The experiments were performed at a high peripheral speed range of 65.4—
77.6 m/s, where nobody has reported on the erosion process with a rotating device. The test specimens were
utilized with a through-hole to induce cavitation and a range to be eroded in a body. The rotating disk was
connected to a horizontal spindle supported by conventional oil lubricated antifriction bearings (Figure 6). Steller
et al. (1974) summarized that the modelling of cavitation erosion using a rotating disk apparatus is closer to the
process with natural field conditions than with a magnetostrictive approach. Many researchers examined the
influences of velocity (Iwai & Okada, 1987; P.V. Rao & Rao, 1981), air content (Hansen & Rasmussen, 1968),
time (Lichtman & Weingram, 1964; Lightman, Kallas, Chatten & Cochran, 1961; P. V. Rao, P. C. S Rao & N. S.
L. Rao, 1980; Wood, Kundsen & Hammitt, 1967), and scale (P. V. Rao & Buckley, 1987) on the erosion rate of
different materials using rotating disk systems. Despite the numerous devices developed, the rotating disk
apparatus seems to be the best to simulate the erosion in rotary machinery such as hydraulic turbines and pumps.
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Krueger, Patnaik, Wang & Flytzani-Stephanopoulos (1996) presented a detailed model for predicting spatial
uniformity and etch rates for CH;l vapour etching in a vertical rotating-disk organometallic vapour phase epitaxy
(OMVPE) reactor (Figure 7). The modelling data was compared with experiments performed in the vertical
reactor at numerous temperatures (525-590°C) and CH;I mole fractions (0.005-0.05) in an H, carrier gas. The
present model was a modification of a previous one for the same reactor (Patnaik, Brown & Wang, 1989), and
has been extended to involve radiative heat transfer and CH;I/H, gas phase reaction chemistry. The main
advantage of this reactor is that a high degree of radial uniformity deposition can be achieved through adjustment
of the disk rotation rate.
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Figure 7. Schematic of vertical rotating disk reactor (Krueger et al., 1996)

Antileo, Roeckel & Wiesmann (2003) experimentally studied the production of high nitrite by nitritation using a
continuous single rotating disk reactor (RDR) and then compared this to a modelled continuous completely
stirred tank reactor (CSTR). Incomplete nitrification with high nitrite accumulation has three practical
advantages: lower sludge production during denitrification, lower oxygen consumption, and less need for
organics for denitrification. Immobilized nitrifying bacteria were employed to improve the nitrification process
because it enables higher solids retention times and nitrogen load operation, compared with suspended systems.

The main aim of the spinning disk reactor concept was to accelerate the process operation based on the surface
rotation technique, which presents heat and mass transfer limitations. Liquid phase reactions between aqueous
crystal violet and sodium hydroxide solution were described in the present work using a spinning disk reactor,
and the reactor’s hydraulic performance was evaluated using classical tracer-response methods. The influences
of rotational speed and flow rate on mixing were investigated. The present reactor (Figure 8) involved a flat
stainless steel circular disk with a diameter of 150 mm and 2 mm thickness, coupled coaxially with a rotating
hollow shaft motorized by a belt drive. This shaft was used to supply one of the reactant liquids, while the
second liquid was sprayed on to the top surface of the disk by a nozzle, located 30 mm from the top surface of
the disk, in a cylindrical vessel 200 mm in diameter, provided with a single vent and outlet port (Robertson &
Weatherley, 2004).
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Figure 8. Spinning disk reactor arrangement (Robertson & Weatherley, 2004)

Bazanini, Bressan & Klemz (2008) studied the failure by cavitation in metallic specimens using a compacted
rotating disk device which involves cavitation inducers with a disk and specimens fixed on it rotating in water to
generate cavitating flow. After 25 hours working in cavitating conditions, cast, brass, iron and aluminium were
worn by the cavitation phenomenon, resulting in mass loss and pitting formation. Details of the test device and
test specimens are illustrated in Figure 9. The peripheral was kept constant at 4400 rpm in the present work
because it is affected by the specimen’s position on the disk.

(b)

Figure 9. a) The test device, b) The test specimens (Bazanini et al., 2008)

M. Stoller, Miranda & Chianese (2009) studied the feasibility of producing hydroxyapatite (HAP) nanoparticles
in a continuous mode using a rotating disk reactor, and investigated the influence of the feed location of the
reagents over the rotating disk surface. A great effect of the feed location on the particle size distribution of the
produced HAP was noticed, and particles smaller than 100 nm were produced only with the best feed location of
the reagents. The hydroxyapatite nanoparticles were produced by the reaction between two aqueous solutions of
ammonia orthophosphate and calcium chloride at 50 °C, then precipitation of the produced HAP. The adopted
apparatus is provided with a disk of 50 mm diameter rotating at 1500 rpm. The two reactant solutions were
separately supplied at the same distance from the center of the disk (see Figure 10).
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Figure 10. Scheme of the adopted rotating disk reactor (M. Stoller, Miranda & Chianese, 2009)

Korzhova (2009) developed a new technique for the tracking and analysis of fluid flow. The moving waves and
computed controlling film flow parameters were revealed by this technique developed for the fluid flowing over
a rotating disk. A liquid film flow over a horizontal rotating disk has numerous industrial applications such as
bioengineering, chemical engineering, and pharmaceuticals. One of the common applications at the present time
is the transfer of gases (e.g., carbon dioxide) into liquids. Figure 11 shows a liquid film flowing over a rotating
disk with 500 rpm angular velocity and 0.8 1/m flow rate (Q).

Figure 11. Rotating disk close-up (Korzhova, 2009)

For many years the characterization of solid drugs has been performed using rotating disk intrinsic dissolution
rate (IDR) apparatus, involving studies of dissolution-pH rate profiles in the presence of binding agents, various
excipients/delivery vehicles, and buffers (Amidon, Lee & Topp, 2000; Jinno, Oh, Crison & Amidon., 2000; Li,
Doyle, Metz, Royce & Serajuddin, 2005; Li, M. Wong, et al., 2005; McNamara & Amidon, 1986, 1988; Mooney,
Mintun, Himmelstein & Stella, 1981a, 1981b; Serajuddin & Jarowski, 1984, 1985; Sheng, Kasim,
Chandrasekharan & L., 2006; Southard, Green, Stella & Himmelstein, 1992; Yu, Carlin, Amidon & Hussain,
2004).

Avdeef & Tsinman (2008) investigated the possibility of using a miniaturized disk intrinsic dissolution rate (IDR)
apparatus to evaluate the Biopharmaceutics Classification System (BCS) solubility class, and to improve a
technique which can be used to compare IDR measurements performed in media of various buffer capacities.
The disk IDR values of 14 model drugs were determined at 37°C in US Pharmacopeia buffers at pH 1.2, 4.5, and
6.8.

Schwartz, Stephenson, Hernandez, Jambang & Boles (2010) presented the growth of Staphylococcus aureus
using the rotating disk biofilm reactor and the drip flow biofilm reactor. The rotating disk reactor comprises a
Teflon disk containing recesses for removable coupons (Pitts et al., 2001), as shown in Figure 12. These coupons
can be prepared from any machinable material. The entire disk containing 18 coupons was located in a 1000 ml
glass side-arm reactor vessel. The disk was rotated by a magnetic stirrer while a liquid growth medium was
circulated through the vessel. The coupons were removed from the reactor vessel and then scraped to collect the
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biofilm sample for further study or microscopy imaging. Rotating disk reactors have been designed for
laboratory calculations of the performance of anti-fouling materials, biocide efficacy, and biofilm removal (Boles,
Thoendel & Singh, 2004, 2005; Hentzer et al., 2001; Lin, Chen & Huang, 2004).

coupon

stir bar

Figure 12. The rotating disk biofilm reactor. A) Example of a running spinning disk reactor. B) Close-up view of
a spinning disk (Schwartz et al., 2010)

Neopane, Sujakhu, Shrestha, Subedi & Basnet (2012) briefly discussed the laboratory studies of the particle size
effect on erosion prediction in a rotating disk apparatus (RDA) which can address cavitation and erosion of
material due to sand-laden water flow at high speed. The main purpose of this type of test rig is to achieve a high
relative velocity of the test specimen with respect to the water. They noticed that the intensity of erosion (weight
loss) was affected by the sediment size and run time, respectively, when all other variables were kept constant.

The intrinsic dissolution rate (IDR) measurement in the early drug discovery process was evaluated using a
miniaturized stationary disk system (MSDS) and a miniaturized rotating disk system (MRDS) (Tseng, Patel, &
Zhao, 2014). Chloramphenicol was used to evaluate these two apparatuses as a model drug with sample sizes of
3-10 mg. The influence of dissolution volume, compression force, drug loading, and disk distance on the IDR
was investigated on the two miniaturized apparatuses. It was noticed that the disk distance and dissolution
volume have significant effects on the dissolution rate by MSDS. This study indicated that both miniaturized
systems proved to be reliable for IDR measurements with a small quantity of material and more effective than
other methods (e.g., Wood’s rotating disk system (WRDS), and solubility measurement) in the early drug
discovery phase. Figure 13 shows examples of WRDS, MRDS and MSDS apparatus.

Figure 13. Miniaturized stationary disk system, miniaturized rotating disk system, and Wood’s rotating disk
system (left to right) (Tseng et al., 2014)
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Recently, the production of nanoparticles using a rotating disk reactor (RDR) has been proposed for the
production of several compounds (Burns & Jachuck, 2005; Cafiero, Baffi, Chianese & Jachuck, 2002; Stoller,
Miranda & Chianese, 2009). This kind of apparatus mostly comprises a horizontal rotating disk confined in a
cylindrical case, as shown in Figure 14. The reactants are provided to the central part of the disk surface and start
to move at a high radial velocity due to the centrifugal force effect. Consequently, a very thin film is formed and
the residence time on the disk is very short. From the disk border, the liquid is moved to the case wall and down
to the collecting basin, where the continuous product is removed from the downcomer. Rotating disk reactors
have many benefits compared with other mixing devices in the precipitation process:

1) In the liquid film flowing over the disk surface, a micro-mixing condition can be achieved with reasonable
energy consumption (Burns & Jachuck, 2005; Cafiero et al., 2002).

2) The growth rate after nucleation is limited by the small liquid residence time which allows the production
of nanoparticles.

3) Continuous operation can be conducted.
4) This apparatus may be used to allow precipitation from the gas—liquid reaction (Burns & Jachuck, 2005).

The operating conditions strongly affect the rotating disk reactor performance. For example, the attainment of
micro-mixing is determined by the influence of the rotation speed (Cafiero et al., 2002), and the size of the
particles produced is strongly affected by the feeding point location, as recently shown by (Stoller et al., 2009).
Thus, the film hydrodynamics characterizations are very important to optimize the operating conditions of the
RDR. Hydrodynamics over an RDR, including the liquid turbulence, are predicted by (Caprariis, Stoller,
Chianese & Verdone, 2015) using a CFD approach. Some preliminary results are reported and compared with the
experimental results obtained by (Burns, Ramshaw & Jachuck, 2003).

= Rotating

P ———

Figure 14. Scheme of the rotating disk reactor (Caprariis et al., 2015)

2.3 Drag Reduction Using Rotating Disk Apparatus (RDA)

The rotating disk apparatus (RDA) used in drag reduction applications is an equipment for simulating the
external flow and is used for turbulent drag reduction characterization, namely, for measuring the torque among
a Newtonian fluid and dilute suspension which contain a drag reduction agent. The percentage of drag reduction
is measured by the following equation:

%DR = (Ts-Tp)/Tsx100 (1)

Where Ts is the measured torque of the solvent alone, and T is the measured torque of the polymeric solution. In
addition, the Reynolds number definition is:

NR. =por’/u 2)
Where p is fluid density, o is angular velocity [2 n (revolutions per minute)/60 rad/s], r is radius of disk and p is
fluid viscosity [Pa.s]. The maximum drag reduction that can be achieved in a pipe flow is 80%, while the
maximum drag reduction of rotating disk flow is only 40%, because of the difference in the total drags and the
friction between the inner flow (pipe flow) and external flow (rotating disk flow) (H. J. Choi & Jhon, 1996). The
rotating disk apparatus was adopted in this study because the phenomenon of DR has not been studied in
external flows as extensively as in pipe flows (H. J. Choi, Kim & Jhon, 1999; H. J. Choi & Jhon, 1996; C. A.
Kim et al., 1999; S. T. Lim et al., 2002; Mccormick, Heater, Morgan & Safieddine, 1990; McCormick, Hester,
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Morgan & Safieddine, 1990; Rodriguez & Winding, 1959). This apparatus was used to describe the external flow,
including the flow over flat plates, as well as the flow around submerged objects (Tong et al., 1990). Most
previous work on drag reduction in a rotating disk apparatus has used the same design of RDA with different
disk and fluid container dimensions. The main parts of this apparatus are: (1) Speed controller, (2) Thermocouple,
(3) Motor, (4) Solution container, (5) Water bath, (6) Water-circulating system, (7) Thermometer, and (8) PC, as
shown in Figure 16 (J. T. Kim, C.A. Kim, Zhang, Jang, & Choi, 2011).
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Figure 15. Experimental set-up of a rotating disk apparatus for drag reduction measurement (J. T. Kim et al.,
2011)

C. A. Kim et al. (2000) measured drag reduction for different concentrations of xanthan gum and PEO solution
and mentioned that the decrease in the %DR for lower polymer concentrations was stronger at a specific rotating
speed (Figure 16). Also, in comparison, a higher initial % DR was perceived for the PEO solution. In addition,
they measured the %DR for PEO at five different temperatures (Figure 17) which showed that the %DR of the
PEO solution declines with temperature. The time-dependence of the %DR explains the degradation of polymer,
which is stronger for lesser polymer concentrations.

%DR
o]
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Figure 16. %DR of PEO vs. polymer concentration at 2040 rpm and 25 °C (C.A. Kim et al., 2000)
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Figure 17. Temperature effect of %DR for a 50 ppm PEO (C.A. Kim et al., 2000)

To investigate the influence of solvent on drag reduction characteristics, two different solvents (cyclohexane and
xylene) were used with different concentrations of oil soluble polyisobutylene (PIB) using rotating drag
reduction (RDA) (H. J. Choi et al., 1999) and the results were compared with previous work on a system of PIB—
kerosene (C. A. Kim et al., 1997). They also obtained a linear correlation between polymer concentration (C) and
C/DR for different molecular weights of PIB. The RDA used was the same as previously reported (H. J. Choi &
Jhon, 1996). All experiments were performed using a constant angular velocity at 1800 rpm, with a Reynolds
number of 9.9 * 10°. It was found that the intrinsic concentration was an extremely useful quantity in
normalizing the DR data for a homologous series of PIB, and the characteristic value (K) depended on the
solvent system. A polysaccharide xanthan gum polymer in an aqueous solution was evaluated as a drag reducing
agent using a rotating disk apparatus (RDA) (Sohn et al., 2001). The effects of various factors such as rotational
disk speed, temperature, solution ionic strength, polymer concentration, and polymer molecular weight on the
drag reduction efficiency were also investigated. Different fractions of molecular weights of xanthan gum were
obtained by the ultrasonic degradation method. All measurements were implemented with the same RDA used
by (C. A. Kim et al., 1997; C. A. Kim et al., 1998), with a fixed rotation speed of 1800 rpm and temperature of
25 °C, unless otherwise specified. They concluded that drag reduction increased with increasing polymer
concentration, and the concentration required for maximum drag reduction decreased with increasing polymer
molecular weight. Finally, xanthan gum was found to be an appropriate drag reduction agent in the case of
long-term applications and relatively high temperatures.

Another type of polysaccharide polymers guar gum in deionized water was employed to study the turbulent drag
reduction efficiency in a rotating disk apparatus, and a linear correlation was obtained between polymer
concentration and the concentration/(drag reduction) for diverse molecular weights of guar gum (C. A. Kim, Lim,
Choi, Sohn & Jhon, 2002). Three different molecular weights of guar gum such as unsonicated virgin guar gum
(GGV), 30 min sonicated guar gum (GG30), and 60 min sonicated guar gum (GG60) were used. These
molecular weights were obtained by the ultrasonic degradation method. The rotating disk apparatus specification
was as previously reported (H. J. Choi et al., 1999; H. J. Choi et al., 2000; C. A. Kim et al., 1998; Sohn et al.,
2001), and the drag reduction measurements were conducted at fixed rotational velocity of 1800 rpm, yielding a
rotational Reynolds number of 9.6*10°. The guar gum stability with time was better than other water-soluble

drag reducers [e.g., poly (ethylene oxide)], which means that it was more resistant to the mechanical stress than
PEO.

Brostow, Lobland, Reddy, Singh & White (2007) described the mechanical degradation of the drag reducing
agent by measuring the drag reduction efficacy as a function of time and additives concentration. They used a
grafting process to enhance the mechanical degradation resistance in turbulent flow conditions. This process
included the grafting of one polymer on the backbone of other different polymers. A turbulent flow rheometer
based on the classical design of Hoyt (J. W. Hoyt, 1975) was employed to determine the drag reduction rate.
Input concentrations of the polymers varied from 50-5000 ppm. The results showed a high efficiency level of
drag reduction for grafted polymer and the mechanical degradation rate was slower than the homopolymers
degradation rate. Nonionic polyethylene oxide (PEO) in a synthetic saline solution was used to investigate the
turbulent drag reduction characteristics in a rotating disk apparatus with a novel application to ocean thermal
energy conversion technology (OTEC) (H. J. Choi et al., 2000). PEO was selected because of its excellent drag
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reduction abilities and high solubility in pure water (H. J. Choi & Jhon, 1996). The molecular weight of the PEO
samples ranged from 4.0%10° to 5.0%¥10° g/mol. The rotating disk apparatus comprised a cylindrical container
(16.3 cm diameter and 5.5 cm depth) and a stainless steel disk (15.1 cm diameter and 0.32 c¢m thick) (C. A. Kim
et al., 1997). The drag reduction measurements were performed at a specific value of rotational speed ranging
from 1200-2000 rpm. Drag reduction increased with increasing polymer concentration at low concentrations,
and when the concentration became quite high, the frictional drag increased due to increase of the solution
viscosity. The maximum drag reduction obtained was 30% at 50 wppm PEO and Mw = 5.0%10°.

Yang, Choi, Kim & Jhon, (1991), utilized poly ethylene oxide (PEO) and poly acrylamide (PAAM) in aqueous
solutions as drag reducing agents using a rotating disk apparatus. The effects of various parameters such as
angular disk velocity, temperature, polymer concentration, and polymer molecular weight on the drag reduction
properties were also studied. Four different molecular weights of PEO, 40 000, 90 000, 4 000 000, and 5 000 000
g/ mole were used, and all experiments were performed at a fixed angular velocity of 2800 rpm. Drag reduction
was seen to increase with increase of both polymer concentrations, reaching a maximum at its critical
concentration, while at low polymer concentrations, polymers of higher molecular weight produce greater drag
reduction. In addition, the drag reduction percentage was increased with increasing disk rotational speed for a
certain time due to an increased rate of polymer degradation. Finally, they concluded that the mechanical
degradation of PAAM was more stable at high temperatures than PEO.

J. H. Sung et al., (2004) used the same materials and apparatus in their previous work (Yang et al., 1991) with
only two molecular weights (5.5%10° and 5.0%¥10° g/mol) of both PAAM and PEO. The effects of temperature,
rotational speed, and polymer concentration on the drag reduction efficiency were investigated. In addition, the
mechanical degradation rate in a turbulent flow was studied using both a fractional exponential decay and an
exponential equation. The mechanical degradation rate of PEO increased dramatically with the increase in
temperature, while PAAM remained stable even at high temperatures. Furthermore, relatively high shear
resistance was exhibited by PAAM. Another two polymers were used to investigate their mechanical degradation
behaviour using a rotating disk apparatus and the single exponential decay equation (H. J. Choi et al., 2000).
Different degradation parameters were examined in this work, such as molecular weight, polymers
concentrations, and molecular structure. Polyethylene oxide (PEO) with four molecular weights ranging from
4.0*10° to 5.0*10° and xanthan gum (XG) were employed as drag reduction additives. The RDA used here was
similar to other experiments (C. A. Kim et al., 1998; C. A. Kim et al., 1999). It was summarized that the single
exponential decay model was only valid for polymers resistant to shear degradation and was not universally
acceptable for all drag reduction degradation behaviour in turbulent flow.

The turbulent drag reduction characteristics of polyethylene oxide (PEO) (Mw =4.0x10° g/mol) in aqueous
solutions of sodium acetate (CH;COONa) at several distances © = (Ty —T)/Ty away from the theta temperature
(Ty) were investigated (S. T. Lim, Hong, Choi, Lai, & Chan, 2007). Three different concentrations (0.75 M, 1.5
M, and 2.0 M) of sodium acetate (CH;COONa) were used to prepare these aqueous solutions. The drag reduction
percentage decayed faster for systems nearer to the theta point, which means that only the long-term behaviour
of the %DR of the system is sensitive to 1. This faster decay was attributed to the faster mechanical molecular
degradation (MMD) of polymers in bad solvents produced by turbulence. In addition, the DR properties of a
polymer were sensitive to the conformation of the polymers controlled by the distance away from Ty even at very
low polymer concentrations.

Different types of DNA were used as drag reduction additives (S. T. Lim, Choi, Lee, So & Chan, 2003; S. T. Lim,
Park, Chan & Choi, 2005). A monodispersed high molecular weight A-DNA was utilized using a buffer solution
under a turbulent flow to investigate the turbulent drag reduction characteristics in a rotating disk apparatus, and
compared with polyacrylamide (PAAM) (S. T. Lim et al., 2003). In addition, the mechanical degradation of
A-DNA was studied with different values of the disk rotational speed. Increase of the rotational speed was
performed using two modes: a continuous and stepwise mode. Due to the mechanical degradation of A-DNA, a
midpoint scission of the long chain molecules was indicated. Using the same rotating disk apparatus as in their
previous work (S. T. Lim et al., 2003), another type of DNA (polydisperse calf-thymus DNA) (CT-DNA) in a
buffer solution was employed to investigate its turbulent drag reduction behaviours and compare it with
monodisperse A-DNA (S. T. Lim et al., 2005). The calf-thymus DNA has a higher molecular weight and different
structural characteristics compared with monodisperse A-DNA. Since DNAs have a unique molecular structure
(helical structure) compared to conventional flexible polymeric drag reducers (usually linear flexible structure),
we could expect that this characteristic will make it possible to show a more detailed understanding in the DR
experiment and analysis. For example, (Hand & Williams, 1970) measured drag reducing phenomena of
CT-DNA as a function of pH and observed that the less flexible helical conformation is preferable to the random
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coil for maximum DR. It was observed that the calf-thymus DNA is more susceptible to mechanical degradation
in a turbulent flow because its chains have a much higher molecular size than that of A-DNA.

A new procedure was used to enhance the mechanical degradation resistance of polymers and their drag
reduction efficiency by adding a minute amount of surfactant to them. For example, (J. T. Kim et al., 2011)
examined the drag reduction efficiency of ionic poly (acrylic acid) and sodium dodecyl sulfate (SDS) complex
system under a turbulent flow in a rotating disk apparatus. The dependence of the drag reduction on several
parameters such as concentration, rotating speed, surfactant, and pH was also investigated. Three different
molecular weights of PAAM (4.5x10°, 7.5x10° and 12.5x10° g/mol) were used as drag reducing additives. They
concluded that the drag reduction percentage increases with the increase of rotational speed, implying that the
complex interactions between the polymer and the surfactant molecules play a critical role. The maximum drag
reduction efficiency was observed at a polymer concentration of 150 ppm, as shown in Figure 18.
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Figure 18. Drag reduction as a function of polymer concentration at 0.008 M SDS (pH
11) (J. T. Kim et al., 2011)

H. J. Choi and Jhon (1996) investigated the effect of polyethylene oxide (PEO) (water-soluble) and
polyisobutylene (PIB) (oil-soluble) on drag reduction efficiency under turbulent flow by a rotating disk
apparatus, and created a linear correlation between the drag reduction for different molecular weights of PEO
and PIB polymer concentration. Four different molecular weights of PIB (L-80, L-100, L-120, and L-140) and
four different molecular weights of PEO (ranging from 4.0%10° to 5.0*10%) were used as drag-reducing additives
with kerosene and water as a solvent, respectively. The rotating disk apparatus used in this work comprised a
stainless steel cylindrical thermostatically controlled container (16.3 cm inside diameter X 5.5 cm height) and a
stainless steel disk (10.1 cm diameter % 0.32 cm thickness). The volume of solution required to fill the entire
container was about 1020 cm’ and all RDA measurements were above 1050 rpm. It was noticed that the drag
reduction increases with increasing polymer solution concentration until the optimum concentration, and then the
percentage of drag reduction decreases with concentrations greater than the optimum concentration. In addition,
at low concentrations a maximum drag reduction was shown with high molecular weight polymers.

The drag reduction characteristics of aqueous solutions of poly (ethylene oxide), poly (acrylamide), hydrolyzed
poly (acrylamide), and poly (acrylic acid) were examined using a rotating disk apparatus. The drag reduction
efficiency for these polymers was calculated and compared with those obtained from two pipe flow systems. The
rotating disk system comprised a Lucite container (9 inch diameter x 5 inch height) and a stainless steel disk
(4.25 inch diameter) which was rotated by a DC electric motor provided with a constant speed control unit. The
percentage of drag reduction increases rapidly with polymer concentration and reaches a saturation level at only
a few parts per million, and it was found to obey the universal drag reduction relationship (Little, Patterson &
Ting, 1976).

Polysaccharide guar gum (GG) was examined by (C. H. Hong, Zhang, Choi & Yoon, 2010) as a drag reduction
additive and they investigated the mechanical degradation of this polymer under turbulent flow using a rotating
disk apparatus as a function of time. Two diverse degradation models of a single relaxation process and a
stretched-exponential model were used to correlate the time-dependent drag reduction and mechanical
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degradation of GG. The ultrasonic technique was employed to produce three samples with different molecular
weights of GG, such as unsonicated virgin guar gum (GGV), guar gum ultrasonicated for 30 min (GG30), and
guar gum ultrasonicated for 60 min (GG60). The rotating disk apparatus employed in this study was the same as
previously used in (C. A. Kim et al., 2002; S. T. Lim et al., 2002). It was found that the stretched-exponential
equation, Equation 3, described the degradation mode better than a single relaxation process.

DR(t t\1 "
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The effect of adding sodium salicylate nanoparticles to a complex of xanthan gum polymer with
hexadecyltrimethyl ammonium chloride surfactant on the drag reduction efficacy was investigated using a
rotating disk apparatus (RDA) (Akindoyo, Abdulbari & Yousif, 2015). This apparatus comprised a stainless steel
solution container (165 mm diameter and 88 mm height), a smooth stainless steel disk of about 3 mm thickness
and 148 mm in diameter, and a computer display system to record torque measurements and control the angular
velocity of the disk. The maximum solution container capacity and operated rotational disk speed were 1200 ml
and 3000 rpm, respectively. Both complexes and nanofluid were able to reduce the drag. The mechanical
stability and drag reduction were better with the three-dimensional complex (with silica nanoparticles) than the
two-dimensional complex (without nanoparticles). The maximum drag reduction was 60% at different
concentrations and working approaches.

Another polymer—surfactant complex of polyacrylamide-co-diallyl dimethylammonium chloride (PAMC)
(anionic polymer) and Tween 20 (nonionic surfactant) in aqueous solution was used to examine their effects on
the drag reduction percentage and mechanism degradation performance using rheology, rotating disk apparatus
(RDA) and pipe loop techniques (Bari & Faraj, 2015). In addition, the influence of rotational speed, surfactant
concentration and polymer concentration in improving the drag reduction was investigated. Different
concentrations (50, 500, 700 and 1000 ppm) of samples from the polymer—surfactant blend were prepared using
200 ml of deionized water. All RDA experiments were conducted by varying the rotational velocity from 50—
3000 rpm, with constant temperature (25 °C £0.05 °C). The experimental results showed that a 35% drag
reduction can be obtained, and the drag reduction efficiency of the PAMC-Tween mixture was found to be better
than that of pure PAMC.

A new water-soluble copolymers poly(acrylamide-co-acrylic acid) (Mw=5 000 000 g/mol) was used to improve
the drag reduction properties of turbulent flow using a rotating disk apparatus, and the influence of experimental
parameters such as the rotational speed of the disk, polymer concentration, and temperature on these properties
was studied (Zhang, Choi & Jang, 2011). The specifications of the RDA have been previously reported (S. T.
Lim et al., 2003). Five different concentrations of copolymer solution (10, 30, 50, 100, and 200 ppm) were used
at 80 °C with an angular velocity of 1980 rpm. The mechanical degradation rate of the copolymers was increased
with increase of the solution temperature, indicating that polymer chain scission becomes more severe at high
temperatures. The maximum drag reduction was 45% at 50 ppm of dilute copolymer solution injected into the
RDA. The turbulent drag reduction in a the rotating disk apparatus (RDA) was examined using two
water-soluble polymers poly (ethylene oxide) (PEO) (Mw=8 000 000) and poly (acryl amide) (PAAM) (Mw=18
000 000), as a function of temperature and polymer concentration (C. H. Hong et al., 2008). They also analyzed
the mechanical degradation behaviour of these polymers using both a fractional exponential decay equation and
a simple exponential decay function, and the RDA which is the same as previously described (H. J. Choi & Jhon,
1996). The drag reduction results of PEO were 25.54%, 30.09%, and 33.42% at a constant concentration of 2.5,
5, and 10 ppm, respectively, while for the same fixed concentration of PAAM, the results were 30.12%, 33.98%,
and 36.53%, respectively, as shown in Figure 19. In the case of PEO, the experimental data was fitted with the
fractional exponential decay equation better than the simple first-order degradation exponential decay function.

In their previous work (J. H. Sung, Lim, Kim, Chung & Choi, 2004), the same rotating disk apparatus was used
to study the effects of two different molecular weights of water soluble PEO (4.0¥10° and 5.0*10° g/ mol) on the
turbulent drag reduction efficacy as a function of temperature and polymer concentration. The mechanical
degradation rate was also examined using both a fractional exponential decay equation and a simple exponential
decay function. All experiments were conducted at a constant angular velocity of 2800 rpm, with Re = 8.3*10°.
The drag reduction effectiveness of lower molecular weight was less than that of higher molecular weight at
polymer concentrations up to 250 wppm and 2800 rpm. In addition, the lower molecular weight polymer showed
more mechanical degradation than that of higher molecular weight polymers; and the mechanical degradation
rate of the polymer increased with increasing solution temperature. The fractional exponential decay equation
was found to fit the experimental data better than the simple exponential decay function.
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Figure 19. %DR as a function of time for PEO and PAAM in solution at different concentrations, 25 °C. Solid
line represents values obtained from Eq. (2), and points represent experimental data (C. H. Hong et al., 2008)

Polyisobutylene (PIB) (oil-soluble polymer) showed a significant drag reduction when added to turbulent flow of
kerosene by a rotating disk in a closed chamber (S. T. Lim et al., 2002). The authors studied the turbulent drag
reduction produced by polyisobutylene suspended in kerosene and its mechanical degradation under a turbulent
flow. The specifications of the RDA comprised a stainless steel disk with a diameter of 14.5 cm and a thickness
of 0.32 cm (H. J. Choi & Jhon, 1996; C. A. Kim et al., 1997). Four different molecular weights of PIB, L-80
(Mw = 1.60 X 10° g/mol), L-100 (Mw = 1.86 x 10° g/mol), L-120 (Mw = 2.06 x 10° g/mol) and L-140 (Mw =
2.52 X 10°g/mol), were utilized. It was found that the drag reduction efficacy reduced with time due to
mechanical degradation of the polyisobutylene chains, and increased with increasing PIB concentration up to an
optimal concentration. However, higher molecular weight polymers show a maximum drag reduction at lower
concentrations. Maximum %DR was found at 300 wppm for both L-120 and L-140 and at 400 wppm for L-100,
as shown in Figure 20. Using the same equipment and materials as in this study, (K. Lee et al., 2002) studied the
turbulent drag reduction and mechanical molecular degradation of polyisobutylene in kerosene using a rotating
disk apparatus, and calculated the relationship between this molecular degradation and the molecular weight
distribution (MWD) curve. The amount of degradation and the DR efficacy were fitted to an exponential
function and then compared with molecular weights measured by size-exclusion chromatography. The
polyisobutylene sample used in this work was PIB L-140 with Mw of 2.52*10° g/mol. The DR percentage
decreased with time due to the mechanical molecular degradation of the polyisobutylene, and an excellent
correlation between this percentage and the molecular weight or the MWD over time was noticed.
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Figure 20. %DR vs. PIB concentrations for four different molecular weights at 1800 rpm (S. T. Lim et al., 2002)
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As in their previous study, (K. H. Lee, Zhang & Choi, 2010) investigated the effect of numerous parameters such
as Reynolds number (Re), temperature of PIB—kerosene solution, and molecular weight on drag reduction. In
addition, the change in drag reduction efficacy was fitted well with two model equations of Brostow and their
suggested model as a function of time. Four different molecular weights of PIB, L-80 (Mw = 808 000 g/mol),
L-100 (Mw = 996 000 g/mol), L-120 (Mw = 1 075 000 g/mol) and L-140 (Mw = 1 122 000 g/mol), were
employed. The drag reduction declined faster at higher temperature than at lower temperature, and the turbulent
drag reduction efficiency for the PIB—kerosene solution decreased with time due to mechanical degradation of
the polymer chains.

Using the same polymer additives and solvent fluid, (C. A. Kim et al., 1997) studied the capability of using
polyisobutylene (PIB) to improve the drag reduction properties of kerosene in a rotating disk apparatus. Four
different molecular weight ranges of PIB 9.9 x 10° (L-80), 1.2 x 10° (L-100), 1.6 x 10° (L-120) and 2.1 x 10°
(L-140) were used, and all data were measured at a fixed rotational speed of 1600 rpm. The intrinsic
concentration [C] was found to be an extremely useful quantity in normalizing the drag reduction data for
different molecular weights of PIB and concentrations similar to polyethylene oxide (PEO) in water. In order to
investigate the drag reduction efficiency of an aqueous solution of potassium chloride (KCI), a small amount of
xanthan gum (XG) was added. In addition, the influences of the experimental parameters such as time, KCl
concentrations, and XG concentrations on this efficiency were studied in a rotating disk apparatus (C. H. Hong,
Choi, Zhang, Renou, & Grisel, 2015). The RDA container was filled with a solution volume of 370 ml
containing 10, 50, 100 and 200 ppm XG with different concentrations of KCl (0 M, 0.01 M and 0.1 M),
respectively. The xanthan gum’s drag reduction efficacy decreased with increasing potassium chloride
concentration, and the time-dependent DR efficiency was found to be fitted well using the Brostow model
equation. At higher KCI concentrations, the chain degradation behaviour decreased with time, while at higher
XG concentrations, the drag reduction percentage increased.

H. J. Choi et al. (2002) studied the turbulent drag reduction induced by A-DNA and compared it with a high
molecular weight polyethylene oxide (PEO) (Mw=5 *10°) using rotating disk apparatus (RDA). Moreover, the
transient behaviour of the mechanical molecular degradation (MMD) of DNA chains in a turbulent flow was
investigated. The present RDA was previously used in (C. A. Kim et al.,, 2000). They concluded that
double-stranded DNA (dsDNA) was a good drag reducer when compared with the other normal linear polymers,
and its mechanical degradation was also different from these normal polymers. Their results indicated that the
mechanism for turbulent degradation of DNA is different from that of the normal flexible long-chain polymers.
However, it has to be mentioned that the stronger resistance of dSDNA to MMD does not mean that dsDNA is a
more efficient drag reducer than other normal linear polymers. The turbulent drag reduction characteristics and
shear stability of amylopectin (AP) and its grafted derivative (GA) were studied by (S. T. Lim et al., 2004) in a
rotating disk apparatus. The influence of various experimental parameters such as rotation speed, temperature,
and polymer concentration on the drag reduction characteristics was also investigated. Specifications of the RDA
have been previously reported (C. A. Kim et al., 2000). It has been remarked that temperature, polymer
molecular weight, solvent quality, Reynolds number, and polymer concentration are the significant parameters
that can influence the turbulent drag reduction characteristics by polymeric additives. GA revealed a very strong
shear resistance and relatively high DR (27%) compared to AP. High molecular weight polystyrene (PS) was
employed as an additive for three different solvents (benzene, chloroform, and toluene) to investigate the
influence of the solvent on both the drag reduction characteristics and the mechanical degradation of the
additives using a rotating disk apparatus at a turbulent flow system (C. A Kim et al., 2000). The specifications of
the RDA have been previously reported (C. A. Kim et al., 1997; C. A. Kim et al., 1998). A theoretical model for
molecular degradation in turbulent flow suggested by (W. Brostow et al., 1990) was adopted for experimental
data and an excellent fit was gained. It was indicated that the DR declines with time due to the degradation of the
polymer molecules under turbulent flow, as shown in Figure 21.
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Figure 21. Percent DR vs. time for PS in three different solvents (150 ppm) (C. A Kim et al., 2000)

A novel complex system of anionic polymer (polyacrylamide) (PAM) and anionic surfactant (Triton X-45) was
introduced by (Bari, Yousif & Akindoyo, 2015) to improve the polymer degradation resistance in turbulent drag
reduction systems. The polymer and surfactant were examined individually and as a complex using a rotating
disk apparatus (RDA) and a Brookfield viscometer with different concentrations and rotational velocity (rpm) of
the disk. The polymer and surfactant concentrations were 500, 1000, 1500 and 2000 ppm, and the rotational
velocity ranged from 50-3000 rpm. To investigate the stability of the polymer and surfactant additives, the
torque was measured with time at a constant rotational speed. It was found that both the PAM and Triton X-45
have a stable shear stress as drag-reducing agents, particularly with concentrations above 1000 ppm, and the
optimum shear stability was found with a concentration of 2000 ppm as shown in Figs. 22 and 23. It could be
seen that the drag reduction efficiency of the complex mixture was better than their individual efficiency. The
maximum drag reduction percentage was 60% at a complex concentration of 1000 ppm for polymer and
surfactant, respectively.
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Figure 22. Time-dependence torque values for PAM were studied with five different concentrations as a function
of time, at 3000 rpm and 25 °C (Bari et al., 2015)
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Figure 23. Time-dependence torque values for Triton X-45 were studied with five different concentrations as a
function of time, at 3000 rpm and 25 °C (Bari et al., 2015)

Polyethylene glycol was utilized as a drag reducing agent with two different solvents (distilled water and
glycerol) at different concentrations by a rotating disk apparatus (Figure 24) (Jafargholinejad, Pishevar &
Sadeghy, 2011). Their results showed that this polymer can reduce skin friction under turbulent flow conditions,
while it has no effect on Taylor instabilities. The maximum drag reduction achieved was 10%, and the %DR
increased with increasing Reynolds number.
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Figure 24. Schematic of rotating disk apparatus (Jafargholinejad et al., 2011)

L. A. Bernardez (2009) studied the biodegradation of polycyclic aromatic hydrocarbons (PAHs) (naphthalene
and phenanthrene) in a nonionic surfactant solution of Brij 35 using a rotating disk apparatus, and demonstrated
a relationship between the biodegradation rate and surfactant amount and the mechanisms controlling the mass
transfer of PAH from non-aqueous phase liquid (NAPLs). A 250 ml liquid solution was used for a pure mineral
solution or a mineral solution with surfactant. The measuring techniques, experimental apparatus, and materials
for the dissolution process were previously reported (L. A. Bernardez & Ghoshal, 2004, 2008; L. A. Bernardez,
2008a, 2008b). (Imayama, Alfredsson & Lingwood, 2011) measured the laminar-turbulent transitional region of
the rotating disk boundary layer using a rotating disk shown in Figure 25. They recorded the flow regimes from
the stable laminar flow region, through the unstable and transitional regions, into the fully turbulent region. The
disk was made of glass with a thickness of 24 mm and a diameter of 474 mm and was mounted on the original
aluminium alloy disk. This aluminium disk was connected to a DC servomotor through an iron disk and a
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vertical shaft.

Figure 25. The experimental set-up of the rotating disk

Vatankhah, Jafargholinejad and Mozaffarinia (2011) studied the effect of two diverse hydrophobic polymer
coatings: i) Poly-tetra fluoro ethylene (PTFE) and ii) room temperature vulcanized (RTV) silicon rubber, on the
drag reduction properties using a rotating disk apparatus (RDA).These coatings were coated on an aluminium
disk surface with 0.1 and 0.4 mm thickness of RTV silicon rubber and 0.2 and 0.4 mm of PTFE. The RDA used
in this work comprised an aluminium disk with a radius of 7 cm and thickness of 0.3 cm. This disk was rotated at
a constant rotational speed (0—2000 rpm) by the rotor system in a liquid container 18 cm in diameter and 1.9 cm
high. The rotor system was provided with a torque sensor having a capacity of 200 N. cm and an accuracy of 0.1
N.cm, as demonstrated in Figure 26. It was concluded that PTFE was more effective than RTV in reducing the
drag forces of fluids, where the achieved drag reduction percentage was 18% and 11% with PTFE and RTV
silicon, respectively. In addition, they observed that the drag reduction efficacy of the coatings used decreased
with increasing Reynolds number.

Figure 26. Fabricated rotating disk dimensional details (Vatankhah et al., 2011)
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Experimentally, a new type of Newtonian fluid drag reduction for a rotating disk was clarified using a highly
water-repellent coating wall and compared with a smooth aluminium wall (K. Watanabe & Ogata, 1998). Various
values of the clearance between the housing wall and the disk (5, 10, and 20 mm thick) were used with a
clearance ratio of (s/a) = 0.055, 0.111, and 0.222. The fluids tested were 30 wt% and 40 wt% aqueous solution of
glycerin and tap water. Firstly, an aluminium smooth disk with 180 mm diameter and 3 mm thickness was used
and then one side of this disk was coated with a 5 um film of highly water-repellent material. Figure 27 shows
the experimental apparatus. The moment values of the coated rotating disk decreased compared with the values
of the aluminium smooth disk. The maximum drag reduction ratio obtained was about 45% at 40 wt%
concentration of glycerin aqueous solution.
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Figure 27. Experimental apparatus (K. Watanabe & Ogata, 1998)

Another type of drag reduction with fine spiral grooves was adopted by (K. Watanabe, Budiarso, Ogata &
Uemura, 2005) to reduce the skin friction of the impeller of a turbo machine and to clarify the mechanism of the
drag reduction phenomenon using a flow visualization technique and velocity profile measurements. The
rotating disk apparatus used in this work is previously used by (K. Watanabe & Ogata, 1998). These spiral
grooves were made by a wet etching process with a height range of 100-200 um, and 120-160 grooves.
Numerous kinds of disks were prepared to study the effect of the height (h), flow angle (¢), and number (n) of
the grooves. The Reynolds number ranged from 4*10°— 6*10°. The test fluids were tap water, and aqueous
solutions of glycerin with concentrations of 20 and 30 wt%. The rotating test disk was fabricated from
aluminium with 180 mm diameter and 3 mm thickness. All experiments were performed with different axial
clearance between the disk and the stationary circular end wall (s/a = 0.011, 0.033, 0.11, 0.22, and 0.33). The
maximum drag reduction ratio achieved was roughly 15%, and it was seen that this percentage depended on the
depth, the spiral angle, and the number of grooves. The most effective drag reduction was obtained with n = 150,
and h = 0.1 mm, and no drag reduction occurred with n = 160.

3. Conclusion

Different applications of rotating disk apparatus and the effect of numerous parameters on these applications
were discussed in this study. The rotating disk apparatus has been used not only in drag reduction applications,
but also in the electrodeposition process as an electrode and in solid-liquid reactions as rotating reactor. It can be
concluded that there are many types of rotating disk apparatus depending on their use. For example, a rotating
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ring disk electrode (RRDE-3A) was used to study the effect of the electrocatalyst properties on the oxygen
reduction reaction (ORR), and the rotating disk-slurry electrode (RODSE) system was utilized to describe the
large-scale production of well dispersed Pt nanoparticles on unsupported carbon black. The rotating disk acid
reaction system (CRS-100) is one of the main types of rotating disk reactor, which was employed to calculate
rock/acid reaction rates. Furthermore, the production of nanoparticles using a rotating disk reactor (RDR) has
been proposed for the production of several compounds. We can observe from previous studies on drag reduction
in a rotating disk apparatus that most of them focused on active drag reduction through the addition of
drag-reducing agents which include polymers, surfactants, and complex mixtures of both of them. The passive
drag reduction procedure was not studied as extensively as the active drag reduction. Two studies only used the
coated rotating disk and coated cylinder with spiral groove and water-repellent coating, respectively, and no-one
used the structured disk surface with different types and dimensions of riblets. Therefore, the rotating disk
apparatus is highly recommended to investigate the effect of different riblets types and dimensions on drag
reduction performance with high range of Reynolds number.
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