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Abstract: Empirical correlations have been developed to relate experimentally determined starch
nanoparticle size obtained in a solvent–antisolvent precipitation process with key hydrodynamic
parameters of a spinning disc reactor (SDR). Three different combinations of dimensionless groups
including a conventional Reynolds number (Re), rotational Reynolds number (Reω) and Rossby
number (Ro) have been applied in individual models for two disc surfaces (smooth and grooved) to
represent operating variables affecting film flow such as liquid flowrate and disc rotational speed,
whilst initial supersaturation (S) has been included to represent varying antisolvent concentrations.
Model 1 featuring a combination of Re, Reω and S shows good agreement with the experimental data
for both the grooved and smooth discs. For the grooved disc, Re has a greater impact on particle
size, whereas Reω is more influential on the smooth disc surface, the difference likely being due to
the passive mixing induced by the grooves irrespective of the magnitude of the disc speed.
Supersaturation has little impact on particle size within the limited initial supersaturation range
studied. Model 2 which characterises both flow rate and disc rotational speed through Ro alone and
combined with Re was less accurate in predicting particle size due to several inherent limitations.
Keywords: spinning disc reactor; nanoparticles; solvent–antisolvent precipitation; empirical model;
Reynolds number; rotational Reynolds number; Rossby number

1. Introduction
Nanoparticles are incredibly small particles with sizes ranging between 1 and100 nm. They are
known for their unique chemical and physical properties which make them stand out when
compared to their larger counterparts. These properties may be intrinsic, such as magnetic, optical or
electronic; or extrinsic, such as shape or a high surface area [1]. Consequently, nanoparticles have
potential applications in various fields. One such example is of starch nanoparticles which have
several medical and industrial applications as, for instance, polymer drug carriers [2–5],
reinforcements in nanocomposites [6], absorbent in wastewater treatment [7], binder in paper
manufacturing [8] and as a packaging component [9–11]. Starch nanoparticles can be created through
either top-down (e.g., hydrolysis or physical methods), or bottom-up processes (precipitation). A few
of these techniques are highlighted in Table 1 alongside details of starch nanoparticles sizes obtained
through each respective technique. Each of these techniques results in nanoparticles with
distinguished characteristics to suit its application. For example, starch nanoparticles produced
through acid hydrolysis tend to be crystalline in nature and have greater thermal and colloidal
stability [12]. On the other hand, amorphous starch nanoparticles are often used in drug delivery
systems as they take the form of a V-type polymorph, impeding digestion, whereas the A-type
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structure found in nanocrystals is readily digestible [13]. A widely applied method of generating
starch nanoparticles is solvent–antisolvent precipitation. It is often cheaper, environmentally safer
and more efficient than top-down process such as milling or hydrolysis [14,15]. Solvent–antisolvent
precipitation is a bottom-up technique, involving the dissolution of the solute (starch) in a solvent
(e.g., a solution of sodium hydroxide), followed by the addition of an antisolvent (e.g., ethanol) for
the creation of supersaturation to precipitate out solid particles [16]. An alternative to the sodium
hydroxide solvent is dimethylsulphoxide (DMSO), which is preferable when dealing with pH
sensitive systems [17]. Alongside using DMSO as the solvent, Wu et al. (2016) studied the antisolvent
ability of various alcohols, revealing a decline in particle size with shorter chained alcohols [17]. It
was further reported by the authors that whilst the ratio of antisolvent to solvent played a key role in
determining the morphology of the starch nanoparticles, it had very little effect on the particle size.
Chin et al. (2011), also carried out a similar investigation, varying the ratio of the ethanol antisolvent
to the NaOH solvent [18]. The results indicated a change in morphology of the starch nanoparticles
from fibrous structures to spherical nanoparticles at increased antisolvent concentrations, as well as
a reduction in particle size.
Table 1. Methods of starch nanoparticle production.

Technique

Starch Nanoparticle
Production Process

Hydrolysis (top-down)

Acid hydrolysis

Physical methods (top-down)

Enzymatic hydrolysis
Gamma radiation
Ultrasonication
High pressure homogenisation
Cold plasma and ultrasound

Precipitation (bottom-up)

Solvent–antisolvent precipitation

Size

Ref.

20–90 nm (SEM)
40–70 nm (TEM)
70–100 nm (TEM)
500 nm (DLS)
20–30 nm (DLS)
30–100 nm (SEM)
<50 nm (TEM)
300–1000 nm (DLS)
50–100 nm (SEM)
150 nm (SEM)
130–400 nm (DLS)
140–450 nm (DLS)

[19]
[20]
[21]
[22]
[23]
[24]
[25,26]
[27]
[10]
[18]
[16]
[28]

Other than the ratio or type of solvent/antisolvent, mixing intensity is another fundamental
parameter in solvent–antisolvent processes to aid in the integration of the anti-solvent into the
solute/solvent mixture and maintain constant supersaturation [29]. For the production of small
particles with a narrow size distribution, it is vital that process mixing, especially mixing at the
molecular scale or micromixing, is faster than the precipitation process. Many devices which have
been studied for solvent–antisolvent precipitation processes can provide intensified mixing with low
mixing times. These include confined impingement jet reactors (CIJR) [30], microreactors [31–34],
oscillatory baffled reactors (OBR) [35,36] and rotating packed beds (RPB) [37,38]. For instance,
Valente et al. (2012) investigated the scale-up of confined impinging jet mixers (CJIM) for the solvent–
antisolvent precipitation of polymer nanoparticles [39]. The authors related particle size to various
operating conditions including solvent–antisolvent ratio, polymer concentration, jet velocity and
mixing conditions. Dimensionless parameters Reynolds number and Damköhler number were
applied to correlate particle size. However, the authors concluded that Damköhler number, which is
the ratio of mixing time to particle formation time, could be used to account for the interactions
between process hydrodynamics and precipitation but was not very suitable in the scale-up of CJIMs.
Reynolds number on the other hand was considered an important parameter in the determination of
particle size.
The current work concerns the precipitation of amorphous starch nanoparticles through the
solvent–antisolvent precipitation method in a spinning disc reactor (SDR). The SDR is an effective
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process intensification technology which has successfully been applied for the production of
nanoparticles through methods involving reactive precipitation [40–50] and solvent–antisolvent
precipitation [51,52]. By means of rotation, the large centrifugal forces produced by the disc
encourage the formation of thin liquid films with thicknesses usually around 50 to 300 microns for
water-like liquids [44,53]. Within these thin liquid films, waves and instabilities are created as a result
of the high shear generated through the rotation of the disc, intensifying micromixing within the film
[54–56]. Plug flow characteristics have also been attributed to film flow in the SDR [57]. Furthermore,
residence times are short (of the order of seconds in one disc pass) and can be controlled through the
manipulation of operating parameters.
The characteristic parameters for the SDR, such as average radial velocity, uav, (Equation (1)) film
thickness, 𝛿 (Equation (2)) and residence time, tres (Equation (3)) are derived from a model based on
the Nusselt (1916) theory [55,58].
𝑢

=

𝛿 =

𝑡

=

𝑄 𝜔
12𝜋 𝜈𝑟

(1)

3𝑄𝜈
2𝜋𝜔 𝑟

3 12𝜋 𝜈
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/

𝑟

/

−𝑟

/

(3)

where Q is the volumetric flow rate, ω the angular velocity, 𝜈 is the kinematic viscosity of the liquid,
ro is the outer disc radius and ri is the inner disc radius where the feed is introduced to the SDR.
The validation of these equations relies largely on the dominance of centrifugal forces. When
centrifugal acceleration dominates, Coriolis acceleration is considered to be negligible. This is the case
typically for highly viscous liquids and/or at distances away from the centre of the disc where film
thickness is at a minimum, satisfying the following condition for the centrifugal model [59]:
𝜈 ≫ 𝜔𝛿 .
Coriolis forces (Figure 1), on the other hand, come into play when the radial velocity distribution
term, vr, is of a considerable magnitude. This generates acceleration in the angular direction opposite
to rotation, known as Coriolis acceleration, and is defined as [55]:
𝑎

= 2𝑣 𝜔.

Figure 1. Schematic diagram showing the centrifugal and Coriolis forces acting on a rotating disc.

(4)
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Previous work involving the solvent–antisolvent precipitation of starch nanoparticles in a
spinning disc reactor has demonstrated that starch nanoparticle size is influenced by flow rate, disc
rotational speed, and antisolvent to solvent ratio [28]. The study indicated a reduction in particle size
with an increase in flow rate and disc rotational speed. This was attributed to the increase in shear as
either flow rate or disc rotational speed were increased, leading to enhanced micromixing between
the solvent/solute and the antisolvent, and generating supersaturation at a faster rate. In addition, an
increase in antisolvent to solvent ratio demonstrated a reduction in particle size, caused by an
increase in supersaturation.
The interactions of these three single variables have been further analysed in the present work
through empirical correlations consisting of the relevant dimensionless numbers derived to predict
starch nanoparticle size for smooth and grooved discs. Various dimensionless numbers relevant to
the SDR and the solvent/antisolvent process are first introduced, followed by the development of the
empirical correlation using experimental results from the aforementioned work by the authors.
Through the use of dimensionless numbers, the intention is to reduce the number of independent
variables as well as the data used to acquire the empirical model. Besides relating the operating
parameters to starch nanoparticle size obtained in the SDR, the aim of such a model is to highlight
the significance of each of the parameters for optimisation, process control and scale up.
2. Methodology
A schematic image of the spinning disc reactor set-up is presented in Figure 2. The spinning disc
reactor consists of a horizontal 30 cm diameter stainless disc encased within a reactor housing. The
samples are collected at an outlet connected to the reactor housing. Underneath the reactor is a water
tank where water is heated to the required temperature (25 °C) and is circulated under the disc to
control the temperature. The solute/solvent (starch/NaOH) mixture and the antisolvent (ethanol) are
each fed to the reactor through a single-point feed distributor (internal diameter 1.5 mm) positioned
in the centre, 2.3 cm above the surface of the disc. Experiments were conducted on a stainless-steel
grooved disc with 8 concentric grooves and repeated on a stainless-steel smooth disc as shown in
Figure 3.

Figure 2. Schematic of spinning disc reactor (SDR) set-up: (1) Solute/ solvent; (2); antisolvent; (3)
peristaltic pumps; (4) SDR; (5) motor; (6) heating tank; (7) temperature control unit; (8) SDR rotational
control unit; (9) product outlet and receiver.
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Figure 3. Grooved and smooth disc surfaces. Reproduced from [28], De Gruyter, 2019.

The reagents, sodium hydroxide in pellet form and 99.8% absolute ethanol were purchased from
Fisher Scientific, Loughborough, UK. Starch from corn was purchased from Sigma Aldrich,
Gillingham, UK. 2% w/v starch in 0.5 M NaOH solution was prepared for use in these experiments.
A full factorial design of experiments in the SDR, consisting of 3 factors and 3 levels was implemented
based on the operating conditions given in Table 2. Each experimental run was carried out for a total
of 60 s with samples collected at 20 s intervals. The samples were immediately quenched in deionised
water to halt further precipitation of the nanoparticles.
Table 2. Operating conditions for spinning disc reactor (SDR) experiments.

Factor
Disc rotational speed (rpm)
Total flow rate (mL/s)
Antisolvent to solvent ratio (vol/vol basis)

Low
400
6
1:1

Centre
800
12
5:1

High
1200
18
9:1

Starch nanoparticles from the SDR were analysed using Dynamic Light Scattering (DLS-Mode
Nano ZS Malvern instruments, Malvern, UK) technology to obtain intensity-based means. Further
details of the methodology can be found in Sana et al. (2019) [28].
Regression analyses of the data have been carried out using Excel’s Data Analysis Add-on pack
(Microsoft Excel, Microsoft Corporation, 2018) and QI Macros for Excel (QI Macros, KnowWare
International, Inc., CO, USA, 2020).
Dimensionless Numbers
Reynolds number for thin film flow in the SDR is typically defined as [60]:
𝑅𝑒 =

2𝑄
𝜋𝜈𝑟

(5)

It is commonly used to characterise liquid flow in the SDR as it is a function of flow rate, disc
radius, and properties of the liquid. The Reynolds number criteria at which flow transitions from
laminar to turbulent are defined as [60]:
𝑅𝑒 16: Smooth laminar flow
16 ≤ 𝑅𝑒 40: Small amplitude waves
40 ≤ 𝑅𝑒 80: Sinusoidal waves replaced by regular waves
80 ≤ 𝑅𝑒 1000 − 2000: Wavy-laminar flow
𝑅𝑒 ≥ 1000 − 2000: Turbulent flow regime
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However, this particular definition of Reynolds number does not encompass the rotational
aspect of the SDR. For this reason, another dimensionless number will also be incorporated into the
model to characterise rotation of the disc. Two dimensionless groups will be considered: The
rotational Reynolds number, Reω, and the Rossby number, Ro. The merits and applicability of each
are discussed below.
The rotational Reynolds number is a dimensionless number which may be used to describe the
rotational aspect of flow on the film. Similar to the conventional Reynolds number, it is the ratio of
inertial (centrifugal) to viscous forces and is expressed in the following form:
𝑅𝑒

=

.

(6)

The rotational Reynolds number provides an alternative to the conventional Reynolds number
for characterising flow regime in the reactor as Re does not take angular velocity into consideration
[49,61]. Similarly, Reω does not include flow rate in its expression. Ozar et al. (2003) states that both
flow rate and disc speed play a major role in flow transition from laminar to turbulent [62]. Rotational
Reynolds number criteria for categorising flow regimes in a spinning disc reactor are as follows [61]:
𝑅𝑒 < 104: Laminar regime
104≤ 𝑅𝑒 <105: Flow instabilities increase and flow is in transition to turbulent regime
𝑅𝑒 ≥ 105: Turbulent regime
Often the rotational Reynolds number is identified as the Taylor number, Ta. Saw et al. (1985)
used the Taylor number along with the conventional Reynolds number to develop a predictive model
for liquid film thickness on a rotating disc [63]. This was further applied by Khan (1986) and by
Mohammadi (2014), the latter proposing that TiO2 particle size is directly proportional to the
dimensionless form of liquid film thickness [64,65]. Their models assumed negligible Coriolis forces
on the film, provided Re2/Ta is less than unity. For the present work, Re2/Ta is in the range of 10−3 to
10−5 at the edge of the disc, though tends to get greater towards the centre of the disc. As 90% of the
disc has a value less than 1, it may be assumed that Coriolis forces are negligible in our experimental
work.
Alternatively, the Rossby number has been used in previous work to characterise liquid flow on
a spinning disc [66–68]. It is defined as the ratio of inertial (centrifugal) to Coriolis forces. The Rossby
number is presented in Equation (7), where ui is the inlet velocity calculated from total flow rate of
the antisolvent and solvent/solute streams. The Rossby number is estimated to lie in the range of 0.045
to 0.405 for the operating conditions used in the present work, indicating dominance of Coriolis forces
over inertial when Ro < 1, whereas centrifugal forces dominate when Ro << 1 [67]. These values have
been estimated at the edge of the disc in order to correlate with particle size measurements for
particles collected at the edge of the disc. The Rossby number is often applied in combination with
the Ekman number, Ek, as presented in Equation (8) [69]. It implies that for a small Ro value, Ek will
be large in order to maintain an order of magnitude of 1. In circumstances where Ro << 1, the Ekman
number is significantly greater to satisfy Equation (8), implying negligible Coriolis forces [70]. Based
on this, the Ro values in the present work are considered to be within the region where Coriolis forces
are negligible, as Ek >> 1 at the outer region of the disc [70]. As with the Rossby number, towards the
centre of the disc, Ekman number too tends towards values where Coriolis forces come into play. Ek
of less than 2 is where flow deviates from the centrifugal model [49]. For the current system, Ek is
greater than 2 for the majority of the reactor.
𝑅𝑜 =
𝐸𝑘 =

𝑢
𝜔𝑟

(7)

𝜈
.
𝜔𝛿

(8)

Finally, apart from the hydrodynamic parameters, we have also included the dimensionless
supersaturation ratio term, S, in our empirical model to account for the effect of antisolvent to solvent
flow ratio. S is defined in Equation (9), where C* is the solubility of starch which varies with the
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antisolvent to solvent ratio and the solute concentration, C, is kept constant at 2% w/v in all
experiments.
𝑆 =

𝐶
𝐶∗

(9)

3. Results and Discussion
A selection of the mean particle sizes obtained from the DLS measurements is displayed in
Figure 4 [28]. These correspond to varying conditions of flow rate, disc rotational speed and
antisolvent to solvent ratio. In summary, the graphs show a reduction in particle size at increased
conditions of flow rate, disc rotational speed and antisolvent to solvent ratio up until the central point.
Further increase in the operational parameters leads to either an increase in particle size or no further
change in particle size as a result of particle agglomeration or the poor mixing phenomenon at
conditions of 1:1 antisolvent to solvent ratio and high flow rate/disc speed. Further discussion of the
experimental results can be found in [28].

Figure 4. Effect of: (A) Flow rate (1200 rpm, 9:1 ratio); (B) disc rotational speed (18 mL/s, 9:1 ratio); (C)
antisolvent to solvent ratio (1200 rpm and 18 mL/s) on particle size for smooth and grooved discs.
Reproduced from [28], De Gruyter, 2019.

3.1. Model 1: Using Rotational Reynolds Number to Characterise Disc Rotational Speed
The particle size for starch nanoparticles can be represented in the form of Equation (10) for the
rotational Reynolds number. This particular form of linear multiple regression has been selected for
simplicity and has been used previously in precipitation systems to predict particle size [39,65].
𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒 microns = 𝐴 𝑅𝑒 𝑅𝑒

𝑆

(10)

where A (microns), a, b and c are coefficients of the regression model. The units for particle size are
in microns rather than nanometres to avoid large values of coefficient A and to keep all coefficients
roughly of similar magnitudes. Furthermore, with coefficient A and particle size being in microns
ensures dimensional agreement is preserved.
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The following models have been generated for the smooth and grooved discs:
Smooth disc:
𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒 (microns) = 10

.

𝑅𝑒

.

𝑅𝑒

.

𝑆

.

(11)

.

𝑆

.

(12)

R2 = 0.933, R2 (adj.) = 0.913
Grooved disc:
𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒 (microns) = 10

.

𝑅𝑒

.

𝑅𝑒

R2 = 0.930, R2 (adj.) = 0.909
The models are applicable for the following ranges, with Re and Reω estimated at radial distances
of 15 cm from the centre where the nanoparticles were collected and measured:
8.21 ≤ 𝑅𝑒 ≤ 52.4
3.04 × 10 ≤ 𝑅𝑒 ≤ 1.94 × 10
116 ≤ 𝑆 ≤ 1074
Figure 5 displays a comparison between the experimental data and data predicted from the
models given in Equations (11) and (12). The negative sign of the coefficients in Equations (11) and
(12) indicates a negative correlation between all the dimensionless parameters and particle size. Thus,
it is predicted that an increase in Re would lead to a reduction in particle size. This would occur at
high flow rates or low viscosities as described in Equation (5). Similarly, Reω is greater at higher disc
rotational speeds, leading to a reduction in particle size. An increase in initial supersaturation ratio
also results in smaller particles, although the magnitudes of the coefficients in Equations (11) and (12)
indicate that particle size is least influenced by initial supersaturation, S, than Re or Reω for both disc
textures studied.
According to the range of rotational Reynolds numbers encountered in the SDR, the flow is
primarily in the transitional or turbulent regime, although the conventional Reynolds number, Re,
suggests the flow regime falls between laminar and wavy-flow regimes. It is apparent from Equations
(11) and (12) that the rotational Reynolds number, Reω, hence disc rotational speed, is more significant
for the smooth disc, whereas Re, hence flow rate is more influential for the grooved disc. One
explanation for this difference would be that in the presence of grooves the flow regime is more likely
to transition into turbulent flow at lower values of Reω [61]. This would mean that the grooved disc
is capable of achieving greater turbulence at lower disc rotational speeds, hence the grooved disc is
influenced less by disc speed and more by flow rate. Supersaturation has the least impact on particle
size, based on the small magnitude of the coefficient, especially for the grooved disc. This may be
caused by the supersaturation values applied in the experimental work being more heavily weighted
towards the higher end of the range; a larger range of values, particularly lower values of S, may very
well show a greater dependency of particle size on supersaturation. Additionally, ideal mixing
conditions provided by the grooves could also have contributed to minimising the influence of S on
particle size through the uniform distribution of supersaturation at all values of supersaturation. It is
also worth noting that results deemed to be outliers have been removed from the data set included
in the model derivation, specifically, particle size attained at 1:1 ratio and 18 mL/s, where the
occurrence of back-mixing was considered to be an issue in the reliability of the measured data [28].
R2 and adjusted R2 values are also presented in Equations (11) and (12) for the regression models. The
values are greater than 0.9, indicating a good fit between the predictive model and the experimental
results. The confidence intervals (CI) and prediction intervals (PI) displayed in the plots highlight the
upper and lower limits of the regression model at a 95% confidence level. The confidence interval
tells us that there is 95% certainty that the regression model lies within this interval, whereas the
prediction interval tells us that we can be 95% confident that the next observation is likely to fall
within this region. As most points lie within the bounds of the confidence and prediction intervals, it
can be concluded that the regression model is a good fit to predict particle size.
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Figure 5. Comparison between predicted particle size and experimental particle size for smooth and
grooved discs using the rotational Reynolds number (Reω).

3.2. Model 2: Using Rossby Number to Characterise Disc Rotational Speed
A regression model has been generated using the Rossby number to characterise disc rotation.
As the Rossby number is a function of both inlet velocity and angular velocity (Equation (7)), the
Rossby number will be applied in this model to characterise both flow rate and disc rotational speed.
The following models have been obtained for the smooth and grooved discs at a 15 cm radial distance
from the centre.
Smooth disc:
.

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒 (microns) = 10

𝑅𝑜

.

𝑆

.

(13)

R2 = 0.778, R2 (adj.) = 0.734
Grooved disc:
𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒 (microns) = 10

.

𝑅𝑜

.

𝑆

.

(14)

R2 = 0.854, R2 (adj.) = 0.830
The models are applicable for the following range:
0.045 ≤ 𝑅𝑜 ≤ 0.405
116 ≤ 𝑆 ≤ 1074
In Equation (14), the coefficient for the Rossby number has a negative sign for the model
predicted for the grooved disc, implying that as the Rossby number increases, particle size decreases.
An increase in Ro would be influenced by greater flow rate, which agrees with the previous model,
suggesting that disc rotational speed has less of an effect on particle size on the grooved disc. On the
smooth disc the opposite is true, indicated by the positive coefficient for the Rossby number,
representing a greater dependence of particle size on disc rotational speed. A decrease in the Rossby
number, caused by an increased disc rotational speed, would produce smaller sized particles on the
smooth disc. However, because both flow rate and disc speed parameters are represented by the
single dimensionless number, it is difficult to speculate on the exact relationship between the
parameters and Ro. Furthermore, unlike the previous models, here supersaturation appears to have
more of an impact on particle size, as implied by the larger coefficient. Figure 6 shows a comparison
between the predicted and measured particle size values using the models given in Equations (13)
and (14).
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Figure 6. Comparison between predicted particle size and experimental particle size for smooth and
grooved discs using Rossby number (Ro).

The confidence and prediction intervals at a 95% confidence level are also displayed in Figure 6.
All points are within the PI and the majority within the CI. The values of R2 and R2 adjusted
(Equations (13) and (14)) for the current regression model are also lower in comparison to the
previous model. The Rossby model is composed of only two independent variables (Ro and S) unlike
the previous model (Model 1) which has three independent variables, and often an increase in the
number of independent variables in a multiple regression model leads to an increase R2 values,
bringing them closer to 1. It also evident from the Rossby number expression (Equation (7)) that there
are no parameters describing the physical properties of the fluid, such as viscosity, which is an
important parameter when considering the flow of shear-thinning starch in the SDR. Equations (15)
and (16) presents the regression model with the addition of Reynolds number to account for the
viscosity of the fluid.
Smooth disc:
𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒 (microns) = 10

.

𝑅𝑜

.

𝑅𝑒

.

𝑆

.

(15)

R2 = 0.905, R2 (adj.) = 0.87.
Grooved disc:
𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒 (nm) = 10

.

𝑅𝑜

.

𝑅𝑒

.

𝑆

.

(16)

R2 = 0.913, R2 (adj.) = 0.890.
The regression models (Equations (15) and (16)) for both discs suggest a greater influence of flow
rate on particle size as indicated by the larger magnitude of the Reynolds number coefficients. This
contradicts the previous models obtained for the smooth disc. The coefficients for supersaturation
are also smaller in comparison to the Ro model. However, this model has both Ro and Re measuring
flow rate, introducing multicollinearity as both variables are highly correlated [71]. This is denoted
by the sign change of the coefficient associated with Ro in Equation (16). Furthermore, the standard
error associated with the regression coefficient for Ro increases from 0.02 to 0.05 upon the
introduction of Re. However, this does not seem to be the case for the smooth disc, though often
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multicollinearity can go undetected [71]. Hence, the model using Ro alone is better to represent the
current system.
3.3. Evaluation of the Models
Both the Rossby number and rotational Reynolds number models show good correlation
between the predicted and measured particle size at a 95% confidence level, though the Ro model has
lower values of R2 and R2 adjusted. The Rossby number only considers the liquid velocity at the
entrance of the SDR and does not take account of the viscous forces on the disc, whereas both the
rotational Reynolds number and Reynolds number for flow rate incorporate rheological effects
through the viscosity term. Furthermore, above the stated range of Rossby numbers studied, Coriolis
forces may begin to dominate and for the Nusselt model, and thus, Equations (1)–(3) to be valid,
Coriolis forces must be negligible. This is true for the experimental conditions studied as 𝜈 ≫ 𝜔𝛿 ,
where 𝛿 is the film thickness [60].
Empirical model 1 provides a better fit of the data as indicated by the R2 values which are above
0.9 for both discs. To further distinguish between the two models, standard error for the models are
presented in Table 3. The standard error represents the distance between data points and the
regression line. Model 1 has slightly smaller standard error values, which indicates that the predicted
values are closer to the measured values.
Table 3. Comparison of standard errors generated by the two empirical models.

Model
Model 1 (𝑅𝑒 , 𝑅𝑒, 𝑆) Grooved disc
Model 1 (𝑅𝑒 , 𝑅𝑒, 𝑆) Smooth disc
Model 2 (𝑅𝑜, 𝑆) Grooved disc
Model 2 (𝑅𝑜, 𝑆) Smooth disc

Standard Error
0.020
0.016
0.023
0.020

Additionally, both models have demonstrated that particle size is influenced more strongly by
flow rate and disc rotational speed. Both these parameters impact shear rate on the disc through the
following equation:
𝛾 =

.

(17)

Through greater shear, the degree of micromixing between the solvent/solute and the
antisolvent increases and the collisions between particles escalate to form the critical nucleus, leading
to a faster nucleation rate and therefore smaller nanoparticles.
The effect of antisolvent to solvent ratio, or supersaturation, has been considered low or
negligible according to the first model. This is particularly the case on the grooved surface. However,
the Rossby number model presents supersaturation as a significant parameter. Looking at the
previously published experimental results [28], particle size is reduced at greater antisolvent to
solvent ratios, though with the outliers removed (back-mixing at 18 mL/s, 1:1) the data used in model
generation is narrowed, thus the impact of supersaturation at this point is less certain. Valente et al.
(2012) also found that for the precipitation of polymer nanoparticles in a CJIM, antisolvent to solvent
ratio had a lesser impact on particle size as a result of mixing efficiency decreasing at greater
antisolvent to solvent ratios [39].
Finally, the dimensionless quantities have been estimated for radial distances close to the edge
of the disc, and as conditions such as film thickness vary along the radius of disc, the dimensionless
numbers would be affected by the radius, r. The effect of radial position on the dimensionless
numbers, Re, Reω and Ro are presented in Figure 7 at conditions of 1200 rpm, 18 mL/s and 9:1 ratio.
For example, rotational Reynolds number increases away from the centre of the disc, reaching a
maximum value at the edge of the disc. The flow near the centre of the disc is initially in the laminar
regime, with the transitional regime occurring between 0.03 and 0.01 m of the disc, and beyond that
the flow is fully turbulent. By decreasing the disc speed (Figure 8), the turbulent regime occurs further
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away from the centre of the disc, and at 400 rpm the flow remains in the transitional regime towards
the edge of the disc. This could have contributed to the production of larger particles at the lower
disc speed. The Reynolds number also varies with radial position, evolving from a turbulent flow
regime to a wavy regime towards the edge of the disc. Finally, Figure 7C shows a decline in the
Rossby number with radial position, further indicating that Coriolis effects become negligible beyond
roughly 0.025 m from the centre of the disc. However, the effect of radial distance on the
dimensionless correlations have not been investigated further as nanoparticle samples have only
been collected at the edge of the disc.

Figure 7. Effect of radial position on dimensionless parameters: (A) Reynolds number; (B) rotational
Reynolds number; (C) Rossby number at 1200 rpm, 18 mL/s and 9:1 ratio.

Figure 8. Effect of radial position on rotational Reynolds number at various disc speeds and 18 mL/s
and 9:1 ratio.
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4. Conclusions
Empirical correlations have been developed relating the size of starch nanoparticles produced
in the SDR to the key parameters: Flow rate, disc rotational speed and antisolvent to solvent ratio.
Dimensionless numbers have been applied to characterise these parameters. Three regression models
have been proposed through combinations of Reynolds number, rotational Reynolds number, Rossby
number and dimensionless supersaturation. Correlations based on the rotational Reynolds number
to characterise disc speed have indicated the closest agreement between measured and predicted
particle sizes and have demonstrated that particle size is more influenced by flow rate and disc
rotational speed than initial supersaturation.
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Nomenclature:
𝐶
𝐶∗
𝑄
𝑟
𝑡
𝑢
𝑢
𝑣
Greek symbols
𝛿
𝛾
𝜔
𝜈
Dimensionless numbers

Solute concentration (g solute / g solvent)
Equilibrium concentration (g solute / g solvent)
Volumetric flow rate (m3 s−1)
Radial position from centre of disc (m)
Mean disc residence time (s)
Film thickness-averaged radial velocity on disc (m s−1)
Inlet velocity (m s−1)
Instantaneous disc radial velocity (m s−1)
Liquid film thickness (m)
Shear rate (s−1)
Angular velocity (rad s−1)
Kinematic viscosity (m2 s−1)

𝐸𝑘

Ekman number, 𝐸𝑘 =

𝑅𝑒

Reynolds number, 𝑅𝑒 =

(-)
(-)

𝑅𝑒

Rotational Reynolds number, 𝑅𝑒 =

𝑅𝑜

Rossby number, 𝑅𝑜 =

𝑆
Subscripts
i
o

Supersaturation 𝑆 =

(-)

(-)
∗

(-)

Inlet
Outlet

References
1.

2.

3.

4.

Rose, J.; Auffan, M.; Proux, O.; Niviere, V.; Bottero, J.Y. Physicochemical Properties of Nanoparticles in
Relation with Toxicity. In Encyclopedia of Nanotechnology; Bhushan, B., Ed.; Springer: Dordrecht, The
Netherlands, 2012; pp. 2085–2085; doi:10.1007/978-90-481-9751-4_334.
Santander-Ortega, M.J.; Stauner, T.; Loretz, B.; Ortega-Vinuesa, J.L.; Bastos-González, D.; Wenz, G.;
Schaefer, U.F.; Lehr, C.M. Nanoparticles made from novel starch derivatives for transdermal drug delivery.
J. Control. Release 2010, 141, 85–92, doi:10.1016/j.jconrel.2009.08.012.
Elvira, C.; Mano, J.F.; San Román, J.; Reis, R.L. Starch-based biodegradable hydrogels with potential
biomedical applications as drug delivery systems. Biomaterials 2002, 23, 1955–1966, doi:10.1016/S01429612(01)00322-2.
Brecher, M.E.; Owen, H.G.; Bandarenko, N. Alternatives to albumin: Starch replacement for plasma
exchange. J. Clin. Apher. 1997, 12, 146–153, doi:10.1002/(sici)1098-1101(1997)12:3<146::Aid-jca8>3.0.Co;2-a.

Nanomaterials 2020, 10, 2202

5.
6.
7.

8.

9.
10.

11.

12.

13.

14.

15.

16.

17.
18.
19.
20.

21.

22.
23.

24.

14 of 17

Thielemans, W.; Belgacem, M.N.; Dufresne, A. Starch Nanocrystals with Large Chain Surface
Modifications. Langmuir 2006, 22, 4804–4810, doi:10.1021/la053394m.
Angellier, H.; Molina-Boisseau, S.; Dufresne, A. Mechanical Properties of Waxy Maize Starch Nanocrystal
Reinforced Natural Rubber. Macromolecules 2005, 38, 9161–9170, doi:10.1021/ma0512399.
Alila, S.; Aloulou, F.; Thielemans, W.; Boufi, S. Sorption potential of modified nanocrystals for the removal
of aromatic organic pollutant from aqueous solution. Ind. Crop. Prod. 2011, 33, 350–357,
doi:10.1016/j.indcrop.2010.11.010.
Sandhu, K.S.; Nain, V. Starch Nanoparticles: Their Preparation and Applications. In Plant Biotechnology:
Recent Advancements and Developments; Gahlawat, S.K., Salar, R.K., Siwach, P., Duhan, J.S., Kumar, S., Kaur,
P., Eds.; Springer: Singapore, 2017; pp. 213–232; doi:10.1007/978-981-10-4732-9_11.
Kristo, E.; Biliaderis, C.G. Physical properties of starch nanocrystal-reinforced pullulan films. Carbohydr.
Polym. 2007, 68, 146–158, doi:10.1016/j.carbpol.2006.07.021.
Ma, X.; Jian, R.; Chang, P.R.; Yu, J. Fabrication and Characterization of Citric Acid-Modified Starch
Nanoparticles/Plasticized-Starch
Composites.
Biomacromolecules
2008,
9,
3314–3320,
doi:10.1021/bm800987c.
García, N.L.; Ribba, L.; Dufresne, A.; Aranguren, M.I.; Goyanes, S. Physico-Mechanical Properties of
Biodegradable
Starch
Nanocomposites.
Macromol.
Mater.
Eng.
2009,
294,
169–177,
doi:10.1002/mame.200800271.
Bel Haaj, S.; Thielemans, W.; Magnin, A.; Boufi, S. Starch nanocrystals and starch nanoparticles from waxy
maize as nanoreinforcement: A comparative study. Carbohydr. Polym. 2016, 143, 310–317,
doi:10.1016/j.carbpol.2016.01.061.
Srichuwong, S.; Sunarti, T.C.; Mishima, T.; Isono, N.; Hisamatsu, M. Starches from different botanical
sources I: Contribution of amylopectin fine structure to thermal properties and enzyme digestibility.
Carbohydr. Polym. 2005, 60, 529–538, doi:10.1016/j.carbpol.2005.03.004.
Thorat, A.A.; Dalvi, S.V. Liquid antisolvent precipitation and stabilization of nanoparticles of poorly water
soluble drugs in aqueous suspensions: Recent developments and future perspective. Chem. Eng. J. 2012,
181, 1–34, doi:10.1016/j.cej.2011.12.044.
Sun, Q.; Li, G.; Dai, L.; Ji, N.; Xiong, L. Green preparation and characterisation of waxy maize starch
nanoparticles through enzymolysis and recrystallisation. Food Chem. 2014, 162, 223–228,
doi:10.1016/j.foodchem.2014.04.068.
Hebeish, A.; El-Rafie, M.H.; EL-Sheikh, M.A.; El-Naggar, M.E. Ultra-Fine Characteristics of Starch
Nanoparticles Prepared Using Native Starch With and Without Surfactant. J. Inorg. Organomet. Polym.
Mater. 2014, 24, 515–524, doi:10.1007/s10904-013-0004-x.
Wu, X.; Chang, Y.; Fu, Y.; Ren, L.; Tong, J.; Zhou, J. Effects of non-solvent and starch solution on formation
of starch nanoparticles by nanoprecipitation. Starch 2016, 68, 258–263, doi:10.1002/star.201500269.
Chin, S.F.; Pang, S.C.; Tay, S.H. Size controlled synthesis of starch nanoparticles by a simple
nanoprecipitation method. Carbohydr. Polym. 2011, 86, 1817–1819, doi:10.1016/j.carbpol.2011.07.012.
LeCorre, D.; Bras, J.; Dufresne, A. Influence of botanic origin and amylose content on the morphology of
starch nanocrystals. J. Nanopart. Res. 2011, 13, 7193–7208, doi:10.1007/s11051-011-0634-2.
Chen, G.; Wei, M.; Chen, J.; Huang, J.; Dufresne, A.; Chang, P.R. Simultaneous reinforcing and toughening:
New nanocomposites of waterborne polyurethane filled with low loading level of starch nanocrystals.
Polymer 2008, 49, 1860–1870, doi:10.1016/j.polymer.2008.02.020.
Namazi, H.; Dadkhah, A. Surface modification of starch nanocrystals through ring-opening polymerization
of ε-caprolactone and investigation of their microstructures. J. Appl. Polym. Sci. 2008, 110, 2405–2412,
doi:10.1002/app.28821.
Kim, J.Y.; Park, D.J.; Lim, S.T. Fragmentation of Waxy Rice Starch Granules by Enzymatic Hydrolysis. Cereal
Chem. 2008, 85, 182–187, doi:10.1094/CCHEM-85-2-0182.
Lamanna, M.; Morales, N.J.; García, N.L.; Goyanes, S. Development and characterization of starch
nanoparticles by gamma radiation: Potential application as starch matrix filler. Carbohydr. Polym. 2013, 97,
90–97, doi:10.1016/j.carbpol.2013.04.081.
Bel Haaj, S.; Magnin, A.; Pétrier, C.; Boufi, S. Starch nanoparticles formation via high power ultrasonication.
Carbohydr. Polym. 2013, 92, 1625–1632, doi:10.1016/j.carbpol.2012.11.022.

Nanomaterials 2020, 10, 2202

25.

26.

27.

28.
29.

30.
31.

32.

33.
34.
35.

36.
37.

38.

39.

40.

41.

42.
43.
44.

15 of 17

Kim, J.H.; Park, D.H.; Kim, J.Y. Effect of heat-moisture treatment under mildly acidic condition on
fragmentation of waxy maize starch granules into nanoparticles. Food Hydrocoll. 2017, 63, 59–66,
doi:10.1016/j.foodhyd.2016.08.018.
Park, E.Y.; Kim, M.J.; Cho, M.; Lee, J.H.; Kim, J.Y. Production of starch nanoparticles using normal maize
starch via heat-moisture treatment under mildly acidic conditions and homogenization. Carbohydr. Polym.
2016, 151, 274–282, doi:10.1016/j.carbpol.2016.05.056.
Chang, R.; Ji, N.; Li, M.; Qiu, L.; Sun, C.; Bian, X.; Qiu, H.; Xiong, L.; Sun, Q. Green preparation and
characterization of starch nanoparticles using a vacuum cold plasma process combined with
ultrasonication treatment. Ultrason. Sonochem. 2019, 58, 104660, doi:10.1016/j.ultsonch.2019.104660.
Sana, S.; Boodhoo, K.; Zivkovic, V. Production of starch nanoparticles through solvent–antisolvent
precipitation in a spinning disc reactor. Green Process. Synth. 2019, 8, 507, doi:10.1515/gps-2019-0019.
O’Grady, D.; Barrett, M.; Casey, E.; Glennon, B. The Effect of Mixing on the Metastable Zone Width and
Nucleation Kinetics in the Anti-Solvent Crystallization of Benzoic Acid. Chem. Eng. Res. Des. 2007, 85, 945–
952, doi:10.1205/cherd06207.
Dong, Y.; Ng, W.K.; Shen, S.; Kim, S.; Tan, R.B.H. Controlled antisolvent precipitation of spironolactone
nanoparticles by impingement mixing. Int. J. Pharm. 2011, 410, 175–179, doi:10.1016/j.ijpharm.2011.03.005.
Dong, Y.; Ng, W.K.; Hu, J.; Shen, S.; Tan, R.B.H. A continuous and highly effective static mixing process for
antisolvent precipitation of nanoparticles of poorly water-soluble drugs. Int. J. Pharm. 2010, 386, 256–261,
doi:10.1016/j.ijpharm.2009.11.007.
Zhao, H.; Wang, J.X.; Wang, Q.A.; Chen, J.F.; Yun, J. Controlled Liquid Antisolvent Precipitation of
Hydrophobic Pharmaceutical Nanoparticles in a Microchannel Reactor. Ind. Eng. Chem. Res. 2007, 46, 8229–
8235, doi:10.1021/ie070498e.
Kim, K.J. Crystal Growth in Drowning-Out Crystallization using a T-Mixer. Chem. Eng. Technol. 2006, 29,
1267–1272, doi:10.1002/ceat.200600124.
Wong, S.H.; Ward, M.C.L.; Wharton, C.W. Micro T-mixer as a rapid mixing micromixer. Sens. Actuators B:
Chem. 2004, 100, 359–379, doi:10.1016/j.snb.2004.02.008.
McGlone, T.; Briggs, N.E.B.; Clark, C.A.; Brown, C.J.; Sefcik, J.; Florence, A.J. Oscillatory Flow Reactors
(OFRs) for Continuous Manufacturing and Crystallization. Org. Process Res. Dev. 2015, 19, 1186–1202,
doi:10.1021/acs.oprd.5b00225.
Brown, C.J.; Ni, X. Online evaluation of paracetamol antisolvent crystallization growth rate with video
imaging in an oscillatory baffled crystallizer. Cryst. Growth Des. 2011, 11, 719–725, doi:10.1021/cg1011988.
Kuang, Y.Y.; Zhang, Z.B.; Xie, M.L.; Wang, J.X.; Le, Y.; Chen, J.F. Large-Scale Preparation of Amorphous
Cefixime Nanoparticles by Antisolvent Precipitation in a High-Gravity Rotating Packed Bed. Ind. Eng.
Chem. Res. 2015, doi:10.1021/acs.iecr.5b01584.
Zhao, H.; Wang, J.; Zhang, H.; Shen, Z.; Yun, J.; Chen, J. Facile Preparation of Danazol Nanoparticles by
High-Gravity Anti-solvent Precipitation (HGAP) Method. Chin. J. Chem. Eng. 2009, 17, 318–323,
doi:10.1016/S1004-9541(08)60210-4.
Valente, I.; Celasco, E.; Marchisio, D.L.; Barresi, A.A. Nanoprecipitation in confined impinging jets mixers:
Production, characterization and scale-up of pegylated nanospheres and nanocapsules for pharmaceutical
use. Chem. Eng. Sci. 2012, 77, 217–227, doi:10.1016/j.ces.2012.02.050.
D’ Intino, A.F.; de Caprariis, B.; Santarelli, M.L.; Verdone, N.; Chianese, A. Best operating conditions to
produce hydroxyapatite nanoparticles by means of a spinning disc reactor. Front. Chem. Sci. Eng. 2014, 8,
156–160, doi:10.1007/s11705-014-1427-9.
Dabir, H.; Davarpanah, M.; Ahmadpour, A. Effects of different operating parameters on the particle size of
silver chloride nanoparticles prepared in a spinning disk reactor. Appl. Phys. A Mater. Sci. Process. 2015, 120,
105–113, doi:10.1007/s00339-015-9174-4.
Tai, C.Y.; Wang, Y.H.; Liu, H.S. A green process for preparing silver nanoparticles using spinning disk
reactor. Aiche J. 2008, 54, 445–452, doi:10.1002/aic.11396.
Cafiero, L.M.; Baffi, G.; Chianese, A.; Jachuck, R.J.J. Process Intensification: Precipitation of Barium Sulfate
Using a Spinning Disk Reactor. Ind. Eng. Chem. Res. 2002, 41, 5240–5246, doi:10.1021/ie010654w.
De Caprariis, B.; Di Rita, M.; Stoller, M.; Verdone, N.; Chianese, A. Reaction-precipitation by a spinning
disc reactor: Influence of hydrodynamics on nanoparticles production. Chem. Eng. Sci. 2012, 76, 73–80,
doi:10.1016/j.ces.2012.03.043.

Nanomaterials 2020, 10, 2202

45.

46.
47.
48.
49.

50.
51.

52.

53.

54.
55.
56.
57.
58.
59.
60.
61.
62.
63.

64.
65.
66.
67.
68.

16 of 17

Dehkordi, A.M.; Vafaeimanesh, A. Synthesis of barium sulfate nanoparticles using a spinning disk reactor:
Effects of supersaturation, disk rotation speed, free ion ratio, and disk diameter. Ind. Eng. Chem. Res. 2009,
48, 7574–7580, doi:10.1021/ie801799v.
Tai, C.Y.; Tai, C.T.; Chang, M.H.; Liu, H.S. Synthesis of magnesium hydroxide and oxide nanoparticles
using a spinning disk reactor. Ind. Eng. Chem. Res. 2007, 46, 5536–5541.
Mohammadi, S.; Harvey, A.; Boodhoo, K.V.K. Synthesis of TiO2 nanoparticles in a spinning disc reactor.
Chem. Eng. J. 2014, 258, 171–184, doi:10.1016/j.cej.2014.07.042.
Ahoba-Sam, C.; Boodhoo, K.V.K.; Olsbye, U.; Jens, K.J. Tailoring Cu Nanoparticle Catalyst for Methanol
Synthesis Using the Spinning Disk Reactor. Materials 2018, 11, 154.
Vilardi, G.; Stoller, M.; Di Palma, L.; Boodhoo, K.; Verdone, N. Metallic iron nanoparticles intensified
production by spinning disk reactor: Optimization and fluid dynamics modelling. Chem. Eng. Process.
Process Intensif. 2019, 146, 107683, doi:10.1016/j.cep.2019.107683.
Chen, X.; Smith, N.M.; Iyer, K.S.; Raston, C.L. Controlling nanomaterial synthesis, chemical reactions and
self assembly in dynamic thin films. Chem. Soc. Rev. 2014, 43, 1387–1399, doi:10.1039/C3CS60247H.
Oxley, P.; Brechtelsbauer, C.; Ricard, F.; Lewis, N.; Ramshaw, C. Evaluation of spinning disk reactor
technology for the manufacture of pharmaceuticals. Ind. Eng. Chem. Res. 2000, 39, 2175–2182,
doi:10.1021/ie990869u.
Khan, W.H.; Rathod, V.K. Process intensification approach for preparation of curcumin nanoparticles via
solvent–nonsolvent nanoprecipitation using spinning disc reactor. Chem. Eng. Process. Process Intensif. 2014,
80, 1–10, doi:10.1016/j.cep.2014.03.011.
Burns, J.R.; Jachuck, R.J.J. Determination of liquid–solid mass transfer coefficients for a spinning disc
reactor using a limiting current technique. Int. J. Heat Mass Transf. 2005, 48, 2540–2547,
doi:10.1016/j.ijheatmasstransfer.2004.11.029.
Boodhoo, K.V.K.; Al-Hengari, S.R. Micromixing Characteristics in a Small-Scale Spinning Disk Reactor.
Chem. Eng. Technol. 2012, 35, 1229–1237, doi:10.1002/ceat.201100695.
Boodhoo, K. Spinning Disc Reactor for Green Processing and Synthesis. In Process Intensification for Green
Chemistry; John Wiley & Sons, Ltd.: Chichester, UK, 2013; pp. 59–90; doi:10.1002/9781118498521.ch3.
Jacobsen, N.C.; Hinrichsen, O. Micromixing Efficiency of a Spinning Disk Reactor. Ind. Eng. Chem. Res. 2012,
51, 11643–11652, doi:10.1021/ie300411b.
Mohammadi, S.; Boodhoo, K.V.K. Online conductivity measurement of residence time distribution of thin
film flow in the spinning disc reactor. Chem. Eng. J. 2012, 207, 885–894, doi:10.1016/j.cej.2012.07.120.
Boodhoo, K.V.K.; Jachuck, R.J. Process intensification: Spinning disk reactor for styrene polymerisation.
Appl. Therm. Eng. 2000, 20, 1127–1146, doi:10.1016/S1359-4311(99)00071-X.
Emslie, A.G.; Bonner, F.T.; Peck, L.G. Flow of a Viscous Liquid on a Rotating Disk. J. Appl. Phys. 1958, 29,
858–862, doi:10.1063/1.1723300.
Boodhoo, K. Process Intensification: Spinning Disc Reactor for the Polymerisation of Styrene. Ph.D. Thesis,
Newcastle University, Newcastle upon Tyne, UK, 1999.
Shevchuk, I.V. Modelling of Convective Heat and Mass Transfer in Rotating Flows; Springer International
Publishing: Cham, Switzerland, 2015; pp. 1–235; doi:10.1007/978-3-319-20961-6.
Ozar, B.; Cetegen, B.M.; Faghri, A. Experiments on the flow of a thin liquid film over a horizontal stationary
and rotating disk surface. Exp. Fluids 2003, 34, 556–565, doi:10.1007/s00348-002-0572-y.
Saw, C.B.; Anderson, G.K.; Howarth, C.R.; Porter, J.E. Application of the spinning disc reactor as an ozone
contractor. In Proceedings of the Industrial Waste Conference, Purdue University, West Lafayette, IN, USA,
14–16 May 1985; pp. 813–823.
Khan, J.R. Heat Transfer on a Rotating Surface with and Without Phase Change. Ph.D. Thesis, Newcastle
University, Newcastle Upon Tyne, UK, 1986.
Mohammadi, S. Nano-TiO₂ Precipitation in SDRs: Experimental and Modelling Studies. Ph.D. Thesis,
Newcastle University, Newcastle Upon Tyne, UK, 2014.
Basu, S.; Cetegen, B.M. Analysis of hydrodynamics and heat transfer in a thin liquid film flowing over a
rotating disk by the integral method. J. Heat Transf. 2006, 128, 217–225, doi:10.1115/1.2150836.
Leneweit, G.; Roesner, K.G.; Koehler, R. Surface instabilities of thin liquid film flow on a rotating disk. Exp.
Fluids 1999, 26, 75–85, doi:10.1007/s003480050266.
Scheichl, B.; Kluwick, A. Laminar spread of a circular liquid jet impinging axially on a rotating disc. J. Fluid
Mech. 2019, 864, 449–489, doi:10.1017/jfm.2018.1009.

Nanomaterials 2020, 10, 2202

69.
70.
71.

17 of 17

Rauscher, J.W.; Kelly, R.E.; Cole, J.D. An Asymptotic Solution for the Laminar Flow of a Thin Film on a
Rotating Disk. J. Appl. Mech. 1973, 40, 43–47, doi:10.1115/1.3422970.
Prieling, D. Computational Investigation of Liquid Film Flow on Rotating Disks. Master’s Thesis, Graz
University of Technology, Graz, Austria, 2013.
Allen, M.P. The problem of multicollinearity. In Understanding Regression Analysis; Springer: Boston, MA,
USA, 1997; pp. 176–180.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

