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The effective hydrodynamic diffusion layer thickness (heg) of a drug particle dissolving into an agitated
fluid is of great importance for oral absorption simulation. The purpose of the present study was to: (1)
introduce a heg estimation method based on the fluid dynamic theory (FD model), and (2) compare the FD
model with the non-FD-based approximation models previously reported by Hintz and Johnson (HJ model)
and Wang and Flanagan (WF model). In the FD model, the relative velocity of a particle suspended in an
agitated fluid was estimated from the terminal slip velocity and the microeddy effect. For small particles
(particle radius (r,)<ca. 15 um), the HJ, WF and FD models resulted in the similar heg values, whereas
they resulted in different hes values for large particles (rp > ca. 15 wm). One of the merits of the FD model
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Diffusion is that it provides the a priori theoretical estimation of heg from particle radius, drug density, agitation
Solubility strength, fluid viscosity, and diffusion coefficient. The hydrodynamic conditions in the gastrointestinal
Particle (GI) tract differ among human and animals, the Gl sites, and fasted/fed conditions, etc. Therefore, the FD
Simulation model could provide a more comprehensive and sophisticated simulation of oral absorption.

Fluid dynamics © 2008 Elsevier B.V. All rights reserved.

1. Introduction

Computational simulation of oral absorption is one of the
necessary tools in drug discovery and development (Kuentz et
al., 2006; Parrott and Lave, 2002; Sugano et al., 2007; Wei and
Loebenberg, 2006). Several oral absorption simulators are com-
mercially available. Usually, an oral absorption simulator consists
of many mathematical equations corresponding to each process
of oral absorption, e.g., dissolution of a drug, intestinal membrane
permeation, etc. (Yu and Amidon, 1999). One of the most important
processes in oral absorption is the dissolution process.

In the pharmaceutical sciences, the dissolution process of a
solid drug is mainly described by the Noyes—Whitney equation (Eq.
(1)), and further by the Nernst-Brunner equation (NBE) (Eq. (2))
(Dokoumetzidis and Macheras, 2006; Noyes and Whitney, 1897).
The NBE postulates the existence of an unstirred fluid layer (hydro-
dynamic diffusion layer (HDL)) on the solid surface:

dx

ar = Kaiss(Cs = Ct) = SAKmass(Cs — Ci) (1)
dX 1
ar :SADeff@(Cs—Ct) (2)
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where kgiss i the dissolution rate coefficient, kmass is the mass
transfer coefficient, SA is the solid surface area, D is the effec-
tive diffusion coefficient, heg is the effective thickness of HDL, C; is
the solubility at the solid surface, and C; is the concentration of the
drug in the bulk fluid at time t. The purpose of the present study
was to: (1) introduce an heg estimation method based on the fluid
dynamic theory (FD model), and (2) compare the FD model with
the non-FD based approximation models previously reported by
Hintz and Johnson (HJ model) (Hintz and Johnson, 1989; Johnson,
2003; Lu et al., 1993), and Wang and Flanagan (WF model) (Wang
and Flanagan, 1999, 2002).

2. Theory
2.1. Fluid dynamics model (FD model)

2.1.1. Dissolution rate equation in FD theory

The theory of mass transfer from/into suspended particles in an
agitated fluid had been extensively investigated by fluid dynamics
(Armenante and Kirwan, 1989; Chuchottaworn and Asano, 1986;
Chuchottaworn et al., 1984; Harriott, 1962; Levins and Glastonbury,
1972a,b; Ranz and Marshall, 1952). According to the fluid dynamics
theory, the mass transfer coefficient for a particle is described as:

DesrSh Degr Sh
kmass = % = % (3)
P
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Nomenclature

Cp resistance coefficient from the fluid

Cs solubility at solid surface

Ct concentration of drug in bulk fluid at time t

dp particle diameter

Degr effective diffusion coefficient

Dpaddale  diameter of paddle

g gravity constant

he g boundary value for Hintz-Johnson model

hewr boundary value for Wang-Flanagan model

hefr effective thickness of hydrodynamic diffusion layer

Kdiss dissolution rate coefficient

Kmass mass transfer coefficient

L representative length of particle

Npaddie  Totation speed (rpm)

PN power number specific for paddle shape

Rep Reynolds number of particle

SA solid surface area

Sc Schmidt number

Sh Sherwood number

t time

Vi inertia slip velocity

Ve relative effective velocity between particles and
microeddies

Vieltot  total relative velocity of particle against fluid flow

Vi terminal (sedimentation) slip velocity

Volguiq  volume of fluid

Greek symbols

& power input per unit mass
" viscosity of fluid

v kinematic viscosity of fluid
POt density of fluid

Pp density of particle

where Sh is a dimensionless parameter, the Sherwood number,
which represents the fluid dynamical characteristics of mass trans-
fer by molecular diffusion and fluid flow. L is the representative
length of the particle. For a spherical particle, L is the particle diam-
eter (dp). Comparing the Egs. (2) and (3), hefr is:

1 Sh  Sh
2 _ > (4)
heff dp 2rp
where 1, is the particle radius.

2.1.2. Sherwood number calculation
The Sherwood number can be related to the Reynolds number
of the particle (Rep) and the Schmidt number (Sc):

Sh = f(Rep, Sc) (5)

Rep _ dp V‘r)el,tot (6)
v

Sc= — 7

Dest @)

where v is the kinematic viscosity, and V.| is the total relative
velocity of the particle against the fluid flow. As a semi-empirical
approximation, the Ranz-Marshall correlation is often used for a
spherical particle (Ranz and Marshall, 1952):

Sh=2+0.6Re}/*sc' (8)

The first term of Eq. (8) is derived as follows. As the distance away
from the particle increases, the spherical surface area expands to
produce a concentration gradient around the particle. Therefore,
even without any flow (Viej o =0 and Rep =0. the real HDL thick-
ness is infinite), a particle fixed in the fluid space dissolves into the
fluid. This effect is called “asymptotic molecular diffusion” or “the
curvature effect”. It is well known, both theoretically and exper-
imentally, that Sh from asymptotic molecular diffusion is 2 for
a spherical particle. Therefore, maximum effective HDL thickness
(hesr) of a spherical particle is rp (Eq. (4)).

The second term of Eq. (8) represents the effect of flow around
a spherical particle. When the particle is suspended in the fluid,
Vreltot is Not equal to the absolute flow speed because the parti-
cles move together with the fluid flow. Since v, dp, and Deg can be
easily obtained by an experiment or a calculation, once Vi ¢ for
a suspended particle in a flow is obtained, Rep, Sh and heg can be
calculated by Egs. (6), (8) and (4), respectively.

2.1.3. Total relative velocity

Vreltot Mainly consists of: (1) the terminal (sedimentation) slip
velocity (V¢), (2) the relative effective velocity between particles
and microeddies (Ve ), and (3) inertia slip velocity (V;) (Levins and
Glastonbury, 1972a,b):

Vrel,tot =\ Vtz + Vx%e + Viz (9)

The contribution of V; is small and neglected in this study (Levins
and Glastonbury, 1972a,b).

2.1.3.1. Terminal slip velocity. The V; of a spherical particle can be
calculated as:

12
_ 4(pp — pr)dpg 1
Vo= <3pf Cp (10)

where pj, is the density of a particle, pr is the density of a fluid, g is
the gravity constant, and Cp is the resistance coefficient from the
fluid.

When Rep, < 0.3, Cp of a spherical particle can be derived from the
Navier-Stokes equation with Stokes approximation as (Flemmer
and Banks, 1986):

24
Co = - (11)
— pr)d2
Vi = M (12)

18

where p is the viscosity of the fluid. When Rep >0.3, Cp can be
approximated by (Camenen, 2007):

m

o= [(;‘q})um +B”’”] (13)
(BT D)
= ((-0(2))

Various A, B and m values have been reported depending on
the Rep range and particle shape. In this study, A=20.5, B=0.310
and m=2.07 were used for spherical particles. These coefficients
are obtained by fitting Eq. (13) to the experimental Cp values in
0.3 <Rep < 100 range (Kelbaliyev and Ceylan, 2007). The error was
with in 1.1% (data not shown).
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2.1.3.2. Developing boundary layer by microeddies. The Ve can be
calculated based on the isotropic turbulence theory. If the density
difference between the particle and fluid is zero, the terminal slip
velocity and the inertia velocity become zero. Even in this case,
however, the dissolution rate increases as the agitation strength
increases because of the continuous formation and disappearance
of microeddies that is the basis of the turbulent energy cascade
process. Based on the Kolmogorov’s hypothesis of local isotropy,
Armentante and Kirwan suggested that the Ve can be expressed
as (Armenante and Kirwan, 1989):

Vine = 0.195 dg)l 80'525 M—0.575 (16)

where ¢ is the power input per unit mass. No special case of Ve is
made that represents a physical velocity. It is an expedient veloc-
ity which gives the same mass transfer. In the case of USP paddle
methods, ¢ can be calculated as (Crail et al., 2004):

5

D
& =PNps N3 paddle

— 17
paddle VOlﬂuid ( )

where Dp,qdie is the diameter of the paddle, Np,qdre is the rotation
speed (rpm), and Volgy;q is the volume of the fluid. PN is the power
number specific for the shape of the paddle. With 50 rpm and 1L
fluid, e =0.004 m?/s3 (Crail et al., 2004). It is difficult to directly esti-
mate ¢ value for in vivo gastrointestinal (GI) tract. It was reported
that the agitation strength in the human GI tract corresponds to
20-75 rpm (Katori etal., 1995; Scholz et al., 2003). Therefore, ¢ value
would be 0.0003-0.014 m?/s3 range.

2.2. Hintz and Johnson model (H] model)

Hintz and Johnson proposed a convenient approximation model
of hegr (Hintz and Johnson, 1989; Johnson, 2003; Lu et al., 1993):

(18)
(19)

hege =1p,  1p < he

hetr = hc,HJ, p > hc,H]

where h¢ j is the boundary value. Firstly, he gy =30 um was derived
based on rotate disk method. Later, the h.y; was estimated to be
18-30 pm from experimental dissolution data obtained by the UPS
paddle method using particles of dsg < ca. 50 wm (900 mL, 75 rpm).
In the present study, hcyj; was set to 30 pm.

2.3. Wang and Flanagan model (WF model)

Recently, Wang and Flanagan proposed another model (Eq. (20))
based on the film theory considering the curvature of a spherical

particle (Wang and Flanagan, 1999, 2002). In their theory, it was
hypothesized that the real HDL thickness (h.wr) does not depend
on the particle size (this hypothesis seems inconsistent with the
fluid dynamic theory (Prandtl’s boundary layer)).

1 1 1

heff B p M hc,WF (20)
The h.wr was estimated to be 110 wm by fitting the equation to
the experimental dissolution data obtained by the flow through
experiment (particles were fixed on a filter). In addition, hcwr
was estimated to be 69.5-322 um for the suspended particles
under strong agitation conditions (500 rpm) (both experiments
used dp =100-1000 pwm particles). In the present study, hcwr was
set to 110 m. If p K hc,WF- heff= Tp and if Tp > hc,WFv heff=hc,WF-
Therefore, at small and large heg range, when we set hepy = hewr,
the WF model equals to the H] model.

3. Results and discussion

The mass transfer phenomena have been intensively inves-
tigated in fluid dynamics (Armenante and Kirwan, 1989;
Chuchottaworn and Asano, 1986; Chuchottaworn et al., 1984;
Harriott, 1962; Levins and Glastonbury, 1972a,b; Ranz and Marshall,
1952). The effects of agitation strength, fluid viscosity, fluid density,
particle density, particle shape, etc., on the mass transfer coefficient
are described in terms of dimensionless parameters, such as Sher-
wood number, Reynolds number and Schmitt number. The fluid
dynamic theory provides the means for a priori calculation of Sh
(therefore, hef) from these parameters. Since the fluid dynamic the-
ory of mass transfer had been sufficiently validated for a wide range
of experimental conditions, a further experimental validation study
was not performed in the present study (Armenante and Kirwan,
1989; Levins and Glastonbury, 1972b). On the other hand, the HJ
model and WF model is not based on the fluid dynamic theory,
and hyy and hewr were obtained by fitting to experimental data
of a specific experimental condition and particle size. Therefore, it
would be of great interest to compare these models with the FD
model.

The relationship between hes and rp for a drug of
Defr=6.5x10"6cm?/s in water at 37°C (v=0.70 x 10~ m?2/s,
pr=1.0g/cm3)is summarized in Table 1, and plotted in Figs. 1 and 2.
In addition, the initial dissolution rate (DR;,;) is plotted against
rp (drug amount=1mg, Cs=0.1mg/mL, pp=1.2g/cm? mono-
dispersed particle) (Figs. 1 and 2, and summarized in Table 2).
DR;,; was calculated as previously reported (Hintz and Johnson,
1989). The density of the drug (pp) was changed from 1.0 to

Table 1
hegr calculated by the FD model®
rp (pom) hegr (pom)
pp (glem?)P & (m?/s?)
1 1.05 1.1 1.2 14 18 0.0005 0.004 0.013 0.032 0.26
0.5 0.49 0.49 049 0.49 0.49 0.49 0.5 0.49 0.49 0.49 0.48
1 0.98 0.98 0.98 0.98 0.98 0.98 0.99 0.98 0.97 0.96 0.94
2.5 24 24 24 2.4 2.4 24 24 24 2.3 2.3 2.1
5 4.4 4.4 4.4 4.4 44 44 4.6 44 43 4.1 3.6
10 79 7.9 7.9 7.9 7.8 7.6 8.6 7.9 73 6.9 5.6
25 15 15 15 14 14 12 16 14 13 11 8.2
50 21 21 20 18 16 13 20 18 16 14 9.6
100 25 24 23 20 16 13 21 20 18 16 10
250 29 26 23 19 15 12 20 19 18 16 10
500 30 26 23 19 15 13 20 19 17 16 10

3 1=0.70 x 106 m2/s, pf=1.0g/cm3.
b £=0.004 m?2/s3.
¢ pp=12g/cm3.
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Fig. 1. Effect of drug density on the relationship between rp, and hegs (A) or DRipi (B). The order of the solid line at r, =500 wm is 1, 1.05, 1.1, 1.2, 1.4 and 1.8 g/cm? from the top for
hegr and from the bottom for DR;y;. The dotted line is the H] model (hcy; =30 pm). The dot-dash line is WF model (hcwr = 110 wm). £ =0.004 m? /s> (equivalent to 50 rpm in 1L
USP paddle method). Degs = 6.5 x 1076 cm?/s. v=0.7 x 10~6 m?/s. p¢ = 1.0 g/cm?>. The drug amount and solubility for DRy,; calculation were 1 mg and Cs = 100 pg/mL, respectively.
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Fig. 2. Effect of agitation strength on the relationship between ry, and heg (A) or DRiy; (B). The solid line order at 500 pwm is 0.0005, 0.004, 0.013, 0.032 and 0.26 m?/s? from the
top for hegr and from the bottom for DRp;. The dotted line is the H] model (hey) = 30 wm). The dot-dash line is WF model (hewr = 110 wm). pp = 1.2 g/cm3. Degr = 6.5 x 1076 cm?/s.
v=0.7 x 105 m?/s. pf=1.0 g/cm>. The drug amount and solubility for DR;; calculation were 1 mg and C; = 100 jng/mL, respectively.

1.8 g/cm?3, and the power input per unit mass (¢) was changed from
0.0005 to 0.26 m2/s3 which is equivalent to 25-200 rpm in 1L USP
paddle method. In the FD model, for most cases, Rep was<100
(Rep ~ 100 for rp =300 pm, pp = 1.8 g/cm? and £ =0.26 m?/s3).

For small particles (rp <ca. 15 wm), the Vi and Ve is negligible
and the mass transfer is dominated by the asymptotic molecular

Table 2
DR;,; calculated by the FD model?

diffusion (Sh=2, heg=rp). All models converge to the asymptotic
molecular diffusion line (Figs. 1 and 2). Particle density and agi-
tation strength have little effect on heg. It is experimentally well
known that the agitation strength has little effect on the mass trans-
fer for small particles (down to nano-scale) (Galli, 2006), whereas
it does affect the mass transfer for large particles. However, parti-

rp (pom) DRiy; (mg/s)°
pp (g/cm?)e & (m?/s3)
1 1.05 1.1 1.2 14 1.8 0.0005 0.0040 0.013 0.032 0.26
0.5 0.79 0.75 0.72 0.66 0.56 0.44 0.65 0.66 0.66 0.66 0.67
1 0.2 0.19 0.18 0.17 0.14 0.11 0.16 0.17 0.17 0.17 0.17
2.5 0.033 0.032 0.03 0.028 0.024 0.018 0.027 0.028 0.028 0.029 0.031
5 0.0088 0.0084 0.008 0.0073 0.0063 0.0049 0.007 0.0073 0.0076 0.0079 0.0089
10 0.0025 0.0023 0.0022 0.0021 0.0018 0.0014 0.0019 0.0021 0.0022 0.0024 0.0029
25 0.00053 0.0005 0.00048 0.00045 0.00041 0.00036 0.0004 0.00045 0.00051 0.00057 0.00079
50 0.00019 0.00018 0.00018 0.00018 0.00018 0.00017 0.00016 0.00018 0.0002 0.00023 0.00034
100 0.000077 0.000076 0.000078 0.000083 0.000087 0.000086 0.000079 0.000083 0.000092 0.0001 0.00016
250 0.000027 0.000029 0.000031 0.000034 0.000036 0.000035 0.000033 0.000034 0.000037 0.000041 0.000063
500 0.000013 0.000014 0.000016 0.000017 0.000018 0.000017 0.000017 0.000017 0.000019 0.000021 0.000032

3 Drug amount=1mg, v=0.70 x 10-% m2/s, pr=1.0 g/cm>.
b Cs=0.1 mg/mL, Derr=6.5 x 106 cm/s.

¢ £=0.004 m?/s3.

4 pp=12g/cm?’.
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cle density affects DR;,; since it changes the surface area per drug
weight (Table 2). For large particles (rp > ca. 15 wm), the results from
the HJ, WF and FD models differed. In the FD model, as rp increases,
Vt, Vme and Rep increase, resulting in an increase of Sh. However,
hefr stays at an almost constant value with rp > ca. 50 wm, since the
increase in Sh is cancelled out by rp in the denominator (Eq. (4),
Figs. 1 and 2). The shape and plateau value of the heg—r1p curve
depends on particle density and agitation strength.

When h¢ ;=30 pm and hewr = 110 wm were employed, both the
H] model and WF model predict slower dissolution rates com-
pared to the FD model. To approximate the FD model by the HJ
and WF model, the hc yj and hewr can be changed. In the H] model,
heny=ca. 20 um would be more appropriate for the particles of
pp=1.05-1.4g/cm> under £=0.0005-0.032 m?/s3 (25-100 rpm in
USP paddle method). In the WF model, h. wr = ca. 30 wm would give
a similar result to the FD model (rp <ca. 75 wm range). It should
be remembered that these approximations are valid for suspended
particles but invalid for particles under other flow conditions.

Itis interesting that, according to the FD model, the drug density
has little effect on DR;,; around rp ~70 um (Fig. 2). As the drug
density increases, the terminal slip velocity of the particle increases
(hence hegr | and kmass 1), and simultaneously, the surface area per
unit weight of the drug decreases (if the particle radius is same,
as the density increases, the weight of one particle increases, the
number of the particles per unit drug weight decreases, and the
total surface area of unit drug weight decreases).

One of the merits of the FD model is that it provides the theoreti-
cal a priori estimation of heg (Figs. 1 and 2 and Table 1). It enables the
estimation of hes for wide range of agitation strengths, drug densi-
ties, fluid viscosity, etc. The agitation strength and the viscosity of
Gl fluid differ depending on species, the Gl site, and fasted/fed con-
dition, etc. (Kamba et al., 2002). The FD model provides the basis for
the more sophisticated simulation of oral absorption. To simulate
the dissolution in the gastrointestinal tract, the effective diffusion
coefficient and viscosity which are relevant to the intestinal fluid
should be used (Okazaki et al., 2008). The equation for terminal
slip velocity used in this study is a complete solution. It does not
require an iterative calculation (many V; approximate equations
require iterative calculations). Therefore, little calculation expense
is required for numerical simulation.

The present study focused on the spherical particles. For non-
spherical particles, the terminal slip velocity equation (Egs. (10)
and (13)) and the Ranz-Marshall equation (Eq. (8)) can be further
modified (Camenen, 2007; Chuchottaworn and Asano, 1986).

Sedimentation of the particles might occur as the drug density
increases, the particle size increases, and/or the agitation strength
decreases. In such cases, Vi (ot cannot be appropriately calcu-
lated by Eqgs. (10)-(17). The dissolution from the sediment (on the
intestinal wall, the vessel bottom, etc.) would be smaller than that
predicted by the models in this study. Information about the mini-
mum agitation strength for complete suspension would be helpful.

Further detailed and more accurate calculation of mass
transfer from suspended particles would require computational
fluid dynamic (CFD) calculation (numerical integration of the
Navier-Stokes equation) (Bai et al., 2007; McCarthy Leonard et al.,
2004; Misumi et al., 2004). At present, the CFD calculation would
be difficult to apply to oral absorption simulations considering the
practical usage in drug discovery and development.

In conclusion, the HJ, WF and FD models, resulted in the similar
hegr in smaller particle size range, whereas they resulted in different
hetr in larger particle size range. The FD model provides the basis for
the more sophisticated dissolution simulation of suspended drug
particle. The FD model would be applicable for various fluid condi-
tions of in vivo GI tracts and in vitro dissolution test apparatus.
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