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Abstract

Spray drying is a rapid drying process which utilizes direct heating via convection
to form solid powder material of certain desired properties, e.g. specific size distri-
butions from liquid/suspensions. Within the pharmaceutical field, one example of
where spray drying is used is to create inhalable powders.

There is a general need to use more modelling tools to speed up product develop-
ment also in the pharmaceutical area. One example of modelling software currently
used is the flowsheeting tool - gPROMS (general PROcess Modelling System made
by Siemens Process Systems Engineering), that can be used to build digital twins.
The rationale of building a digital twin within gPROMS was its abilities to serve
as a tool for in-depth analysis and process control even for an in-experienced user.
The purpose of this work was to build a key component of the spray dryer to add
more advanced functionality relevant for spray drying within the inhalation area.

The major results show excellent predictions to describe the:
Impact of critical concentration on shell formation
Impact of diffusion coefficient on shell formation
Large water droplet drying

Keywords: Spray drying, Particle formation, Modelling, Diffusion, Parameter esti-
mation
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Variables

Nomenclature

Molecular weight water

Molecular weight drying gas

Universal gas constant or normalized radial coordinate
Stefan-Boltzmann constant

Molecular radius

Factor of safety

Grid refinement ratio

Particle diameter

Droplet diameter

Initial solute concentration
Particle density

Solvent density

Total pressure

Maximum drying time

Time to reach saturation at droplet surface
Constant drying rate
Temperature

Glass transition temperature
Dry moisture content

Wet moisture content

Absolute humidity
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xii

Evaporated moisture

Relative humidity or characteristic moisture content

Diffusion coefficient
Energy transfer or surface enrichment
Enthalphy of vaporization

Gibbs free energy

Number of moles

Interaction parameter

Volume fraction

Heat convective transfer coefficient
Mass convective transfer coefficient
Reynold

Rayleigh

Sheerwood

Nusselt

Peclet

Constant drying rate

Falling drying rate

Area

Fractionality coefficient
Concentration

Initial saturation

Droplet mass

Experimental value

Predicted value

Characteristic length

Heat flux

Energy transfer

Number of droplets per droplet size

Heat loss constant

Specific heat capacity for constant pressure

Mean
Variance

Volume flow rate



Nbody Spray dryer body heat loss constant

pipe Spray dryer pipe heat loss constant
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1

Introduction

In the pharmaceutical industry spray drying is a common unit operation. Spray
drying is used to produce dry powder from liquified feedstocks containing active
pharmaceutical ingredients (API), exipients (bearers and/or stabilizers of the APT)
and solvent(s). Spray dried powders are used in a wide range of medical treat-
ments by different forms of administration, such as oral, nasal and trans-dermal.
In pulmonary therapeutics, spray dried powders can be administered via inhala-
tion as aerosols using dry powder inhalers (DPI) [1]. One example of DPI use is
to acutely relieve or prevent symptoms caused by asthma, which is a chronic lung
disease responsible for occasional breathing difficulties [2, 3].

The particles constituting dry powders for inhalation may vary in size, but are all
required to be within a specific size range (most often below 5 pym) in order to reach
down through the airways to the target sites within the lungs, e.g. alveolar. In ad-
dition to size, their physical properties; geometrical size and morphology are crucial
for effective and safe treatment. These attributes highly affect the stabilisation of
active components, systematic delivery by transport and targeting as well as drug
release modulation. Particle design using process parameters and formulation ma-
terial properties provides means to steer particle formation to attain more advanced
drug delivery systems which opens up for more sophisticated therapeutics [1, 4].

There is a general need to enhance understanding and implement models of particle
formation that can predict what occurs before and after shell formation during spray
drying. By using model simulations (’digital twins’) as process control systems the
real life spray drying operation can be assessed and optimized to produce particles
of the correct specifications.

The overarching goals of building a digital twin of the spray drying process is to
firstly acquire simulation information that possibly could add onto the guarantee
that the product is of good manufacturing practice (GMP). This means that parti-
cles are made in a controlled sterile environments and they are both safe and works
reliably to treat drug recipients, the patients. In addition by acquiring in-depth
knowledge of particle formation the particle design could be tailored during opera-
tion with formulations and process parameters. Also particles could be optimised
to reduce the amount of costly API used, possibly decreasing ecological strain and
making pharmaceuticals derived from spray dried particles more accessible.



1. Introduction

1.1 Spray drying operation

Spray drying is used to directly create solid small particle size matter from liquid
formulations with a specific size distribution in a continuous and fast manner. The
spray dryer consists of three major parts. Figure 1.1 visualizes the atomizer, dry-
ing chamber and cyclone which respective responsibility are discretization of liquid
formulation into droplets, drying of droplets into particles and collection of particles.

Feed Heated Air
‘ — Humid Air
|

N y 4
! Dried Material

Figure 1.1: Schematic of spray drying unit, [5].

g Chamber
Cyclone

Dryin

The spray dryer used in pharmaceutical production operates co-currently which
decrease unwanted re-circulation and allow for processing of temperature sensitive
material reducing risk of thermal degradation. In addition, the uniformity of proper-
ties of the particles created enables easy handling, solid configuration and enhanced
product stability [4]. However, this type of drying process is usually highly energy-
intensive as the energy needed for evaporation of solvents is supplied thermally by
convection [6]. Also as the formulation is in liquid phase the evaporative heat load
is high [7].

1.1.1 Atomizer

The atomizer functions to discritize continous homogenous formulation liquid flow
into droplets. The choice of atomizer technique and driving force depends on product
specification. For the target particle size of inhalation drugs 1 - 5 um the 'pressure’
or 'two fluid’” nozzle are the most commonly used, creating initial droplet sizes below
10 pm [4, 8, 9]. Figure 1.2 depicts how the two fluid nozzle operates with co-currently
fed liquid solution and atomization gas.
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Feed solution

V177 Nozzle cap
Nozzle orifice

"‘Sprayl\‘
Figure 1.2: Two fluid nozzle, [4].

The driving force of the two fluid nozzle is the relative velocity between the liquid
formulation and the atomization gas, which is set in combination by material and
gas flow and geometry of the nozzle. The carrier gas as well as drying gas used
in pharmaceutical industry is nitrogen [8, 9]. Size of droplets formed is highly
dependent on the precursor material properties, such as density p, surface tension
o, viscosity u, atomizer type, size of feed, atomizer and drying gas material flows.
The droplet size dp is usually described from semi-empirical correlations [4, 8, 10].
With conditions of assuming no further cleavage or droplet coalescence after dis-
cretization within the drying chamber the atomizer performance i.e. the droplet
size and size distribution can be used to approximate the final particle size and size
distribution [9, 11]. From process conditions and initial solute concentration the fi-
nal particle size and initial droplet size has been shown to follow a linear relationship

[4].
_ 4O
d, = ¢ ., dp (1.1)

With d,, and dp are the particle and droplet size, respectively. C; the initial solute
concentration and p, the particle density [1].

The atomizer can also be characterized by the size distribution of droplets produced.
Size distribution is for practical reasons explained in quantiles that describes how
many droplets which size is below a specific size. Cumulative size distribution is
defined as

F(p) = [ st (1.2)

Where the quantile F(dp) gives the amount of droplet as a fraction, that has the
diameter size smaller than dp. For eg. the quantile D50 corresponds to the size
value which 50 % of the droplet size data are less than.

1.1.2 Drying chamber

The solvents’ primary function is to homogenously mix and solubilize the ingredients
in the formulation step. To create solid amorphous particles the solvent(s) are

3



1. Introduction

to be evaporated away. How quickly this occur depends on the driving force of
evaporation,

APZ = Psurf,i - Pgas,i (13)

which is the difference of vapor pressure P, r; at the droplet surface and gas partial
pressure P, ; of the solvent component i [8].

In spray dryers direct heating via convection is employed by its simplicity to regulate
temperature. When drying hygroscopic material (material with moisture retaining
capacity) such as the solid in the formulation, the moisture content in the solid
material decreases. Figure 1.3 shows how a gas acts as a drying medium.

Drying gas | | Drygas

Evaporated moisture mp

Wet solid

Figure 1.3: Schematic of drying - with gas as a drying medium

The moisture to solid ratio in dry solid basis is defined as

Muyet,s — Ms kg solvent (1)

X = (1.4)

ms kg dry solid (s)
Where m; is the dry solid, m,. s is the wet solid accounting for both the mass of
dry solid and the moisture. Simultaneously the evaporated solvent increases the
humidity of the drying gas, with the absolute humidity of drying gas defined as

v — My M, P,  kgsolvent (2)
~m, M,P—P, kgdry gas (g)

(1.5)

Where m,, and m, is the moisture in the gas and mass of dry gas respectively.
M, and M, are their respective molecular weights. P, is the partial pressure of
the solvent and P is the total pressure. Using a macroscopic balance of the mass
entering and leaving the dryer with the corresponding absolute humidities the solvent
evaporated into the drying and atomizer gas can thus be described as

ms(Xz - Xout) = mG(Y;Jut - 1/7, ) = msolvent,evap = mD (16)

The relative humidity ¢ is defined as the ratio of the solvent pressure to the solvent
saturation pressure at the temperature and total pressure operating conditions. The
relative humidity is useful for quantifying the drying capacity of the drying gas.

(1.7)
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Rewriting the equation 1.5 into

Py

PY _[ Mw] PY 18)

= —— = D: =
Yo+ o Mg| Y+D

Rewriting partial vapor pressure and saturation vapor pressure with equation 1.8,
the relaitve humidity can be approximated as

(Y, +D)Y

, Y
= T DT " [ﬁ D»Y] ~ o (1.9)

S

Where Y, is the saturation absolute humidity at as specific temperature and total
pressure [12].

1.1.3 Drying regimes

The drying pathway from droplet to particle is illustrated in figure 1.4, starting
from droplet, to wet particle, to dry particle. Due to distinct difference in drying
kinetics, the drying of droplets is usually split into two stages, a constant drying rate
and a falling drying rate. The constant drying rate is controlled by both external
mass and heat transfer limitations, whereas the falling drying rate is controlled by
internal mass transfer.

! Outlet temg

2 . @ —
3 Shell formation 3]
o | “Sensible” heating period ‘ . - |
—_
[
=N
£ .
) v
-
‘5 . . @ Wet-bulb temg |
o
o ge—
— 2
(]

l Constant-rate period J Falling-rate period

Drying time

Figure 1.4: Schematic of droplet drying history and morphological changes, [13].

As the droplet (consisting of dissolved solids and solvent) is first introduced to
the hot drying gas sensible heating of the droplet occurs until it reaches wet bulb
temperature. At the wet bulb temperature evaporation takes place at a constant rate
dictated by the convective heat transport to the droplet and the external moisture
content in the gas. Within this stage the droplet surface is fully saturated by solvent
exhibiting pure solvent properties. During this period the droplet decreases in size
corresponding to the amount of mass leaving by evaporation. After some time the
concentrations of solutes at the droplet surface reaches a critical point where a
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skin/crust is formed. As the crust successively increases in width the location of
evaporation recede toward the interior crust liquid-solid interface, where the crust
permeability of the solvent vapour diffusion effectively reduces the rate of mass
transport towards the outer surface. Within this falling rate period the evaporation
rate becomes mass transport limited by internal diffusion. At this stage the particle
and leftover solvent heats up, until it reaches the outlet temperature of the spray
drying vessel [14].

1.1.4 Drying time

The wet droplet is in contact with hot drying gas as it enters the vessel from the
atomizer. Roughly at 1072 s crust formation occurs, making the droplet lifetime very
short. The total residence time within the spray dryer body of a droplet/particle
is on the magnitude of 107! to 10 s [4, 15]. Figure 1.5 reflects upon the physical
evolution from droplet to particle.

Pressure-Nozzle
Atomization Image

Initial

Solution

Droplet
10 sec

4
ETO)

. 4

O

Skinned
Droplet

102 sec

Dried SDD
Particle O
~1sec

Figure 1.5: Physical situation of the spray drying process , [15].

To retrieve completely dried particles at the end of the dryer, the residence time
must be atleast the same or exceed the maximum drying time 7p which can be
approximated from a constant drying rate x and initial droplet diameter known as
the 'd? law’ |

_d

K

(1.10)

D

1, 8, 11].
Figure 1.6 relates the drying profile of a droplet to particle and temperature with
the characteristic drying times.
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Figure 1.6: Schematic drying profiles showing the dynamics of size and tempera-
ture of the drying droplets of the spray dryer, [4].

The aim of drying inside the spray dyer is to remove solvent by traversing through
the drying regions as quickly as possible to get to the point where the T, > T,,;.
This is to reduce the mobility of API and the risk of phase separation by highly
viscous glass creation below T,. Sometimes this rapid temperature shift is referred
to as 'quenching’ [8].

1.2 Particle morphology

This section describe some of the most important relationships between process
parameters and feedstock composition to particle morphology.

Process parameters and feedstock composition affects final particle properties such
as size, density, composition and morphology. These parameters in turn affect final
product functional properties such as stability and administration in terms of flowa-
bility, dispersibility, deposition and solubility. Controlling the product properties
by particle engineering can therefore give enhanced performance [1, 7, 11].

Utilizing spray drying with aerosol-assisted self-assembly technique particles with
nanometer properties on the macroscale can be made [10]. Another example is the
creation of large porous particles (LPP) which are found to be dispersing well from
dry powder inhalers and have efficient deep deposition inside the lung, see figure

1.7.
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Figure 1.7: Electron micrograph of a low density porous particles, with size known
to be less than 10 pm, [16].

With relatively large geometric diameter combined with low density, the aerody-
namic diameter is still in the respirable size range, see equation 1.1 [8, 16].

1.2.1 Formulation

Solute concentrations within the formulation impacts both the commence of shell
formation and its structural stability (flexibility). The particles structural stability
depends on shell rigidness and thickness. Figure 1.8 shows that increasing solute
concentrations (solute loading) slightly in the dilute domain has large impact on
particle size (as higher solid content will lead to much quicker shell formation),
wheras at moderate or high concentrations the change is minor [4, 9, 17].

Median particle diameter (Hm)

I I I I !
0 10 20 30 40 50

Concentration of feed solution (% w/w)

Figure 1.8: Spray dried lactose (circle), mannitol (triangle), sucrose (square) from
two different droplet size (open=small, filled=large), [4].

An analogous discovery was made in a study of Wiirster bed coating, where the
coating liquid formulation in terms of the initial solid mass impacts both the coatings
ring height and the shape [18].
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1.2.2 Surface active components

Solutes and excipients could be divided into two subdomains, surface active or non-
active. Surface active molecules have an affinity to move to the droplet surface
and preferentially adsorb to the gas-liquid interface irrespective of the solubility of
components inside the droplet. Wheras non-active components could be said to
solely be steered by diffusion and internal convection. Surface active components
are thus likely shell formers, as what reaches the surface most probably stays there.
However, it is unclear if secondary shell formers (component which have higher
surface affinity than the primary shell former) are able to push away the primary
in the short droplet life-time. Therefore, it is important to know if the constituting
components in the formulation exhibit these kinds of properties as they will affect
the particle morphology. In addition, for formulations containing surface active
protein API, there is risk of loosing much of effective API. As protein reaching the
surface unfold from their natural state, entangle, become denaturated and create a
hard unsoluble shell [4].

From spray drying studies of milk, it has been postulated that the surface active
protein could be restrained by a quicker shell formation brought by higher drying
temperature [19]. There are also potential benefits of using surface active compo-
nents to trap API inside particle sub- or shell domain. Another advantage with
surface active components would be their abilities to enhance product delivery. One
example is trileucine (a surface active protein with low solubility) which has been
found to coat the particle with a rougher surface increasing dispersibility [1]. Al-
though, examining experimental results and post-processing information of surface
active components and shell formers is hard. Common analysis methods like Elec-
tron spectroscopy for chemical analysis (ESCA) has low penetration depth (about
5-10 nm) which makes it difficult to distinguish between a shell or potential coat
20, 21].

1.2.3 Solubility

It has been shown in spray drying of milk that larger molecules oftentimes follow a
‘solubility effect’. The solubility effect essentially say that the molecular size is to
explain the effects of low solubility, diffusivity and surface activity [22]. From a phar-
maceutical standpoint the theory of diffusional motion to predict particle formation
is said to be lacking. Pharmaceutical formulations can include larger molecules like
proteins, polymers and carbohydrates which lead to slow diffusional movement and
particles which become hollow. Solutes or exipients with low solubility may also
create low density particles, as they reach saturation, precipitate (phase separate)
and accumulate at the surface [23].

1.2.4 Drying temperature

Temperature as a process parameter has great impact on the creation of particle
morphology and its subsequent properties, e.g. dispersibility. Some examples of
particle morphologies are shriveled, buckled or inflated particles. Qualitatively de-
scribed, 'slow’ low temperature drying results in buckled particles with high density,
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whilst 'fast” high temperature drying lead to spherical and smooth particles, inflated
or if the temperature is high enough ruptured 'puffed’. See figure 1.9 which show
SEM images of inflated and buckled particles.

Figure 1.9: SEM images of inflated, ruptured 'puffed’ particles dried from 33 wt%
fresh skim milk concentrate at 180 °C and buckled particles dried from 33 wt% skim
milk concentrate at 180 °C, [17].

Drying temperature affects how quickly drying is progressed and residual moisture
content. Both the temperature and the moisture content contributes to the mobility
of components within the particle. Above a certain composition range dependent
temperature called the glass transition temperature T, the material softens, increas-
ing the mobility of components. Figure 1.10 show moisture content and temperature
trajectories of spray drying.

‘\ Sticky point
*, temperature

\
\. _Glass transition
\ N " temperature
N

Rubbery region
\

Large scale
spray drying

Temperature (°C)

Cooling

A N
N Single
. <, . N
Glassy region SM%, ~.  dropletdrying

Moisture content (w/w%)

Figure 1.10: Schematic representation of the change in moisture content and tem-
perature of the surface of a droplet during drying at either single droplet or large
spray drying scale, [24].

In addition residual moisture content acts as a plasticizer within solid amorphous
material lowering the T,. Increased mobility can lead to decreased chemical and
physical stability of final product, such as phase separation and crystallization [8,
19].

High drying temperature can also have other effects as shown from Wiirster bed

10
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coating, where the coating of a glass bead gave smoother surface coverage when the
temperature was above T, [18].

Results from CFD studies of the spray drying chamber show in figure 1.11 that gas
temperature is high in the vicinity to the atomizer nozzle, however not too far away
the gas temperature rapidly changes to the outlet temperature.

(k1 i

Figure 1.11: Static temperature contour plot shown on a sectional plane of Anhy-
dro MicraSpray 35 (MS35), (picture is oriented horizontally while the spray setup
is vertical) [25]

With regards to the average residence time of a droplet to particle and the drying
gas temperature profile within the drying vessel it is clear that the majority of the
droplet-/particles’ time inside the dryer is spent in gas which temperature is close
to the outlet temperature.

1.2.5 Particle inflation

The phenomena of particle inflation affects product attributes by increased overall
size, area and decreased density. Particle inflation occurs at high temperature drying
with low initial solid concentration. In this scenario a flexible shell is formed quickly
as particle temperature increases towards outlet temperature. Depending on the
volatility of the solvent the temperature may be high enough for the solvent to boil
inside, increasing pressure exerted outward and inflating the particle [9].
Furthermore, high temperature drying could induce large enough pressure difference
between the interior and exterior of particle such that tensile drying stress cause the
particle shell to rupture, creating a "puffed’ particle [12, 26].

In a study of drying large milk droplets (mm scale) which are much larger than
inhalation particle sizes, results suspect to show inflation. High temperature fast
evaporation was reported to create smooth spherical hard shells prone to resist de-
flation. Authors postulate that the shell is flexible enough to expand at the initially
high temperature and then at lower temperatures mechanically strong enough to not
deflate. Correspondingly the fact that particles dried under ’cold’ lower temperature
outlet conditions has propensity to deflate or/and shrivel as the shell is not sturdy
enough [19].

However, the effect of higher drying temperature resulting in inflation could be de-
ceptive and misleading. Particles examined which differ significantly in size, thought
to be inflated could just be agglomerated particles. This could be explained by too
high temperature directly at the spray dryer nozzle, forming agglomerations of col-
liding droplets as drying occurred faster than the full development of the spray at
the nozzle [9]. This phenomena is commonly referred to as ’stringing’. Also, it is un-
clear whether microdroplets do inflate during drying. For it to happen the particle

11
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surface must increase diffusional resistance such that particle temperature exceeds
the boiling point of the wet core. In addition the bubble has to have sufficient time
to nucleate and exert outward pressure [1, 4].

1.2.6 Buckling

Buckling is a common phenomena for suspension formulations [27]. It is attributed
to the local particle density elevations that occur when the surface recede inwards
from evaporative drying. As the surface shrinks, the shell gets thicker and particles
within the shell are packed more closely, stabilizing the shell from further contraction
by their electrostatic repulsive forces. However, the evaporation of solvent does not
stop and is dependent on the permiability of the shell. Whilst the particle looses
solvent pressure difference to the surroundings become larger, creating a compressive
capillary stress on the shell. Pushing the particles inward and pulling the solvent
outward. When the stress overcomes the electrostatic force, the shell buckles from
elastoplastic deformation [28].

In an article, [17], assessing the morphology of milk powder made by spray dry-
ing results proposes that the assumption of isotropic perfect shrinkage (volume of
droplet is reduced by the same amount as evaporated liquid) correlates well with
the shrinkage in the form of buckling that the particles experience.

1.3 Predicting stability and phase separation

The purpose of spray drying homogeneous solution is to form a thermodynamically
stable amorphous system. This is done either by utilizing a low drug loading or fast
drying kinetics with fast extinguishing. The Flory Huggins model can be used to
predict the stability or phase separation of a system containing API and polymer
with Gibbs free energy, AG,,;:, see figure 1.12.

AGmm = RT (NAZTL((I)A) + NBZTL(@B) + XNAq)Aq)B) (1.11)

Where @ is the volume fraction, N the number of moles, y the interaction parameter
of the polymer and the drug. AG,,;, contains both an entropic and enthalpic term
of mixing. The entropy of mixing is always a negative term as mixing is favourable.
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Figure 1.12: Simple binary Flory-Huggins description of thermodynamic versus
kinetic situations in amorphous dispersions, [8].

If the condition of AG,,;, < 0 is held over all compositions, and there is only a single
minimum of the curve, the system or the mixture is fully miscible. If however, there
are two minima there will be a thermodynamic force which drives the system into
spontaneous amorphous phase separation. Increased drug loading increases AG iz,
however it is possible to create meta-stable state if the subsequent cooling of the
system is fast enough. The mobility decreases with the temperature making the
amorphous system trapped kinetically.

A system will however phase separate over time creating heterogenous system of
amorphously or crystalline pure domains, which risks the performance of the phar-
maceutical product. In order to keep the thermodynamic time of phase separation
higher than the relevant pharmaceutical time-frame and to increase the long term
stability of the product the glass transition temperature is chosen to be high in
comparison to ambient temperatures, to substantially decrease mobility [8].

1.4 Thermodynamic operating space and scale-up
strategies

Retrieving experimental data for a basis of scale-up decision making is hard by the
non-equilibrium nature that droplets experience during rapid spray drying process.
It is also difficult to envision how process parameters and product properties relate
solely on a statistical design of experiment (DOE) approach. Instead it is preferable
to devise a thermodynamic operating and design space of the spray dryer theoreti-
cally with fundamental physical principles governing the drying process.

Defining the spray drying vessel geometrical domain as the macroscopic control vol-
ume and using zero-dimensional mass and heat balances it is possible to determine
key process parameters, input and output conditions without performing experi-
ments [8, 15].

Assuming conservation of mass, energy and a full adiabatic system, the amount of
energy necessary for evaporating the entirety of the solvent is described as

AE = mfeed(l — Xsolid)AHVap (112)
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Wheras the energy transfer for the drying gas inside the vessel is

AE = my,C,

Pigas

(E _Tout) (].]_3)
By equating equation 1.12 and 1.13, T,,; is determined as

mfeed(l - Xsolid)AHVap

mgascpygas

Tout = Tin — (1.14)

From zero-dimensional balances using the process parameters T, M feed, Mgas, Xsolid
and absolute pressure within the spray dryer P.nomeer constraints of the process
independent of scale can be developed. In addition, even without knowing the exact
geometry, the knowledge on how parameters affects the process enables transition
between scales. However, as heat losses are dependent on wall buildup and vessel
material properties these must be experimentally determined.

For the creation of solid amorphous particles it is important to control the left-
over solvent inside the material as it affects the mobility of the API. The solvent
can possibly reduce the glass transition temperature T, to become lower than T\,
and increase the risk of phase separation and crystallisation. One indicator of the
left-over solvent is the relative humidity ¢ at the outlet [8, 29]. The value of ¢
attained from the smaller scale operation or from experiments could be transferred
as a cautionary criteria for the larger scale [29].

A multivariate graph of these variables in coordination with process equipment and
formulation limitations generates a theoretical landscape of both the operating and
design space. Some examples of settings that are desired to have efficient operation,
throughput and quality: To dry quickly T, should be as high as possible without
causing stringing or damaging the product, .4 as concentrated as possible to
reduce energy demand, T,,; to be below T, to decrease mobility and ¢ to be low
enough to avoid sticky particles causing wall buildup and loss of material [15, 30].

1.5 Particle engineering

Today, the main issues of particle engineering is to use the initial formulation to-
gether with process parameters to predict the internal radial distribution of solutes,
shell formation and final particle structure, (morphology) [22, 31].

1.5.1 - Within the lab

There exists many types of experimental single droplet drying techniques on the
lab scale that soughts to provide pathways to both qualitatively and quantitatively
describe the drying kinetics and evolution of particle morphology. However, the
weakness with these methods are that they often employ large droplet sizes and
different drying settings often not accounting for phenomena occuring within real
industrial production. The experiments commonly use idealization of flows, neglects
interactions between droplets, particles and walls. Predictions based upon experi-
ments may also fail due to inaccurate data recordings caused by fast drying with
non-equilibrium and by the variability of feed parameters during operation.

14
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Furthermore, inhalation medicine most often consist of multicomponent solutions.
Where each component has their own specific material properties. Blending together
material in a solution can cause material properties and interactions to change.
Therefore during drying droplets may experience separation of components by their
differences in diffusion, solubility, hydrophobicity, amphiphilicity and/or density.
These can all be seen as driving forces that cause the component distribution within
a droplet /particle to change [31].

1.5.2 - With models

Spray drying is rapid process which entails simultaneous multiphase transport phe-
nomena between gas, liquid and solid. Each phase also experience internal and
external exchange of heat and mass. The drying process progresses quickly which
causes the material within the spray dryer to experience non-equilibrium condi-
tions. For this reason it is hard to evaluate the real physical phenomena solely with
experiments occurring at equilibrium or by non-invasive probing [1, 4, 32].

With models based on mechanistic/first principles it is possible to build knowledge
outside the lab. The information retrieved from simulations may give greater insight
from a process engineering perspective where it could simplify and optimise opera-
tional control to be on par with predicted outcome, such as particle properties, size
and morphology.

Still, model equations describing spray drying need to be validated against exper-
imental results. Either by formulations based on the real API formulation, using
small quantities of API or by the use of a placebo, which has no therapeutic value.
Nevertheless, the use of placebo is motivated by the capability of specific constituents
like polymers to create near resemblance of the real formulation properties. By using
a large mass fraction of a single component within the placebo the fluid properties,
shell formation and drying phenomena can be dictated by the molecular weight and
the polymer propensity to create a film [15].

1.6 gProms - digital process twin technology

gPROMS (general PROcess Modelling System made by Siemens Process Systems
Engineering) is a flowsheeting tool made for process engineering e.g. in areas of
research and process control. It utilizes a programming language in which math-
ematical models are constructed and used to describe physical phenomena. This
allow for digital twin construction of real processes with several unit operations.
It is user-friendly, making use possible for people with different backgrounds even
with no prior programming experience. The language is mostly declarative, which
means that the equations describing the system can be written as they are. Models
are written in a generic way, the specific situation to be simulated is performed
within dynamic simulation activity and is done by linking the model(s) with a or
several process(es). gPROMS also has strong model validation tools e.g. parameter
estimation to fit model parameters to experimental data.
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1.7 Aim

The general aim of the thesis was to implement a spray drying model which could
be coupled to an already built process engineering model library, enabling digital
twin construction of the entire process unit. This model would integrate some new
features concerning particle formation, complementing the process library.

1.8 Objectives and workflow

The aim was divided into several parts. A thorough literature review was undertaken
to acquire knowledge about single droplet drying models explaining before and after
shell formation in detail, as well as spray drying models of flows, approximated as
a continously stirred tank reactor (CSTR) or plug flow reactor (PFR). Furthermore
single droplet drying and spray drying 'flow’ models from the literature review were
evaluated in a feasibility study to determine their comparative benefits and draw-
backs to define a suitable modelling approach. One single droplet- and one spray
drying model was chosen to be combined in an overall model to be implemented.
This combined model was coupled as a unit in the programming and flowsheeting
software 'gPROMS’ describing heat and mass transfer inside the spray dryer aswell
as heat losses derived from parameter estimations of experimental results.

Critical parameters such as diffusion coefficients and critical concentrations of for-
mulation components were looked upon to discover any possibility to predict shell
formation of particles from droplets within the spray dryer. Validation and discus-
sion of the results acquired as well as future outlooks was presented.

1.9 Out of scope

The thesis is only related to spray drying from dry powder perspective. It only
concerns topics of particle drying, spray drying flow regime cases inside the vessel,
particle shell formation, particle and shell morphology.

As a spray dryer is a multicomponent unit operator the report does not in depth

consider parts such as the atomizer, particle separation with cyclone, condensor or
recirculation of drying gas.
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Theory

2.1 Droplet drying models

2.1.1 Lumped models

Lumped models assume spatial uniformity of droplet/particle system properties.
Their primary modelling quality is their description of the secondary drying stage
kinetics within the droplet/particle scale. They do not handle any smaller sub-
systems below particle scale. The lumped models rely on experimental data for ap-
proximating formulation material properties during the drying process. In addition
they use semi-emperical correlations to determine heat and mass convective transfer
coefficients h and k. from dimensionless numbers Nusselt (Nu) and Sherwood (Sh)
respectively [7, 33].

2.1.1.1 Characteristic drying curve (CDC)

The Characteristic drying curve (CDC) model is a simple lumped model. It uses
semi-emperical equations and is computationally inexpensive. It neglects the tem-
perature distribution within particle by considering the Biot number to be small,
i.e. that the internal conductive heat transfer resistance is small in comparison to
the external convective heat transfer resistance [7].

In the CDC model the drying rate is split into two drying rate regimes. The first
drying rate to be described as pure liquid droplet evaporation, often called 'un-
hindered” or 'constant drying’ as the rate limiting step of evaporation is the heat
transfer from gas to droplet surface. The constant drying rate is determined at the
wet-bulb temperature T;.

As the droplet dries it will eventually move into the second drying rate regime,
described by a ’falling drying’ rate. This occurs at the transition from droplet to
wet particle stage, where the droplet moisture content surpasses critical content and
a shell forms on the surface. The shell impedes the drying rate as it hinders the
solvent diffusion from the wet core to the surface, making mass transport the rate
limiting step. The falling rate is calculated as a relation between the end drying
rate of the first stage and a functional dependence on the characteristic moisture
content ¢. This dependence is adjusted to fit the experimental data of the drying
curve.

f(o) = (2.1)
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With the constant rate described by an external mass transfer coefficient k., vapor
pressure above wet surface P, ; and the bulk gas vapor pressure P, o,

Nv = kc(Pv,s - Pv,oo) (22)

¢ is described by the current average moisture content X, critical moisture content
X and equilibrium moisture content X,. Where both X, and X, are experimentally
obtained from the sorption isotherm and kept as constant values [34].

X —-X.

p=—_"= 2.3
Xcr - Xe ( )
f(¢) is correlated to the characteristic drying rate curve for the specific material
which is retrieved using droplet drying experiments. In the simplest case this cor-

relation could be written as

N, = f(¢> [kc(Pv,s - Pv,oo)] (24)

By the design of ¢, f is normalized to move through the critical moisture content
point (1,1) and towards equilibrium (0,0), see figure 2.1.

Constant rate

\

Falling rate

v

0 ¢ 1
Figure 2.1: Typical characteristic drying curve [7]

Equilibrium is reached when free moisture content X-X, equals to zero, i.e. when no
more moisture is able to leave the solid [30]. Equation 2.4 describing the falling rate
is beneficial as it enables study of separate parameters affecting drying, the drying
rate of the material f(¢), the external conditions affecting mass transfer k. and the
operating conditions described as difference of partial pressure [30].

It should be noted that CDC is based on many idealisations. For example, the mass
transfer rate during the unhindered phase is an ideal approximation of the actual
rate as the droplet not necessarily has to be at the wet-bulb temperature of the dry
gas as the droplet temperature changes during real operation [35]. In addition, for
most cases this model assumes the critical moisture content to be constant, which
may not be the case. The value of X, is obtained from the specific droplets studied
in the experiment, which size often is many times the usual size of that inside a
spray dryer in order to be able to measure the evaporation of mass [7, 24, 30]. Also
the critical concentration is affected by the external drying conditions [36]. The
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risk is that the experimental setup is inducing errors by affecting the transport of
heat and mass or from the discrepancy in scale studied in comparison to the real
case. One example of this is the suspended droplet technique where filaments that
suspends the droplets may induce a larger heat transfer than in the real case giving
erroneous evaporation rates [1, 24].

In summary, CDC can not predict properties of the particle such as temperature
distribution or surface composition that would be able to be used indirectly describe
the particle morphology. Also it is not possible to tell if part of the particle expe-
rience a temperature that exceeds the glass transition temperature and how long
period of time this occurs during drying [19].

2.1.1.2 Reaction engineering approach (REA)

REA describes the relative difficulty of evaporating moisture from a droplet as to
overcome an activation energy, like a chemical reaction. Similarly to CDC REA
is also a lumped model, that doesn’t consider the distribution inside the particle.
However, REA does not divide the drying rate into two regimes [6, 37].

The initial drying rate of a droplet with a completely wetted surface could be de-
scribed by a simple rate of mass transfer by convection.

dX
Mmg—— = _kcAdroplet(Pv,sat - Pv,oo) (25)

dt
Where k. is taken from a semi-empirical relationship like the Ranz-Marshall. As
drying continues the moisture content at the surface eventually decreases leading to

a change in surface vapor pressure to P, s, which is time-dependent

dX
ms% - _kcAdroplet(Pv,s - Pv,oo) (26)
To describe the changing real vapor pressure at the surface to the saturated vapor

pressure a fractionality coefficient W is introduced.
Pv,s = \I[Pv,sat<Ts) (27)

The values obtained by the fractionality coefficient ¥ < 1, where ¥ = 1 is the
completely saturated surface and ¥ < 1 when surface enrichment of solutes have
begun, "falling rate". Using the idea that relative difficulty of evaporation could be

described by overcoming an apparent activation energy, the fractionality coefficient
could be described by

—AF,
RT;
By the lumped approach, i.e. that Bi < 0.1. The temperature distribution is

assumed to be uniform, thus setting Ty = Ty. Rearranging equation 2.8 and using
the definition of ¥, the activation energy AF, could be described as

U = exp (2.8)

P’U S
AE, = —Rleog<P’> (2.9)

v,sat
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Using equations 2.6 and 2.9 a new equation for AF, can be written as
—dX .
i R T wo)
Pv,sat

Where AFE, could be determined from a single accurate experiment run where each
experiment setup has the same drying conditions, see figure 2.2.

(2.10)

AE, = —Rleog<
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Figure 2.2: Experimental setup, measurement of a) diameter, b) temperature and
¢) mass, [38].

It is enough to capture rate of mass lost by evaporation, the changing area of droplet
and temperature at the droplet surface [39].

Within the REA model materials are empirically correlated to have their specific
activation energy curve as a function of their average moisture content relating the
difference in vapor pressures at the surface and in the bulk drying gas. The activation
energy curve that is retrieved from the specific drying conditions can be normalized
with a equilibrium activiation energy to create a master characteristic curve. Where
the function f(X — X)) is fitted empirically.

AE,

FX = Xoo) = 17 (2.11)

Here AFE, « is the maximum activation energy for the same initial size and solid
content material under the specific equilibrium moisture content X, when the ma-
terial reaches the same temperature as the drying air, To. E, o can be retrieved
from the sorption isotherm of the material.

AE, o = —RTuln <P°°> (2.12)

v,sat
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To make the model work, it has to be coupled with a general heat balance of the

droplet.

dTy dX
Cpad — RA(Ta — Ty) + myAHyey o
mCpa—; ( 1) +m o

Where mass and heat transfer coefficients are taken from Sh and Nu calculated at
initial data with droplet diameter and temperature.

From initial mass and moisture content the apparent activiation energy can be de-
termined from equation 2.11, which can be used to describe the drying rate from
the adapted equation 2.6 with the fractionality coefficient. Where the saturation
pressure is calculated by initial droplet temperature. The differential equations de-
scribing mass and heat transfer are calculated stepwise using a numerical method.
Droplet mass, temperature, average moisture content and diameter is updated be-
tween each time step.

In summary, the major benefit of REA is that a single master curve can be calibrated
and translated to new systems with different drying conditions to describe droplets
of other sizes and concentrations. Also the REA is able to predict the diameter
during drying, using smooth transition of the drying rates without a critical moisture
content criteria [38, 39]. Since the model is lumped it is limited to predicting
particle diameter and average moisture content, it can not be used to predict any
type of particle morphology. Another issue is the experimental accuracy to reach the
empirical correlation between the activation energy of the material and the moisture
content [7, 34].

(2.13)

2.1.2 Deterministic models

Deterministic models include mechanistic descriptions of mass and heat transfer for
the system as sets of partial differential equations with corresponding initial and
boundary conditions. The implementation of this type of model may be more or
less troublesome depending on its conceptual basis, eg. if the boundaries move, as
the equations still need to be satisfied on the moving boundaries. Furthermore for a
purely mechanistic analytical model it is necessary to have total information about
the system such as accurate data for every transport phenomena coefficient under
each operating condition such as at different temperature or moisture content of
either drying gas or particle. The deterministic model is more complex and takes
longer time to solve. In addition the problems with the lack of data still needs to
be produced either via experiments or by extrapolation of data [33].

2.1.2.1 Shrinking core and wet shell

Shrinking core and wet shell are two models that both utilize the constant drying
period, but when the particle shell formation occurs the transport phenomena of
the two models are treated differently conceptually.

The shrinking core model assumes a constant particle shell radius in the second
drying stage. Also that the shell that is formed is dry and that the solvent and
dissolved solid resides into the core, creating a ’'wet core’. As drying progresses
the solvent is evaporated at the interface of the wet core and the crust, and the
interior core receedes inwards. Thus the boundary conditions change with receding
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interface. Solvent vapor passes through the porous shell and the solute precipitates
at the interior and thickens the shell [7, 14, 34].

In the wet shell model the crust is instead assumed to be flexible (movable), further-
more the solvent diffuses to lie on the outside of the crust (creating a wet shell) and
is evaporated. When the particle is heated reaching a temperature high enough the
solvent vaporizes within the core generating a bubble, which inflates the particle [7,
17].

2.1.2.2 Diffusion model

Diffusion model, Peclet number analysis or "VFL’ model [1, 13, 23, 40].

The diffusion models considers the mechanism of particle formation using Peclet
(Pe) dimensionless number. Pe provides a measure of the relative magnitude of
the driving forces of particle formation assuming ideal non-interactive diffusion, no
reactions, no surface-active components and absence of internal convection.

P Evaporation rate K
e, = =
! Diffusion 8D;

Here k is the rate of receding particle area by solvent evaporation whilst D is diffusion
coefficient of a component i inside the droplet. Without inclusion of surface-active
components, the reduction in volume leads to a concentration gradient which causes
components to diffuse inward. The time it takes for the droplet to reach a critical
surface concentration and subsequent shell formation can be determined by Pe; in
combination with formulation specific parameters e.g., initial saturation. Pe; is non-
constant as the evaporation rate is dependent on material specific solvent and solute
properties and process parameters during drying. A larger evaporation rate, defined
by a higher drying gas temperature leads to faster surface enrichment E; (which
is the actual surface concentration of a component in proportion to its average
concentration within the droplet)

(2.14)

B == (2.15)
and subsequent shell formation.

2.1.2.3 Maxwell model

The Maxwell diffusion model utilizes a changing Peclet number to describe single
droplet drying. Describing the mass transfer of solvent vapor outside the droplet as
Ficks first law of diffusion,

j=-DVC (2.16)

Approximating that the mass flux is independent radially, the equation can solved
on the radial coordinate as

= —D— 2.17
j = (2.17)
The mass transfer from the sphere is then the mass flux times the total area of the
sphere
dm dcC
— = —4mr*D— 2.1
dt " (2.18)
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With Maxwell quasi-steady state assumptions and boundary conditions the mass
transfer and diffusion is independent of the radius, giving

dm = —21dD(Cs — Cw) (2.19)
dt
Where the solvent concentration at the surface is taken from Antoine equation of
saturated vapor pressure and the concentration within the gas is taken from the
partial solvent pressure in the gas phase.
The change in volume of the droplet is by the mass transfer of solvent, assuming a
perfectly spherical droplet gives

dm _ d(7E)

Considering the density p as constant this leads to

dd AD(Cs — Cy)

pri Y (2.21)

Which could be regarded as an oversimplification of the system as the density

changes with temperature and as temperature changes with time, equation 2.20
is by the chain rule

dm _ 3mpd®dd = prd®dp

dt 6 dt 3 dt

Which can be rewritten to form

dd 21 d dp
& _ Lo 2.2
dt  wpd?  3p dt (223)

(2.22)

The heat transfer of the stagnant system is described by conductivity and evapora-
tion. Using analogous Maxwell assumptions the heat balance of the droplet can be
described as

d* dT,

piCpr——2 = —k(Ty — Tao) — AH,up D, i(Cs — Cu) (2.24)

12 dt ’
[41, 42]. The internal distribution of solutes within the droplet is assumed to be
governed completely by the internal diffusion transport. By assuming constant
diffusion, spherical symmetry and moving boundary the one dimensional fickian
diffusion with normalized radial coordinate is used, (R=75).

GCJ- . 4D] 820]' z% kR aC]
ot d?

_ REL0G; 2.9
or: "ROR) 2 oR (2.25)

Where the first term on the right hand side is regarded as diffusion, whilst the
other term is 'convection’, by the innerward movement of the solvent surface from
evaporation [40].
With initial condition

Cj = Cj,o
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Together with boundary conditions

aC;

—=0,R=0
OR ’
oC; Kk
Di— - -C;=0,R=1
TOR 877 ’
Where x in this model is described as the evaporation rate
dd?
= —— 2.26
K o (2.26)

The second boundary condition is adjusted from [43] when no solute is assumed to
move into the gas. Which states that the diffusion and convective flux are equal at
the liquid-gas interface.

2.1.2.4 VFL model

An analytical solution (VFL model) was derived from diffusion models by [23], to
describe the radial distributions of components within droplet assuming constant
evaporation rate. In order to have analytical solutions the components are assumed
to exhibit ideal non-diffusion interaction, constant diffusion along with no internal
convection.

The constant evaporation rate is described by the d? law,

d*(t) = d5 — Kt (2.27)

where dg is the initial droplet diameter, and x the receding surface rate. It assumes
that the evaporation occurs solely at the wet bulb temperature.
From the assumptions the radial distribution of solute concentrations can be de-
scribed by Ficks second law ,
oc _ 0°C
ot 022
The solution of Ficks second law in normalized radial coordinate system leads to a
relationship between concentration of solute i C; in the radial and time coordinates
the mean concentration C,,; at time t and the Peclet number of solute i.

exp (;PeiR2>

3 [y R2exp (;Pei}?) dR

(2.28)

Ci(r,t) = Ci(t) (2.29)

For a constant drying rate x and constant diffusion coefficients, the Pe is constant
for every solute i.

Assuming that no solute is lost to the ambient as the droplet dries a conservation
mass balance can be used to calculate the mean concentration of solute i inside the
droplet as,

(2.30)
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Using the approximate drying time from equation 1.10 and constant evaporation
rate from equation 2.27, equation 2.30 is simplified to

Clat) = co,i<1 - t) N (2.31)

™D

With this analytical model there are several characteristic times that can be applied
to follow general trends to predict the droplet drying evolution and the components
radial distribution prior to solidification of the particle, if the evaporation rate is
accurate. Some of these are characteristic time to reach saturation at the surface
Tsati, When the concentration of solute i becomes the same as the initial satura-
tion. The precipitation window 7,; = Tp — Tgu,i, and the time it takes for surface
concentration to reach particle true density (time when shell forms) 7 ;.

From the d? law in equation 1.10 describing the maximum drying time and the
definition of Peclet in equation 2.14, the VFL states a simplified equation describing
the surface enrichment E of a component i as

0577;_1+P6i+p622 Pef’
Coni 5 100 4000

E;, = (2.32)
Where again, the C,,; is the average concentration. With the initial saturation of
the component written as

Co,i
Soi = = 2.33
* Csol,i ( )
the time to reach saturation at the surface (reach critical concentration) is in the
VFL model approximated as

Tsati = TD (1 - (SO,iEi)§)> (2.34)

To summarize, the analytical VFL model fails to capture non-stationary operat-
ing conditions when temperatures are changing. Such as the beginning with droplet
sensible heating and end of drying, with shell formation and droplet temperature in-
crease. Furthermore, diffusion coefficients of solutes and excipients are not constant
during real drying. They change with the change in concentration, temperature
and mobility. Therefore the model can not predict diffusion by mobility issues such
as precipitation by supersaturation or elevated viscosity before shell formation. In
addition it can not directly for-tell solidification or morphological change [1, 13, 22,
23].

2.1.3 Review of models

From the literuture review it is clear that particle engineering models are made
to either make fast outlet predictions for spray drying operations such as average
moisture content and particle size conditioned on the absence of morpohological
development like buckling or inflation (CDC,REA) [6, 30, 37, 39]. With diffusion
models (Maxwell, VFL) it is possible to examine the distribution of solutes within
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droplet/particle during drying to predict onset of shell formation and make ’indi-
rect’ prediction of morphology [1, 13, 23]. Other articles soughts to enhance CFD
simulations with simple droplet drying models describing heat and mass transport,
enabling simulations of eg. sticky particle deposition by describing average temper-
ature and moisture content (CDC,REA) [5, 30].

2.2 Models for Particle Morphology Prediction

Neither CDC nor REA does directly describe morphology as they are lumped mod-
els. However, they can be used to predict diameter and density. Use of semiempirical
correlations with these models can indirectly describe morphological events such as
buckling. The critical parameters retrieved from experiments used for deriving the
models are perhaps the ones that are most indicative, such as the critical moisture
content before shell formation [37]. The main feature of the semiempirical models
is how the drying kinetics is conceptualized in the second drying stage. Figure 2.3
reflect on possible morphology mechanisms in the second stage of drying.
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Figure 2.3: Schematic of different particle morphologies, [44].

The shrinking core model is able to predict solid particle formation, whilst the wet
shell model is a feasable option to describe hollow, shriveled or puffed particles [17,
44].

The diffusion model has two solutions. One of them assume a constant Pe (ana-
lytical) calculated prior drying, the other use a Pe that is changing during drying.
Depending on the variant of the solution it is possible to attain different levels of
detail. A changing Pe is by default better at predicting the spatial distribution of
the solutes. The analytical solution with Peclet number analysis is able to indirectly
capture some qualitative morphological properties of particles. The analysis can be
divided into two regions, Pe<1 and Pe>1. Generally these values are able to predict
high or low density particles respectively. When Pe is low (Pe<1) the evaporation
rate is slow and the solutes have sufficient time to diffuse inwards, leading to low
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surface enrichment until a small highly dense particle is formed. A Pe which is
large (Pe>1) quickly leads to high surface enrichment as diffusion inwards of solute
is much slower than the receding surface from evaporation, creating larger mostly
hollow particles. Depending on the structural integrity decided by the thickness and
rigidity of the skin and the external forces it experience during drying the particle
can stay spherical or collapse and shrivel [23]. In figure 2.4 the qualitative influence
of Pe number on the shell formation and final particle morphology is shown.

high Py \ow Pe
skin/crust uniform -
formation concentration
increase

buckled/collapsed hollow irregular/wrinkled dense/spherical

drying time

Figure 2.4: Schematic illustration of the influence of the drying conditions and
formulation properties/composition (represented in PE) on the final morphology,
[11].

The changing Pe solution to the diffusion model is able to predict droplet drying
progression in terms of droplet size by radius, mass, density, remaining solvent along
with radial distribution profiles of solutes in the space and time domain. With
predetermined data of supersaturation of the solute it is possible to predict onset
of shell formation at the droplet surface. For systems where particle formation is
triggered by phase separation, the mechanisms onset can also be used to predict
final particle properties such as size and density. (A Pe>1 forms less dense wrinkled
or hollow particles, whilst Pe<1 leads to dense particles) [13].

The drawbacks with this model is e.g. the drying rate from d? law, with constant
time-, concentration and temperature independent internal diffusion coefficient. The
constant Pe solution (constant diffusion coefficient) is blind to the particle formation
mechanism. As particle formation commences, the mobility of solutes are no longer
determined by diffusion, but by the solidification pathway of solute(s) which reach
their critical concentration. At this point Pe should rapidly increase. Depending
on remaining drying time, solubility limit and the propensity of crystallisation the
solutes can either precipitate or form a highly viscous shell, a glass. The solutes
which precipitate create phase separated domains at the droplet surface, hindering
the mobility of other solutes to reach the surface [1, 13, 22].

2.3 gPROMS Model validation

A model or process is built using a mathematical description of the chemo-physical
phenomena occurring within the system boundaries. Transport phenomena coeffi-
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cients or parameters used can be altered to enhance the predictability of the model,
i.e. how well the model describes the real system. Model validation is a statistical
analysis method of working with experimental data created from performed experi-
ments and chosen measurements to fit or to approximate values of model parameters
which are unknown.

In gPROMS the Maximum likelihood (ML) method is used to estimate both param-
eters inside system- and variance model that describes the accuracy of experimental
measurement. ML uses an objective function, a ’likelihood function” L(0] X7, ..X,,),
which aims to find the most likely value of the unknown parameters 6 given the
data observed X. The likelihood function searches for the value of 6 which max-
imize the statistical probability of the model to predict reality, the experimental
data. This value of 4 is called the maximum likelihood estimator (MLE). When the
variance model is assumed to exhibit constant variance, (eg. + 1K for temperature
measurements) the ML only searches for values of model parameters.

Assuming that X is a random variable (in this case fixed experimental observa-
tion) which is also independent and identically distributed drawn from a probability
distribution 1(X;, 4, 0?). The joint probability distribution of a sample of random
variables with the only unknown as the parameter 6 is equal to the likelihood func-
tion.

LO|X1, . X)) = (X1, 1, 0%) - .- (X, p, 02)

In essence the idea of the maximum likelihood estimator (MLE) is to find parameter
values maximizing L, thus the idea to choose (i, c?) that maximizes

fi, 6% = max,, o2 11N ;n(X;, p, 07)

[45, 46].

To quantify how well the parameter estimation was able to predict the actual values
the root mean square error (RMSE) was calculated. RMSE estimates the standard
deviation o of the distribution of residuals, the errors.

)2
RMSE = \/ yl(y’n‘%) (2.35)

Where the observed experimental values are y;, the predicted values 3; and n is the
number of observations within the population. The empirical rule of statistics tells
that for observations following a normal distribution 95 % fall within two standard
deviations. It should however be noted that by the squaring within the calculation
of RMSE outliers get a disproportionate impact.
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3.1 Problem definition

A model describing spray drying within the drying chamber was created by coupling
single droplet drying model with size distribution calculations and a thermodynamic
dryer model. The model was used to evaluate the influence of some critical param-
eters such as critical concentration and diffusion coefficient on particle formation.
Available data in-house prove that specific surface area (SSA) do not change sig-
nificantly after shell formation. Thereby SSA is capable to act as a measurement
variable in gPROMS model validation to capture critical parameters of shell forma-
tion by fitting SSA from simulation to experimental data. The critical parameters
derived were regarded as scale independent and tested for transfer across spray dry-
ing scales and formulations. Heat losses of the spray dryer were also derived from
parameter estimation of experimental data.

Experimental data of spray drying was used from three different spray dryers, the
labscale Buchi Mini Spray Dryer B-290, Anhydro Micraspray MS35 and AstraZeneca
(AZ) spray dryer. The spray drying formulations in experiments had water as solvent
with different combinations of solute components; API, buffer and excipients that
are named A, B, and C through the report.

3.1.1 Shell formation implementation in model

In this model the main focus was capturing the droplet to particle transition, the
onset of shell formation. Shell formation is implemented in the model as the critical
concentration of the respective components within the formulation. For shell for-
mation to occur it is only necessary that one of the components reach their critical
concentration.

3.1.2 Model setup in gPROMS

Within gPROMS the model is defined as a hierarchical composite model where the
higher level model calls upon instances of lower level models. The model instances
transfer inputs and outputs at each simulation step by connecting equations within
the higher level model. In that way the troubleshooting is simplified drastically [46,
47]. Built on this structure, 4(5) model components were defined and constructed
for single droplet drying. The 4 submodels are named 'Energy’, which calculate the
energy balance over the droplet, 'Mass’ component evaluating the leftover solvent

29



3. Method

mass, 'Size’ for diameter prediction and lastly a ’Internal radial distribution” com-
ponent for the internal radial distribution of solutes. The higher level model (5)
calling on the submodels is the Drying model. In figure 3.1 the relationship of the
sublevel models to the higher level model is depicted.

Internal
radial
distribution

A

Y

Energy

Figure 3.1: Drying model component layout

All sublevel models are solved simultaneously within gPROMS.

3.1.3 Model assumptions

W

Drying and atomizer gas follows the ideal gas law.

No heat is transferred via radiation.

The droplets/particles are spherical.

Droplets/particle experience no internal circulation, rotation or shape oscilla-
tion.

The droplets/particles are spread homogenously over the domain, with no
interactions either to other droplets/particles or the walls.

still gas approach’ - the relative velocity between the droplet/particle to the
atomizer and drying gas is zero.

The droplet surface is instantaneously surrounded by a saturated vapour film
when introduced to the drying chamber.

. The droplet temperature is uniform.
. No reactions.
10.

Transport of solvent within the droplet/particle is unrestricted and occurs
instantaneously.

3.2 Drying model

This section gives the formal drying model proposal with all components imple-
mented. The gPROMS code can be seen as a whole in the appendix A.6.
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3.2.1 External heat and mass transfer estimation

3.2.1.1 ’Still gas’

For the single droplet drying model the ’still gas’ approximation is used, i.e. that
the droplets are moving with the same velocity (stagnant droplets/particles). "Still
gas" approximation can be motivated by that the droplet/particle always resides
in the drying gas flow, with the time the relative velocity difference the droplet
experiences from the nozzle to the final settling time within the spray dryer body
is low in comparison to the total chamber residence time [4, 9, 41]. In addition
with the zero relative velocity, the shear stress acting on the liquid-gas interface
becomes zero and will not induce any internal convective circulation [48]. With the
'still gas” approximation the only mode of heat and mass transport in between the
droplet/particle and drying gas is through conduction and diffusion respectively.

3.2.1.2 Evaluation of heat transport

Based upon the ’still gas’ approximation the choice of using lumped or uniform tem-
perature distribution within the droplet can be justified by evaluating the internal
and external heat transport resistances using the dimensionless Biot number, (Bi).
Biot number is defined as the ratio between the resistance for conduction within the
body to the resistance from convection at the surface of the body.

. Nu - ke:pt . h/extL
-k k
Where h.,; is the external convection, L. as the characteristic length of the system
and k as the internal conduction of the droplet.

A Biot number that is less than 0.1 indicate that the temperature inside the spatial
domain of the body not vary significantly, in other words the heat transport is
externally controlled and a lumped approach could be employed. Whereas a Bi >
0.1 entails the opposite with an internal controlled process where it is necessary
to describe the internal domain as distributed. The error with using a lumped
compared to distribution approach is typically less than 5% [49].

With no relative velocity, the external convective heat transfer coefficient can be
derived from a Nusselt correlation of natural convection.

Bi (3.1)

Nup =2+ 0.43Ra)’ (3.2)

Where Rap is the Rayleigh number describing the relative time scales of thermal
transport via diffusion and convection. Rap is the product of the Grashof (Gr)
and Prantdl (Pr) dimensionless numbers [49]. Evaluating these numbers within the
temperature domain and with the maximum initial size of droplet taken from typical
drying conditions of inhalation powders Rap approaches zero. This means that heat
transfer from the surrounding drying gas to the surface of the droplet/particle is
occurring with conduction, with the upper limiting value Nup of 2.

Evaluating Bi at process conditions, approximate values of ky, = 0.03 W/mK, with
water heat conductivity k = 0.6 W/mK, yields Bi = 0.1 which makes the lumped
approach applicable.
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3.2.1.3 Evaluation of mass transport

Similarly the mass Biot dimensionless number was used to evaluate the internal and
external mass transport resistances. The mass Biot number is completely analogous

to the heat Biot number.
hm,extL

D

Where h,, ..+ is the external mass transport by convection and D is the internal
diffusion mass transport. Considering a droplet with solutes and solvent which
is unbounded in terms of internal transport the solutes would be evenly spread
throughout the droplet, and their concentrations at any point in time could be cal-
culated from a mass conservation balance. However, as reported by Van Der Lijn
[50], the mass transport inside the droplet is bound by internal diffusion, meaning
that the solutes are to be accounted as distributed inside the droplet with corre-
sponding concentration gradients.

Evaluating Bi,, from the process conditions when using the zero relative velocity
assumption, the Sherwood number (Sh) from Ranz-Marshall correlation is 2. Using
the definition of Sh,

Bi,, = (3.3)

hm,extL
Dap

and approximating the binary mass diffusivity of water vapor in nitrogen gas as
water vapor in air at 298 K and atmospheric pressure, D 4pP (m?Pa/s) = 2.634. The
internal diffusion D is approximated as constant diffusion of a solute, 5-1071° m?/s
taken from literature [23]. Putting all approximations together give Bi,, ~ 1-10°.
Thus, the mass transfer must be solved in the internal spatial domain of the droplet.

Sh = (3.4)

3.2.2 Model components

3.2.2.1 Energy

The droplet energy balance consists of heat accumulation, energy flux to and from
the system and heat lost due to solvent evaporation. Since the energy transfer
occurs at near ambient conditions the heat transfer from radiation is assumed to
be negligible. Also assuming that the relative velocity between the gas and the
droplet/particle is zero, i.e. ’still gas’, there is no convectional heat transfer. The
heat flux is then only described by conduction. From Fouriers law the heat flux is
written as

dr
k

=—k— 3.5
q - (3.5)
which could extended into the energy transfer to the spherical surface as
dr
= —dmr’k—. 3.6
Q mr I (3.6)

Using the quasi-steady state assumption makes Q independent of the radius, as
derived from Finlay [42], its possible to integrate from the droplet/particle surface
to the bulk, which gives

Q = —2ndk(Ts — Ty). (3.7)
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The evaporative heat transferred away from the droplet/particle is described as

dm

E - AHUQPE

(3.8)

Using equations 3.7 and 3.8 with the ackumulation term the total droplet/particle
energy balance is written as

dT, d
mCp "~ = =2mdk(Ty = Tpao) + AHvapd—T (3.9)

To follow the physical phenomena of drying the droplet should first heat up from the
initial inlet temperature of the solvent to the wet bulb temperature, as described by
constant drying. To check that the conditions match, it is possible to use a Mollier
diagram with absolute humidity Y and the gas temperature Ty,s to quickly retrieve
an approximate T\;. As an example a dryer with Y = 0.007, Ty,s = 69°C would
give a Tyet pup ~ 30°C from viewing the diagram.

The transition to the second stage occurs as the critical concentration is reached.
In this model the droplet/particle temperature change is not formulated beyond
transition and is just described as a discrete step, stating

Ty = Tas (3.10)

3.2.2.2 Mass

The evaporative mass transport via diffusion is taken as derived in section 2.1.2.3.

CZ? — —21dD(C, — C) (3.11)

The initial condition to equation 3.11 is the intial solvent mass, calculated as

wd3 ..
Minitial = % (3.12)
To determine the drying rate of solvent it is enough to combine the transport occur-
ing outside the droplet with the equilibrium solvent vapor pressure [50]. Assuming
a quasi-steady state the surface concentration is calculated assuming equilibrium
instantaneously sets in at each time step,

d
Psat,surface = f(Td),at r = 5,‘v’t > 0. (313)

In addition assuming that the equilibrium vapor pressure is dictated solely by the
temperature within the droplet (instead of the concentration of the solvent on the
surface of the droplet), the Antoine equation describing the saturated vapor pressure
at the surface was used

B

- 3.14
Tdroplet + C ( )

lOQlo(Psat,surface) -
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The surface concentration Cg is taken from the ideal gas law as

C. — Psat,surfaceMHgO
’ RT,

(3.15)

At the second stage, the drying stops.

dm
— =0 3.16
In reality droplet drying still continues through the shell, but is dependent on the
shell permeability of solvent vapor diffusion [14].

3.2.2.3 Size

As droplets have low loading of solids, i.e. dilute system it is applicable to use
constant density. (Using the equation 2.23 with a changing density led to a high
index problem). Using the theory of section 2.1.2.3, gives

dd 4D(Cs — Cy)

= _IZ\s  Moo) 3.17

dt pd ( )
The initial droplet size is calculated from droplet size distribution, which is depen-
dent on the number of different droplet sizes, i.e. the number of bins utilized.
In the second stage, the droplet is assumed to not shrink any further.

dd
— =0 3.18
o (3.18)
3.2.2.4 Internal Radial distribution of solutes

The internal distribution of solutes is calculated using theory of section 2.1.2.3,
giving

an . 4D] (82Cj 2 (9@) kR 80]

= it ) 1
ot & \OR* " ROR) 24 0R (3.19)

with the same initial and boundary conditions. The evaporative rate « is taken from
equation 2.26.

It is assumed that the radial distribution of components solely is affected by their
respective diffusion coefficients. Surface-active behaviour of components is not ac-
counted for. The model was formulated to be able to describe the component dif-
fusion either as constant value found from literature or via the Stokes Einstein
equation,

kgT

= — 3.20
GﬁﬂwRA ( )

Dap

Where D 4p is the diffusion in m?/s, stefan-boltzmann constant kp = 1.38 - 1072
kgm?/s?K, ji,, is the solvent viscosity in Pas and Ry is the molecular radius of the
solute in m.
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Within the Stokes-Einstein diffusion equation it is possible to describe the diffusion
of a solute in a solvent where the effects of pure solvent viscosity is included.

An important remark from literature is that several studies reflect on the effects of
changing viscosity on solute mobility [1, 22, 23]. At high solid concentrations the
mobility of components are affected by the increasing viscosity. To reduce the risk
of phase separation and create a stable drug, the viscosity should increase quickly
to 102 - 10™ Pas [8]. However, as a simplification this has not been taken into
account.

3.3 Overall model

In order to simulate the entire spray drying operation, the model was extended
to simulate simultaneous drying of multiple droplet sizes from a size distribution.
Also, the specific spray dryer setting was added via a spray dryer thermodynamic
model. To couple the drying model with the droplet size distribution and the ther-
modynamic spray dryer model 3(4) model components were used. In figure 3.2 is
the layout of the overall model, it show the relations between the 'Drying model’,
’Atomization model’ to calculate the droplet size distribution and ’Spray dryer ther-
modynamic model’ as submodels to the higher level model, the ’Overall model’.

Overall model

A
Y

s Spray dryer
. Atomization pray dry .
Drying model hermodynami
model
model

Figure 3.2: Overall model layout

3.3.1 Atomization model

A single droplet drying model can be extended to work for the whole size range of
droplets generated from the atomizer. By coupling the internal and external heat
and mass transport of each droplet with the dryer model the single droplet drying
within the chamber is described. Discretizing the droplet size distribution from the
atomizer into bins, the drying of all the droplets within the spray dryer can be
calculated. Three quantiles, d10, d50 and d90 of the droplet size distribution had
in earlier works been calculated by fitted regression to the specific atomizer nozzle
of each spray dryer setup. The extended Swanson-Megill method [51] was used to
calculate an estimate of the normal distribution mean /i and variance 62 from the
three quantiles,

,Lfn = 0.4d50 + 0.3(d10 + dgo) (3.21)
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n® = 0.4(dso — 1)° + 0.3[(dao — ) + (doo — 1)’ (3.22)

Assuming that the droplets are distributed like a log normal distribution, the mean
i, and the variance o, from the normal distribution can be used to calculated the
log normal mean p and variance o [52] as

2
Hn
— log, | ——2—e 3.23
Il 09( FQJFMQ) (3.23)

0,2
o= ,|loge (1 + Mn2> (3.24)

The cumulative lognormal distribution function is described as

CDF(d) = ;erf(:('u_\/l_;iw)> d>0 (3.25)

Using the definition of erfc,
erfc(z) = 1 — erf(z) (3.26)
with 5
erf(z) = ﬁ/() e " dt (3.27)
Leading to the final expression for the equation 3.25 as

1 ) pr—log(d)
CDF(d) = 51~ /O V2 et ) (3.28)

The volume fraction that the diameter ranges d; to d; 1 occupy is calculated as
Virae = CDF(di11) — CDF(d;) (3.29)
The total volume of the droplets at the edge of the nozzle can be calculated as

V= [ecd (3.30)
p

The amount of droplets in the diameter ranges d; to d;,; is then evalauated as

(3.31)

0di+1_di -

The droplets within the range is then assumed to be of the same size, i.e the average
diameter of the upper and lower bound.

1
dmean = i(di—i—l + dz) (332)

36



3. Method

In gPROMS it was not possible to solve the CDF directly, as the results of CDF
either gave numbers larger than 1 or a oscillatory solution when the diameter was

increasing, see figure 3.3.
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Figure 3.3: Example of CDF calculations, comparing matlab and gPROMS per-
formance

By definition the value of CDF could not exceed 1, nor could it change shape as
it is a strictly positive monotonic function. The calculation was also checked and
performed with matlab, which gave good results. However, the implementation of
importing matlab data into gPROMS turned out to be cumbersome and with low
flexibility for introduction of new experimental data. As a band-aid solution in
gPROMS, the generated CDF values were all normalized with the CDF correspond-
ing to the largest droplet, to give CDF values in between 0 and 1.

The lognormal cumulative distribution of all the dryers are shown in figure 3.4. The
CDF, volume fractions and number of droplets per droplet diameter 6, for each dryer
is taken from each respective most common experiment process conditions.
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Figure 3.4: CDF for all the spray dryers

The figure shows qualitatively that the calculated CDF from theory follow the quan-
tiles d10, d50, d90 calculated from the regression equation, marked with 'x’, "*’, ’o’
quite well. Quantitively, the average of each quantiles relative error (with the re-
gression quantiles as reference) is used to describe how well the quantiles from the

distribution correlate to the ones from the regression.

Table 3.1: Relative error quantiles in %

Dryer type | d10 | d50 | d90
AZ 1.6 |-6.7] -4
Buchi -1.2 | -5.6 | 5.2
MS35 24 | -7.3 | -10

The figures 3.5, 3.6 and 3.7 below show the number of droplets per droplet diameter
and volume fractions of each dryer at the start of drying.
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Figure 3.5: AZ dryer atomization model results
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Figure 3.6: Buchi atomization model results
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Figure 3.7: MS35 atomization model results
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3.3.2 Spray dryer thermodynamic model

Two different models, the continously stirred tank reactor (CSTR) and the plug flow
reactor (PFR) were reviewed.

For final model implementation CSTR model was chosen as the dryer model, as
it would be simple to implement and also that it correlate reasonably well with
the overall drying temperature the droplet would experience during its lifetime.
Describing the residence time of the droplet within the spray dryer was not taken
into consideration as the interest lied solely in when the droplet would transition
into the particle state.

The CSTR flow model assumes a perfectly mixed situation, where the injected
droplets are instantaneously subjected to the outlet drying conditions. The outlet
conditions are assumed to be constant and are calculated directly from macroscopic
heat and mass balances.

The application of CSTR as the dryer model is motivated by its inherent simplicity
and is supported by CFD results found in literature showing the temperature evo-
lution within the spray dryer body [25] aswell as the overall residence time of the
droplet/particle inside the spray dryer body, where a relatively short time is spent
close to the atomizer [4, 15].

At steady state, a macroscopic heat balance can be used to calculate gas outlet
temperature. See equation A.19. The drying gas inlet temperature is measured at a
distance from the actual inlet of the drying chamber, thus a heat loss constant hy;,.
(W/K) is used to estimate the heat loss that drying gas experience at the inlet pipe
prior to the drying vessel. This value is derived from parameter estimation using
experimental results.

From a macroscopic mass balance, the absolute humidity is estimated assuming that
all incoming moisture within the feed is evaporated.

i

y = Lt (3.33)
Mag + Mdy

The concentration of solvent in the gas is calculated from the relationship between

the saturation pressure at gas temperature, the absolute and relative humidity and

the ideal gas law.

1685.6
[ Py sat) =10.113 — ——— 3.34
0910( P sat) Tpos — 43.154 (3:34)
From earlier the relative humidity could be written as
PtotY
= : (3.35)
(MiNQ + Y)Pw,sat
The solvent concentration within the gas could then be calculated as
Pw sat¢Mi
Cupoo = —571. 3.36
= (3360
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3.4 Considering heat losses from dryer

For all the spray drying experiments the inlet and outlet temperature of the drying
gas is measured. What changes with the different dryer setups is where these ther-
mocouples are placed. If the inlet temperature is taken within the pipe leading to
the spray drying vessel which is located a bit upstream from the actual inlet heat
loss from the pipe to the surroundings should be accounted for. For all spray dryers
heat loss is occurring from the spray dryer body. Heat loss is evaluated as the loss
by convective heat transfer from the drying gas inlet pipe and from the body. Heat
losses from conduction and radiation is neglected. Only steady state heat losses
are considered, as the accumulation of energy in the pipe material is assumed to be
negligible.

Without solids interfering with drying the equations describing the heat transfer
rate using Hess law can be described as

mdgopdgj—‘in,dg + magcpagﬂn,ag = mdgcpdgTout + magcpagTout

+ mfeed{cpwater,liq(Tevap - Tfeed,'in)
(3.37)

+ AHvap + prater,'uap (Tout - Tevap)}
+ Heat loss

The left hand side of equation 3.37 accounts for the incoming heat to the vessel by
the drying and atomizer gas. Whereas the right hand side accounts for the phase
change, evaporative heat, the outgoing heat from the vessel and the heat loss. The
total heat lost is described as the heat lost from both the pipe and the body.

Heat loss = hpipe(irin - Tamb) + hbody<Tout - Tamb) (338)

Where the loss in the pipe is assumed to be dependent on the Ty, ;, and the loss
in the body on T,,;. The reason for this approximation is that in a typical spray
dryer the temperature inside the dryer develops to the outlet temperature close to
the atomizer, as seen from the CFD results [25] in figure 1.11.

Utilizing Hess law the values of the properties are taken at 25°C, and presented in
table 3.2

Table 3.2: Material properties

AH,qp, (kJ/kg) | Cpyn, (J/kgK) | Cpuig (J/kgK) | Cpugas (J/kgK)
2441.7 1040 4184 1864

3.5 Ciritical properties of spray dried powders

3.5.1 Particle size

To check the validity of the literature values of the critical concentrations and con-
stant diffusion, the dry particle d, 5o was seen as a possible measurement variable in
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the parameter estimation. Final experimental results of dry particle dyg, dso and dgg
were available. In order to use these results, one had to assume that the distribution
of the particles collected after the cyclone was the same as the end of the spray dryer
body.

Using equation 1.1, it is possible to set a relation between the particle and droplet

C
d,, = ¢ —Ldp, (3.39)
Pp

Where ’x’ could be any quantile. Assuming that the particle is completely dried
after the droplet to particle transformation at the critical concentration, together
with the mass conservation of the solid loading

7I'd3 itia
p, = Msolid _ Cf%l — Cfd?nitial (3 40)
b Vfinal % d?]’”inal '
Inserting into 3.39 and simplifying leads to
d inal
dys0 = df dp.s. (3.41)
initial

As dinitias = dp, it is just to simulate the drying of the droplet with size dp .
to obtain the d,.. Another way to calculate d,. from the results of the CDF
calculations was be to perform sieve analysis calculation, find the index for which
the cumulative volume fraction of the final particles > fraction for specific quantile.
Then use the index value found in a linear interpolation to find the approximate
dp . value.

3.5.2 Specific surface area

Another measurement varaible suitable to use for parameter estimation is the specific
surface area (SSA), which is the sum of all particle areas to their total weight in
(m?/g). Tt is possible to obtain an approximative value of the SSA assuming the
final particle morphology stays spherical after the shell formation. This mean that
any morphological evolution mechanisms such as buckling, inflation or shriveling are
assumed to not influence real SSA. Since the hygroscopic nature of the material used
in the experiments was low and the final product porous it enabled the assumption
of full solvent evaporation to occur in the subsequent drying time left in the vessel.
Then as motivated before the final particle mass of each particle would just become
their initial solid loading.

SSA = - N
S iparnictes | Si0Epd}  xpg,e0

(3.42)

3.6 Numerical method

The model was evaluated in terms of time step, spatial discretization, numerical
boundaries such as different droplet sizes and against an in-house model. Simulations
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were performed on a tabletop computer, AMD Ryzen 5 PRO 5650U with Radeon
Graphics.

3.6.1 Integration stepsize

Integration step size influence accuracy and efficiency to obtain numerical results. A
lower integration step will increase the resolution of the solution, however will take
more effort and computational time. In order to study the effect of the integration
step size on the simulation results, a convergence study was conducted for pure
solvent droplet diameter. The simulation results with different step sizes were later
compared to an in-house model. The step size is not fixed, but set conditionally to be
equal or below the 'maximum integration step’ within the ’solutionparameter’ of the
differential algebraic solver for the process simulation in gPROMS. The time-step is
adapted using the criterion

€ < a+r|x (3.43)

Where ¢; is solver estimation of the local truncation error for the differential variable
x;, & is the absolute- and r is relative error tolerance (both set to 1E-5).

3.6.2 Simulation procedure

To comply with physical constraints the droplet/particle solvent leftover mass was
checked at each iteration for conservation of mass according to

t
Msolvent (t) = Mesolvent,initial — /0 mevap dt (344)

as

m(t) >0, vt > 0. (3.45)

The end condition in gPROMS was formulated simply in the process 'SCHEDULE’,
which was to continue the simulation for an arbitrary set time or stop when the
condition

m(t) <0 (3.46)

was met. When introducing solid loading into the droplet this stop condition is not
necessary as the solid material reaches a critical concentration and the drying stops,
i.e. the solvent leftover mass would not become negative.

Figure 3.8 shows the droplet diameter trajectories for a simulation of a pure solvent
water droplet with initial diameter 52 pm and 20°C Teeq and Tyqs, with different
maximum integration steps.
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Figure 3.8: Droplet diameter predictions with different maximum integration steps

From figure 3.8, it is clear that the solution trajectory obtained with the maximum
integration step up till 1E4+20 and 1EO deviates from the other chosen steps. Also
the diameter results plotted here for max integration steps 1E-5 and 1E-6 do not go
to zero, as the simulation stops abruptly when the droplet mass approaches values
of 1E-17 and switches to 0.

The model performance was also evaluated against another model available in-house.
Comparison on the diameter predictions were made using the error of the squared
diameter, calculated in percentage as

@, — 2
Error d®> % = 100 - - —ih

(3.47)
d3,

Where the subscript, ’ih’ is for the in-house model and 'm’ is the built model.

20
0
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£-20r ——1E0
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-40
-60 ‘ ‘ ‘ ‘
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Figure 3.9: In house model comparison of droplet diameter predictions with dif-
ferent maximum integration steps
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Both models make similar predictions of the diameter change, but close to the
complete droplet evaporation the difference becomes asymptotic. Also nearing this
limit gPROMS can not continue simulation due to the leftover solvent mass roundoff
numerical error triggering the stop condition.

The combined results from figure 3.8 and 3.9 show that the range from maximum
time step 1E-3 and lower is possible. Choosing the maximum integration step 1E-
5, the simulations reach their stop condition when solvent droplet leftover mass is
0.0014 % of the initial droplet mass. The droplet diameter is 2.977E-6 m at time
2.2035 seconds, which is 5.7 % of the initial diameter. Figure 3.10a shows the droplet
diameter prediction for maximum integration step 1E-5.

5 4
6 x10 0 ><-10
5F~s s
e -0.5 \
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(a) Droplet diameter prediction (b) Rate of change droplet diameter

Figure 3.10: Prediction of droplet diameter and rate of change with maximum
integration step 1E-5

In figure 3.10b it can be seen that the diameter changes rapidly in the beginning of
drying and then moves to a slower changing rate. In the end of drying the droplet

change becomes asymptotic as the equations no longer can describe the physical
phenomena correctly.
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Figure 3.11: Evolution of mass and temperature of droplet with maximum inte-
gration step size 1E-5

Figure 3.11a and 3.11b show the mass and temperature evolution respectively for
maximum integration step 1E-5. In figure 3.11b the temperature decreases towards

T, of the drying system.

A comparison between the simulation trajectory of the droplet temperature was also
made for the maximum integration step 1E-5 versus the in-house model, using the
error calculated as

T4 error %

10

Ty — Ty
Error T, % = 100 . ~4m— ~dit
Tan
%1073
) %107
i 10 ]
]
1 !
! "
1
: / 5 ||l
I V!
1 Iy
il o
J 0 0.10.20.3
|
]
7|
1
| O e A [P
0 0.5 1 1.5 2

(3.48)

Time s

Figure 3.12: Model error temperature

2.5

From figure 3.12 it is seen that in comparison to the in-house model the model
underestimates the heat loss of the droplet, and then switches to overestimate the
loss. However, the absolute difference between both models is always below 0.01%.
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3.6.3 Numerical integration

Simulating even finer sized droplets became a serious challenge for gPROMS. In SI
units the numbers concerning the droplet physical attributes became extremely small
oftentimes below 1E-14. This made numerical handling especially the numerical
integration difficult with the integration stepsize sometimes being too small, ending
simulations. So, in order to run with this setup, the reportinginterval had too be
ever smaller leading to simulations taking much longer time. Therefore, in order
to make numerical handling easier for gPROMS the equations used in the model
implementation were nondimensionalized. The final non-dimensionalized equations
implemented in the model are found in the appendix A.6.

3.6.4 Spatial discretization and numerical scheme

To solve the internal diffusion of solutes described by the second order partial differ-
ential equation numerically, the spatial domain of the particle must be discretized
with a suitable numerical scheme. As the problem is solely dependent on diffusion
and is without convective flow the second order centered finite difference method is
used.

dc
7z ) 2h
The spatial domain was firstly described using an uniform grid (10, 100, 1000 points
evenly spaced) along the radial axis to determine eventual strong gradients and to
evaluate the speed of solution. Solving the governing equations at a denser grid will
increase the resolution, but will also make the simulation slower.

Simulations at this stage were only performed seperately for excipients A and B.
Excluding the solutes, the simulation process conditions are stated in table 3.3.

~ Chr1 — Cp1 + O(h?)

Table 3.3: Process conditions for the simulation

dD,initial (,um) Tfeed (OC) Tamb (OC) Y (kgw/ngz)
52 20 20 0

The initial solvent droplet mass was 7.36E-11 kg. The stop criteria for the simu-
lations was the critical concentration of either components. From the difference in
spatial resolution between the simulations the stop conditions were met at different
times. A grid refinement study was conducted to measure solution quality with
increasing grid refinement.

Table 3.4: Simulation with uniform grid with excipient A (initial loading W
mg/ml), ST based model

Grid points | tsimuiation (8) | CPU (8) | te,,,, (s) | diameter (pm)
10 33.4 32.0 1.65771 25.8815
100 7.7 76.2 1.65976 25.8333
1000 1110.0 1101.8 1.65977 25.8331
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Nondimensionalized model results

Table 3.5: Simulation with uniform grid with excipient A (initial loading W
mg/ml), Nondimensionalized model

Grid points | tsimuiation (8) | CPU (8) | te,,,, (s) | diameter (pum)
10 1.4 0.3 1.65890 25.8815
100 1.1 0.9 1.66095 25.8334
1000 10.0 9.8 1.66096 25.8332
10000 85.9 85.7 1.66096 25.8332

Comparing the simulation results of the SI and nondimensionalized models, it is
clear that the speed of simulation is greatly impacted. Also to compare the in-house
model, the exact same simulation for excipient A loading took tymuiation = 25.6383
s and reaching the critical concentration t. ., = 1.6821 s The simulation results for
excipient B with both the SI and nondimensionalized model can be found in A.6.

Using the grid convergence index (GCI) for uniform grids developed by Roache
[53], tells how far the numerical solution is from the asymptotic numerical value in
percent. GCI for the fine grid is defined as

F, el

GClfine = "

(3.49)

Where F, is the factor of safety, which for comparison of three different grids is 1.25.

fi—f
h

(3.50)

The simulation value f is obtained for the corresponding grid, where subindex 1 is
the densest and 3 is the coarsest. Here, r is the grid refinement ratio, in this case
constant 10 as the grid points increase tenfold each refinement.

The order of convergence p,
In(|£=51)

p= W (3.51)

Evaluating GCI with the corresponding values from table 3.5, GCI =6.95E-8, which
shows that the difference between the medium and finest mesh is minuscule and
that they are both close to the asymptotic value [53-55].
Simulation results of the droplet loaded with B mg/ml excipient A in a uniform 1000
point grid are used to visualize the evolution in radial distribution of concentration
and the surface concentration, see figures 3.13 and 3.14.
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Figure 3.13: Time evolution of excipient A surface concentration normalized with
critical concentration
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Figure 3.14: Contourplot of excipient A concentration normalized with critical
concentration, radial distribution with time

To conclude, analysis of results from figure 3.14 the uniform grid makes clear that
the steepest concentration gradients are at the surface, r=1. Adjusting the grid
points via a exponential transform leads to non-uniformely spaced grid points being
concentrated towards the particle/droplet edge.

e” —1

ea—l

zZ= (3.52)
Where 2 is the new position of the grid point, and z is the old grid uniform grid
point position. The exponential transform coefficient a and the number of grid points
were also evaluated, see tables A.3 and A.4. Shifting to a non-uniform mesh leads
to higher resolution on the edge with fewer grid points than a refined uniform mesh.
Also considering, from a theoretical viewpoint that the shell is always initiated at
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the surface, the spatial focus should be towards the edge. What is occurring within
the droplet is of 'less” importance. Henceforth the non-uniform grid with 100 points
and a=4 was chosen for simulations, with maximum integration stepsize set the
default interval 1E20 to 1E-20.

3.7 Parameter Estimation

Non-dimenzionalizing the model lead to fast and robust simulations of the droplet
drying. This enabled parameter estimation simulations to be performed for the
critical parameters that could affect shell formation. gPROMS model validation
tool was used to fit equation parameters to data.

3.7.1 Estimation of heat loss

The heat transfer coefficients of both the pipe and dryer body are parameter esti-
mated to match the real exhaust temperature of the system from experiments using
gPROMS model validation. gPROMS employs the use of the maximum likelihood
method, which simultaneously estimate parameters within the model and the vari-
ance model describing accuracy of measurements. In this setting constant variance
is applied assuming the accuracy of the equipment measurement of temperature to
be within + 1K.

The data which the model validation uses are the performed experiments from dif-
ferent spray dryer settings. Inlet conditions for the dryer (T, ag, Tinag, Lin,fecds
Mdg, Mag, Myeeq) and the ambient condition (7},,,) provide time-invariant control
variables, as they are not changed during the experiment. Whereas the measured
data is the outlet temperature Ty, out, and the heat transfer coefficients parameters
to be estimated are set with initial guess values. MLE finds the most likely pair of
heat transfer coefficients from the equations which give the real T 45 out-

To handle more general cases of drying such as moist drying- or atomizer gas at
the inlet the equation for drying without solids 3.37 is slightly refined as A.19. For
the case with solids the entire equation A.19 describing drying is rewritten in terms
of free solid moisture content X in equation A.20. Where X is assumed to be in
equilibrium with the gas moisture, sorption equilibrium isotherm.

Experimental data of moisture content of wet basis (kg wet / kg total),

p=—Twet (3.53)

Mry + Mapet
corresponding to relative humidity was available. To be used in equation A.20 the
moisture content of wet basis x was translated to moisture content on dry basis X

using

X - r kg wet

= 3.54
1—2 kgdry ( )

The moisture in the solids are assumed to be in equilibrium with the gas moisture.
Using supplied results of moisture sorption isotherms, the moisture content on dry
basis was linearly fitted against the relative humidity values using matlab curve
fitter tool, see appendix A.2.1.
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The relative humidity, equation 1.7, that was used in A.2.1 was supposed to be
calculated with the partial solvent vapor pressure 1.8 and P, from an Antoine
equation. However, the parameter estimation failed when using solid content based
equations with the Antoine equation describing the saturation pressure, even though
the original problem was well posed, gPROMS was unable to perform initialization
calculations.Instead of describing the saturation pressure with an Antoine expres-
sion, the saturation pressure was fitted with a polynomial expression of temperature
with matlab curve fitter, see A.2.2 The respective values of P,,; and T were taken
from an engineering table [56] for air.

3.7.2 Estimation of critical concentration

The formulations within the experiments included API, buffer and excipients A, B
and C. Also, the API and buffer used in the system respective critical concentration
and diffusion (molecular radius) were unknown. Leading to a problem where one had
to simultaneously perform parameter estimation for C..; and diffusion, generating
a system which probably would be too highly correlated. For this reason, a stepwise
approach was used to deal with uncertainty associated with interactions between the
components. Within the scope of the thesis, the main interest was put on seperately
estimating diffusion and critical concentration of excipient A. The reason for this
choice is that excipient A is known from literature to be one of the primary shell
formers in a formulation, or atleast highly impacting the shell formation, as it is a
surface active compound.

The parameter estimations of excipient A diffusion and critical concentration were
firstly performed in a generic format, where each of the components surface con-
centration could influence the droplet to particle transition. In the respective case
the literature values of C.y and the Stokes-Einstein diffusion was used. (Compo-
nents without a description of C;; and/or diffusion were assigned an arbitrary value
of 1000 mg/ml and the same molecular radius as excipient A). The diffusion was
parameter estimated as a multiplicatory factor, Deonstant,i &S,

kT
Dcom onent,i — Dcons ant,i "~ 5 - 3.55
P " rants 67r;uwRA ( )

However, this method risks inconsistency, as some component other than excipient
A potentially could reach the C,,; faster when the corresponding value of excipient
A was evaluated at higher ranges. In order to resolve this, but still in the general
format, a double safety margin (DS) was used which meant that the other compo-
nents diffusion constants were taken as Deonstant = 1000. Also, the other components
respective critical concentrations were all increased to 1E6 mg/ml.

Considering the diffusion, the larger it would be, the faster the solutes would travel
into the core of the droplet during drying. Furthermore, heightening the critical
concentrations of the components make their respective crust formations less likely
to occur. Atleast, this should be the case when choosing the parameter estimation
of Cuit,a to live in a reasonable domain close to the known literature value. Tables
3.6 and 3.7 show the model validation setup with double safety margin for the diffu-
sion coefficient and the critical concentration respectively. The model validation is
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done separately with each parameter. Observe that the parameter to be estimated
"Deonstant” 18 €ach respective components multiplicatory factor, not the diffusion coef-
ficient. The diffusion coefficient is evaluated with equation 3.55. D ypstant iS unitless,
Ceit has units kg/m3.

Table 3.6: Model validation setup for excipient A diffusion coefficient, with double

safety margin

Parameter to be estimated | Initial guess | Fixed? | Lower bound | Upper bound

Dconstant,API 1E3 v - -
Dconstant,Buffer 1E3 v - -

Dconstant,A 1E3 1E-3 1E3
Dconstant,B 1E3 v - -
Dconstant,C 1E3 v - -
Ceit, AP 1E6 v - -
Cerit,Buffer 1E6 ve - _
Ccrit,A 18 v - -
Ccrit,B 1E6 \/ - -
i 156 v - -

Table 3.7: Model validation setup for excipient A critical concentration, with

double safety margin

Parameter to be estimated | Initial guess | Fixed? | Lower bound | Upper bound

Donstant, APT 1E3 v - _
Dconstant,Buffer 1E3 v - -
Dconstant,A 1 v - -
Dconstant,B 1E3 v - -
Dconstant,C 1E3 v - -
Cerit, AP 1E6 v - _
Cerit, Buffer 1E6 v - -

Cerit, A 18 15 1E2
Cait,c 1E6 v - _
Corit,B 1EG v - -

One caveat of the parameter estimation is that it uses the experimental data of the
SSA at a specific set time for total simulation time and evaluation. Therefore in
order to fully control the precision of the parameter estimation, the measurement
time must be accurate to allow for the entire system to dry. However, it was not
found possible to use a generic way, such as a break-condition when the internal
process simulation has finished for the time of evaluation. Also, setting the time
based upon some earlier simulation results would not work either, as the parameter
estimation variables change the dynamics of the system. Therefore drying of the
largest droplets might not have proceeded 100%, as the time listed in the experiments
could be lower. However, with a sufficiently large arbitrary time taken this should
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not have that large of an impact when calculating the SSA, as the largest droplets
have a lower area to volume ratio than smaller droplets. The influence of the SSA
is mainly from the small particles. Also, from the particle size distribution there are
fewer droplets of the large droplet size in comparison to the small droplet sizes.
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Results

4.1 Validation of drying model

The model’s performance is assessed with the experimental data of water droplet
drying produced by [41], see figure 4.1. The model initial conditions are set to
those of the experiment, initial droplet size is 52 pm, inlet temperature of water is
20°C, drying gas temperature either 8 or 20°C, the drying gas absolute humidity is
assumed to be zero as the amount of gasflow is significantly higher. The drying gas
used in the experiments was air, but in the model the drying gas is simulated as
pure nitrogen with corresponding transport coefficients for a water-nitrogen system.
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Figure 4.1: Model results against experimental data from [41]

From figure 4.1 it can be seen that the model follows the experimental results for
the Tyes = 20°C case quite well. For the other case, the model deviates from the
experimental values. This is probably due to a combination of assumptions made
formulating the model (e.g. quasi-steady state derived heat balance) and material
properties. Also, the wet bulb temperature T, reached in this case was 271.6 K,
changing the dynamics of the droplet drying system from two phase to three phase.
Nevertheless it can be concluded that the model is implemented appropriately and
show predictability with experimental results.
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4.2 Heat loss in spray dryers

Parameter estimation of convective heat losses of the MS35 dryer were performed on
experimental data of spray drying cases run in complete dry state without droplets
being dried (just atomizer and drying gas flow) and for wet condition with both
atomizer and drying gas with liquid solvent feed without dissolved solids. Figure
4.2a show the parity plot of the parameter estimation, whilst fig 4.2b show the
external validation using equation A.19.
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Figure 4.2: Heat loss model validation results for MS35 spray dryer without solid
loading, represented as temperature parity plots

The parity plot in figures 4.2a and 4.2b comparing the results from the parameter
estimation of the heat loss coefficients to the real experimental results shows that
the prediction is valid, as the data produced by the model falls on the diagonal
reference. From the parameter estimation of without solids, the RMSE ~ 0.886.
Which gives that 95 % observed temperature outlet values are within the range 1.77
K of the predicted values. Performing parameter estimation using MS35 experiments
without solid loading showed consistent results using both equations A.19 and A.20.
The values of hy,,. and hy.q, attained is shown in table 4.1, with a caveat that the
t-value for hy;,. 1.61 is below its 95 % reference value 1.75.

Table 4.1: Heat loss constants without solids

Dryer | hyipe (W/K) | hpogy (W/K) | RMSE
MS35 0.96 3.90 0.73

Using the heat loss constant from the parameter estimation the temperature pre-
dictions are calculated for each dryer setup. The temperature prediction is shown
as Residual = Predicted - Experimental, see figure 4.3.

Figure 4.3: Exhaust temperature prediction in terms of residuals for MS35 dryer
without solid loading
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However, the heat loss constants derived from parameter estimation without solid
could not be used to describe the heat loss constants for the solid loading case, as
seen from the external validation in figure 4.4. For this case, the calculated RMSE
was 6.40.

Predicted

339

337

335 I I I I I I I
335 337 339 341 343 345 347 349

Experimental

Figure 4.4: External validation for MS35 spray dryer (solid loading) in terms of
temperature parity plot to evaluate if the heat loss constant derived without solid
loading is good predictor also for solid loading case

Parameter estimation of heat loss coefficients for experiments run with solid con-
tent using both the simple and more sophisticated equations A.19 and A.20 gave
consistent results. AZ and Buchi are assumed to not have any pipe loss, therefore
hpipe = 0 in table 4.2.

Table 4.2: Heat loss constants with solid loading

Dryer | hpipe (W/K) | hpoay (W/K) | RMSE
AZ 0 1.90 1.64

Buchi 0 2.6 0.74

MS35 0 6.05 5.84

gPROMS excluded the analysis of hy;,. for MS35, therefore it is set as 0. The results
from table 4.2 show that the parameter estimation of heat loss constants to fit the
exhaust temperature is quite poor for MS35 in the case with solid loading, as the
RMSE value is high making the approximate 95 % prediction interval £11.7 K. The
parameter estimation and exhaust temperature predictions for AZ, Buchi and MS35
spray dryer with solid loading can be seen in figures 4.5, 4.6 and 4.7 respectively.
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Figure 4.5: Heat loss model validation for AZ spray dryer with solid loading
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Figure 4.6: Heat loss model validation for Buchi spray dryer with solid loading

58

terms of residuals



4. Results

349 o By 4
4 //
347 5 //
/
345 0F N /
kel — o %
] oo . . S L \
G 343 3 \ /
kel ‘» \ /
o L -4 \ /
o 341 o

339

337

335 | | | | | | | i | | | |
33 337 339 341 343 345 347 349 1 2 5 6 7 8
Experimental Experiment

(a) Parameter estimation, temperature(b) Exhaust temperature prediction in
parity plot terms of residuals

Figure 4.7: Heat loss model validation for MS35 spray dryer with solid loading

4.3 Influence of diffusion coefficient calculation on
shell formation

To observe the influence of the diffusion description of excipient B has on the surface
concentration trajectory, a simulation of the constant diffusion coefficient found in
literature and another with the Stokes-Einstein equation were compared. Simulation
of 52 pm droplet, with 20°C Tfeeq and Tgqs.

Stokes-Einstein

== =|iterature value

0 0.5 1 1.5 2
Time s

Figure 4.8: Normalized surface concentration of excipient B, diffusion described
with Stokes-Einstein equation and constant value from literature

From figure 4.8 it can be seen that the solution trajectory of the surface concentration
with the two diffusion descriptions are close. The average value of diffusion taken
from the Stokes-Einstein equation at the constant drying rate at T, p, of the droplet
Degcipient, 5 Was close to the literature value.
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The sensitivity analysis was also performed for excipient Aon an entire system of
droplets drying within a chosen Buchi spray dryer experiment, which is more relevant
both on a size and time scale for this spray drying application. Since no literature
value for excipient A was available, the value for excipient B was used. Running
the total system to complete drying with the literature value of diffusion contra the
Stokes-Einstein gave a relative difference of 0.5% for the SSA (with Stokes-Einstien
as reference).

The figure 4.9 show the normalized surface concentration evolution for some different
initial droplet sizes with the two diffusion definitions. It can be observed from the
figures that the definitions give no significant difference.
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Figure 4.9: Normalized surface concentration of excipient A with different intial
droplet sizes

The evolution of the diffusion coefficients for two different droplet sizes are shown in
figure 4.10. From these figures it can be observed that the change in diffusivity occurs
rapidly at the sensible heating towards T, &~ 296K, resulting in a diffusion coefficient
Degcipient,a Tather close to the literature value. Thus, the diffusion coefficients from
the two definitions do not show significant difference.
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Figure 4.10: Evolution of diffusion coefficient with different initial droplet sizes,
both of the diffusion coefficients are normalized with the literature value

From the definition of the Stokes-Einstein diffusion, the diffusion follows the temper-
ature trajectory strongly, via the pure solvent viscosity, see figure 4.11a and 4.11b.

-3
300 1610
..................... 15}
295+,
: 1.4
1 — n
— Ll 4 o
5/290 ' EREY
. ! ~ '
& 285 1 s12 B
I 110
280 1 \
L
T S
275 : : : 0.9 :
0 10 20 30 40 0 10 20 30 40

Time (ms) Time (ms)

(a) temperature evolution (b) viscosity evolution

Figure 4.11: Droplet temperature and viscosity evolution, initial droplet size 15

pam

4.4 Prediction particle size

To visualize the prediction of particle size, one experiment of each respective dryer
was used. Internal diffusion was defined by Stokes-Einstein equation and critical
concentrations by the literature values. Figures 4.12a, 4.13a and 4.14a below show
the inlet PSD (the droplet size distribution calculated with the atomizer model)
versus the final outlet PSD for the dried particles. Figures 4.12b, 4.13b and 4.14b
show the corresponding volume fraction per particle size for the final dried particles.
It is clear from the figures that the size distribution as well as the volume fraction
is shifted to the smaller particle sizes by drying. Compare with the volume fraction
per droplet size diameter in the Atomization model section, 3.3.1.
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Figure 4.12: AZ dryer prediction of particle size
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Figure 4.13: Buchi dryer prediction of particle size
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Figure 4.14: Buchi dryer prediction of particle size
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4.5 Prediction of Specific surface area

To visualize the model performance in predicting the SSA value an external valida-
tion running all the experiments with their respective process conditions and feed
formulations was performed. The model had the diffusion described by the Stokes-
Einstein equation and critical concentration values found in literature. The results
were mainly analyzed from the parity plot, residual and NRMSE calculations. The
simulation results of the experiments run with the model is shown in the external
validation parity plot in figure 4.15.
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Figure 4.15: External validation of model performance in predicting the SSA

It can be seen that the model consistently overpredicts the SSA in comparison to
the experimental results. In addition to these observations, it was confirmed with
the separate simulations of the experiments that the primary shell former always
was excipient A. In combination, these results suggest that parameter estimation of
critical parameters eg. critical concentration (likely to be decisive for the onset of
shell formation and in turn SSA) is possible.

The experiments used for the parameter estimation later for each dryer type is
showed with an asterix, x. Figure 4.16a show the residual plot, where Residual
= Experimental - Predicted. Figure 4.16b depicts the results from the NRMSE
calculations visaulizing that the experiments done by MS35 is best described by the
model.
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Figure 4.16: Residual and NRMSE analysis from results of external validation

To use SSA as a measurement variable is advantageous because the particle size
distribution is towards the smaller particle sizes, as seen from the particle size pre-
dictions in section 4.4. Also, it is reasonable to argue that geometrical attributes
of small particles after shell formation are mildly affected by deformation or other
morphological mechanisms. In addition, large particles are likely to have less effect
on overall SSA. The reason against using specific sizes or size distribution quan-
tiles, eg. dso for measurement variables in model validation is the lack to accurately
describing the geometrical particle evolution in simulations and possible error in-
duced in experimental measurement analysis. The analysis of powder properties is
oftentimes handled with image analysis and necessitates that the powder sample
examined is representative for the whole batch size distribution. Also geometrical
properties of particles which are not spherical are registered by orientation averag-
ing. Other measurement techniques, eg. optical use equivalent diameters, where
reference geometries need to have the same measurement properties of the particle
evaluated to be accurate [1].

It should also be noted that parameter estimation with a theoretical model of the
drying scenario risks overlooking other physical moisture transport mechanisms, as it
is seldom that only one transport mechanism dominates the whole process. Adjust-
ing transport phenomena coefficients such as diffusion may drive the theoretically
defined model to approach experimental results, even though the model in reality

isn’t valid, good enough or the variable don’t have any larger control of the system
[57].

4.6 Predicting droplet to particle transition

Results from experimental data and literature suggest that SSA has potential of
quantifying the onset of shell formation. Also, the assumptions that SSA is mildly
affected after shell formation in the second drying stage are supported by earlier
in-house results. These prove good agreement of predicted to experimentally mea-
sured SSA (by Brunauer—-Emmett—Teller analysis (BET)) from similar spray drying
systems. From the previous section, external validation results with the critical
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concentration value of excipient A from literature gave consistent over-prediction of
SSA. This motivates a search of an improved estimation of the critical concentration.

From the external validation of the unaltered model four experiments from each
dryer setting (AZ, Buchi, MS35) were chosen for parameter estimation of diffusion
and critical concentration of excipient A, see figures 4.15 and 4.16a.

As mentioned in the method section, it was found out that other components than
excipient A potentially could influence the results of the parameter estimation.
Therefore parameter estimation was run with two cases, the ’original’ (where all
components could infleunce) and with double safety (DS), (see method section).
The parameter estimation of the diffusion constant for the two cases gave the same
results, where gPROMS only performed two step evaluations. However, the result-
ing D.onstant had huge 95 % confidence interval and standard deviation, meaning
that the accuracy of the estimation was poor, see table 4.3.

Table 4.3: Parameter estimation of the multiplicatory diffusion factor with the
original and DS case

Case Final value | 95 % confidence interval | Standard deviation
Original 500 170753 77580
DS 500 171071 77725

See table 3.6 for the model validation setup with double safety margin.

For Ceit,a the two setups consistently estimated final values, supported by the small
difference in confidence interval and standard deviation in table 4.4. There was a
small difference which is likely due to that some component other than excipient A
influenced the outcome. From these results, its possible to estimate that Ceipa ~
29 £+ 4 mg/ml, see table 4.4. This value was used for further evaluation.

Table 4.4: C;; 4 from parameter estimation

Case Final value | 95 % confidence interval | Standard deviation
Original 29.36 4.27 1.94
DS 29.26 4.22 1.92

Figure 4.17 shows the parity plot of SSA from parameter estimation of Cc, a, using
values from the DS case (see table 3.7).
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Figure 4.17: DS Parameter estimation of Cg;, a for predicting the SSA

These results show that the parameter estimation of critical concentration using a
small subset of spray drying experiments across spray dryer scales give good pre-
diction of SSA. Figure 4.18 show the parity plot of SSA for external validation
validation points, using values from the DS case.
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Figure 4.18: External validation to predict SSA with Cg; o from parameter esti-
mation

The validation points also show good alignment of the predicted versus experimental
data.

Figures 4.19a and 4.19b show the residual (measured-predicted) of the SSA and the
NRMSE for each dryer type.
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Figure 4.19: Analysis of external validation results

The results show that the critical concentration derived from parameter estimation
give best predictions for the AZ spray dryer. The residual for both AZ and MS35
are low, however this is not true for Buchi. As the RMSE is sensitive to outliers,
the prediction accuracy for Buchi might be affected disproportionally from eventual
outliers (experiment 16,17,18).

The results of the parameter estimation of the diffusion constant (DS case) in figure
4.20 indicate that the diffusion is not dominant in describing onset of shell formation.
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Figure 4.20: DS Parameter estimation of Deonstant,o predicting SSA

From the trend of major iterations of the model validation for both variables in a
single experiment, it could be seen that the major iterations were much fewer and
the control seemingly worse for the diffusion factor.
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Therefore to assess the influence the diffusion factor had on the system and to
track what was driving crust formation on throughout the droplet sizes, simulations
were performed on a single experiment (assumed represensentative of all the others)
with the diffusion coefficient value from the parameter estimation and with the
unaltered system. The results showed that excipient A still was the component
forming the crust, and that the time until critical concentration was similar. The
relative difference in real time (with the Stokes-Einstein diffusion case as reference)
to reach critical concentration was roughly -6%, i.e. it took longer time to reach
crust formation.

The influence of the diffusion factor upon the system was also examined with an-
alytical equations describing the radial distribution of components valid for Pe<20
derived from the VFL model in [1, 23].

The experiment (said to be representative) was simulated using the parameter es-
timated diffusion factor, from table 4.3. Evaluating Peclet number at the constant
drying stage, the value obtained is nearing zero.

Considering equation 2.32 from the theory section,

Oy Pe; Pe? Pe?

7 7

C 5 7100 4000

at the limit when Pe; — 0 the surface enrichment E; ~ 1. In equation 2.34, (also
from theory section)

Tsat,i — TD (1 - (SO,zEl)§)>
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this mean that the influence of diffusion on the time of saturation diminishes when
diffusion is set larger, which is why the diffusion constant from the parameter es-
timation has low impact of the system (diffusion coefficient is not able to capture
droplet to particle transition). The takeaway from these results is that the con-
centration of the component of interest will be best for control, as the system is
more sensitive to concentration and is why this is a good fitting parameter (critical
concentration is able to describe onset of shell formation).

In simulations of separate experiments it was also discovered that the measurement
time in the parameter estimation was set too low for the larger droplets within
the system to dry. Running the experiment until complete drying showed that
the relative difference of the SSA value (with the complete drying case with the
parameter estimated C,.;; as reference ) was high, the parameter estimation gave an
SSA that was 21 % higher.

4.6.1 Possible implications

The parameter estimation using a small subset of experiments across spray dryer
scales suggest that estimation of critical concentration is scale independent and that
it could be used for technology transfer across spray dryer systems. The strategy
derived in this work could possibly be used to derive new information of systems/-
formulations at small scale for new API. Also, the model built in this work could
be implemented in the digital twin process library for the entire spray drying unit,
aiding further research.

69



4. Results

70



O

Conclusion

The ultimate goal of this thesis was to implement a mechanistic spray drying model
that could account for key phenomena regarding particle formation in gPROMS.
Also, evaluate the possibility to support derivation of critical process and formu-
lation parameters with the model, that could ultimately develop new formulations
and enable technology transfer.

The spray drying model was built as a hierarchical composite model within gPROMS,
using model components. The 'Drying model’ described single droplet drying (using
Maxwell diffusion model as foundation) with heat and mass balances and internal
radial distribution of solutes. Using an overall model, the drying model was cou-
pled with an atomization model to calculate simultaneous multidroplet drying from
size distribution. Each droplet/particle heat and mass balances were coupled to the
spray drying environment via spray dryer thermodyanamics using a CSTR model.

Implementation of the spray drying model in gPROMS showed that the governing
equations needed to be nondimensionalized to numerically handle the small time
and length scales of spray drying systems for inhaled powders. Reformulation of the
equations also resulted in a more robust and quick model. From model verification
with an in house model, it was shown that the constructed model had good agree-
ment in critical process parameters from eg. the time to reach critical concentration
and complete drying of pure solvent droplet. The core focus of the work was to cre-
ate a spray drying model using model components to predict shell formation, which
ultimately could be used to estimate critical parameters for onset of shell formation
such as eg. critical concentration and diffusion coefficient.

The model was validated with experimental data of large water droplet drying,
showing excellent predictions. From sensitivity analysis it was shown that the diffu-
sion coefficient defined from a literature value and by Stokes-Einstein gave similar
surface concentration trajectories. This result made it possible to use either diffu-
sion coefficient description within the model for shell formation predictions. Droplet
size distribution and the quantiles from the log-normal cumulative distribution were
found to follow the derived dig, dso and dgg from regression in a fair manner. For
each dryer the heat loss was estimated, showing good predictability of the exhaust
temperature.

In the parameter estimation it was deducted together with the analytical expression
of the time to reach saturation from the "VFL’ model that the diffusion coefficient
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(within reasonable ranges) had minor impact on the system. On the other hand,
the critical concentration was found suitable as control variable as the results of
parameter estimation were consistent for both cases (without and with modification
of the other components respective critical concentration and diffusion). It was also
concluded that the measurement time inside the parameter estimation was too short
for the droplets of the larger sizes to reach critical concentration. However, due to
time constraint and issues with implementing a simulation dependent measurement
time this was not rectified.

Using model validation tool in gPROMS, by fitting to a limed dataset (4 experi-
ments for each dryer type), the model was able to estimate critical concentration
to determine onset of shell formation. From external validation, the estimation was
shown to be robust and consistent across spray dryer scales and formulation com-
positions. To conclude, the results suggest there is potential of using the strategy
derived from this work to support formulation development and technology transfer
within the inhalation area.

5.1 Further development

5.1.1 Diffusion and mobility

It is clear that there isn’t a major difference between the results attained of surface
concentration from the diffusion coefficient taken from literature and the Stokes-
Einstein equation, see figure 4.8. Also, from the parameter estimation and analysis
with the analytical VFL solution, the overall effect and impact of the diffusion
(evaluated within reasonable ranges) on shell formation was shown to be low. Since
the influence of diffusion was low, it is likely that some other physical phenomena
describing mobility of solutes is dominant, i.e. more capable of describing shell
formation. With this background, it is reasonable to hypothesise that a viscosity
increase which stem from an increased solid content (lower moisture content) close
to the surface play a significant role describing the mobility of solute components
and is decisive for shell formation and final radial distribution.

There are considerably few model studies of the internal structure development of
spray dried particles in comparison to those describing the shell formation due to
high concentration buildup at the liquid droplet surface [22]. Tt is logical that shell
formation is initiated at the surface. However, quantification of interactions with
the subsurface such as possible secondary shell formers, due to change in plasticity,
surface activity and/or motion of components by their amphiphilic nature might be
necessary to improve the prediction of the radial distribution. As stated in the theory
surface affinity is probably one of the largest problems left to tackle concerning the
description of solute mobility.
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5.1.2 Model improvement

5.1.2.1 Single droplet drying model

In order to save resources when performing parameter estimation it might be possible
to find a cutoff time where some larger droplets are still drying and still attain a
good approximation of the SSA. The reason behind this is that larger droplets won’t
contribute that much to the total SSA as small droplets, because they have a smaller
area to volume ratio as well as the number of droplets within these sizes are small
when comparing to the amount of droplets with smaller sizes in the PSD.

To enable better more physico-chemically grounded predictions of the control vari-
able SSA for parameter estimation it might be necessary to include effects of the
shell on the mass transfer of solvent. Naturally as the shell is created the mass
transfer should be inhibited by the crust and the effects becomes larger as the solute
deposits on the inside of the shell as the solvent moves from the core to the liquid-
solid interface. It would also be necessary to explain the change in permeability
and/or porosity with the increased shell thickness. A potential improvement could
be the application of a similar mass transfer resistance such described by NeSi¢ and
Vodnik [14], or a shrinking core model.

In addition there needs to be a quantitive way to describe the effects the morpho-
logical development has on the area of the particle. It is an unlikely scenario that
the area can be assumed to be described by a perfect sphere. By the same logic,
describing a phenomena such as buckling via ideal particle shrinkage is problematic.
Perhaps it would be possible to semi-empirically correlate the ideal spherical area to
some experimental results of shape. Another potential solution could be describing
local moisture content within the shell and the capillary forces induced by drying.
Where the effects of non-evaporating particle at the end of drying also should be
added.

5.1.2.2 Dryer model

The CSTR was chosen to model spray dryer thermodynamics with supporting data
from CFD from a similar system. To evaluate the actual flow implications on the
single droplet drying model such as the temperature profile within the spray dryer
body and the droplet/particle residence time the PFR flow model should be used
instead. The PFR model would also enable examination of the impact the high
temperature region close to the atomizer nozzle has on particle formation.
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A

Appendix 1

A.1 Nondimensionalized model equations

The variables used in the equations are summarized in table A.1. Where the char-
acteristic dimensions are length L (m), mass M (kg), time t (s), temperature T (K)
and enthalpy H (J).

Table A.1: Variables involved in the model

Variable Physical property Characteristic dimension SI
m mass M kg
Cp specific heat HM-'T-! J/kgK
T temperature T K
k thermal conductivity HL'T1¢! J/smK
L, enthalpy of vaporization HM ! J/kg
C concentration ML~3 kg/m3
d diameter L m
D diffusion L2t m2/s
t time t S
p density ML—3 kg/m3

To non-dimensionalize the system of equations the time, mass and length were

converted into dimensionless variables as

-t m ~ d
l=—m=—;d=—
tS mS dS
using , ,
d prd0
te=2imy = "——:ds = dy.
D" T 6 °

Where D is the diffusion of water vapor in nitrogen gas.

A.1.1 Energy

From equation describing the heat balance,

de dm
melE == —27de<Td - Tgas) + AHUQPE




A. Appendix 1

converting to dimensionless time and mass gives

msrthl de

ts dt

using the newly defined t5, my and d, leads to

7= —2mk(Ty = Tyas) + Aoy

me dm

AH, , din

AH, , din

ATy —12kd(Ty — Tyus)
dt mpDCpy
Identifying Lewis number
I k
e =
pDC,
and rewriting A.5
dTy  —12L.d(Ty — Tyus)
dt m
Using that m,
B
m = — =
dg

into A.7 and simplifying gives

mel dl?

A, din

CZ?’ C'pl dt~

dly —12L.(Ty — Tyas)
dt d?
A.1.2 DMass
From the mass balance
dm _ _ordD(C, - C.)
dt - S oo

gives the left hand side as

~ d3 7~
msdm P dm

t, df B df
D

writing out and simplifying leads to

dm 12d

dt

A.1.3 Size

F = (G- )

dd  4D(C, — Cy)

dt pd

In non-dimensionalized terms

IT

i

(A.4)

(A7)

(A.8)

(A.10)

(A.11)

(A.12)

(A.13)

(A.14)



A. Appendix 1

A.1.4 Internal radial distribution of solutes

From the radial distribution of component concentration in SI units,

0C; _ AD; 0°C; 20G; _ KOG, (A.15)
ot d®2 \OR? ROR 2d*> OR .
By the d? law & is defined as
dd _ —K (A.16)
dt '

which in dimensionless terms leads to "Peclet’ number, observe that this is not the
same as the earlier definition of Pe in theory as D is the diffusion of water vapor in
nitrogen and not the internal diffusion coefficient.

dd? K

— = —— = —Pe. A7

dt D ( )
Non-dimensionalizing A.15 just in the time dimension gives after simplification

ot d?D\ OR? R OR 2d? OR
The initial and boundary conditions for the radial distribution do not change and
are the same as in section 2.1.2.3.

A.2 Matlab Curve fitter

A.2.1 X, moisture content solid kg wet /kg dry

Linear model Polyl: X = pl-¢ + p2; (kg wet / kg dry)
Coefficients (with 95% confidence bounds):

pl = 0.2455 (0.232, 0.2589)

p2 = 0.003576 (-0.0026, 0.009752)

Goodness of fit:

SSE: 3.692e-05

R-square: 0.9991

Adjusted R-square: 0.9988

RMSE: 0.003508

A.2.2 P,

Linear model Poly4:

with T in degree celcius

Py = pl-T* + p2-T% + p3-T? + pd-T + p; (Pa)
Coeflicients (with 95% confidence bounds):

pl = 0.0009656 (0.0009002, 0.001031)

p2 = -0.03331 (-0.0465, -0.02012)

p3 = 3.552 (2.695, 4.409)

ITT
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p4 = 18.75 (-0.8057, 38.31)
pb = 643.2 (516.2, 770.2)

Goodness of fit:

SSE: 1.765e+04
R-square: 1
Adjusted R-square: 1
RMSE: 54.23

A.3 Grid evaluation

All simulations in the grid evaluation was performed using the intial droplet size
of 52 pm, inlet feed temperature and gas temperature as 20°C. The solid loading
was either excipient A or B, the initial concentrations used were B and B mg/ml
respectively.

A.3.1 Excipient A

Table A.2: Simulation with non-uniform grid with excipient A, SI model

Grid points | tsimuiation (8) | CPU (8) | te,,,, (s) | diameter (um)
10 37.7 36.5 1.65853 25.8623
100 81.9 81.4 1.65975 25.8335
1000 1558.0 1556.3 1.65977 25.8331

The transformation coefficient a = 4.

Table A.3: Simulation with non-uniform grid with excipient A, Non-
dimensionalized model
Grid points | tsimuiation (8) | CPU (8) | te,,,, (s) | diameter (um)
10 1.5 0.3 1.65972 25.9000
100 1.0 0.9 1.66095 25.8335
1000 14.4 14.2 1.66096 25.8332
10000 160.9 158.8 1.66096 25.8332

The transformation coefficient a = 4.

Table

A.4:

dimensionalized model

IV

Simulation with non-uniform grid with excipient A, Non-

Grid points | a | tspmuation (8) | CPU (8) | te,,,, (s) | diameter (pm)
100 4 1.0 0.9 1.66095 25.8335
100 5 1.0 0.8 1.66093 25.8340
100 6 1.0 0.9 1.66086 25.8355
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Table A.4 shows a comparison between the same grid point configuration, but dif-
ferent transformation coefficients. The in-house model with the same process con-

ditions and feed formulation gave, t

A.3.2 Excipient B

Cerit

= 1.7909 s and tsimutation = 25.6782 s.

Table A.5: Simulation with uniform grid with excipient B, SI based model

Table A.6: Simulation with uniform grid with excipient B, Nondimensionalized
model

A4

Grid points | tsimutation (8) | CPU (8) | te,,,, (s) | diameter (um)
10 11.1 9.9 1.75912 23.3889
100 374 36.1 1.76037 23.3566
1000 696.4 695.7 1.76037 23.3564

Grid points | tsimutation (8) | CPU (8) | te,,,, (s) | diameter (um)
10 1.5 0.3 1.75415 23.5480
100 0.8 0.7 1.75583 23.5047
1000 10.6 10.4 1.75584 23.5044
10000 14.5 14.0 1.75584 23.5044

Model validification equations for parameter
estimation of heat loss

A.4.1 Drying without solids

magcpagj—‘imag + mdgcpdgj—’in,dg = magcpag(l + Yag)Tout

+ mdg C’pdg (1 + ng)Tout

+ mfeed{cpwater,liq (Tevap - En,feed) (A 19)

+ A]¥'uap + prater,gas (Tout - Tevap)}

+ Heat loss
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A.4.2 Drying with solids
magcpagﬂn,ag + mdngdng,dg = magcpagTout + mdgcpdgTout

+ msolid{ (Xm - Xout)(prater,liq<Tevap - T‘z )

+ prater,vap (Tout - Tevap) + AHvap}

+ msolid(cpsolid + Xoutcpwater,liq)(Tout - T; )

+ Heat loss
(A.20)
Where heat loss for both A.19 and A.20 is defined as
Heat IOSS = hpipe(irin,dg — Tamb) —|— hbody (Tout — Tamb) (AQI)

A.5 gPROMS code

A.6 Transport phenomena coefficients

Applying boundary-theory approximation necessitates transport coefficients being
evaluated at the specific boundary state. Seen from earlier works this overall model is
based upon the results of the corresponding authors models fit best to experimental
data by evaluating transport coefficients at Tintermediate Which is 1/3 of the gas
temperature and 2/3 of the droplet temperature, the "one third rule" is applied [23,
41].

2 1

,I‘intermediate = g droplet + ngas (A22)

Since diffusion within the drying gas is much quicker than in liquid, the drying gas
is assumed to be in a quasi-steady state with regards to the droplet/particle [48].

A.6.1 Nitrogen heat capacity [58]
Valid for range 100 - 500K.

E
Cp= A+ Bt +Ct* + Dt* + 7 (A.23)

Where t=temperature(K)/1000.
A=28.98641, B=1.853978, C=-9.647459, D=16.63537, E=0.000117

A.6.2 Latent heat of vaporization of water [59]
Valid for range 273 - 323K.

T 2
L =1.91846-10° . <T—3391> J/kg (A.24)

Where T is the temperature in K.
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A.6.3 Diffusion coefficient of water vapor in nitrogen [60]

Valid for range 282 - 373K.

D =187-Tx) -1071% m?/s (A.25)

intermediate

Tintermediate (K) is taken from the one third rule.

A.6.4 Thermal conductivity of air [61]
Valid for range 70 - 1400K.

Aok = C1Ti' + CoTR 2+ O3 TR + Co+ Cs T + CeT2 + CoTr+ Cs T + Co T/
(A.26)

Where A,(T) is the thermal conductivity of dilute air.

Nor = N/A, Tr = T/Tp; A = 4.358 - 103 W/mK, T.= 132.52K.

Dimensionless parameters C;:

C1 = 33.9729025, Cy = -164.702679, C3 = 262.108546, C,; = -21.5346955,

Cs = -443.455815 Cg = 607.339582, C; = -368.790121, Cg = 111.296674,

Co = -13.412246

A.6.5 Saturation vapor pressure, P, [62]
Antoine equation

B
T+C

Where P is the vapor pressure (bar) and T is temperature (K). Coefficients taken
from [62].

lOglo(P) = A —

(A.27)

A.6.6 Viscosity of water [63]
Valid for range -8°C< t < 150°C.

u(t) 20—t _3 -6 2 -8 3
l - 1.2378—1.303-10~3(20—1)+3.06-10~5(20—)2+2.55-10~5 (20—¢
Og{u@oo())} 1961 (20—t)+ (20-1)"+ (20-1)°}
(A.28)

Where t is the temperature of the droplet in °C and p(20°C') = 1002 pPas.

A.6.7 Liquid water heat capacity [64]
Valid for range 253.15 - 383.15K. Isobaric heat capacity of liquid water at 0.1 MPa.

Cpy = —Rles + 755 ni(n; + 1) a;a™ ™ + 750 my(my + 1)b; 8™ (A.29)
Where
T Tr 5 Tr
= — o = =
T Ty T, —T° T—T,
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T is temperature in K, T = 10K, T,= 593K, T, = 232K, R = 461.51905 J/kgK.
Dimensionless coefficients a;, b;, ¢;:

a; = -1.661470539 -10°, ay = 2.708781640 -10°, a3 = -1.557191544 -10®

by = -8.237426256 107!, by = 1.908956353, by = 8.546361348 -10~*

c3 = -8.983025854

With integer exponents n; and m;:

n=4,n,=5n3=7

m =2mpg=3mg=4my =5
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