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Abstract

Purpose Continuous wet granulation and drying require an adequate process control strategy to ensure the product qual-
ity. The most important critical quality attributes of dried granules are the granule size distribution and moisture content.
Process analytical technologies (PATs) are available for real-time monitoring of moisture content by, e.g., near-infrared
spectroscopy (NIRS), which requires additional installation and complex multivariate validation. Thus, a mass and energy
balance (MEB) was derived for a vibrated fluidised bed dryer, which is part of the QbCon® 1 intended for continuous wet
granulation and drying.

Method Process parameters that are frequently logged were used for the derivation of a MEB. The predicted MEB was
compared with the measured loss-on-drying (LOD) for two different formulations.

Results The model-derived data were in good agreement with the observed LOD, leading to RMSE values of 0.12-0.45.
Conclusion The implemented MEB can predict the LOD over time and thus might be suitable as a soft sensor without the
installation of additional sensors. The obtained energy flux gives insight into the heat transfer, and the derived energy bal-
ance might be used to determine the required energy under certain drying conditions.

Keywords Continuous manufacturing - Vibrated fluidised bed dryer - Mass balance - Energy balance - Process monitoring -

LOD prediction

Symbols and Abbreviations Cow Specific heat capacity of water
AFy Inlet air flow vapour
AFour Outlet air flow D Diameter
c, Specific heat capacity of air Ah, Specific evaporation enthalpy of
Clormulation Specific heat capacity of the water
formulation DoE Design of the experiment
CM Continuous manufacturing FBD Fluidised bed dryer
Clactose—MCC Specific heat capacity of the lactose- g, Specific enthalpy of dry air
MCC formulation h,, Specific enthalpy of water vapour
Conannitol Specific heat capacity of the man- KE Kneading element
nitol formulation L/S Liquid-to-solid
CQA Critical quality attributes LOD Loss-on-drying
Cp Specific heat capacity of water LOD, Loss-on-drying of starting material
LPCE Long pitch conveying element
M, Molar weight of water
>4 P eter Kleinebudde MCC Microcrystalline cellulose
kleinebudde @hhu.de X .
Ty, Mass flow of dry air
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M ga—ambient—IN

Mga—IN
Mga—our

Mass flow dry air through ambient
air entering dryer

Mass flow of dry air through inlet air
Mass flow of dry air through outlet
air
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MEB Mass and energy balance Qour Sum of leaving energy flux
Mplid—IN Mass flow of dry powder entering R, Specific gas constant of dry air
dryer Pua Density of wet air
M id—loss—OUT Mass flow of dry powder lost PracIN Density of wet air of inlet air
through filter Pra—OUT Density of wet air of outlet air
M plid—OUT Mass flow of dried granules leaving RMSE Root mean square error
dryer R, Specific gas constant of water
m, Mass flow of water vapour
1, Mass flow of wet air R,. Specific gas constant of wet air
I Mass flow of wet air through inlet SEFR Solid feed rate
air T Temperature
My mbient—IN Mass flow of water through ambient T pibiont Temperature of ambient air
air y Barrel temperature at the third
My ouT Mass flow of wet air through outlet position
air ' T compressedair Temperature of compressed air
Mo Molar Welght of water T granues Temperature of granules
My corr. Difference in water mass flow Ty Drying temperature
between entering and leaving air in Toorm Normalised temperature
empty state Tour Outlet air temperature directly after
My, evap—oUT Mass flow of evaporated water the drying chamber
My, granules—IN Mass. flow of water through granules 7, ., Outlet air temperature
entering dryer TSG Twin-screw wet granules
My, granules—ioss—our ~ Mass flow of ’water through granules T, Temperature inside drying chamber
lost through filter T, Triple point temperature of water
Wy eranules—OUT Mass flow of water through dried u; Measurement uncertainty of differ-
granules ent variables x;
1,y Mass flow of water through inlet air u, Measurement uncertainty of variable
m,_our Mass flow of water through outlet y
N Number of measurement points VFBD Vibrating fluidised bed dryer
NIRS Near-infrared spectroscopy Vib Vibration acceleration
0 Observed LOD Viy Volume flow of inlet air
D Pressure Viorm Normalised air flow
p Predicted LOD Vour Volume flow of outlet air
Dambient Pressure of ambient air X Absolute humidity
PAT Process analytical technology Xombiont Absolute humidity of ambient air
17 Relative humidity Xy Absolute humidity of inlet air
@ ambient Relat%ve hum%d%ty Oi 'ambieflt air Xour Absolute humidity of outlet air
@i Relative humidity of inlet air
Pour Relative humidity of outlet air
Div Pressure of inlet air
Prorm Normalised pressure Introduction
DPour Pressure of outlet air
Dy Saturation vapour pressure Twin-screw wet granulation (TSG) has been extensively stud-
Dy Partial pressure of water vapour ied recently [1-7]. Granule properties can be modified via TSG
0 Energy flux by changing the powder feed rate [6, 8], liquid-to-solid (L/S)
Q ir—ambiont—IN Energy flux of ambient air ratio [9, 10], screw speed [8, 11] or screw configuration [3,
Qair_ N Energy flux of inlet air 12]. Since process manufacturing is changing from traditional
Qir—out Energy flux of outlet air batch manufacturing to continuous manufacturing (CM), TSG

Qconduction—OU T

Qevapomtion—OU T

Qgrunules—IN

QIN
Qloss
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Heat loss due to conduction
Heat loss due to evaporation
Energy flux of granules
Sum of entering energy flux
Heat loss

enables the continuous production of granules. Smaller equip-
ment footprint [2], less waste production [13], better control
of product quality [14] and real-time release [13] are some
of the advantages of CM. Further processing of the produced
granules, e.g. tableting, requires an initial drying step.
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There are several dryer types that can be implemented
after TSG into a single CM line. A segmented fluidised
bed dryer (FBD) is a common method for performing dry-
ing semi-continuously. Moreover, CM lines with 6 [15] or
10 [16] segmented drying chambers are well established
by the GEA Group (ConsiGma"") [17] and Glatt (ModCos)
[18]. A horizontal FBD with a screw conveyer inside the
drying chamber was introduced by the company Lodige
Process Technology (GRANUCON®) [19]. Inspired by the
food industry, where vibrating FBDs (VFBDs) are com-
monly used, this type is also implemented into a CM line
by L.B. Bohle Maschinen und Verfahren (QbCon®) [20, 21].
A CM line from “powder to tablet” via wet granulation and
intermediate drying requires an adequate control strategy
to ensure product quality [22]. One critical quality attrib-
ute (CQA) that needs to be considered is granule moisture,
called loss-on-drying (LOD) [22].

Process analytical technologies (PATs) allow real-time
monitoring of CQAs such as LOD. Therefore, microwave
resonance technology [23], NIRS [24] or Raman spectros-
copy [25] is widely used. A disadvantage of these meth-
ods is the implementation and validation of an additional
sensor [24]. Another approach based on thermodynam-
ics is the calculation using the mass and energy balance
(MEB) for real-time LOD control. For the implementation
of MEB, a further sensor installation is not necessary as
it is based on the already included standard sensors that
continuously log process values such as relative humidity,
temperature, pressure and air flow of the inlet and outlet
air. Regarding dryers intended or implemented for the CM
line, the derivation of a MEB was already investigated for
the GPCG2 FBD with 10 segments including the usage
of NIRS with good prediction of the LOD [24]. In addi-
tion, for the 6-segmented FBD of ConsiGma'', a MEB
was examined [26] compared to PAT by Raman as well
as NIRS [25], which provided good correlations. Math-
ematical modelling enables the prediction of LOD and
was previously introduced for drying via FBD [27] or
VFBD [28] in the food industry. In the pharmaceutical
field, a mathematical model was investigated for horizon-
tal FBD combined with a screw conveyor using drying
kinetics for the prediction of LOD [29]. In addition, for
the FBD of ConsiGma' ', a process model was established
as a soft sensor [30] as well as mechanistic modelling for
the simulation of LOD at different granule size fractions
[31]. A combination of a data-driven technique using a
latent-variable model and a knowledge-driven mechanic
model applied for a segmented FBD. Thereby, fault detec-
tion and cause detection were obtained [32]. For the VFBD
grey box modelling [33], flowsheet simulation [34] and a
one-dimensional plug flow model [35] were constructed.

The aim of the present work is the stepwise derivation
of a MEB for the continuous VFBD of QbCon® 1 using

logged process values of the sensors installed in the dry-
ing and granulation unit. This offers the first step toward
the development of an orthogonal method, which might
be used additional to another PAT method. The applica-
bility of the set MEB to predict the LOD of two different
formulations at different LOD ranges was investigated as
well for gain insights into the energy flux during heating
and drying.

Materials and Methods
Materials

Two formulations were applied for wet granulation and dry-
ing, which contained either 97% (w/w) mannitol (Pearlitol
200 SD, Roquette, Lestrem, France) or 80% (w/w) alpha-lactose
monohydrate (Granulac® 200, MEGGLE GmbH & Co. KG,
Wasserburg am Inn, Germany) and 17% (w/w) microcrystalline
cellulose (MCC, VIVAPUR® 101, JRS PHARMA GmbH &
Co. KG, Rosenberg, Germany). 3% (w/w) polyvinylpyr-
rolidone K 30 (Kollidon® 30, BASF SE, Ludwigshafen,
Germany) was used as binder in both formulations. Deminer-
alized water served as the granulation liquid.

Preparation of the Powder Mixtures

The mixtures were blended in 5 kg batches for 20 min at
25 rpm in a laboratory-scale blender (LM 40, L. B. Bohle
Maschinen und Verfahren GmbH, Ennigerloh, Germany).

Twin-Screw Wet Granulation and Drying

Continuous wet granulation and drying are performed using
QbCon® 1 (L.B. Bohle Maschinen und Verfahren GmbH,
Ennigerloh, Germany) comprising a feeding unit, a twin-
screw wet granulator and a continuous vibrated fluidised bed
dryer. For granulation, a screw diameter (D) of 16 mm and
a total screw length of 20.15 x D were set. The screw con-
figuration contained long pitch conveying elements (LPCE),
short pitch conveying elements (SPCE) and kneading ele-
ments (KE) with a stagger angle of 60°. The following screw
configuration was used from inlet to the outlet: 4D LPCE-
3.75D SPCE-1.2D (6) KE-5D SPCE-1.2D (6) KE-5D SP
CE. A gravimetric feeder (DIW-PE-GZD-P 150.12 Gericke
AG, Regensdorf, Switzerland) was used to feed the powder
blend and the granulation liquid was fed via a micro-gear
pump (MZR-7205, HNO-Mikrosysteme GmbH, Schwerin,
Germany) with a nozzle diameter of 0.12 mm. The liquid
port was set before the first kneading block. Solid feed rate
(SFR) of 1.2 kg/h, screw speed of 100 rpm, L/S ratio of 0.15
(mannitol formulation) or 0.20 (lactose-MCC formulation)
and barrel temperature of 25 °C were kept constant for all

@ Springer
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Table 1 Drying conditions using mannitol (M) and lactose-MCC (L)
as the formulation

Experiment Ty [K] AF;y [Nm?] Vib [m/s?]
M1 321.15 12 45

M2 321.15 18 7.5

M3 333.15 15 6

L1 321.15 18 7.5

L2 333.15 15 6

L3 345.15 18 7.5

experiments. After reaching a uniform torque fluctuation in
the TSG process, the granules were supplied to the drying
chamber. The dryer was preheated for each drying condi-
tion for 1 h. The process was run for 1 h under constant
granulation and drying parameters. In total, 3 different dry-
ing conditions were selected from a previous publication
[21] for each formulation to obtain different LOD ranges.
Therefore, different parameter settings for the drying tem-
perature (1), inlet air flow (AF ) and vibration accelera-
tion (Vib) were used. Mannitol and lactose-MCC granules
were dried as listed in Table 1. Samples of dried granules
were taken every 5 min and stored in glass containers sealed
from air until the LOD was measured in triplicate. The inlet
and exhaust air humidity, temperature, air flow and pres-
sures were recorded internally by the sensors installed in
the equipment. The ambient relative humidity (@,,,,p;.n,) and
temperature (7,,,.,,) Were noticed every 30 min using wire-
less temperature and humidity sensor testo 175 H1 (Testo SE
&Co. KGaA, Titisee-Neustadt, Germany). The ¢, ;,,,, Was
converted further into absolute humidity (X_,,,,piens)-

MEB was derived stepwise using an additional run for
lactose-MCC with the previously described granulation
parameters. For this, a heating phase of 80 min in an empty
dryer was investigated and the granulation and drying were
conducted over 150 min. The LOD was determined every
5 min with n=1. Granules were dried at 321.15 K with
an AF,y of 18 Nm*h and 7.5 m/s? as Vib (L1 according to
Table 1).

Design of Experiment—Empty Dryer

In a previous study, the recorded temperatures inside the
empty drying chamber were lower than the set 7jy. [21]. In
addition, the outlet temperature (7,,,;) was lower because
of the heat conduction of the stainless steel drying cham-
ber, which led to thermal energy loss [21]. The approach
of investigating empty dryers using a design of experi-
ment (DoE) was already introduced by Pauli et al. [24] and
was implemented for the MEB of the VFBD. A central
composite circumscribed DoE was conducted using T}y
(313.25-353.05 K) and AFy (10.1-19.9 Nm?/h) as factors.

@ Springer

The DoE setup is listed in Table 2. The distance between the
center and star points a according to Myers et al. is 1.414 to
obtain a rotatable and orthogonal design [36]. Thus, a total
of 11 experiments were performed involving a center point
conducted three times in randomised order. The DoE was
built and analysed using MODDE (V13.0, Sartorius Stedim
Data Analytics AB, Malmo, Sweden).

The dryer was initially preheated at the beginning of each
day for 30 min. Each run was performed for 2 h. For evalu-
ation, only the mean of the last 10 min was used. To moni-
tor the temperature and humidity along the drying chamber,
12 wireless temperature and humidity sensors (RHTemp
1000Ex, MadgeTech Inc., Warner, USA) were used. A
detailed description of the position of the sensors inside the
dryer can be found in a previous study [21]. Therefore, the
temperature inside the drying chamber recorded at position
4 (Tgy), which is close to the inlet of the hot air, was used
as the response for this DoE. T,,;;; is measured directly at
the outlet of the drying chamber and was also investigated
as response. Figure 1 shows the locations of the investigated
sensors used in the DoE.

Calculation of Absolute Humidity

The measured relative humidity was converted into the abso-

lute humidity mixing ratio X according to Eq. (1) [37].

Xl:ﬁjl :MWG[EV % pWV
kg Mair (p - pwv)

* 1000 (1)

My,.., and M ;. are the molar weights of water and air,
p,.» describes the partial pressure of water vapour and p
the pressure.

Table 2 CCC-DoE setup with coded and uncoded factors in an empty
drying chamber

N° Factors (coded)
AFy [Nm*h] DT [K]
1 11.5(-1) 319.05 (- 1)
2 18.5(+1) 319.05 (- 1)
3 11.5(-1) 34725 (+1)
4 18.5(+1) 34725 (+1)
5 10.1 (—1.414) 333.15 (0)
6 19.9 (+1.414) 333.15 (0)
7 15.0 (0) 313.25 (—1.414)
8 15.0 (0) 353.05 (+1.414)
9 15.0 (0) 333.15 (0)
10 15.0 (0) 333.15 (0)
11 15.0 (0) 333.15 (0)
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Fig.1 Sensor location with
investigated factors and
response values in the DoE in
the empty drying state

]

«— Tour [K]

exhaust filter

N

f A
|

TSIEI\I [K]

[Nm¥/h]

compressed
air

Determination of Water Content (LOD)

Every 5 min, a sample of the dried granules was taken,
and the LOD was analysed offline using a moisture
analyser (MA 100, Sartorius, Goettingen, Germany). A
sample size of approximately 2 g of the dried granules
was dried at 80 °C (lactose-MCC formulation) or 105 °C
(mannitol formulation). The termination criterion, where
the measurement stopped, was set at 0.1% of the mass dif-
ferences within 150 s. Measurements were performed in
triplicates. The LOD of the starting material of each pow-
der composition was also measured in triplicates before
granulation and drying of each drying process using a
sample size of 4 g.

LOD Prediction Performance Using Root Mean
Square Error

The prediction performance of the LOD using the mass
balance was investigated using the root mean square error
(RMSE), which was calculated according to Eq. (2) [38].
The RMSE describes the average difference between the
predicted LOD (P) and the observed LOD (O). Therefore,

Tin [K]

inlet valve

heater

N displays the number of measurement points using N=12
for all experiments.

RMSE = 2)

Propagation of Uncertainty

The Law of Propagation of Uncertainty is used to calculate the
measurement uncertainty u, of a variable y subject to measure-
ment uncertainties u; of different variables x; and where f(x;)
is the functional relationship between y and x;. The measure-
ment uncertainty u, can be calculated according to Eq. (3) [39].

3

The uncertainty in y can be presented as the range of reli-
ability according to Eq. (4) [39]. In the following work, uy is
labelled as uncertainty.

y =f(xi) * uy (4)

@ Springer
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Table 3 Observed responses of N°

. Responses
DoE in an empty dryer

Tsiev TourlKI]

(Tgranutes)

[K
1 317.21 306.14
2 318.08 308.55
3 342.58 317.39
4 344.15 322.39
5 329.66 311.43
6 331.39 316.50
7 312.26 303.83
8 347.71 321.85
9 330.53 313.10
10 330.40 314.29
11 330.25 312.89

Differential Scanning Calorimetry

Differential scanning calorimetry measurements were con-
ducted using a 1 STAR® system (Mettler-Toledo GmbH,
Gieflen, Germany). Samples pf 3-5 mg were weighed into
sealed aluminium pans and heated from 0 to 260 °C (lactose-
MCC formulation) or to 220 °C (mannitol formulation) at a
rate of 10 °C/min.

Results and Discussion
Investigation of Empty Dryer

A previous study showed a difference between the set Ty,
and T,;r in empty state [21]. As the stainless-steel dryer
and sieve bottom are heated, there is a loss in thermal
energy due to heat conduction. This loss of thermal energy
is not associated with the evaporation of water during

BR2

mQ2

[ Model validity
[ Reproducibility

Tgranules
N=11; R2=0.989; RSD=1.333; DF=8; Q2=0.980

Fig.2 Summary of fit and observed versus predicted plot for the model of T

@ Springer

Observed [K]

drying. Therefore, a model for Tg;, was set up from
the DoE in the empty state. Table 3 gives an overview
of the observed responses used to build the following
model. Correlating Ty, against AF,y and T, enables
the prediction of the conductive energy loss between T,
and T,;;7. According to Pauli et al. [24], the predicted Ty,
based on AF;y and T, equals the theoretical granule
temperature (7,,,,..s) as predicted by the temperature of
the air that leaves the sieve bottom. Thus, in empty state,
the Ty ideally equals Tjy as well as Typ. During drying
of granules, the T}y is higher than T,,;;; and consequently
Ty or Typnes- Hence, the observed response T - was
applied as a factor for predicting T, as this temperature
is closer to T, due to evaporation compared to 7}y .
Figure 2 displays the evaluation of the set model for
predicting T, ., Using a summary of fit. R?, which is a
measure of fit, and Qz, which is the prediction ability, were
close to 1.0 (>0.98). The high value in reproducibility
resulted in lower model validity. The observed versus
predicted values using the model are also shown in Fig. 2.
Equation (5) was used further in the MEB to predict the

T granutes @t the conducted drying conditions.

T granuies| K1 = =0.87 % AF )y +2.00 * Tpyp — 28287 (5)

Derivation of Mass Balance
Placement of Sensors

The derivation of MEB is based on the sensors installed
in QbCon® 1, which are displayed in Fig. 3. The tem-
perature of the compressed air (T.,,,ressedqir) and relative
humidity (¢;y) is measured before the air is heated to the
set Tyy. @y is converted into the absolute humidity of the
inlet air (X;y). Before the hot air enters the drying cham-

ber, the AF;y, T;y and inlet pressure (p;y) are recorded.

350+ -
| ..
45 /{
| .. -
340+ d
3351
330 Y 4
3251
320 p
e
315
@
310+ o . . :
310 315 320 325 330 335 340 345 350
Predicted [K]

N=11; R2=0.989; RSD=1.333; DF=8; Q2=0.980

granules
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Fig.3 Sensor positions of the
measured process parameters
for the MEB

powder feeding

O

SFR [kg/h]

[Nm®/h]

/@L liquid feeding

Toarreis [K]
|

AFoyr
Tourz [K]%0ur [%]

l ) - Tour[KI
= . out
I_I Pour [hPa]

exhaust fan exhaust filter

o
»

éﬁ
1

product filter

granulator

KN

£

[“— Pambient [NP3]

LFR [kg/h]

P

compressed
air

valve

The ambient pressure (p,,pien,) 1S recorded by the equip-
ment. Hot and dry air exits the drying chamber by pass-
ing through the product filter. At the outlet, the pressure
(poyr) and T, are measured. After passing the exhaust
filter, the outlet temperature (T,;,) and outlet relative
humidity (¢@oyr) are recorded and used for the calcula-
tion of the absolute humidity (X,;). The outlet air flow
(AFyyr) is obtained after exiting the exhaust fan. The
black arrows represent the flow of air, whereas the dashed
arrows show the material flow. During granulation, the
SFR and liquid feed rate (LFR) are recorded and the barrel
temperature at three positions. The third position (7},,,,.13)
was used for the calculations of the energy balance as it is
close to the outlet of the TSG and closely represents the
temperature of the granules entering the drying chamber.

Derivation of Mass Balance—Empty Dryer

The mass balance calculation assumed that the amount of
mass entering a system equals the amount of mass exiting a
system. In the used VFBD, the mass balance was first calcu-
lated under empty conditions. Therefore, the water and dry
air which enters the drying unit via the inlet air should equal
the mass of water and dry air leaving the dryer through the
outlet air. Table 4 lists the parameters used to demonstrate
the mass balance in the empty state.

AFy and AF ,; are indicated as the norm volumetric
flow (V,,,,,) for a norm pressure (p,,,,) of 101,325 Pa and
norm temperature (7,,,,,,) of 273.15 K. Therefore, the norm
conditions are calculated for the operating volume flow for
inlet (V,N) and outlet air flow (VOUT) derived from the uni-
versal gas equation according to Eq. (6) [40]. Consequently,
V,y and V, are calculated as follows:

compressed air [K]

clfamber

P [hPa]

inlet valve product outlet

heater

_ pnorm * Vnnrm * T

B Tnorm * p (6)

4[]

101325 Pa * 18.01“{ % 296.45 K 3

. o

V= =19.27—
IN 273.15 K * 102780 Pa h

. 101325 Pa * 18.22™ « 304.75 K 3

Vour = =20.34—

273.15 K % 101240 Pa h

To determine the mass flow of wet air (7i1,,,,) through V,, the
density of wet air (p,,,,) is calculated according to Eq. (7) with

Table 4 Process parameters used to demonstrate the MEB of deriva-
tion at a certain time point in an empty dryer

Process parameter Value at ¢
AFy 18.01 Nm*h
Teompressedair 296.45 K
PN 5.44%

Xin 0.944 g/kg
PN 1027.8 hPa
Tix 321.15K
Tour 308.85 K
AFqyr 18.22 Nm*/h
Tour 304.75 K
Pout 2.43%
Xour2 0.696 g/kg
Pout 1012.4 hPa
Tambient 297.35K
Pambient 40.9%
Xmbient 7.67 g/kg
Pambient 1016.0 hPa

@ Springer
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the specific gas constant of wet air (R,,,) which is calculated
using Eq. (8) [40]. Where R, is the specific gas constant of
dry air, defined as 287.Okg+<K, and R, of water vapour defined
as 461.5 kg%K' @ is the relative humidity and p, the saturation

vapour pressure.
kg p
R
Rua [k : K] = N ®)
g * _ Ps _ Ru
L= P * (1 R, )

Thus, the calculated densities are 1.207% of inlet air
(Prq—iy) and 1.157% of the outlet air (p,,,_oy7)- M, Of inlet

(rin,,,_;n) and outlet air (7i1,,,_7) 1S calculated using Eq. (9):
. kg .
My | 7| = Pwa * Vo (9)
h
kg m? kg

n,, =1.207— % 19.27— =23.26—=
Myya—IN 07m3 * 19.27 h 3.26 h

k 3 k
i, our = 1.157~2 % 20.34™ = 235328

m3 h h

By using ri1,,,, and X, the mass flow of dry air (riz;,) and water
through the air (ri7,,) is calculated using Eqs. (10) and (11):

| kg 1y
]

k
mw[—g] = tingg % X an

h

kg
= 23.26r 0 4]E
‘ 1+0.944 % 1073k h
kg
. kg kg kg
gy = 2324? % 0.944 % 10 3k—g = 00219?
2353k K

Myq_our = L = 2351%

1+0.696 % 1073%e
kg

k k k
N 23'51Fg + 0.696 10—31(—g - 0.0164Fg
g

There is a deviation between the incoming and outgoing
rig, and ri,,. 0.0055 % more water enters the drying chamber

@ Springer

through the air but not exiting. At the same time, 0.27%
more dry air leaves the system. Vacuum is applied in the
drying chamber at the outlet of the TSG and thus ambi-
ent air can enter the drying chamber by attraction. In addi-
tion, through the rubber seals around the drying chamber,
ambient air could have entered, which has a higher rela-
tive humidity. Therefore, the assumption was made that the
difference between the supply and exhaust dry air is equal
to the iy, from the environment (7i1,_ . pienr—iv)- Thus, the
M g,_ampient—iv 15 determined by converting Eq. (12) and the
water entering the drying chamber through the environment
(11— gmpiens—in) 18 calculated using Eq. (11).

Mya_iN + Mgy_ambient—IN = Mga—oUT (12)

K K K
Bty = 23.51Tg - 23.24?g - 0.27?g

k k k
i W= 0.27Fg £ 7.67 % 10—31(—g = 0.0021-2
g

w—ambient— h

Despite this, the mass balance of inlet and outlet water
is not in balance and due to the ambient air an even higher
amount of water entering but not leaving the system. The
same phenomenon was observed by Mortier et al. [26] for
the investigated datasets using the six segmented FBD of
the ConsiGma' from GEA. The authors had no expla-
nation for the difference in the empty state. Thus, each
sensor has an uncertainty that is considered in the calcu-
lations as described in the “Propagation of Uncertainty”
section. The existing difference in water in the empty state
is defined in the following study as according to
Eq. (13).

w—corr.

1 = (mw—IN + mW—ambient—IN) — Wy,_our (13)

W—Corr.

For the shown example, the 7,_,,, corresponds to
0.0076]% and needs to be added to the amount of water leav-
ing through the outlet air (#1,,_, ) While drying the gran-
ules for the prediction of the LOD. To determine 7,,_,,, ,
a heating phase before starting the granulation and drying
process is required. In contrast to Mortier et al. [26], no cor-
relation was found between the difference in 7, and inlet air
temperature. The authors used a linear regression with all
taken data points and added the “offset” in their publication
to the mass balance. With this correlation, they had a good
agreement between the measured LOD and the predicted
LOD. Figure 4 displays the 7,,_,,,. over the time including
the sensor uncertainty. Therefore, the heating phase starting
from zero is included. Considering the sensor uncertainty,
the calculated value covers a large range. As pressurised air
is used as inlet air, which cannot be controlled, some fluctua-
tions are possible.
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Fig.4 Heating phase in empty dryer at 48 °C—18 Nm*h-7.5 m/s?
over 80 min, n=1 with 4800 measuring points, 7 + uncertainty

w—corr—

Derivation of Mass Balance—Drying of Granules

The mass balance while processing in an empty state con-
sidered only entering and exiting air. With granulation and
drying, more factors are involved in the balance. Figure 5
shows an overview of the factors involved in the setup of
a MEB for drying after TSG using a VFBD. The blue
arrows show the flow path of air, whereas the black arrows
show the transportation path of the granules. Water enters
the drying system via the granules, inlet air and ambient
air and leaves via the outlet air, with dried granules and

Mya-ouT
My_ouT

Mg, -—ambient—IN
My _ambient—IN A

Mgo)id-IN @

mw—granules—lN

Qgr;nml(‘s%.\
Q;unl)ionl air-IN %

\ A 4

Qrv;lpnr;ltin
Mgolid—loss—OUT
n1w—granu|es—loss—0UT v

gets lost due to fines that remain trapped in the product
filter. The loss of granules (7i,,;,_;,s—our) and hence the
loss of water in the granules (1, _gnuies—ioss—our) Were
neglected in the further calculations. While drying, energy
enters the system via heated air (Q,;,_;y), ambient air
(Qambient—air—in) and granules (Qyues—y) and exits the
dryer through the outlet air (Q,;,_oyr). conduction of the
dryer (Q,.,nauerion—our) and energy applied for evaporation
(Qempmmmn_OUT) of water from the wet granules. The
energy flux during drying is presented in orange.

The stepwise derivation of the mass balance for the
dryer in the empty state is demonstrated in the “Derivation
of Mass Balance—Empty Dryer” section. The derivation
of the mass balance during the drying of granules is shown
using an exemplary timepoint from the same drying pro-
cess as in the demonstration of the empty dryer only after
the heating phase, where now granules of lactose-MCC
formulation were dried. The process parameters used for
the calculations are listed in Table 5.

Based on Fig. 5, the following mass balance for water
while drying and neglecting the loss of granules through
the filter can be set up as shown in Eq. (14). In addition
to air, the water entering the system through the granules
(1, granutes—1v) @nd water leaving the system through the
dried granules (711,,_g,pe5—our) 18 involved in the balance.
After rearranging Eq. (14) according to it the
LOD can be calculated.

w—granules—OUT »

my,_ N + My ambient—IN + mw—granules—IN
(14

=m,,_our + My corr., + mw—granules—OUT

TQ;m OUT

T

a

n—0U’
RN concin-ov

mW—COl‘l‘.

R PRI R RO ICRIE R TR ICE S

Mga-IN
my,_ N

Fig.5 Overview of factors involved in the MEB during drying via VFBD

>
Msolid—ouT .

mw—granules—OUT

i Q;ail‘ IN
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Table 5 Process parameters used for the demonstrating the MEB der-
ivation at a certain time point during drying and granulation of the
lactose-MCC formulation

Process parameter Value at ¢
AFy 18.01 Nm*h
Teompressedair 298.95 K
PN 4.88%

Xin 0.985 g/kg
PN 1026.5 hPa
Tix 321.15K
Tour 298.45 K
AFqyr 19.03 Nm*/h
Tour2 300.05 K
Pout 42.37%
Xour 9.389 g/kg
Pout 1011.5 hPa
Tambient 298.85 K
Pambient 36.1%
Xmbient 7.40 g/kg
Pambient 1015.0 hPa
SFRy 1.196 kg/h
LFR 0.24 kg/h
LOD, 0.93%
Tharrels 298.85 K

First, the mass flow of the solid into the dryer (vi,,;;;_v) 1S
calculated by excluding the water content of the starting mate-
rial (LOD,) using Eq. (15):

. kg| SER ! LOD,

Msotid-N | 37 | = =700 (15)
. kg 0.93% kg

Myolid—IN = 1196? * (1 - T(;) = 1.185F

Next, the theoretical liquid mass flow entering as
1y, granutes—iv 18 calculated using the LFR and LOD, accord-
ing to Eq. (16):

. kg . LOD, .

mw—gmnules—lN K = LFR 100 * SFR (16)
K K K

P grames—ix = 0.24?g x (0'19030% . 1.196%) - 0.251%

The incoming and outgoing mass of water were calculated as
described in the empty state using Egs. (4) to (10). Based on this,

the calculated mass flows are as follows: i1,,_;,, = 0.0229 %;
mw—ambient—IN = 0'00731%; mw—OUT =0.228 k?g ThemW—corr.iS

used from the heating phase of the dryer and corresponds to

@ Springer

0.0076 % Equation (14) was converted to 7i
is described in Eq. (17) as follows:

w—granules—OUT and

kg

mw—gmnules—OUT[ h ] =Mmy,_ N + My ambient—IN

+ My eranules—IN — Myw—our — Myw—corr.

(17)
. kg kg kg
Py gramules—OUT = 00229? + 0'0073F +0.251 ™
kg kg kg
—0.228-2 - 0. -2 =0.0462-2
0 Sh 00076h 0.046 -

Consequently, the difference between the 7, _ o, qses—iv
and the m,,_y,005—our corresponds to the mass flow rate
of evaporating water (r1,,_,,,,_oyr) While drying described
in Eq. (18):

. kgl _ :
mw—evap—OUT h = mw—gmnules—IN - mw—gmnules—OUT (18)

. kg kg kg
By evap—0UT = O.ZSIT - 0.0462r = O.ZOSF

With the assumption that no granules are lost while dry-
ing, the inlet mass flow rate of the powder r1,,;;,_;y equals
the outlet mass of the dried granules (ri,,;;;_oyr)- Equa-
tion (19) describes the calculation of the LOD.

mw—gmnules—OUT

LOD[%] = -

- x 100 (19)
Myolia—-out + mw—gmnulm—OUT

0.0462%8

LOD = * 100 = 3.75%

1.185‘% + 0.0462kh—g

In comparison, the measured LOD at 130 min was 3.73%,
which is close to the predicted LOD for this example of
3.75%. The demonstration does not include the uncertainty
of the sensors used for the prediction. Figure 6 displays
the predicted and measured LOD over time, including the
model uncertainty. Thereby, the prediction with uncertainty
covered a range of 3-4% for the LOD over the process of
150 min. The high fluctuations reached a steady state after
90 min of processing. Thus, a higher precision of the predic-
tion is reached at the same time when 7, also achieves
equilibrium. While production, longer processing times are
obtained, and thereby, higher precision of the predicted LOD
is obtained. Nevertheless, the prediction via mass balance
showed good agreement with the measured LOD. The meas-
ured LOD increased in certain time periods, which is also
covered by the predicted LOD values. An RMSE of 0.54%
was obtained.
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Prediction of LOD by Mass Balance

The application of the mass balance for prediction is dis-
played for the two formulations (mannitol and lactose-
MCC). Each formulation was processed under three different
drying conditions to cover different ranges of LOD. Figure 7
displays the prediction vs. measured LOD while drying man-
nitol and Fig. 8 shows the lactose-MCC with the related
heating phase. The water difference through incoming and
outgoing air r1,,_,,, was determined for each run using the
heating phase and is displayed in Figs. 7a and 8a. Thereby,
the m1,,_,,,.. showed different values and fluctuations as the
experiments were not conducted on the same day except
for the granulation and drying for the first and third drying
process (M1 and M3). The r1,,__,,, showed a similar value
compared to the drying conditions at M2. The conditions of
the compressed supply air cannot be controlled, which might
be a reason for the different obtained ri1,,_,.,,. values at differ-
ent drying parameters and thus days. Applying higher T} or
AFy resulted decrease in LOD. Decreasing Vib might lead
to lower LOD depending on AFy as the residence time of
the granules is affected. The measured LOD over time lies
within the predicted values (Fig. 7b). The predicted LOD
showed high fluctuations, which can be attributed to the
variation in absolute humidity during drying. The X, is
measured at the outlet. The granules enter the drying cham-
ber in a wet state at low temperature, and along the dryer,

Predicted L uncertainty

TOUT2
c Measured

Time [min]

they are dried, and water is evaporated. The sensor itself
covered all different drying stages at one position, which
might explain the fluctuations in the absolute humidity of
the outlet air. By changing the drying parameters from left
to right (Fig. 7b), the obtained LOD decreased and the pre-
dicted LOD fluctuations decreased. The RMSE showed a
smaller value and thus corresponded better at lower LOD or
higher drying efficiency. While drying the mannitol granules
at M1, the predicted LOD exhibited the highest fluctuations.
It might be that the drying capacity was not high enough to
remove water from the granules compared with the higher
drying temperature. Thus, resulting in an uneven evapora-
tion of the water.

Comparing Figs. 7b and 8b, drying of lactose-MCC
showed a lower fluctuation of the predicted LOD values.
This indicates that the fluctuation of the absolute humidity
is less, and uniform drying is obtained. Drying of lactose-
MCC at L3 showed the highest variation in the prediction of
the LOD over time. In addition, the obtained 1,,_,,,, with
uncertainty is the highest (Fig. 8a). At higher T} and AF,
the uncertainty of the sensor is higher. Drying at L1 showed
good agreement between the prediction and the measured
LOD. After 45 min, a higher LOD was measured by using the
mass balance. An increased LOD was also observed in the
measurement. Finally, the predicted results for the two for-
mulations using the established mass balance exhibit a good
correspondence between the prediction and measured LOD.
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Derivation of Energy Balance
Derivation of Energy Balance—Empty Dryer

The surfaces of the VFBD consisting of stainless steel
were heated via convection, resulting in additional heat
loss in addition to the evaporation of water while dry-
ing. Therefore, the energy entering and leaving the system
was determined. In the heating phase, the energy balance
considers the ambient air, inlet air and outlet air. This esti-
mates the heat loss due to convection and thus the heating
of the dryer surfaces. The specific enthalpy of humid air
or energy flux (Q) is calculated according to Eq. (20) with
the specific enthalpy of dry air (h,,) and water vapour
(h,,) [40].

Q[E] = Ig, * hy, + 1, * h,,,

5 (20)

@ Springer

B Measured | sd

3600 measuring points, predicted + uncertainty and measured LOD
with n=3, mean + standard deviation

The calculation of &, is determined using the simplified
Eq. (21) using the specific heat capacity of air (c,) with
the value of 1.006 L

kgxK

T, is the triple point of water at 273.16K [40].

. T is the temperature of the air and

» [E] =, +(T-T,) @)

kg
The calculation of 4, is done according to Eq. (22) where
Ah,,, is the specific evaporation enthalpy of water at T,

applied with the value of Ak, = 2500.911:—; and c,,, is the

specific heat capacity of water vapour with 1.888](:—>:K [40].

kJ
hwv [E] = Ahwv tc,, * (T - Ttr) (22)
According to Egs. (20)—(22), the specific enthalpy respec-
tively O of the inlet, ambient and outlet air are calculated for
the empty dryer as follows:
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kg kJ
Qir—our = 23. 51? 1.006kg <

% (308.15 — 273.16)

kg kJ kJ
+ 0.0164— 2500.9— + 1.888
< * ( kg * kg * K

—8697E—2416W

For the heating phase, the energy balance can be calculated
according to Eq. (23). The difference between the incoming
and outgoing energy flux corresponds to the heat loss (Q,,,)
which is in empty dryer due to convection from the air to the
dryer surface. The percentage Q,,, is determined according to
Eq. (24) resulting 27.1% heat loss during the heating phase due
to the heating of the stainless-steel parts of the drying chamber.

Qair—lN + Qambient—air—lN = Qair—OUT + Qluss (23)

Qloss = (Qair—IN + Qambient—air—IN) - Qair—OUT
=3274W+39W)-241.6 W=289.7W

; le?

Qloss[%] = —— 100 (24)

Qair—IN + Qambient—air—IN

: 89.7 W
%] = —————— % 100 =27.1%

Qo1 = 7 s W+ 30w * ‘

Derivation of Energy Balance—Drying of Granules

In addition to the air, granules entering and leaving the drying
system at a certain temperature are included to set the energy
balance in Eq. (23) resulting in Eq. (25). The wet and dried
granules consist of a specific enthalpy, which is calculated
using Eq. (26). The specific heat capacity of each formulation
was determined using differential scanning calorimetry and

% (308.15 — 273.16)))

resulted for lactose-MCC in ¢;,./p0—r1cc = 1- 841 and for

=1. 758“ CW

ity of water with a value of 4. Py

mannitol in ¢ is the spemﬁc heat capac-

mannitol —

kg+K’

Ouir—tv + Qumbient—air-in + Coranutes—in = Cuir—ouvr + Q granutes—outr T Qloss

(25)
(26)

= Myia * Comutation * (T = Tpr) + xc, x (T—T,)

Qgranutes = My, eranules

For the entering granules, the T}, 1S used as the tempera-
ture, and for the leaving granules the temperature T, 1
predicted according to Eq. (5). Thus, the energy flux of the
granules is determined as follows:

Nm

T, =—087*1801T+200*29845K 282.87 = 298.36 K

granules

o) 11858 4841 N *(29885K—27316K)+0251]§
granules—IN — ** h . kg « K . . . h

kJ
298.85 K —273.16 K) = 83.26 —
K*(9885 73.16 K) = 83 6h

w422 =231 W
kg

. kg kJ
Qgranules—OUT = 1185? * 1.841 kg * K

% (298.36K — 273.16 K)

kg kJ
0.0462-2 % 4.22
* b kg K

* (298.36 K — 273.16 K)

=59.80%) — 166w
h

The energy flux of the air while drying is calcu-

lated as for the heating phase and resulted in the exam-

ple in Qair—lN =328.1 W’ Qamhienz—air—IN = 123 W and

a Heating phase Drying of granules b Heating phase Drying of granules c Heating phase Drying of granules
600 4 , r323 600 4 , r 323 600 - r323
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Fig.9 Q of incoming and leaving energy, Q,,, and Toyy during the heating phase and drying at M1 (a), L1 condition with longer time (b) and

L3 (¢), n=1, value + uncertainty
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Table 6 Q of incoming and leaving energy in [W1, O, [%] and Ty [K] during the heating phase and drying of mannitol granules under differ-
ent drying conditions, n=1 with 300 measuring points (heating phase) and 600 measuring points (drying of granules), mean + uncertainty

Experiment Heating phase Drying of granules

QIN QOU T Qlass TOU T QIN QOUT Qloss TOU T
M1 234.1+23 1704 +2.0 272+1.3 307.3 261.5+2.6 2703 +3.1 -34+1.6 297.9
M2 3429 +2.8 257.8 +3.0 248+1.2 309.1 370.0 +3.1 3474 +4.0 61+14 300.9
M3 353.1+28 232.0+2.7 343+ 1.1 3114 380.5+3.2 3414 +39 103+ 1.3 303.2

Qir—our = 332.3 W. Thus, the Q,,, is determined by con-
verting Eq. (25):

Qs =328 1W + 123 W +23.1W —3323W — 16.6W = 146 W

14.6 W

100 = 4.02%
BBIWTI23W+231W) ¢

Qloss =

s Qour and Oy, are calculated over time for the heat-
ing phase and drying of the granules displayed in Fig. 9.
Q,y and Q7 represent the sum of the entering, respec-
tively, leaving Q. Figure 9b shows the energy balance over
a longer drying time for the same experiment used for
the stepwise deviation of the MEB. The heating phase
includes the complete heating of the system (Fig. 9b).
During the heating phase, the T,,;, increases and thus the
Qour- The lower the temperature difference between Ty
and T,7, the lower O, as O,y becomes higher. During
this phase, the entire device is heated, including the sieve
plate and dryer walls (Fig. 9b). For experiments shown in
Fig. 9a and c, the system was already heated as previous
runs were conducted before indicating constant values for
Owvs Qours Tour and Q.- As soon as wet granules enter
the drying chamber, T, is decreasing as water evapo-
rates and the granules are dried. In addition, the pipes
were heated up and it takes time till the T is reaching
an equilibrium. At the beginning of drying, Q,,,, is low
because the granules are also dried by the heated surfaces
via conduction. As the surfaces are cooled down over time,
the O, is decreasing as the temperature of the exhaust
air reduces and thus the Q, , is increasing. Nevertheless,
the Q,,,, is lower during drying compared to the heating
phase. Oy especially the Q,;._oyr is higher during drying

because it also consists of the evaporated water and thus
more energy.

The energy flux rates Q for the different drying condi-
tions are summarised for the drying of mannitol granules in
Table 6 and lactose-MCC granules in Table 7. For the shown
drying processes, the Q,,, is around 30% due to conduc-
tion through the dryer walls and the sieve plate. The heat-
ing phase for mannitol granules (Table 6) showed a slightly
lower Q,, ., by drying at higher air flow, indicating that the
walls were not equally heated. The higher the evaporated
amount of water, the higher the Q,,,, while drying the gran-
ules. During the drying of mannitol granules at M1 drying
conditions, a negative Q,,,, was observed. The change of O,
and Q7 is shown in Fig. 9a, where it is observed that Ty,
is not reaching an equilibrium through 1 h of drying. Q,N is
therefore lower compared to Q7 resulting in a negative
Q1+ A higher AF,;y was used for drying in Fig. 9b compared
to Fig. 9a, which might be the reason for the difference.
Higher AF;, improved the heat distribution and resulted in
an earlier onset of temperature equilibrium. Q,,, is less dur-
ing drying of granules compared to the heating because the
walls of the dryer are cooled down due to evaporation cool-
ing. Increasing T,y or AF,y, the Q;y which is entering the
system also increases. Q,y is also dependent on the absolute
humidity of the pressured air, which is not controlled. In
a previous publication [21], the second drying stage was
reached earlier with a lower LOD and the obtained T ;7 is
also higher, as shown in Tables 6 and 7.

Based on the literature, the Q,,, is only defined by the
difference in Q,y and Q. Mortier et al. [26] defined the
total required energy during drying as the sum of energy
needed for evaporation of water from the wet granules as
well as for heating the wet granules, the energy loss through

Table 7 O of incoming and leaving energy in [W], O,,,, [%] and T, [K] during the heating phase and drying of lactose-MCC granules under
different drying conditions, n=1 with 300 measuring points (heating phase) and 600 measuring points (drying of granules), mean + uncertainty

Experiment Heating phase Drying of granules

QIN QOUT Qloss Tour QIN QOUT Qloss Tour
L1 339.7+2.8 2314 +2.7 319+1.1 305.5 368.3 +3.3 352.1+4.1 44+14 298.0
L2 346.0 +£2.7 229.8 +2.7 336+1.1 3123 376.1 +3.2 358.8+4.2 46+14 300.9
L3 493.7+3.8 334.1+39 323+1.1 321.3 528.8+4.0 460.5+5.3 129+ 1.3 308.5
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the dryer walls and due to passing the filter. This considera-
tion took more parameters into account. Unfortunately, no
Q,ss OF Tequired energy was displayed, which might be used
for comparison.

Conclusion

The derived MEB can predict the LOD based on the
logged data of QbCon® 1 without additional sensors. This
approach is another option for predicting the LOD besides
the established ones via grey box modelling by Elkhashap
et al. [33, 41] or mechanistic modelling implemented by
Wikstrom et al. [35] for the production scale VFBD of
QbCon® 25. In the empty state, the measured amount of
water leaving the system is lower than the amount of water
entering through the air. No explanation for this observa-
tion was found. However, this was already observed for the
segmented dryer of ConsiGma' " [26]. The included sensor
uncertainty increased at higher 7}y, especially in the empty
state. The precision of the sensors is limited. Therefore,
the difference of water entering and leaving the system in
the empty state needs to be considered in the mass balance
of drying of granules. Hence, data from the heating phase
in the empty state are required for predicting LOD. With
this assumption, a good correlation was observed for the
drying of the two different formulations. Various drying
conditions were investigated to cover different LOD values,
which were predictable in all cases. Thus, the mass balance
might be useful as a soft sensor so-called trivial observer
to predict LOD in-line based on the logged process param-
eters of the machine. Advantages of the mass balance
approach are the use of already installed sensors without
additional acquisition of sensors, e.g. NIRS, to implement
a PAT method. Additionally, mass balance offers the pos-
sibility of being used as an orthogonal method to monitor
the LOD independent of a PAT method to lower the risk
of failure during the adaption of process parameters if one
method detects an out-of-range LOD. It must be consid-
ered that the mass balance alone cannot be used to adjust
the process parameter to obtain a desired LOD, which is
a disadvantage of this approach. The implemented energy
balance showed that the heat loss in empty state based
on convection is around 30% because of the heating of
stainless-steel walls. While drying granules, the heat loss
is lower by up to 10% depending on the applied drying con-
ditions. When the wet granules enter the drying chamber,
the heat loss is lower as the heated wall contributes to the
required evaporation of water. The derived energy balance
might be used to determine whether the system can expend
the energy required to dry to a desired LOD. Compared to
the established energy balances in the literature for several

@ Springer

drying systems [24, 26, 42], this study provides values for
the heat loss during the heating phase and drying of gran-
ules, thus provides a good insight into the energy flux.
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