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For continuousmanufacturing of pharmaceuticals, understanding the dynamics of how amaterial flows through
the process is critical with respect to the development of a control strategy for product quality assurance. Such
understanding of the process dynamics can be obtained by characterization of the residence time distribution
(RTD). The RTD for a process is not fixed and can vary due to changes in operating conditions or physiochemical
properties of the blend. As such the RTD needs to be evaluated over the range of operating condition that can im-
pact process dynamics (e.g. throughput, impeller rotation rate etc.). In this paper, we demonstrate that the di-
mensionless RTD (normalized with respect to the mean residence time) is invariant with throughput and
impeller rotation rates under certain conditions for the two continuous direct compression processes.Wepresent
a case study to illustrate the utility of this relationship for predicting the process dynamics at different operating
conditions (i.e., throughputs) and evaluating the impact of variations in the process dynamics on the control
strategy for a continuous direct compression process.
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1. Introduction

Continuous manufacturing has been recognized as an emerging
pharmaceutical technology that has a great deal of potential to improve
agility, flexibility, and robustness in the manufacture of pharmaceuti-
cals, offering benefits to both industry and patients [1,2]. Over the past
decade, collaborative efforts by industry, academia, and regulatory
agencies have made continuousmanufacturing a reality in the pharma-
ceutical industry [3]. In continuous manufacturing processes a series of
unit operations are connected to form an integrated manufacturing
system, raw materials are continuously charged into the system, and
products are continuously discharged from the system throughout the
duration of the process [2].

For continuous manufacturing processes, understanding process
dynamics in relation tomaterial properties, equipment design, and pro-
cess conditions is fundamental to understanding potential risks of con-
tinuous manufacturing to product quality, largely because of their
potential impact on material traceability and disturbance propagation.
Such understanding can be obtained by characterization of the resi-
dence time distribution (RTD). The RTD [4] is a probability distribution
on, 10903 NewHampshire Ave,
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function that describes the amount of time a solid could spend inside
of a unit operation. The RTD can be used to characterize axial mixing
to predict how fluctuations in a feeder dissipate in a mixer and their
subsequent impact on the blend and content uniformity. It can also be
used to track materials through the process and potentially isolate
materials when specifications are not met. Therefore, the ability to
adequately isolate and reject out-of-specificationmaterials depends sig-
nificantly on the knowledge of the RTD, and constitutes one key aspect
of a control strategy for continuous manufacturing processes.

The RTD depends on the equipment design, operating conditions,
and the physiochemical properties of materials [5]. For a given continu-
ous manufacturing process and formulation design, the RTD can vary
due to changes in the operating condition, such as decreasing or in-
creasing the throughput to achieve the required production rate. There-
fore, it is important to evaluate the RTD over the range of planned
operating conditions, in addition to the RTD at the nominal operating
condition. A continuous direct compression process has been one of
the most common approaches to date for the commercial implementa-
tion of continuous manufacturing for immediate-release solid oral
products. This process begins with the feeding of individual raw mate-
rials (i.e. solid API and excipients) into the system using loss-in-
weight feeders. The materials are then mixed in a continuous mixer to
achieve a uniform distribution of the API and excipients. A blend exiting
the mixer is transferred directly to a tablet press to be compacted into
tablets.
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Fig. 2. Non-dimensionalization of the RTD from Varnarase and Muzzio [5].

Fig. 1. Effect of throughput on mean residence time (a) Varnarase and Muzzio [5] and (b) Marikh et al. [6].
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In this study, we focus on characterizing the RTD at different operat-
ing conditions for continuous direct compression processes. The exper-
imentally measured RTDs for two continuous direct compression
processes reported in the literature (Vanarase and Muzzio [5] and
Marikh et al. [6]) were non-dimensionalized by scaling to each distribu-
tionwith its respectivemean residence time, in order to better compare
the flow behavior andmixing performance at different operating condi-
tions. The dimensionless RTDs were found to be highly similar across
different throughputs for a given impeller rotation rate. The results sug-
gest that the dimensionless RTD can potentially be used to predict the
process dynamics at different throughputs, once the RTD is measured
at the nominal operating condition. A case study is presented to illus-
trate the use of the dimensionless RTD in predicting the process dynam-
ics at different operating conditions (i.e., throughputs) and evaluating
the impact of variations in the dynamics on the control strategy for a
continuous direct compression process.
2. Methods

2.1. Non-dimensionalization of RTD

The purpose of creating a dimensionless RTD is that the mixing
performance can be better compared at different operating conditions
Fig. 3. Non-dimensionalization of the RTD measuremen
because the mean residence time is eliminated as a variable. A dimen-
sionless RTD, E(θ), can be defined as

E θð Þ ¼ τE tð Þ; ð1Þ

where E(t) is a dimensional RTD curve and τ ismean residence time. The
dimensionless time θ is given by

θ ¼ t
τ
; ð2Þ

Themean residence time (τ) is calculated using the definition on the
first moment of the RTD (E(t)).

τ ¼ ∫∞0 tE tð Þdt; ð3Þ

2.2. Material traceability

The traceability of incoming materials in a continuous manufactur-
ing process can be related to the overall residence time distribution.
Tracing rawmaterial composition allows for product lot-to-lot delinea-
tion based on time and lots of raw material used [7]. If the system re-
sponse is linear, two successive tracer experiments with two different
ts for couscous and semolina from Marikh et al. [6].



Fig. 5. Predicted and experimentally determined values of output concentration after
reaching the target operating condition for APAP, given an inlet concentration.

Fig. 4. Non-dimensionalization of the RTD measurements for couscous and semolina in a 50/50 mixture of couscous and semolina from Marikh et al. [6].
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magnitudes of pulses or step changes should give the same E(t) curve.
The concentration profile at the outlet of a unit operation Cout(t) can
then be predicted by convolution of the concentration profile at the
inlet of the unit operation Cin(t) and the RTD:

Cout tð Þ ¼ Cin tð Þ�E tð Þ ¼ ∫t0Cinðt−t
�ÞEð t�Þdt�: ð4Þ

This can be extended to the process with a series of unit operations
to obtain an overall RTD by convolution of individual unit RTDs
recursively:

E tð Þ ¼ E1 tð Þ�E2 tð Þ; ð5Þ

where E1(t) and E2(t) represent RTDs from sequential unit operations.

3. Results

3.1. Analysis of RTDs in dimensionless form

In the first part of this investigation,we systematically examined the
dynamics of material flow with respect to the mean residence time for



Table 1
Powder materials used in [5,6].

Material Mean particle size (um) Bulk density (g/mL)

Acetaminophen (APAP) 45 0.39
Couscous 1400 0.72
Semolina 340 0.76
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different operating conditions. There are a few sets of experimental RTD
data reported in literature, characterizing the process dynamics for con-
tinuous pharmaceutical manufacturing processes. Recent experimental
studies investigated the influence of operating and design parameters of
continuousmixing on theRTD [5,6]. Vanarase andMuzzio [5] conducted
RTD experiments for acetaminophen (APAP) in a Gericke GCM 250 con-
tinuous mixer for eight different conditions (four different impeller ro-
tation rates: 39, 100, 162, and 254RPMat two throughput levels: 30 and
45 kg/h). Similarly, Marikh et al. [6] measured eight experimental RTDs
for semolina and couscous as well as for 50/50 mixtures of these mate-
rials in a Gericke GCM 500 continuous mixer (four different through-
puts: 40, 60, 80, 100 kg/h at two different impeller rotation rates: 15
and 60 RPM).

Each RTD reported in Vanarase and Muzzio [5] and Marikh et al. [6]
is non-dimensionalized based on its respective mean residence time.
The mean residence time is calculated from the first moment of the ex-
perimental RTD data corresponding to each set of operating conditions
using Eq. (3). The calculated mean residence times are shown in
Fig. 1a and b for each set of operating conditions. Fig. 1 shows relation-
ships betweenmean residence time and throughput. As shown in Fig. 1a
(APAP), mean residence time increases with decrease in throughput at
the lower impeller rotation rates (39, 100, and 162 RPM), and mean
residence time does not change between the two throughputs at
the highest impeller rotation rate (254 RPM). It is seen from Fig. 1b
(semolina and couscous) that themean residence time increases linear-
ly with increases in throughput at the impeller rotation rate of 60 RPM.
However, a non-linear behavior of mean residence time as a function of
throughput is observed at the very low impeller rotation rate of 15 RPM.
Regardless of the correlation between mean residence time and
throughput, our analysis shows that RTDs in a dimensionless form are
highly similar at different throughputs for each impeller rotation rate,
as shown in Figs. 2–4. A similarity factor (f2) [8] was used to compare
the dimensionless RTDs at each impeller rotation rate. The similarity
factor f2 value was found to be N50 at each impeller rotation rate
which denotes that the curves are similar.

We also conducted the following analysis as an alternative way to
assess the similarity of the dimensionless RTDs measured at different
throughputs. As an example for illustration, the RTD at a throughput
of 45 kg/h and a impeller rotation rate of 100 RPM from the Vanarase
Fig. 6. (a) Experimental cumulative distribution function (CDF) for the RTD at the target throug
changes in the target throughput. As a note, the RTD data has been shifted to the right by a pre
and Muzzio [5] study was predicted by rescaling the dimensionless
RTD measured at a throughput of 30 kg/h and a impeller rotation rate
of 100 RPM with the mean residence time for the 45 kg/h throughput
case. This predicted RTD was then compared to the experimentally
measured RTD at 45 kg/h to determine if the two RTDs yielded similar
predictions for the dampening of input feeder fluctuation during the
continuous blending process step as shown in Fig. 5. The predicted
and experimentally measured RTD yielded similar results for the ex-
pected output concentration profile with a root mean squared differ-
ence of 0.002. We also carried out this analysis for the group of
dimensionless RTDs with lowest similarity score represented by the
conditions in Fig. 4d. In this case, the predicted and experimentallymea-
sured RTD again yielded similar results for the expected output concen-
tration profile but with a larger root mean squared difference of 0.006.

The powder materials used in the RTD experiments of Vanarase and
Muzzio [5] and Marikh et al. [6] are listed in Table 1. These powders
were chosen to test a range of cohesiveness andflowability in the exper-
iments. With respect to the flowability index, the couscous is a free
flowing product, while semolina and acetaminophen exhibit a cohesive
behavior. Moreover, these two studieswere performed on two different
sizes of mixers, Gericke GCM 250 and GCM 500, respectively. The GCM
250 is 0.33 m long and 0.1 m diameter whereas the GCM 500 is 0.5 m
long and 0.2 m diameter. The observation that the dimensionless RTD
curves overlap each other at different throughputs for each impeller ro-
tation rate appears to hold for different sizes of mixers and a seemingly
wide range of granularmatter, from fairly small acetaminophen to rela-
tively large and dense particulates such as couscous. This is consistent
with the finding of Abouzeid et al. [9], suggesting that the residence
time distribution is independent of particle size for rotary drumdevices.

These observations suggest an interesting relationship, showing that
the dimensionless RTD is independent of throughputwhen the impeller
rotation rate is kept the same. Provided that the correlation of themean
residence time as a function of throughput is established (e.g., by design
of experiments (DOE) where the mean residence time may be simply
calculated from hold-up measurement (hold-up (kg)/throughput
(kg/h)) rather than tracer RTD experiments to obtain the distribution),
this relationship can be used for predicting the process dynamics at dif-
ferent throughputs for a given impeller rotation rate, once the RTD is
measured at the nominal throughput. The case study below illustrates
the potential utility of this relationship in the development of a contin-
uous manufacturing process.
3.2. Continuous direct compression: a case study

The experimental RTDs for the continuousmanufacturing process at
the target throughputwere determined by introducing a step change in
hput aftermixer and tablet press, (b) Predicted RTDs aftermixer and tablet press for ±10%
-set amount to blind the source of the data.



Fig. 7. Impact of a disturbance of a certain duration on the concentration after mixer and
tablet press at the target throughput.

Fig. 9. The times for which the product is out-of-spec at the target throughput and ±10%
changes in the target throughput after tablet press.
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the concentration of an API andmeasuring the response after themixer
and the tablet press, respectively (Fig. 6a). To show that the process dy-
namics at difference operating points can be predicted, once the RTD is
measured at the target throughput, the impact of a ±10% in the target
throughput was examined. The RTDs after the mixer and the tablet
press at the target throughputwere transformed into the dimensionless
RTDs. Afterwhich the RTDs at±10% of the target throughputwere then
predicted at the exit of the mixer and the tablet press by scaling the di-
mensional RTDs at the target throughput with a mean residence time
that was adjusted by ±10% compared to the mean residence time at
the target throughput (Fig. 6b). This case assumed a linear correlation
between the mean residence time and throughput, which was con-
firmed subsequently by a DOE study (data not shown) where through-
put was one of the parameters varied. Over short ranges of throughput
as examined in this case study, a linear relationship is likely to hold be-
tweenmean residence time and throughput (see Fig. 1). As noted in the
previous section, regardless of the type of relationship between mean
residence time and throughput (e.g. linear or non-linear), as long as
the relationship is known, the analysis shows that RTDs in a dimension-
less form can be used to predict the RTD for the process at a new
throughput.
Fig. 8. Impact of a disturbance of certain duration on the concentration after the tablet press, wit
Once RTD is established, the output concentration can be predicted
by convolving the input concentration and the RTD. Given the dynamic
nature continuous manufacturing processes, it is expected that the am-
plitude and duration of the disturbances in concentration need to be
considered. The RTDmodel can be used to evaluate the impact of a dis-
turbance in the feeder on the concentration at the exit of either the
mixer or the tablet press. Fig. 7 illustrates that the determination of
out-of-specification (OOS) products depends largely on the amplitude
andduration of thedisturbance. A short-duration low-amplitudefluctu-
ation from the feeders will not lead to product results falling outside of
the pre-specified limits (e.g. 95% to 105% for assay) at the tablet press
due to mixing occurring throughout the continuous system. For exam-
ple, a disturbance with a magnitude of 120% assay label claim (% LC)
and duration of 15 s will not cause the tablets to be OOS after the tablet
press. Using this approach, material that is outside of a pre-specified
blend uniformity acceptance criteria should be diverted. From this fig-
ure, it was also observed that the area inside of the pre-specified limits
increases from the mixer to the tablet press. This indicates that the
mixing in the feed frame of the tablet press is able to further dampen
the feeding fluctuations.

Changes in process operating conditions can impact the process dy-
namics and thus the impact of feeding disturbances on product quality.
h (a) 10% increase in the target throughput and (b) 10% decrease in the target throughput.
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To assess the impact of manipulating the throughput for the process in
this case study the predicted RTDs at ±10% of the target throughput
were used to reassess the impact of feeding variability and disturbances.
Fig. 8 demonstrates the use of the RTDmodel in the risk assessment and
evaluation of control strategies. At ±10% of the target throughput
range, the impact is nearly the same for a disturbance of a givenmagni-
tude and duration in the feeder on the API concentration at the exit of
the tablet press. There may be no additional risk to tablet uniformity
from feeder fluctuations within the range of the throughputs that
were examined in this case. As such, the feeder control strategy imple-
mented at the target throughput may be suitable over the proposed
throughput range for the process.

The predicted RTDs can also assist with the evaluation of themateri-
al diversion strategy at the higher and lower throughput if OOS product
has been identified. The time for the OOS product to reach and clear the
diversion point will of course be influenced by the change in the mean
residence time. The amount of back-mixing in the process characterized
by the RTD will also impact the extent of material to be isolated and
rejected. The predicted RTDs were used at the lower and upper limits
of the proposed throughput range to calculate when material diversion
should start and end in the case of a large disturbance as shown in Fig. 9.
From this plot, the times for which a product is OOS were found to be
between 130 s and 141 s at the lower and upper limits of the proposed
throughput range. This analysis could aid in determining how to estab-
lish an appropriate material diversion strategy over the throughput op-
erating range for the process under consideration.

4. Conclusions

Utilizing published experimental data from continuous direct com-
pression processes, dimensionless RTDs normalized by their respective
mean residence time were found to be similar with throughput under
certain operating conditions. The observed relationship can potentially
be used to predict the process dynamics at different throughputs for a
give impeller rotation rate once the RTD is measured at the nominal op-
erating point for the same rotation rate. To broaden the utility of this re-
lationship, more validation work should be performed to examine
whether this observed relationship remains over a wide range of differ-
ent operating conditions (e.g., throughputs and impeller rotation rates),
equipment, and formulations. Furthermore, the same validation work
can be used to systemically examine the effect of impeller rotation
rate on the dimensionless RTD. It is anticipated that this effort will en-
hance process understanding to extend empirically measured RTDs for
solid oral continuous drug product manufacturing processes in a
straightforward manner to aid in the development of a control strategy
over a proposed range of operating conditions.
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