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ABSTRACT 
The drying process in cigarette factories, centered around the HDT pneumatic drying 
machine, has historically faced significant challenges with moisture inconsistency. To address 
this issue, a steady-state model grounded in mass and energy conservation principles was 
developed, focusing on key variables such as tobacco moisture content and temperature. 
By integrating model-based feedforward control, the system successfully reduced moisture 
fluctuations across different batches, ensuring more consistent tobacco moisture levels. 
Validation through Monte Carlo simulation confirmed the model’s accuracy, and actual con-
trol effect demonstrated a mean reduction of 7.65% in the standard deviation of cooling 
moisture and a 20.27% decrease in the standard deviation of overall moisture variation, sig-
nificantly improving batch consistency.
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1. Introduction

In cigarette production, small fluctuations in tobacco 
moisture can significantly impact its aroma and taste, 
thus affected overall product quality,[1] which has 
attracted widespread attention from engineers. The 
HDT pneumatic drying machine(abbreviated as the 
HDT dryer) was invented to address the clumping 
issue by introducing high-temperature steam with 
anti-roping steam during startup and production 
phases, but the moisture consistency of the dried cut 
tobacco was poor. Specifically, the standard deviation 
of cooling moisture within a batch of cut tobacco was 
relatively large, with significant variability in the cool-
ing moisture standard deviation across different 
batches. Therefore, it was of great necessity to imple-
ment better control strategy for the drying equipment 
to manage moisture fluctuations occurring during the 
production process. The HDT pneumatic drying pro-
cess in a cigarette factory mainly included the HDT 
dryer, an outfeed conveyor and a winnower, and the 
original control structure was shown in the Figure 1.

In the Figure 1, Xcool represented the moisture con-
tent of tobacco after the drying, transportation, and 

winnowing processes, while Xset
cool referred to the target 

value for Xcool; and u denoted the manipulated varia-
bles in the pneumatic drying process. The original 
control strategy for the HDT dryer relied on the devi-
ation between Xcool and Xset

cool to control moisture fluc-
tuations with a feedback controller in Figure 1. 
However, there was a significant time lag between 
moisture measurements at the inlet of the HDT dryer 
and the outlet of the winnower, preventing timely cor-
rection of disturbances. In actual production, the 
HDT dryer processed multiple grades of tobacco, each 
varying significantly in physical and chemical proper-
ties. This variation resulted in substantial differences 
in heat and mass transfer over short periods. But due 
to the lack of the comprehension of the process, engi-
neers had to manually adjust equipment parameters 
based on experience, leading to inefficiencies and 
often resulting in large quantities of tobacco leaves 
being wasted, ultimately reducing profitability. In add-
ition, the thin, long shape of individual tobacco strips, 
combined with high-temperature dry airflow, easily 
led to expansion, collisions, and entanglement with 
other strips, as well as contact with the walls of the 
accelerated bending arc. These factors introduced 
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random effects into the drying process. Moisture 
inconsistency at the inlet of the HDT dryer, the 
unpredictability of motion, and the randomness in heat 
and mass transfer in the accelerated bending arc con-
tributed to the fluctuation in the moisture content of 
tobacco after drying. In short, such control strategy 
based on the feedback controller was impossible to meet 
the requirement of multiple sources of disturbances.

The dryer was the core equipment in the drying 
process, and enhancing its control over random dis-
turbances held significant industrial value. Various 
control strategies had been applied to drying proc-
esses, including internal model control,[2] fuzzy con-
trol,[3] and model predictive control.[4,5] Building on 
existing PID control algorithms, Bi et al.[6] proposed a 
new intelligent actor-critic control system that utilized 
reinforcement learning to optimize the dynamic con-
figuration of rotary dryers. Wu et al.[7] employed an 
accumulated temperature mathematical model, derived 
from experimental data and implemented in software, 
for the automatic control of continuous drying proc-
esses. However, this control strategy relied on exten-
sive sensing devices, which was not feasible for HDT 
pneumatic drying process. Li et al.[8] introduced a 
recurrent self-evolving fuzzy neural network predictive 
control scheme to determine suitable input power 
over a prediction horizon. Bahareh et al.[9] utilized 
machine vision techniques to determine color and 
shrinkage as qualitative indicators and developed arti-
ficial neural network models for predicting drying var-
iables in a laboratory-scale fluidized bed shelled corn 
dryer. Nevertheless, managing tobacco with significant 
property differences often required accumulating sub-
stantial experimental data and incurring high costs for 
model development and training. To eliminate mois-
ture fluctuations caused by unknown stochastic sour-
ces, it was essential to identify the primary influencing 
factors and understand how they impacted the state 
variables of tobacco. In practice, numerous factors 
could affect tobacco moisture content during the dry-
ing process,[10] including moisture distribution at the 
dryer inlet, morphological characteristics, and the 
humidity and temperature of the process gas. From 
the perspective of the first principle, classical theories 
such as the two-fluid theory[11–13] and the Eulerian 
granular method[14,15] were widely used in the drying 

process. By applying the continuum medium model, 
modeling considered granulates as a pseudo-fluid and 
solved motion equations for particles and fluids within 
the Eulerian coordinate system to obtain detailed infor-
mation about particle motion. Levy A. et al.[16] devel-
oped a reliable model based on two-fluid theory to 
predict moisture content during the drying process of 
wet PVC particles in a pneumatic dryer. However, 
unlike small laboratory-scale dryers, industrial dryers 
were much larger, and the internal conditions of the 
materials were not easily observable. The primary chal-
lenges in studying drying processes were well-recog-
nized, including their nonlinearity, unknown dynamics, 
and the coupling of heat, mass, and momentum trans-
fer.[17] Additionally, there was a lack of sufficient detec-
tion equipment to gather necessary measurement data 
for calculating relevant parameters and understanding 
the states of process gas and materials. Consequently, 
conducting in-depth research on randomness and 
establishing a mechanism model capable of accurately 
predicting material states during drying was extremely 
challenging. To date, there have been few studies on 
moisture control in pneumatic drying machines, par-
ticularly the HDT dryers, and limited work on model-
ing the entire process.

To improve the control of tobacco’s cooling mois-
ture, this paper developed a steady-state model of the 
HDT drying process based on first principles, which 
would be able to provide a robust theoretical founda-
tion for improving control strategies. The model iden-
tified stochastic sources affecting cooling moisture and 
explained their impacts mechanistically. Based on 
these insights, a feedforward control strategy was 
implemented to reduce fluctuations in cooling mois-
ture and variability in moisture content across 
batches. The study relied on mass and energy conser-
vation principles, with tobacco moisture content and 
temperature as key state variables for the model’s state 
equations. In the HDT dryer section, tobacco leaves 
were modeled as cylindrical particles, revealing that 
moisture content at the dryer inlet and the character-
istic length of the tobacco leaves were major sources 
of moisture fluctuations. A layered model for the out-
feed conveyor section was developed using Fick’s 
second law, while a mixer model for the winnower 
section accounted for mixing and averaging effects. 

Figure 1. The original cooling water feedback control system structure of the cigarette factory.
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The model would be beneficial for solving the prob-
lem of time lag by predicting output state based on 
input data. Integrating the feedforward control strat-
egy with the existing feedback control system in the 
cigarette factory effectively reduced moisture fluctua-
tions and enhanced overall drying quality.

The rest of the paper was following: in Section 2, a 
brief introduction to HDT drying process was pro-
vided, including the division of the process sections, 
measurement conditions, and the selection of key pro-
cess variables; in Section 3, modeling for the HDT 
drying machine section, the outfeed conveyor section, 
and the winnower section were established sequen-
tially. Following this, the parameter optimization 
problem was discussed. The model was validated 
using Monte Carlo methods in Section 4. And in 
Section 5, the feedforward control strategy based on 
the steady-state model was introduced, and this model 
was integrated with the improved control strategy and 
tested in practical applications. Finally, Section 6 con-
cluded the paper.

2. HDT pneumatic drying process and key 
process variables

2.1. HDT pneumatic drying process

HDT pneumatic drying process scene in the cigarette 
factory was shown in Figure 2.

Tobacco moved from left to right through various 
devices, sequentially undergoing drying, transmission, 
and winnowing processes. Based on the characteristics 
of these equipments and changes in the state of the 
tobacco, the entire process was divided into three sec-
tions: the HDT dryer section, the outfeed conveyor 
section and the winnower section.

The HDT dryer section consisted of a distance on 
the conveyor and the HDT dryer and the loss of 
moisture from tobacco on the infeed conveyor was 

not considered. Inside the dryer, tobacco strips 
dropped into the accelerated bending arc while com-
ing into contact with anti-roping steam, which caused 
tobacco strips to quickly warm up and expand. As the 
tobacco entered the accelerated bending arc, heat 
exchange led to rapid moisture evaporation and a 
sharp rise in temperature. An infrared moisture meter 
was installed on the conveyor at the dryer outlet, 
allowing real-time detection of the tobacco’s moisture 
content and temperature.

The outfeed conveyor section began at the moisture 
meter located at the start of the conveyor and ended 
at the inlet of the winnower. Along this section, the 
conveyor transported tobacco strips at a constant 
speed, allowing their temperature to gradually cool in 
a relatively stable environment. The conveying process 
took approximately 45 s for each piece of tobacco. No 
control interventions were applied during this stage, 
and heat and mass transfer occurred between the 
tobacco and the surrounding air in the workshop, 
along with minor internal mass and energy migration 
within the tobacco.

The winnower section mainly consisted of the win-
nower itself, with the distance between its outlet and 
the cooling moisture meter being negligible. Upon 
entering this section, the tobacco was subjected to a 
strong airflow that separated the strips, tossing and 
mixing them for approximately 9 s before leaving. At 
the winnower’s outlet, the tobacco’s moisture content 
was measured by the cooling moisture meter before 
being transported to the next stage of the production 
process.

2.2. Measuring instruments and sampling conditions

Measuring instruments in the HDT pneumatic drying 
process primarily included belt scales, infrared mois-
ture meters, as well as detection probes and flow 
meters inside the dryer, which were not visible.

Figure 2. HDT pneumatic drying process.
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Before the tobacco entered the HDT dryer, it 
passed over a weigh scale. Throughout the whole pro-
cess, only this weigh scale at the entrance was used to 
measure and record the mass flow of the tobacco with 
a sensitivity of ±0.001 kg and a range of 0 to 5000 
kg=h: And the moisture content of the tobacco was 
measured by three infrared moisture meters, each 
with a sampling area of 60 mm in circumferential 
block. The moisture content accuracy of the meter 
was ±0.1%, with a range of 0 to 50%, and their tem-
perature sensitivity was ±0.1 K, with a range of 263 to 
353 K. These three infrared moisture meters were 
installed at the inlet and outlet of the HDT dryer and 
at the outlet of the winnower. The meter located at 
the dryer’s inlet measured and recorded the inlet 
moisture of the tobacco; the one situated behind the 
dryer outlet measured and recorded both the moisture 
and temperature of the tobacco; and the meter near 
the winnower outlet measured the moisture and tem-
perature of the tobacco but only recorded the mois-
ture data. The flow meter inside the HDT dryer 
measured the volume flow of gas with a sensitivity of 
±0.001 m3=s and a range of 0 to 10 m3=s: A tempera-
ture probe inside the HDT dryer was used to measure 
the temperature of the process gas, with a sensitivity 
of ±0.1 K and a range of 273 to 473 K. All these 
instruments recorded measurements once per second.

In order to verify whether the time series data 
obtained from the moisture meter were representative 
or not, an FLIR thermal camera was used to observe 
the temperature field in the detection area of the 
moisture meter at the outlet of the HDT dryer, and 
the range of temperature observed with this camera 
was 253.15 to 393.15 K. The thermal imaging camera 
was placed above the moisture meter to observe the 
distribution of the temperature field of the tobacco (as 
shown in Figure 3) at different time, the brighter the 
color of an area, the higher the temperature. The 
color difference stood for temperature difference, and 
the temperature field was not evenly distributed, the 
temperature difference between the brightest and 
darkest areas in the image was as high as about 10 K. 
In short, due to the small measurement area, the 
measurement data lacked representativeness.

2.3. Selection of key process variables

As previously noted, there was currently no control 
system designed for tobacco’s states in the post-drying 
stages(the outfeed conveyor section and the winnower 
section), and the moisture content at the outlet of the 
HDT dryer, which was one of the initial states in the 

post-drying stages, had a significant impact on cooling 
moisture. Therefore, it should be regarded as a critical 
process variable. During the drying process, the inter-
action between high-temperature gas and the tobacco 
facilitated heat transfer to the tobacco, indicating that 
the mass transfer process was accompanied by heat 
transfer, and thus both the outlet temperature of the 
dryer (THDT) and the temperature of the hot air(Thot) 
were essential process variables. As the fundamental 
of mass conservation, the mass flow rate (Ft, inlet) and 
moisture content of the tobacco at the dryer inlet 
(Xinlet) were crucial input variables for the entire dry-
ing process. The raw process data did not include 
measurements of part of key variables for tobacco 
strips, such as density, specific heat, and moisture 
activity. For example, the drying process primarily 
occurred in the accelerated arc, but there were no 
measurements of gas humidity (H) inside the duct, 
made it challenging to assess changes in the mass, 
energy, and momentum of the process gas after it 
interacted with tobacco strips. To cope with this prob-
lem, the values of some variables were derived from 
existing studies and adjusted using observable state 
variables, while others were estimated based on scien-
tific judgment and used at fixed values in the model. 
The specifics of the modeling-related elements will be 
discussed in next section.

In the outfeed conveyor section, tobacco was exposed 
to ambient air for an extended period, and thus ambient 
temperature (Tair) and relative humidity (RH) were 
assumed to be time-invariant and treated at fixed values 
in the model. To assess moisture and temperature 
changes in the tobacco during its transit on the outfeed 
conveyor, a backup moisture meter was temporarily 
installed before the winnower inlet, and these two varia-
bles were donated as XConveyor and TConveyor:

In the winnower section, historical data on operat-
ing process variables were lacking, with only cooling 
moisture data collected by the moisture meter at the 
winnower outlet. Routine production did not involve 
monitoring the cooling temperature, so this data was 
not recorded. In the aforementioned experiment, data 
on the winnower outlet temperature (cooling tempera-
ture, donated as Tcool) for the same batch of tobacco 
was obtained and considered as a key process variable. 
These additional measurements obtained would serve 
as crucial reference values for predicting unobserved 
tobacco states in the subsequent steady-state modeling 
and Monte Carlo simulations.

In summary, the final selected key process variables 
were shown in Table 1.
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3. Modeling and simulation on HDT pneumatic 
drying process

Steady-state modeling served as the foundation for 
studying HDT pneumatic drying process, capturing 
the steady-state behavior of industrial systems through 
mathematical methods. By constructing a mechanistic- 
based steady-state model, this approach allowed for a 
deep analysis of the change in tobacco moisture con-
tent and temperature during the drying process. This 
model provided a robust theoretical basis for optimiz-
ing control strategies in subsequent stages.

3.1. Mechanistic equations for the HDT pneumatic 
drying process

3.1.1. The HDT dryer section
In the HDT dryer section, tobacco was first trans-
ported to the dryer by the feed conveyor. It fell to the 
bottom of the accelerating arc, then rapidly rose to 
the top under the influence of high-temperature, 
high-speed airflow. The tobacco then entered a cyc-
lone separator before finally falling onto the conveyor 

at the dryer’s outlet. This entire process primarily 
served to dry cut tobacco and separate gas from sol-
ids. The cyclone separator, an ideal gas-solid separ-
ator, and the accelerating arc together concentrated 
the drying process, with the accelerating arc being 
modeled as the dryer.

In the conservation of mass and energy, the mass 
loss of tobacco was primarily due to water evapor-
ation. The change in energy was mainly attributed to 
the heat from evaporation and the convection heat 
transferred by the process gas. The incremental mass 
of tobacco inside the HDT dryer per unit time was 
denoted as DmHDT (kg); the incremental heat of 
tobacco was denoted as DEHDT (kJ); the evaporation 
of water from tobacco was denoted as EvapHDT (kg); 
the enthalpy flow of tobacco at the dryer entrance was 
denoted as ht, HDT, in (kJ=s); the heat removed by the 
evaporation of moisture from tobacco was denoted as 
Qevap, HDT (kJ); and the heat transferred to the tobacco 
by the process gas was denoted as Qconv, HDT (kJ). 
Taking the tobacco inside the drying machine as the 
subject, the following equation was established based 
on the conservation of mass and energy:

DmHDT ¼ Ft, inletDt − Ft, HDT, outDt − EvapHDT

DEHDT ¼ ht, HDT, inDt − ht, HDT, outDt − Qevap, HDT − Qconv, HDT

(

(1) 

where Ft, HDT, out represented the mass flow rate of 
tobacco at the outlet of the HDT dryer, kg=s; and 
ht, HDT, out denoted the enthalpy flow rate of tobacco at 
the dryer outlet, kJ=s: Due to the lack of measuring 
devices in the accelerated bending arc of the HDT 
dryer, it was not possible to monitor the changes in 
the gas state during its interaction with the tobacco. 

Figure 3. Scenes observed by FLIR thermal camera at two different times in a batch.

Table 1. Key process variables of HDT pneumatic drying 
process.
Key process variables Symbol notation Unit

Tobacco mass flow rate Ft, inlet kg=s
Moisture content at the inlet of the HDT dryer Xinlet –
Volume flow rate of process gas Vpg m3=s
Density of process gas qpg kg=m3

Temperature of hot wind Thot K
Moisture content at the outlet of the HDT dryer XHDT –
Temperature at the outlet of the HDT dryer THDT K
Moisture content at the inlet of winnower XConveyor –
Temperature at the inlet of winnower TConveyor K
Cooling moisture content Xcool –
Cooling temperature Tcool K

DRYING TECHNOLOGY 5



Given the high flow rate of the process gas (ranging 
from 5.200 to 5.300 m3=s), its mass flow was between 
2.650 and 2.750 kg=s; which was approximately twice 
the mass flow of the tobacco (about 1.250 kg=s). 
Therefore, the process gas was assumed to have con-
stant temperature, humidity and a stable flow rate. 
ht, HDT, in and ht, HDT, out represented the enthalpy flow 
rate of tobacco entering and leaving the dryer, in 
kJ=s; and it can be calculated as shown in Equation 2:

ht, HDT, in ¼ Cp, inFinletTinlet

ht, HDT, out ¼ Cp, outFt, HDT, outTt, HDT, out

(

(2) 

Cp represented the specific heat capacity of tobacco, 
with Cp, in and Cp, out denoting the specific heat at the 
dryer’s inlet and outlet, respectively, both measured in 
kJ=ðkg KÞ: Tt indicated the temperature of the tobacco, 
while Tinlet referred to the temperature of the tobacco at 
the dryer’s inlet, measured in Kelvin. Without consider-
ing chemical changes and assuming that tobacco con-
sisted solely of dry matter and moisture, the mass flow 
of dry tobacco remained constant across different devi-
ces, with only the moisture content varying. Based on 
Equation 3, the values of Finlet and Xin can be calculated 
from the absolute dry tobacco mass flow, Ft, dry:

Ft, HDT, in ¼ Ft, dryð1þ XinletÞ (3) 

Cp was obtained using Equation 4 fitting:

Cp ¼ hCp1 þ hCp2 X (4) 

where hCp1 and hCp2 were considered as model parame-
ters, and the fitting result was shown in the Table 2.

To calculate EvapHDT ; Qevap, HDT ; and Qconv, HDT ; it 
was required to determine the evaporation or heat 
transfer area based on the shape of the object under 
study during the drying process. As for the shape of 
tobacco inside HDT deryer, on the one hand, the 
shape of tobacco was slender and elongated, with very 
small bottom areas at both ends and large side areas. 
When tobacco got heated and expanded, it was easy 
to entangle together. On the other hand, tobacco had 
the characteristic of varying lengths, which meant the 
surface area (contact area) of different tobacco was 
different. Based on the above facts, it was reasonable 
to consider modeling tobacco as cylindrical particles— 
all with the same base area and different lengths, 
remained constant throughout the drying process. The 
calculation was as followed:

AHDT ¼ 2pr2 þ 2prLt (5) 

where r denoted the radius of the base of the cylinder, 
and Lt denoted the characteristic length of the tobacco 
particles.

The convective heat transfer between the tobacco 
particles and the air stream was calculated using 
Equation 6:

Qconv, HDT ¼ hHDTAHDTðTt − TgÞ (6) 

where hHDT represented the heat transfer coefficient, 
in kJ=ðm2 KÞ: AHDT was the outer surface area of the 
tobacco, Tt was the temperature of the tobacco par-
ticles, and Tg donated as the temperature of hot air. 
The fitting result of coefficients was listed in the 
Table 2.

Tanaka et al.,[18] based on the thermodynamic 
properties of gas-vapor mixtures, proposed that the 
driving force for the evaporation process was the dif-
ference between the surface’s saturated humidity and 
the humidity of the gas. Their proposed evaporation 
formula was as followed:

W ¼ kHDT 0:622
awPsatðTtÞ

P − awPsatðTtÞ
− H

� �

(7) 

In this equation, kHDT was the model coefficient, P 
was the gas pressure, aw was the moisture activity, 
PsatðTtÞ was the saturated vapor pressure at tempera-
ture Tt; and H was the absolute humidity of the gas. 
Due to the lack of direct measurements of the process 
gas humidity.

Qevap, HDT in the Equation 1 can be calculated as 
below:

Qevap, HDT ¼ EvapHDTLðTt, XÞ (8) 

In the equation above, LðTt , XÞ was the latent heat 
of evaporation, unit was kJ=kg: According to the 
report of Murata et al.,[19] LðTt , XÞ can be calculated 
as Equations 9–12:

Table 2. The result of fitting model parameters.
Model parameters Value Model parameters Value

kHDT 1:000� 10−1 k7 5
hHDT 1:000� 10−3 k8 1
r 9:369� 10−3 k9 1
hCp1 3 k10 4
hCp2 5 k11 1
hq1 5:540� 101 k12 5
hq2 −2:259� 101 HXe1 2:851� 10−1

hq3 1 HXe2 −5:500� 10−4

hq4 −1:359� 102 HXe3 9:000� 10−1

hq5 5:260� 102 B1 4:936� 10−5

hq6 −3:443� 101 B2 −2:030� 10−2

haw1 −2:512� 107 Ea 2:426� 101

haw2 −8:209 RH 5:483� 101

haw3 −4:764� 10−1 k 5:000� 10−2

haw4 4 hConveyor 9:896� 10−3

Lt 4:079� 10−2 hWinnower 5:762� 10−1

k1 4 mWinnower 5:000� 10−2

k2 3 XWinnower 1:365� 10−1

k3 4 TWinnower 3:010� 102

k4 1 HR1 1:637� 10−1

k5 3 HR2 3:549� 10−7

k6 3 HR3 1

6 X. ZHU ET AL.



L Tt , Xð Þ ¼ Vv − Vlð ÞTt
dPt Tt , Xð Þ

dTt

� �

V
(9) 

Vv − Vl ¼
461:5Tt

Pt Tt , Xð Þ
− 0:001 (10) 

Pt Tt , Xð Þ ¼ aw Tt, Xð ÞPsat Ttð Þ (11) 

dPt Tt , Xð Þ

dTt

� �

V
¼

daw Tt , Xð Þ

dTt

� �

V
Psat Ttð Þ

þ aw Tt , Xð Þ
dPsat Ttð Þ

dTt

� �

V
(12) 

where Vv and Vl represented the volume of vapor and 
liquid, respectively, Pt donated as the pressure of 
tobacco’s water, and aw was water’s activity.

In actual drying process, the temperature and mois-
ture of tobacco varied continuously, making the pre-
cise calculation of EvapHDT ; Qevap, HDT ; and Qconv, HDT 
complex, as it involved double integration. The esti-
mated state was the upper limit of this integration, 
which complicated the solution process. To simplify 
this, the integral median theorem was applied, using 
median values for moisture and temperature in the 
calculations of EvapHDT ; Qevap, HDT ; and Qconv, HDT : In 
Equations 13 and 14, the median values for tobacco 
moisture and temperature in the HDT dryer section 
were approximated by introducing four model param-
eters (k1; k2; k3; and k4):

XHDT, mid ¼
k1Xinlet þ k2XHDT

k1 þ k2
(13) 

THDT, mid ¼
k3Tinlet þ k4THDT

k3 þ k4
(14) 

In view of the mathematical model of rice powder 
developed by Tanaka et al.,[18] Equation 15 was used 
to associate qt with T and X, and Equation 16 was 
used to associate aw with Tt and X. The equation was 
used to calculate Psat :

qt ¼ expðhq1 X2 þ hq2 X þ hq2Þ (15) 

aw ¼ expðhaw1Thaw2
t exp ðhaw3Thaw4

t XÞÞ (16) 

where hq1 ; hq2 ; hq3 ; hq4 ; hq5 ; hq6 ; haw2; haw2; haw3 and 
haw4 were model parameters.

In the mechanistic equations for the HDT dryer 
section, both kHDT and hHDT were used as model 
parameters without incorporating more detailed, spe-
cific calculation formulas. Meanwhile, AHDT influ-
enced both heat and mass transfer calculations. With 
r as a fixed parameter, the characteristic length of the 
tobacco, Lt; served as the sole variable factor. 
Observations at the conveyor feeding into the dryer 
revealed that the tobacco strips were unevenly 

distributed in length, and were prone to clumping 
together, with some already forming into lumps. This 
clumping resulted in uneven heat and mass transfer, 
leading to significant fluctuations in the tobacco’s 
moisture content post-drying. In the mathematical 
model, variations in Lt affected the contact area 
between the tobacco and the gas, impacting heat and 
mass transfer calculations and introducing random-
ness into the drying process. Aside from this, the cal-
culation of aw; Cp; and qt were related to moisture 
content. Additionally, fluctuations in Xinlet; as an 
input variable to the model, significantly impacted the 
stability of moisture levels after drying (Figure 4).

3.1.2. Outfeed conveyor section
Tobacco was steadily transported on the outfeed con-
veyor section, where extended exposure of the surface 
to ambient air resulted in greater dissipation of mois-
ture and heat compared to the internal diffusion 
within the tobacco. To better understand the moisture 
and temperature differences between the surface and 
internal tobacco shreds, an additional infrared mois-
ture meter was temporarily installed in front of the 
winnower to measure XConveyor and TConveyor in real 
time. Data on Tcool from the cooling moisture meter 
was also collected during the test. The comparison of 
moisture content and temperature of tobacco in the 
post-drying process was shown in the Figure 5.

By analyzing the 5390-second measurements from 
the special experimental batch in the Figure 5a, it was 
found that XHDT had the highest mean value of 
0.1449, while XConveyor had a mean of 0.1193, signifi-
cantly lower than Xcool; which had a mean of 0.1337. 
In the Figure 5b, the temperature THDT exhibited the 

Figure 4. Agglomerated tobacco at the entrance of the dryer.
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highest mean value of 338.6 K, followed by the tem-
perature before the inlet of the winnower at 325.8 K, 
and Tcool at 307.3 K. The pressure inside the winnower 
was lower than the ambient air pressure. Therefore, it 
was difficult for tobacco, whose moisture content was 
higher than the equilibrium moisture[19] to absorb 
moisture in a negative pressure environment, and it 
was reasonable to believe the increase in moisture 
content of tobacco as it left the winnower was likely 
due to the obvious mixing effect during the winnow-
ing process.

According to the the result of the experiment, it 
suggested that a significant amount of moisture was 
lost from the upper layer of the tobacco shred in the 
outfeed conveyor section, and the evaporation process 
there could not be disregarded. Additionally, the large 
difference between XConveyor and Xcool implied that 
moisture reduction was greater on the surface of the 
tobacco in the outfeed conveyor section compared to 
the internal layers, and the winnower effectively mixed 
the upper and lower layers of tobacco. Therefore, it 
was crucial to distinguish between the internal and 
external layers of tobacco in the outfeed conveyor 
section.

Different from the HDT dryer section where 
tobacco was blown into strips and came into full con-
tact with process gas, tobacco piled up together in this 
section and then steadily moves to the entrance of the 
winnower, and its surface tobacco had a larger contact 
area with the air, which would diffuse more moisture 
and heat, and thus the shape that tobacco in this sec-
tion was considered into rectangular. Here, tobacco 
was divided into upper and lower layers as shown in 
the Figure 6. All evaporation and heat dissipation 
occurred in the upper layer, while the lower layer 
remained unchanged, without transferring energy or 
diffusing moisture to the upper layer. Let k represent 
the ratio of the upper layer’s dry tobacco mass flow to 

Ft, dry; thus, the lower layer’s dry tobacco mass flow 
accounted for 1-k. The calculation formula was shown 
in Equation 17.

Ft, HDT, out ¼ Ft, Conveyor, in

¼ kFt, dryð1þ XHDTÞ þ ð1 − kÞFt, dryð1þ XHDTÞ

(17) 

@X
@t
¼ Deff

@2X
@x2

(18) 

Fick’s law of diffusion (Equation 18) was a classical 
law describing the diffusion behavior of substances in 
a medium. In the process of moisture diffusion from 
the tobacco to the air (x denoted the diffusion dis-
tance in m), Deff was the effective diffusion coeffi-
cient.

MR ¼
X − Xe

X0 − Xe
(19) 

MR in Equation 19 denoted the moisture ratio, X 
denoted the moisture after drying, Xe represented the 
equilibrium moisture, and X0 was the initial moisture. 
To solve the equation, Crank assumed that external 
resistance to mass transfer was negligible, the initial 
humidity and temperature were uniform, and material 
shrinkage was minimal.[20] The moisture diffusion 
equation for the outfeed conveyor was as follows:

MR ¼
8
p2

XN

n¼1

1
ð2n − 1Þ2

exp −
ð2n − 1Þ2p2Deff tConveyor

L2
thick

 !

(20) 

Here, tConveyor denoted the time experienced by 
moisture diffusion, which approximated the time the 
tobacco spends on the outfeed conveyor. Lthick repre-
sented the diffusion path, was approximate to half of 
the thickness of the tobacco, all measured in m. Based 
on Equation 20, XConveyor can be calculated.

Figure 5. Comparison of moisture content and temperature of tobacco in the post-drying process.
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Xe in the Equation 19 can be calculated by applying 
Modified Oswin Model.[21]

Xe ¼ ðhXe1 þ hXe2TÞ RH=100
1−RH=100

� �hXe3
(21) 

Deff would be affected by environmental factors such 
as the temperature of the workshop and the relative 
humidity of the air (RH). It can be computed by the 
equation below[19]

Deff ¼ B1 exp −
Ea

RT
þ B2

RH
100

� �

(22) 

Both B1 and B2 were parameters. Due to the 
unknown relative humidity of the air near the con-
veyor, RH can only be estimated based on the 
approximate relative humidity within the workshop, 
treated as a model parameter. For the upper layer of 
tobacco, the heat transfer equation was referenced in 
Equation 24. The tobacco on the outfeed conveyor 
was approximated as a rectangular shape, and its 
width and height were estimated to determine the 
heat transfer area(conveying speed vConveyor was 0.6333 
m=s; the width was 0.4 m), and the heat transfer coef-
ficient, hConveyor was treated as a model parameter. 
The enthalpy flow ht, Conveyor, in at the starting position 
of the tobacco outfeed conveyor was ht, HDT, in; and the 
energy increment of the tobacco at this stage was 
expressed as followed:

DEt, Conveyor ¼ ht, Conveyor, inDt − ht, Conveyor, outDt

− QConveyor, conv − QConveyor, evap (23) 

QConveyor, conv ¼ hConveyorðvConveyor � 0:4þ vConveyor

� �Lthick � 2ÞDtðT − TairÞ

(24) 

Dt denoted the tobacco’s time in this section, and Tair 
denoted the temperature of the ambient air. There 
was no measurement device in the winnower, since 
the air pressure inside the winnower was low, the 
ambient air would be drawn in. Therefore, the gas 
temperature inside the winnower was assumed to be 
the same as the ambient temperature, 298.15 K. To 

calculate Qevap, Conveyor; it was prior to calculate the 
moisture evaporation mass(EvapConveyor) during this 
stage, and then multiplied it by LðTt, XÞ: Based on the 
assumption, the evaporation of water was all concen-
trated in the upper layer of the tobacco, and thus the 
value of EvapConveyor can be calculated as follows:

EvapConveyor ¼ kFt, dryDtðXHDT − XConveyorÞ (25) 

To simplify double integration of Qevap, HDT and 
Qconv, HDT ; the integral median theorem was employed, 
introducing four model parameters (k5; k6; k7; k8) to 
estimate state medians.

XConveyor, mid ¼
k5XHDT þ k6XConveyor

k5 þ k6
(26) 

TConveyor, mid ¼
k7THDT þ k8TConveyor

k7 þ k8
(27) 

3.1.3. Winnower section
In the winnower section, the tobacco that was origin-
ally piled on the conveyor was blown into strips by 
strong wind after entering the winnower, and then 
churned in a closed space. During the winnowing pro-
cess, the newly entered tobacco mixed with the 
tobacco already inside, and then settled into the outlet 
channel of the winnower before leaving the device. 
There was no heat source or measuring device in the 
winnower, and the equipment parameters remained 
constant. In this process, due to evaporation, tobacco 
lost moisture and heat, but achieved a certain degree 
of moisture and heat mixing between each other. 
Besides, the convective heat transfer between the 
strong airflow and tobacco also caused significant heat 
loss. After this process, the temperature of the tobacco 
rapidly decreased, and the fluctuation in tobacco 
moisture decreased apparently.

The schematic diagram of the entire mixing process 
was shown in Figure 7.

It was advisable to model the winnower as a mixer: 
some tobacco always stayed in the mixer (B tobacco 
was one of them), and the moisture content of B 
tobacco was lower than that of the lower layer of 

Figure 6. Schematic diagram of the layered model of the outfeed conveyor section.
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tobacco at the inlet of the winnower. The tobacco 
(referred to as A) that entered within a unit of time 
mixed with B. After a certain period of time, the 
mixed A and B reached the same temperature and 
moisture content. Subsequently, A left the mixer, 
while B continued to move in the mixer but did not 
mix with the incoming tobacco until its moisture and 
temperature gradually returned to the mixing state.

Assuming that each piece of tobacco entering the 
mixer was mixed with an equal mass of B, at the end 
of the mixing process, A and B would have the same 
moisture and temperature. Based on the conservation 
of the total mass and energy of A and B, the following 
equations were obtained:

Dmt, Winnower ¼ mWinnower þ Ft, dryð1þ XConveyorÞDt
− EvapWinnower − m0Winnower

− Ft, dryð1þ XcoolÞDt
DEt, Winnower ¼ EWinnower þ ht, Winnower, inDt

− Qconv, Winnower − Qevap, Winnower

− ht, Winnower, outDt − E0Winnower

8
>>>>>>>>><

>>>>>>>>>:

(28) 

where Dt was the tobacco’s time in this section, 
mt, Winnower denoted as the inherent mass of B before 
mixing (Equation 29), m0Winnower represented the mass 
of B after mixing (Equation 30), and EvapWinnower was 
the total moisture evaporation mass (Equation 31). 
tWinnower denoted as the residence time of the tobacco 
in the winnower, equal to Dt in this section.

mWinnower ¼ mWinnower, dryð1þ XWinnowerÞ (29) 

m0Winnower ¼ mWinnower, dryð1þ XcoolÞ (30) 

EvapWinnower ¼ Revap, WinnowertWinnower (31) 

EWinnower denoted as the heat of B before mixing 
(Equation 32), and E0Winnower was the heat of B after 
mixing (Equation 33).
EWinnower ¼ CpðXWinnowerÞmWinnowerð1þ XWinnowerÞTWinnower

(32) 

E0Winnower ¼ CpðXcoolÞm0Winnowerð1þ XcoolÞTcool (33) 

The formulas for A’s enthalpy were listed in 
Equations 34 and 35.
ht, Winnower, in ¼ CpðXConveyorÞmConveyorð1þ XConveyorÞTConveyor

(34) 

ht, Winnower, out ¼ CpðXcoolÞmcoolð1þ XcoolÞTcool (35) 

Since the inside of the winnower was a negative 
pressure environment, a large amount of ambient air 
will enter the winnower from the inlet and outlet, so 
it was assumed here that the temperature inside the 
winnower (TWinnower) and Tair were equal. Since the 
tobacco in the winnower was thoroughly blown out 
and the surface area cannot be estimated, in this 
paper, the area and heat transfer coefficient were syn-
thesized into a model parameter hWinnower: The for-
mula was shown below:

Qconv, Winnower ¼ hWinnowerðTWinnower − TairÞDt (36) 

Figure 7. Schematic diagram of mixed model for winnower selection process.
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For the currently unknown evaporation rate for-
mula Revap, Winnower; an equation was fitted for the dif-
ference in temperature between the tobacco and 
winnower, tobacco moisture and equilibrium moisture 
correlation as shown in Equation 37:

Revap, Winnower ¼ hR1 exp ðhR2ðTWinnower, mid

− TairÞÞðXWinnower, mid−XeÞ
hR3 (37) 

where hR1; hR2 and hR3 were model parameters. The 
formulate for the median moisture XWinnower, mid and 
the median temperature TWinnower, mid in the winnower 
process were shown in Equation 38 and Equation 39, 
and k9; k10; k11 and k12 were used as the model 
parameters for the estimation of the median values.

XWinnower, mid ¼
k9ðkXHDT þ ð1 − kÞXConveyorÞ þ k10Xcool

k9 þ k10

(38) 

TWinnower, mid ¼
k11

ð1þXConveyorÞTConveyorþð1þXHDTÞTHDT
1þXWinnower, in

� �

þ k12Tcool

k11 þ k12

(39) 

3.2. Model parameters fitting

3.2.1. Parameter optimization problem definition
State equations for the tobacco in the HDT dryer sec-
tion (Equation 1), the outfeed conveyor section 
(Equations 20, 23) and the winnower process 
(Equation 28) were represented as fHDT ; fConveyor; and 
fWinnower; respectively. In the steady-state process, the 
incremental mass and energy of the tobacco were con-
sidered zero. To efficiently fit the model’s parameters, 
the targeting method was used to solve these equa-
tions, with mass and energy conservation as con-
straints. The equations, estimated model states, and 
parameters were treated as decision variables, and a 
nonlinear least squares method was applied to minim-
ize model errors.

The state equations consisting of 3 sets of equations 
of state were denoted as F ; F ¼ fHDT , fConveyor,

�

fWinnower�:

The model’s input variables, denoted as X ; included 
Ft, inlet; Xinlet; Tinlet and Thot; thereby X ¼ Ft, inlet ,½

Xinlet , Tinlet , Thot�:

There were 6 six estimated states of the steady-state 
model, which were denoted as ŷ; ŷ ¼ X̂HDT ,

�

T̂ HDT , X̂Conveyor, T̂ Conveyor, X̂cool, T̂ cool�: And the actual 
state was denoted as y, y ¼ XHDT , THDT , XConveyor,

�

TConveyor, Xcool, Tcool�:

The whole model contained a total of 44 parame-
ters to be fitted, denoted as H: The decision variable 
was denoted as p, where p ¼ H, ŷ½ �:

In summary, the mechanistic model can be 
expressed as ŷ ¼ FðX , pÞ:

In order to find the optimal model parameters, the 
residuals between the model predictions and the 
actual measurements were minimized. The objective 
function for the optimization problem was:

J ¼ ðy − ŷÞ2 ¼ ðy − FðX , pÞÞ2 (40) 

In Matlab, the interior point method in fmincon 
was used as an optimization algorithm to continu-
ously optimize the decision variables by minimizing 
J :

p̂opt ¼ argmin
p
J ¼ argmin

p
ðy − FðX , pÞÞ2 (41) 

For the nonlinear constraints in the optimization 
problem and the bounds on model parameters, some 
were derived from research studies. Among the 44 
parameters, six were associated with the density calcu-
lation formula, four were linked to the water activity 
of tobacco, three pertained to equilibrium moisture, 
five were related to the water diffusion coefficient, 
and two concerned the specific heat of tobacco. Due 
to the inability to experimentally determine the intrin-
sic relationships among moisture, temperature, dens-
ity, water activity, equilibrium moisture, specific heat 
capacity, and moisture diffusion coefficient in tobacco, 
functional correlation equations proposed by other 
scholars were cited. The physical and chemical prop-
erties of the tobacco under study differed from those 
of other materials being investigated, and the param-
eter values also varied accordingly. However, to 
ensure the rationality of the parameters, the optimiza-
tion range of these 20 parameters was maintained 
within the same order of magnitude as the drying 
property parameters of other materials. Additionally, 
constraints on density, water activity, equilibrium 
moisture, and water diffusion coefficient were 
imposed to ensure practical physical meaning. For 
instance, the water activity of tobacco was constrained 
to a range of 0 to 1. Detailed constraints were shown 
below:

200 < qtðXHDT , THDT , HÞ < 800
0 < awðXHDT , THDT , HÞ < 1
Deff ðTHDT , HÞ > 0
Deff ðTConveyor, HÞ > 0
XeðTHDT , HÞ > 0
XeðTWinnower, HÞ > 0

8
>>>>>>>>><

>>>>>>>>>:

(42) 
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3.2.2. Fitting results
Available data from 25 production batches of a par-
ticular tobacco brand required fitting 44 model 
parameters. The dateset comprised a total of 75 sam-
ples, including 3 samples that contained complete key 
process variables. 60 samples were selected for train-
ing, and rest samples were used for testing.

The nonlinear least squares method was applied to 
fit the model parameters, with the fitting parameters 
were list in Table 2 and the fitting results detailed in 
Table 3. As for the parameters of winnower section, 
for the parameters of the winnower, the physical pro-
cess was to mix and average the tobacco entering the 
winnower with the tobacco inside, which had a mass 
of 0.050 kg, a moisture content of 0.1365, and a tem-
perature of 301 K. Moreover, there were no abnormal-
ities in the model parameters such as the heat transfer 
coefficient, mass transfer coefficient, and the charac-
teristic length of the tobacco. According to the fitting 
results in Table 3, the prediction error of Xcool was the 
smallest, generally within 5:000� 10−4; indicating that 
the model also accurately predicted XHDT and THDT :

Although there were insufficient measurement sam-
ples for XConveyor; TConveyor and Tcool; the estimated val-
ues for these states were very close to the true values 
and deemed reasonable.

4. Monte Carlo simulation based model 
validation

4.1. Kernel density estimation

During HDT pneumatic drying process, the relative 
positions of tobacco leaves often shifted, meaning 
moisture meters at different locations might not meas-
ure the same portion of tobacco. In addition, due to 
the small measurement area of the infrared moisture 
meter and the uneven distribution of moisture and 
temperature in the tobacco, the timing data obtained 
from the moisture meter lacked representativeness, as 
illustrated in Figure 8. In order to accurately assess 
tobacco’s moisture content, it was necessary to analyze 
the statistical distribution characteristics of the mois-
ture data throughout the entire tobacco process.

Firstly, given the assumption that the difference in 
the distribution of moisture in the radial and axial 
directions was not caused by mechanistic factors, and 
the distribution of the entire batch was approximated 
to the statistical distribution of the measured samples. 
Then, kernel density estimation, a non-parametric 
statistical technique, was used to estimate the prob-
ability density function of a random variable based on 
given sample of data points, without making any 

assumptions about the distribution form. Its formula 
was given below:

f̂ ðxÞ ¼
1

nh

Xn

i¼1
K

x − xi

h

� �

(43) 

In this equation, x represented the location where 
the density was to be estimated, xi denoted as a sam-
ple data point, f̂ ðxÞ was the estimated density at point 
x, n was the number of sample data points, h was the 
bandwidth parameter, and Kð�Þ was the kernel func-
tion. Since the probability density of tobacco moisture 
content data might not have conformed to a specific 
distribution, KDE method was advantageous as it did 
not require any pre-assumptions about the form of 
the distribution. Instead, it estimated the probability 
density function solely based on the data, constructing 
a smooth and accurate density function curve by cal-
culating the contribution of each sample point to the 
overall density, as shown in Equation 44.

KðxÞ ¼
1
ffiffiffiffiffi
2p
p exp −

x2

2

� �

(44) 

To minimize the mean square error between the 
estimated and actual probability density functions, the 
bandwidth h was selected using the Rule of Thumb 
(ROT) method. For univariate data, a Gaussian kernel 
function was employed, and the optimal bandwidth 
hopt was determined in Equation 45, and r̂ repre-
sented the standard deviation of the data sample, IQR 
denoted the interquartile range. And in this work, 
IQR was 1:400� 10−3:

hopt ¼ 0:9min r̂,
IQR
1:34

� �

n−1
5 (45) 

With KDE method, it was available to get the prob-
ability density function of the tobacco’s moisture con-
tent and then generate random samples.

4.2. Monte Carlo method

Monte Carlo simulation was a numerical technique 
used to model system behavior through random sam-
pling. By generating numerous random samples 
within a specified parameter range, it evaluated the 
system’s performance and output.[22] In the previous 
section, Xinlet and Lt were identified as key factors 
influencing moisture fluctuations after drying. To 
assess the predictive accuracy of the steady-state dry-
ing model, random samples of Xinlet; based on its 
probability distribution, and Lt were generated to 
simulate real production conditions. These simulated 
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Table 3. Model fitting results.

Batch Usage

XHDT THDT (K) XConveyor TConveyor (K) Xcool (K) Tcool (K)

Actual Predict Actual Predict Actual Predict Actual Predict Actual Predict Actual Predict

1 training 1.448 1.449 3.384 3.382 1.194 1.194 3.256 3.257 1.377 1.377 3.073 3.076
2 training 1.451 1.450 3.387 3.382 1.194 1.194 3.257 3.258 1.377 1.377 3.074 3.076
3 test 1.448 1.449 3.386 3.381 1.192 1.194 3.260 3.257 1.376 1.377 3.074 3.076
4 training 1.441 1.443 3.385 1.377 – 1.197 – 3.251 1.375 1.376 – 3.073
5 training 1.449 1.444 3.386 3.377 – 1.197 – 3.252 1.377 1.376 – 3.073
6 training 1.446 1.444 3.388 3.378 – 1.197 – 3.252 1.375 1.376 – 3.073
7 training 1.427 1.447 3.375 3.380 – 1.195 – 3.255 1.375 1.377 – 3.074
8 training 1.433 1.447 3.379 3.379 – 1.196 – 3.254 1.372 1.377 – 3.074
9 test 1.451 1.446 3.383 3.379 – 1.196 – 3.254 1.381 1.377 – 3.074
10 test 1.445 1.438 3.384 3.375 – 1.199 – 3.249 1.372 1.375 – 3.071
11 training 1.440 1.439 3.384 3.376 – 1.198 – 3.250 1.383 1.376 – 3.072
12 training 1.422 1.431 3.378 3.373 – 1.200 – 3.246 1.374 1.374 – 3.070
13 training 1.445 1.446 3.383 3.383 – 1.196 – 3.254 1.376 1.377 – 3.074
14 training 1.443 1.447 3.385 3.380 – 1.195 – 3.255 1.377 3.074 – 3.074
15 training 1.432 1.446 3.376 3.379 – 1.196 – 3.254 1.376 1.377 – 3.074
16 training 1.438 1.442 3.380 3.377 – 1.197 – 3.251 1.376 1.376 – 3.073
17 training 1.442 1.441 3.380 3.376 – 1.198 – 3.251 1.377 1.376 – 3.072
18 training 1.442 1.449 3.385 3.383 – 1.195 – 3.256 1.377 1.377 – 3.075
19 training 1.448 1.443 3.383 3.378 – 1.196 – 3.253 1.377 1.376 – 3.073
20 training 1.449 1.450 3.383 3.382 – 1.194 – 3.258 1.376 1.377 – 3.075
21 training 1.445 1.447 3.385 3.380 – 1.195 – 3.254 1.376 1.377 – 3.074
22 training 1.448 1.449 3.385 3.382 – 1.194 – 3.256 1.377 1.377 – 3.074
23 training 1.450 1.446 3.386 3.379 – 1.196 – 3.253 1.377 1.377 – 3.074
24 test 1.444 1.446 3.386 3.379 – 1.196 – 3.254 1.376 1.377 – 3.074
25 test 1.450 1.448 3.385 3.380 – 1.195 – 3.255 1.378 1.377 – 3.075
26 test 1.445 1.447 3.386 3.380 – 1.195 – 3.254 1.376 1.377 – 3.074
27 training 1.445 1.448 3.386 3.381 – 1.195 – 3.256 1.377 1.377 – 3.075
28 training 1.448 1.444 3.385 3.378 – 1.197 – 3.252 1.377 1.376 – 3.073
29 training 1.446 1.444 3.385 3.378 – 1.197 – 3.252 1.377 1.376 – 3.073
30 training 1.451 1.441 3.385 3.376 – 1.198 – 3.250 1.376 1.376 – 3.072
31 training 1.441 1.449 3.375 3.382 – 1.194 – 3.257 1.376 1.377 – 3.076
32 training 1.442 1.449 3.374 3.382 – 1.194 – 3.256 1.377 1.377 – 3.075
33 training 1.439 1.448 3.373 3.381 – 1.195 – 3.255 1.377 1.377 – 3.075
34 training 1.463 1.453 3.394 3.387 – 1.191 – 3.261 1.376 1.377 – 3.078
35 training 1.458 1.452 3.393 3.387 – 1.191 – 3.261 1.376 1.377 – 3.078
36 training 1.459 1.452 3.394 3.386 – 1.191 – 3.260 1.376 1.377 – 3.077
37 training 1.457 1.452 3.386 3.387 – 1.191 – 3.261 1.379 1.377 – 3.078
38 training 1.452 1.453 3.386 3.389 – 1.190 – 3.262 1.376 1.376 – 3.078
39 training 1.455 1.453 3.385 3.389 – 1.190 – 3.262 1.377 1.376 – 3.078
40 training 1.450 1.452 3.385 3.387 – 1.191 – 3.261 1.376 1.376 – 3.078
41 training 1.456 1.452 3.384 3.387 – 1.191 – 3.261 1.377 1.376 – 3.078
42 training 1.457 1.452 3.383 3.386 – 1.192 – 3.260 1.377 1.377 – 3.077
43 test 1.460 1.453 3.392 3.390 – 1.189 – 3.263 1.377 1.376 – 3.079
44 training 1.461 1.453 3.392 3.387 – 1.190 – 3.261 1.175 1.376 – 3.078
45 training 1.461 1.453 3.389 3.388 – 1.190 – 3.261 1.377 1.376 – 3.078
46 training 1.463 1.450 3.387 3.384 – 1.193 – 3.258 1.377 1.377 – 3.076
47 training 1.461 1.451 3.386 3.384 – 1.192 – 3.259 1.376 1.377 – 3.077
48 training 1.463 1.450 3.384 3.384 – 1.193 – 3.258 1.377 1.377 – 3.076
49 training 1.442 1.450 3.374 3.383 – 1.193 – 3.257 1.377 1.377 – 3.076
50 training 1.442 1.449 3.377 3.381 – 1.194 – 3.256 1.377 1.377 – 3.075
51 training 1.437 1.449 3.372 3.381 – 1.194 – 3.256 1.375 1.377 – 3.075
52 training 1.432 1.453 3.373 3.392 – 1.188 – 3.264 1.377 1.376 – 3.080
53 training 1.445 1.453 3.378 3.398 – 1.187 – 3.265 1.377 1.375 – 3.080
54 test 1.441 1.453 3.375 3.392 – 1.188 – 3.264 1.376 1.376 – 3.080
55 test 1.459 1.451 3.378 3.385 – 1.192 – 3.259 1.378 1.377 – 3.077
56 test 1.459 1.451 3.379 3.384 – 1.193 – 3.258 1.376 1.377 – 3.076
57 training 1.458 1.449 3.379 3.382 – 1.194 – 3.257 1.378 1.377 – 3.075
58 training 1.454 1.452 3.378 3.385 – 1.192 – 3.260 1.377 1.377 – 3.077
59 training 1.449 1.452 3.378 3.387 – 1.191 – 3.261 1.377 1.377 – 3.078
60 training 1.454 1.452 3.383 3.386 – 1.191 – 3.260 1.376 1.377 – 3.077
61 training 1.456 1.453 3.382 3.389 – 1.189 – 3.263 1.378 1.376 – 3.079
62 training 1.457 1.453 3.384 3.389 – 1.190 – 3.262 1.376 1.376 – 3.079
63 training 1.454 1.453 3.384 3.390 – 1.189 – 3.263 1.376 1.377 – 3.079
64 training 1.450 1.454 3.388 3.390 – 1.189 – 3.263 1.377 1.377 – 3.079
65 training 1.456 1.454 3.387 3.390 – 1.189 – 3.263 1.377 1.377 – 3.079
66 training 1.450 1.453 3.384 3.390 – 1.189 – 3.263 1.376 1.377 – 3.079
67 training 1.450 1.452 3.387 3.386 – 1.191 – 3.260 1.376 1.377 – 3.077
68 training 1.451 1.453 3.385 3.387 – 1.191 – 3.261 1.376 1.377 – 3.078
69 training 1.452 1.453 3.386 3.387 – 1.191 – 3.261 1.379 1.377 – 3.078
70 training 1.448 1.443 3.378 3.377 – 1.197 – 3.252 1.376 1.376 – 3.073
71 training 1.445 1.443 3.377 3.377 – 1.197 – 3.252 1.377 1.376 – 3.073
72 training 1.451 1.443 3.379 3.377 – 1.197 – 3.252 1.376 1.376 – 3.073
73 training 1.448 1.451 3.377 3.385 – 1.192 – 3.259 1.377 1.376 – 3.077
74 training 1.451 1.451 3.377 3.385 – 1.192 – 3.259 1.377 1.377 – 3.077
75 training 1.448 1.450 3.373 3.383 – 1.193 – 3.257 1.377 1.376 – 3.076
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results were then compared with actual tobacco mois-
ture data to evaluate the model’s validity.

In the simulation, Finlet remained constant as a 
fixed input, Xinlet was treated as a stochastic variable 
due to measurement limitations and inherent moisture 
distribution variability. And Lt was also a stochastic 
variable owing to the phenomena observed during the 
experimental process.

The steps for generating random samples of Xinlet 
using Monte Carlo simulation were outlined in 
Figure 9.

Firstly, time series data for Xinlet was collected from 
the inlet moisture meter. Secondly, data processing 
methods, such as applying a sliding average to reduce 
measurement noise, were then employed. Thirdly, 
random samples of Xinlet were generated using the 
KDE toolbox in Matlab, which processed the timing 
data to produce a KDE structure representing the 
probability density of Xinlet: The Matlab sample 

function was used to generate the desired number of 
random samples based on this KDE structure.

Here, using data from a specific test batch, 500 
Monte Carlo random samples were generated based 
on real data samples of Xinlet: The actual probability 
distribution and the probability density distribution of 
the random samples were shown in Figure 10. The 
mean of the Xinlet random samples was 2:975� 10−1;

with a variance of 1:089� 10−6; which closely 
matched the distribution of the real samples.

Lt was a model parameter defining the shape of 
tobacco particles, differed from the actual tobacco 
length, and could not be directly measured. In 
steady-state modeling, Lt was assumed to be con-
stant throughout the process and was determined 
through nonlinear least squares fitting. Since Lt was 
a stochastic variable in the simulation, it was rea-
sonable to assume that Lt followed a normal distri-
bution with a mean of 4:079� 10−2 and a variance 
of 5:500� 10−3:

4.3. Monte Carlo simulation based model testing

Using the data from the batch with complete key pro-
cess variables, 500 samples were generated through 
Monte Carlo random sampling and input into the 
steady-state model for calculation. The statistical 
results were presented in Table 4 and Figure 11.

The Monte Carlo simulation results indicated that 
the steady-state model could relatively accurately esti-
mate the mean values of the state distribution of 
tobacco at various points: the outlet of the dryer, and 
the inlet and outlet of the winnower. Notably for 
Xcool; the mean error in predicting the cooling mois-
ture was 1:000� 10−4:

Figure 8. Schematic diagram of moisture content distribution 
in tobacco on the conveyor (red area represented the moisture 
content within the sampling area).

Figure 9. Random sampling of tobacco’s moisture at the inlet 
of the dryer.

Figure 10. Probability density distribution of moisture meas-
urement samples and random samples at the entrance of the 
dryer.
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Additionally, Monte Carlo simulation was also per-
formed on select data samples from the test set to ver-
ify the effectiveness of the steady-state model. For 
example, the statistical results for other three batch-
es(the 8th, 11th, and 17th batches) of the drying pro-
cess were shown in Table 5. The results from the 
Monte Carlo simulation indicated that the model was 
able to accurately estimate the cooling moisture of the 
tobacco. The estimation errors for XHDT and THDT 
were minimal, and mean values of X̂Conveyor and 
T̂ Conveyor were reasonable (Figure 12).

5. Model-based feedforward control for HDT 
pneumatic drying process

5.1. Model-based feedforward control strategy

The original control strategy at the cigarette factory 
did not adequately account for the effects of fluctua-
tions in tobacco feed on the drying process. As a 
result, the control of cooling moisture was ineffective 
and did not meet the upgraded product quality 
requirements. To address this issue, a feed-forward 
control was integrated into the existing control system 
based on the steady-state model in Equation 46
(mainly combined with Equations 1, 20, 23 and 28) 
and X represented the process variables that needed to 
be input into the model to predict cooling moisture, 
which was consist of Ft, inlet; Xinlet and Thot:

X̂cool ¼ FðX, HÞ
X ¼ Ft, inlet, Xinlet, Thot½ �

(46) 

This enhancement aimed to reduce the impact of 
variations in tobacco input on the drying process in 
the HDT dryer. The improved control structure was 
illustrated in Figure 13.

The feedforward coefficients were determined by 
performing linear regression on a large history dataset. 
This dataset included the 100-fold difference between 
Xinlet (the mean value of Xinlet) and Xcool (the mean 
value of Xcool). To account for the percentage-based rep-
resentation of moisture content, the values were multi-
plied by 100 before being correlated with ufeedforward: The 
regression equation was given by:

ufeedforward ¼ KðXinlet − XcoolÞ � 100þ b (47) 

According to the history data, the regression ana-
lysis yielded a coefficient K¼ 2.337 and an intercept 
b¼ 2.550. H was also fitted by historical data, with Figure 11. Monte Carlo Simulation for the First Batch.

Table 5. Monte Carlo simulation results for other three batches.
Data batch Tobacco state Actual mean Predicted mean

8 Outlet moisture of the dryer (10−1) 1:450� 10−1 1:439� 10−1

Outlet temperature of the dryer (102 K) 3:386� 102 3:378� 102

Inlet moisture of the winnower (10−1) – 1:196� 10−1

Inlet temperature of the dryer (102 K) – 3:252� 102

Cooling moisture ð10−1Þ 1:377� 10−1 1:375� 10−1

Cooling temperature (102K) 3:073� 102 3:073� 102

11 Outlet moisture of the dryer (10−1) 1:450� 10−1 1:445� 10−1

Outlet temperature of the dryer (102 K) 3:386� 102 3:382� 102

Inlet moisture of the winnower (10−1) – 1:194� 10−1

Inlet temperature of the dryer (102 K) – 3:256� 102

Cooling moisture ð10−1Þ 1:377� 10−1 1:375� 10−1

Cooling temperature (102K) – 3:075� 102

17 Outlet moisture of the dryer (10−1) 1:450� 10−1 1:447� 10−1

Outlet temperature of the dryer (102 K) 3:386� 102 3:381� 102

Inlet moisture of the winnower (10−1) – 1:194� 10−1

Inlet temperature of the dryer (102 K) – 3:256� 102

Cooling moisture ð10−1Þ 1:377� 10−1 1:376� 10−1

Cooling temperature (102K) – 3:075� 102

Table 4. Monte Carlo simulation results of the first batch of 
pneumatic drying process.

State of tobacco
Actual mean  

value
Predicted mean  

value

Outlet moisture of the dryer (10−1) 1.449 1.452
Outlet temperature of the dryer (102 K) 3.386 3.381
Inlet moisture of the winnower (10−1) 1.193 1.194
Inlet temperature of the dryer (102 K) 3.257 3.257
Cooling moisture (10−1) 1.377 1.378
Cooling temperature (102 K) 3.073 3.075
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Tinlet being fixed as a constant value. X̂cool can be 
computed online based on the steady-state model and 
measurement values, such as Ft, in; Xinlet and Thot:

ufeedforward was calculated based on X̂cool; Thot and coef-
ficients K and b, as shown in Equation 48.

ufeedforward ¼ KðXinlet − X̂coolÞ � 100þ b (48) 

Simultaneously, the feedback controller adjusted 
ufeedforward based on the deviation between Xset

cool and 
Xcool: ufeedforward was combined with ufeedback to obtain 
the total control input, u, which was then applied to 
the HDT dryer. This enhanced control system enabled 
timely adjustments to u based on Xinlet; thereby sig-
nificantly improving control efficiency.

5.2. Moisture content control results of improved 
control system

The Xcool standard deviation probability density distri-
bution plotted based on KDE method for 214 batches 
of Xcool data before the control structure improvement 
and all batches of Xcool data after the improvement 
were counted. Under the original control scheme 
(shown by the blue line on the way), the mean value 
of the Xcool standard deviation was 6:220� 10−4; and 
the standard deviation was 8:626� 10−5; with an 
overall right-skewed distribution and a long right 
trailing tail, which indicated that the consistency of 

Xcool within different batches was poorer. The ability 
of the original control scheme to regulate Xcool fluctu-
ations was limited, and it was unable to effectively 
reduce moisture fluctuations when fluctuations in the 
tobacco feed occurred (Figure 14).

After the improvement of the control strategy, 
the standard deviation of Xcool was 5:744� 10−4; and 
the standard deviation was 8:626� 10−5: Comparing the 
distribution of the standard deviation of Xcool before 
and after the improvement of the control strategy, the 
mean value of the standard deviation reduced by 
7.65%, the standard deviation reduced by 20.27%, and 

Figure 12. Monte Carlo Simulation for other three batches.

Figure 13. Improved control system structure.

Figure 14. Comparison of cooling water control effects.
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the differences in the standard deviation of Xcool in 
different batches significantly reduced.

It can be seen that the feedforward control based 
on the steady state model can effectively reduce the 
standard deviation of Xcool within a batch by compen-
sating for the random disturbance in the HDT dryer 
in time, and also greatly improve the consistency of 
Xcool within different batches.

6. Conclusion

The paper introduced a steady-state process model for 
the HDT dryer focused on moisture control in 
tobacco drying. The main innovation was creating a 
first-principles-based steady-state model and applying 
it to real-world tobacco drying processes, effectively 
enhancing the control of cooling moisture fluctuations 
and assessing the model’s performance in practical 
scenarios.

The study began by describing the HDT dryer and 
detailing the drying process, which was divided into 
three sections. With a FLIR thermal camera, the tem-
perature field at the infrared moisture meter’s meas-
urement point was observed, revealing a non-uniform 
temperature distribution and poor data representative-
ness. Under such condition, a steady-state model was 
developed based on mass and energy conservation 
principles to calculate the moisture and temperature 
of tobacco. In this model, tobacco was represented as 
cylindrical particles within the dryer, with stable gas 
properties assumed throughout the process. Analysis 
revealed that the inlet moisture and the tobacco’s 
characteristic length significantly affected post-drying 
moisture fluctuations. In the outfeed conveyor section, 
a moisture meter was temporarily installed at the win-
nower inlet to verify the layered model, which focused 
heat and mass transfer in the upper layer, with mois-
ture loss computed using Fick’s second law. A special-
ized mixer model was employed for the winnower to 
minimize state fluctuations. The model’s parameters 
were obtained through nonlinear least squares meth-
ods. The steady-state model accurately estimated cool-
ing moisture and effectively predicted other states 
throughout the drying process.

For controlling cooling moisture fluctuations, the 
steady-state model was used to estimate cooling mois-
ture online, with a feedforward controller adjusting 
outputs based on this estimate. Post-control scheme 
improvement, the mean standard deviation of cooling 
moisture decreased by 7.65%, and the overall standard 
deviation reduced by 20.27%. This feedforward con-
trol effectively minimized cooling moisture variability 

within batches and enhanced consistency across differ-
ent batches of tobacco.

Nomenclature 
Symbols 

aw Activity of moisture 
A Area (m2) 
B Parameter of diffusion coefficient calculation 

model (m2s−1) 
Cp Heat capacity of tobacco (kJ=kg) 
Deff Effective diffusion coefficient (m2s−1) 
E Energy (kJ) 
Ea Activation energy (kJ) 
F Mass flow (kg=s) 
H Humidity (kg water / kg dried gas) 
h Heat transfer coefficient (kJ=ðKm2Þ) 
ht Enthalpy flow of tobacco (kJ=s) 
k Ratio of dry weight of upper and lower cut 

tobacco 
kHDT Mass transfer coefficient in HDT section (kg=s) 
L Latent heat (kJ) 
Lt Characteristic length (m) 
Lthick Thickness of tobacco (m) 
MR Moisture ratio 
m Mass (kg) 
P Pressure (Pa) 
Q Quality of heat (kJ) 
r The radius of cylindrical particles (m) 
R Ideal gas constant (J=ðmolKÞ) 
RH Relative humidity 
t Time (s) 
T Temperature (K) 
u Control variable 
V Volume (m3) 
W Evaporation rate (kg=s) 
X Moisture content of tobacco 
Xe Equilibrium moisture 
X0 Initial moisture  

Greek Symbols 

q Density (kg=m3) 
h Parameter  

Subscripts 

cool Cooling state at the outlet of the winnower 
Conveyor Outfeed conveyor section 
dry Dry basis of the matter 
evap Evaporation 
g Gas 
HDT The HDT dryer section. 
hot Hot wind 
inlet The inlet of the HDT dryer 
l Liquid 
sat Saturated 
set Set value 
t Tobacco 
v Vapor 
Winnower Winnower section 
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