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ABSTRACT: Industrial airborne pulp drying is governed by strongly coupled moisture transport, heat transfer, 
psychrometric behavior, airflow distribution, pressure dynamics, and fan operation. A nonlinear multi-zone dynamic 
model was formulated to represent these interactions through coupled mass and energy balances, pressure-driven 
deck-to-deck airflow, centrifugal-fan dynamics, and through-thickness moisture and temperature transport. Overall 
and thermal efficiencies, specific energy consumption, and specific moisture evaporation ratio (SMER) were incor-
porated for energetic assessment. A hierarchical direct synthesis methodology (DSM), comprising moisture–temper-
ature and airflow–fan speed cascade loops with chamber-pressure regulation, was evaluated against proportional-
integral-derivative (PID) control and model predictive control (MPC) benchmarks. 

The MATLAB simulations of a six-zone dryer predicted progressive moisture reduction toward 0.120 kg H2O/kg dry pulp, 
overall efficiency near 0.60, thermal efficiency near 0.61, and SMER of approximately 0.95−0.96 kg H2O/kWh. The 
DSM provided the lowest accumulated moisture-tracking error and smooth control action, while PID control gave 
comparable fast loop regulation. The current MPC implementation exhibited poorer moisture–thermal tracking, indi-
cating the need for further predictive model refinement and systematic tuning. The formulation provides a control-
oriented basis for subsequent parameter identification and industrial validation.

	 Application: The proposed model provides mill engineers and researchers with a control-oriented framework 
for evaluating moisture regulation, airflow and pressure management, and energy performance in industrial air-
borne pulp dryers. It can also support controller tuning, operating-point optimization, and future plant data-based 
model validation and digital twin development.

Drying is among the most energy-intensive opera-
tions in industrial processing, accounting for a sig-
nificant fraction of manufacturing energy con-

sumption [1-2]. This issue is particularly relevant to the pulp 
and paper industry, where thermal drying requires substan-
tially more energy for water removal than mechanical de-
watering [3]. Consequently, improvements in drying effi-
ciency, airflow management, heat recovery, and process 
control can significantly affect production cost and energy 
performance.

Pulp drying must remove residual water while maintain-
ing sheet uniformity, fiber quality, brightness, and mechan-
ical integrity. Industrial technologies include steam-heated 
cylinders, flash and rotary dryers, vacuum systems, 
through-air drying, impingement drying, and hybrid con-
figurations [4-8]. Airborne pulp dryers differ fundamen-
tally from contact-based systems since the pulp web is sup-
ported and dried primarily by high-velocity recirculating 
hot air [9]. Drying therefore results from strongly coupled 
heat and mass transfer, moisture evaporation, psychromet-
ric conditions, airflow distribution, chamber pressure, and 
fan operation.

Mathematical modeling of paper drying has been investi-
gated extensively, particularly for conventional multi-cylinder 

sections. Early state-space and dynamic formulations de-
scribed coupled paper, steam, cylinder-wall, moisture, and 
ventilation dynamics [10-12]. Subsequent models incorpo-
rating mass and energy balances for the web, felt, cylin-
ders, and surrounding air were compared with operating 
data [10-12]. More recent studies have extended these ap-
proaches toward moisture transport, thermodynamic analy-
sis, heat- and mass-transfer prediction, and energy perfor-
mance assessment [5,13]. These developments demonstrate 
the maturity of first-principles modeling for conventional 
paper drying; however, their physical architecture differs sub-
stantially from airborne pulp drying, where drying perfor-
mance is dominated by forced convection, large recirculating 
airflow rates, aerodynamic pressure losses, and fan–process 
interactions. This distinction is also supported by published 
multi-cylinder models, which predominantly formulate the 
drying problem around steam-heated cylinders and their in-
teraction with the web and surrounding air [14-16].

Dynamic modeling is particularly important from a con-
trol perspective since industrial dryers exhibit nonlinear 
transport phenomena, significant thermal inertia, transport 
delays, disturbances, and multivariable interactions [17]. 
Conventional implementations commonly rely on propor-
tional-integral-derivative (PID), cascade, and feedforward 
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structures [18], whereas more advanced approaches include 
robust, adaptive, model-predictive, hierarchical, and opti-
mization-based control [19-30]. Such methods can improve 
moisture regulation and energy utilization, but their effec-
tiveness ultimately depends on the availability of a suffi-
ciently representative dynamic process model [19].

Despite the extensive literature on cylinder, rotary, flash, 
tissue, and other drying technologies [5,11,31], a compre-
hensive control-oriented dynamic formulation specifically 
addressing industrial airborne pulp dryers has not been 
identified in the reviewed literature. In particular, the si-
multaneous representation of spatial moisture and tem-
perature evolution, psychrometric behavior, convective 
heat and mass transfer, deck-to-deck airflow distribution, 
pressure losses, fan electromechanical dynamics, energy 
efficiency, and closed-loop control remains insufficiently 
addressed. This gap is important since these phenomena 
are intrinsically coupled in commercial airborne drying 
systems.

Accordingly, this work develops a first-principles, multi-
compartment nonlinear dynamic model of an industrial 
airborne pulp dryer. The dryer is discretized into intercon-
nected drying regions to retain the principal deck-to-deck 
variations in pulp moisture, air and pulp temperatures, hu-
midity, airflow, and pressure while maintaining a compu-
tational structure suitable for control design. The model 
integrates mass and energy conservation, psychrometric 
relations, external and internal moisture-transfer limita-
tions, aerodynamic losses, and fan dynamics. An efficiency 
framework and hierarchical control architecture based on 
the direct synthesis methodology are subsequently formu-
lated, with conventional PID and predictive control used as 
comparative benchmarks.

The study is intentionally presented as a proof of con-
cept rather than a validated industrial digital twin. No ex-
perimental validation is claimed; model parameters and 
assumptions therefore represent physically plausible oper-
ating conditions and require identification against plant 
measurements before quantitative industrial deployment. 
The objective is instead to establish the modeling structure, 
investigate the dominant coupled dynamics, and assess its 
suitability for control and energy performance studies.

The remainder of this paper covers the following topics: 
airborne drying process; development of the nonlinear 
multi-compartment model and its assumptions and limita-
tions; efficiency formulation; development and benchmark-
ing of the control architecture; analysis of simulation re-
sults; and key conclusions.

PROCESS DESCRIPTION
The industrial airborne pulp dryer considered in this work 
is a multi-deck convective drying system in which a con-
tinuous pulp web is transported through successive drying 
regions while interacting with high-velocity heated air 
[2,32,33]. Unlike conventional cylinder drying, the domi-

nant heat transfer mechanism is forced convection between 
the circulating air and the exposed pulp surfaces. Indus-
trial airborne dryers employ modular drying sections, blow 
boxes, air circulation systems, fan towers, and associated 
exhaust and heating equipment to provide the thermal and 
aerodynamic conditions required for moisture removal. 
Commercial configurations, such as the one from Valmet 
[34], can incorporate several tens of drying decks, depend-
ing on machine capacity and process requirements..

Figure 1 shows the generalized process configuration 
considered in this study. The wet pulp web enters the dryer 
at an inlet moisture content Xin(t) [kgH2O/kgdry pulp] and pulp 
temperature Tp, in(t) [K], with mp(t) [kgdry pulp/s] denoting the 
dry pulp throughput. The web is subsequently transported 
through the different drying decks by the internal web-
handling system. As it progresses through the dryer, mois-
ture is progressively removed until the outlet pulp moisture 
Xp(t) [kgH2O/kgdry pulp] required for the subsequent cutting, 
baling, and handling stages is reached [6,32,33].

Within each drying region, heated air is directed toward 
the pulp surfaces through blow boxes and air-distribution 
passages. The drying air temperature is denoted by Ta(t) [K], 
whereas Tp(t) [K] represents the pulp temperature. Heat 
transferred from the air increases the pulp temperature 
and supplies the energy required for water evaporation. 
Simultaneously, moisture migrates through the fibrous po-
rous structure and is transferred from the pulp surface to 
the surrounding gas phase. Convective paper drying is 
therefore governed by simultaneous heat and mass trans-
fer, with air temperature, air velocity, humidity, and pres-
sure conditions directly influencing the drying rate [35-38]. 
This physical behavior is consistent with experimental and 
numerical studies of convective and through-air paper dry-
ing [39,40]. 

The gas-phase moisture condition in Fig. 1 is character-
ized by the humidity ratio Ya(t) [kgH2O/kgdry air], while  
Ys(t) [kgH2O/kgdry air] represents the corresponding satura-
tion condition at the pulp surface. Their difference deter-
mines the local psychrometric potential available for mois-
ture transfer. The resulting water removal rate is 
represented by mev(t) [kg/s]. As drying proceeds, the circu-
lating air becomes progressively more humid while the 
moisture content of the pulp decreases, producing spatial 
variations in temperature, humidity, evaporation rate, and 
pulp condition throughout the dryer [35–38].

Air circulation is generated by the fan system shown 
in Fig. 1. The electric drive supplies the motor torque τm(t) 
[N∙m], producing the fan angular velocity ωf(t) [rad/s]. The 
fans establish the drying air flow rate wa(t) [kgdry air/s] and 
the pressure rise required to overcome the aerodynamic 
resistance of the internal ducts, plenums, blow boxes, 
dampers, and other flow passages. The corresponding 
fan pressure rise and dryer pressure loss are represented 
by ΔPf(t) [Pa] and ΔPd(t) [Pa], respectively. Valmet specif-
ically identifies fan towers, blow boxes, and airflow op-
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timization as central elements of its airborne dryer archi-
tecture, and reports that increased fan-tower airflow can 
increase evaporation capacity [34].

The thermal subsystem provides the heating duty  
qin(t) [W] required to maintain the drying air temperature. 
Part of the circulating air is reheated and returned to the 
drying sections, whereas moisture-laden air is discharged 
through the exhaust system. The exhaust damper open-
ing Aex(t) [m2] regulates the extraction path and contrib-
utes to maintaining the required chamber pressure  
Ps(t) [Pa]. The combined action of heating, air recircula-
tion, exhaust extraction, and fan operation therefore es-
tablishes the thermofluid environment through which the 
pulp web travels.

Since the pulp progressively loses moisture along its tra-
jectory, the operating conditions are not spatially uniform. 
The upstream wetter regions generally sustain a greater 
evaporation load, whereas the downstream regions process 
progressively drier pulp. Consequently, Xp(t), Tp(t), Ta(t), 
Ya(t), wa(t), and the associated pressure conditions can vary 
between drying regions. This physical characteristic moti-
vates the multi-compartment representation introduced in 
the following section rather than treating the complete 
dryer as a single perfectly mixed volume. Spatial heat and 
mass transport is also established in detailed paper-drying 
models, where moisture, temperature, and phase-change 
phenomena evolve throughout the drying process.

SYSTEM MODELING
The airborne pulp dryer is represented as a lumped-param-
eter thermofluid system composed of an equivalent humid 
air control volume, a moving wet pulp phase, an equivalent 
airflow network, and a centrifugal-fan subsystem. The 
physical multi-deck dryer is therefore reduced to spatially 
averaged mass, thermal, humidity, pressure, and mechani-
cal variables. Lumped and reduced-order formulations 
based on coupled mass and energy balances have previ-
ously been employed for paper machine dryer sections, 
multi-cylinder dryers, and industrial through-dryers 
[5,11,12,41-43].

The independent state vector is defined as x(t) =  
[Mv(t), Mp(t), Mw(t), Ta(t), Tp(t), ωf(t), Ps(t)]T, where symboli-
cally x(t) ∈ { 7}. From here, Mv(t) [kg] is the water vapor 
inventory inside the dryer, Mp(t) [kg] is the dry pulp inven-
tory, and Mw(t) [kg] is the liquid water inventory retained 
in the pulp.

The dry air inventory Ma(t) [kg] is reconstructed algebra-
ically from the ideal gas relation and is therefore not in-
cluded as an independent state.

The mathematical formulation is developed under the 
following assumptions:

1. �The humid air phase is represented by a spatially av-
eraged and well-mixed control volume.

2. �Dry air and water vapor are treated as ideal gases over 
the considered operating range.

1. Generalized process diagram of an airborne pulp dryer, including the multi-level drying decks, vertical fan columns, airflow 
recirculation system, heat recovery section, and the principal thermofluid and mechanical interactions involved during pulp drying.
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3. �The effective dryer gas volume Vd [m3] remains con-
stant.

4. �Thermophysical properties of dry air, water vapor, 
liquid water, and dry pulp are evaluated at represen-
tative operating conditions. When required, temper-
ature-dependent correlations may replace their nom-
inal values.

5. �Kinetic- and potential-energy contributions are ne-
glected in the thermal balances.

6. �Moisture removal occurs through evaporation; con-
densation within the modeled drying volume is ne-
glected.

7. �Subfiber moisture-transport mechanisms, including 
capillary migration and bound water diffusion, are not 
modeled separately; their combined influence is in-
corporated through the effective diffusivity Deff and 
mass-transfer coefficient km.

8. �The wet pulp is represented through spatially aver-
aged dry-fiber mass, liquid water inventory, moisture 
content, and temperature.

9. �Individual deck airflow rates and pressure fields are 
not independently calculated in the lumped formula-
tion. Their aggregate hydraulic effect is represented 
through equivalent distributed and local loss coeffi-
cients.

10. �Multiple industrial fans and airflow branches are re-
duced to an equivalent fan airflow subsystem.

11. �Heat losses through walls, structural elements, open-
ings, and imperfect insulation are represented 
through an equivalent overall heat transfer coeffi-
cient.

12. �Each gas-phase drying zone is treated as spatially 
well mixed; continuous cross machine and local 
blow box jet distributions are not resolved. Machine-
direction variations are represented by six intercon-
nected zones, while through-thickness pulp mois-
ture and temperature variations are represented by 
a one-dimensional discretization.

Accordingly, the model corresponds to an N = 6 lumped 
representation of the complete drying system. This approx-
imation is consistent with reduced-order paper-drying 
models in which averaged variables and effective transport 
coefficients are employed to represent macroscopic dryer 
behavior [11,12,41,42].

Dry-air mass balance
Conservation of dry air mass inside the effective dryer vol-
ume is expressed as

	 (1)

where ma, in(t) [kg/s] and ma, out(t) [kg/s] are the inlet and 
outlet dry air mass flow rates, respectively. Assuming ideal 
gas behavior [7], the dry air inventory is

	 (2)

where Ra = 287.05 [J/kg⋅K] is the specific gas constant of 
dry air. The corresponding dry air density is

	 (3)

in kg/m3. The exhaust mass flow is represented through 
the equivalent pressure-driven relationship

	 (4)

where Cd [-] is the effective discharge coefficient, Ae(t) [m2] 
is the effective exhaust area, and Patm(t) [Pa] is atmospheric 
pressure. The operator [z]+ = max (z, 0) prevents a non-
physical negative argument in the square-root term.

When exhaust flow is manipulated through a damper, 
its effective area is represented as

Ae(t) = Ae,max⋅αe(t),	 (5)

where Ae,max [m2] and αe(t) [-] are the maximum effective 
exhaust area and the normalized exhaust-damper position, 
constrained according to 0 ≤ αe(t) ≤ 1, respectively.  
Equation 4 represents the outlet flow for relatively small 
pressure differences and subsonic flow conditions [7].

Water vapor mass balance and evaporation 
dynamics

The water vapor inventory satisfies

	 (6)

From here, mv, in(t) [kgH2O/s], mev(t) [kgH2O/s], and  
mv, out(t) [kgH2O/s] are the incoming water vapor flow rate, 
the evaporation rate from the wet pulp, and the outgoing water 
vapor flow rate, respectively. The evaporation rate is repre-
sented through an effective mass-transfer formulation [5,41]:

mev(t) = Ap⋅km(t)⋅[Ys(Tp(t), Ps(t)) — Ya(t)]+,	 (7)

where km(t) [kgdry air/m2⋅s] is the effective overall mass-transfer 
conductance per unit area when the moisture-transfer driving 
force is expressed as a humidity ratio; Ap [m2] is the effective 
air-pulp interfacial area; and Ys(Tp(t), Ps(t)) [kgH2O/kgdry air]  
is the saturation humidity ratio corresponding to the pulp 
surface. The bulk-air humidity ratio is calculated from

	 (8)

The saturation humidity ratio is calculated as [7]

	 (9)

where Psat(Tp(t)) [Pa] is the saturation vapor pressure of 
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water evaluated at the pulp temperature Tp(t). The incom-
ing water vapor flow rate is

mv,in(t) = Ya,in(t)⋅ma,in(t),	 (10)

where Ya, in(t) [kgH2O/kgdry air] is the humidity ratio of the 
incoming drying air. The outgoing vapor flow rate is

mv,out(t) = Ya(t)⋅ma,out(t).	 (11)

The effective coefficient km(t) incorporates the aggregate 
contribution of external gas-side convective mass transfer 
and unresolved internal moisture migration through the 
pulp. Hence, Eq. 6 describes an overall moisture-transfer 
rate rather than a local fiber-scale diffusion field [5,41]. In 
its general form, km(t) = f(va(t), Ta(t), Ya(t), Xp(t)),  
where va(t) [m/s] is the characteristic air velocity and  
Xp(t) [kgH2O/kgdry pulp] is the dry-basis pulp moisture content.

Dry pulp and liquid water mass balances
The dry pulp inventory satisfies

	 (12)

From here, mp, in(t) and mp, out(t) are the incoming dry pulp 
mass flow rate and the outgoing dry pulp mass flow rate, 
respectively. The pulp moisture content on a dry basis is

	 (13)

where Mw(t) [kgH2O] is the liquid water inventory. Conserva-
tion of liquid water in the pulp gives

	 (14)

From here, mw, in(t) [kgH2O/s] and mw, out(t) [kgH2O/s] are the 
water flow rate entering with the pulp and the liquid water 
flow rate leaving with the pulp, respectively. The inlet liq-
uid water flow rate is

mw,in(t) = Xp,in(t)⋅mp,in(t),	 (15)

where Xp, in(t) [kgH2O/kgdry pulp] is the inlet pulp moisture 
content. Under the lumped well-mixed approximation,

mw,out(t) = Xp(t)⋅mp,out(t).	 (16)

Differentiating Eq. 13 and combining Eqs. 12–16 yields

	 (17)

Equation 17 accounts for moisture variation produced 
by both material replacement through the control volume 
and evaporation from the pulp [11,12,42].

Drying air energy balance
The effective sensible thermal capacitance of the humid air 
inventory is

Ca(t) = cp,a⋅Ma(t) + cp,v⋅Mv(t),	 (18)

where cp,a [J/kg⋅K] is the specific heat capacity of dry air at 
constant pressure, and cp,v [J/kg⋅K] is the specific heat ca-
pacity of water vapor at constant pressure. The drying air 
energy balance is expressed as

	 (19)

From here, Ta(t) is the dry air temperature; qin(t) [W] is the 
thermal power supplied to the drying air system; qconv(t) 
[W] is the convective heat transfer rate from the drying air 
to the pulp; qloss(t) [W] is the heat loss rate from the dryer 
to the surroundings; Ta, in(t) [K] is the inlet dry air tempera-
ture; and Tv, in(t) [K] is the temperature associated with the 
incoming water vapor. The thermal power required for 
evaporation is

qev(t) = λv(Tp(t))⋅mev(t),	 (20)

where λv(Tp(t)) [J/kg] is the latent heat of vaporization of 
water evaluated at the pulp temperature. Heat loss through 
the dryer enclosure is modeled as

qloss(t) = Ud⋅Aw⋅(Ta(t) – Tamb),	 (21)

and Ud [W/m2∙K] is the equivalent overall dryer-to-ambient 
heat transfer coefficient; Aw [m2] is the effective external 
heat transfer area; and Tamb(t) is the ambient temperature. 
The latent energy term qev(t) is included in the pulp energy 
balance since thermal energy is transferred from the air to 
the wet pulp through qconv(t) before being consumed by 
evaporation.

Pulp energy balance
The effective thermal capacitance of the wet pulp is

Cp(t) = cp,p⋅Mp(t) + cp,w⋅Mw(t),	 (22)

where cp, p [J/kg∙K] and cp, w [J/kg∙K] are the specific heat 
capacity of dry pulp and the specific heat capacity of liquid 
water, respectively. The pulp-phase energy balance is

	 (23)
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From here, Tp, in(t) [K] is the inlet pulp temperature. The air-
to-pulp convective heat transfer rate is

qconv(t) = Ap⋅hc(t)⋅(Ta(t) – Tp(t)),	 (24)

where hc(t) [W/m2∙K] is the effective convective heat transfer 
coefficient. More generally, hc(t) = f(va(t) and (Ta(t), Ya(t)), 
where the notation f (⋅) indicates that the effective heat 
transfer coefficient may depend on air velocity, drying air 
temperature, and humidity ratio. Effective heat- and mass-
transfer coefficients are commonly employed in reduced-
order descriptions of paper and through-air drying 
[11,41,42].

Pressure dynamics and hydraulic losses
The pressure dynamics are obtained by differentiating  
Eq. 2:

	 (25)

The first term on the right-hand side of Eq. 25 accounts 
for pressure variation caused by dry air mass accumulation, 
while the second term accounts for pressure variation 
caused by gas heating or cooling. Replacing Eq. 1 in Eq. 25, 
then solving for 

 
, and if

	 (26)

the pressure equation can be approximated as

	 (27)

which is a quasi-isothermal pressure approximation. The 
equivalent aerodynamic pressure loss through the airflow 
network is described by
	

(28)

where ΔPd(t) [Pa], vd(t) [m/s], fd [-], Ld [m], Dd [m], Kj [-], j [-], 
and NK [-] are the total equivalent airflow pressure loss, the 
representative duct air velocity, the Darcy friction factor, 
the equivalent duct length, the equivalent hydraulic diam-
eter, the dimensionless local pressure loss coefficient as-
sociated with the j-th hydraulic element, the local loss ele-
ment index, and the total number of equivalent local 
hydraulic resistances, respectively. Also, Eq. 28 incorpo-
rates the summation over all localized hydraulic resistances. 
For an equivalent airflow cross-sectional area, Ad [m2], the 
representative velocity is

	 (29)

where qa(t) [m3/s] is the volumetric airflow rate. Since

	 (30)

the representative velocity can alternatively be expressed 
as

	 (31)

For approximately constant air density and geometry, 
ΔPd(t) ∝ qa

2(t).

Centrifugal fan dynamics
The rotational mechanical balance of the equivalent fan is 

	 (32)

In Eq. 32, Jf [kg∙m2] is the combined equivalent moment of 
inertia of the fan, shaft, and reflected motor inertia; τm(t) 
[N∙m] is the electromagnetic or shaft torque developed by 
the fan motor; τa(t) [N∙m] is the aerodynamic resisting 
torque, and Bf [N∙m∙s/rad] is the equivalent viscous friction 
coefficient.

Within the selected operating region, the aerodynamic 
torque is approximated by

τa(t) = Ka⋅ωf
2(t),	 (33)

where Ka [N∙m∙s2/rad2] is the equivalent aerodynamic-load 
coefficient. The fan-generated dry air mass flow rate is rep-
resented by

	 (34)

where Pf(t) [Pa] is the pressure rise generated by the equiv-
alent fan, and Kf [kg∙s/m] is the fitted fan flow coefficient 
corresponding specifically to the functional form adopted 
in Eq. 34. The equivalent fan pressure flow characteristic is

Pf(t) = Pf0 – Kp⋅ma,in
2(t),	 (35)

where Pf0 [Pa] is the extrapolated fan pressure at zero flow, 
and Kp [Pa∙s2/kg2] is the equivalent pressure-flow coefficient. 
For variable-speed centrifugal-fan operation, the fan affin-
ity relations are qa(t) ∝ ωf(t), Pf(t) ∝ ωf

2(t), and Pfan(t) ∝ ωf
3(t), 

where Pfan(t) [W] is the mechanical power transferred by 
the fan to the airflow. The instantaneous fan-shaft mechan-
ical power is

Pshaft(t) = τm(t)⋅ωf(t).	 (36)



PAPERMAKING

OCTOBER 2026 | VOL. 25 NO. 10 | TAPPI JOURNAL  603

The coefficients Ka, Kf, Kp, and Pf0 describe the equiva-
lent fan characteristic within the selected operating region 
and can be identified from manufacturer fan curves or mea-
sured operating data [35].

Spatial moisture and temperature representation
The variables Ta(t), Tp(t), Ya(t), Xp(t), and Ps(t) represent 
spatially averaged quantities within an individual drying 
zone control volume. Consequently, continuous local vari-
ations in the machine direction and across the pulp thick-
ness are not represented by these lumped variables. Ma-
chine-direction variations are subsequently represented 
by the multizone formulation developed in the “Multizone 
representation of deck-to-deck airflow” section, whereas 
the internal moisture and temperature fields across the 
pulp thickness are represented using the spatial coordi-
nate ξ [m]. Spatially resolved paper drying models sim-
ilarly describe coupled moisture, temperature, and 
phase-change phenomena within the porous sheet 
[39,44-46].

		  (37)

where Deff [m2/s] is the effective moisture diffusivity. At the 
pulp-air interface,

	
(38)

The corresponding through-thickness pulp temperature 
field is represented by
	

(39)

where kp, eff [W/(m·K)] is the effective thermal conductivity 
of the wet pulp. At the pulp–air interface, the heat flux 
boundary condition is

	
(40)

with

m"
ev(t) = km(t)⋅ (Ys (t) – Ya(t).	 (41)

Equations 37–41 couple internal moisture diffusion, heat 
conduction, external convection, and surface evaporation. 
In the present numerical model, these equations are dis-
cretized using Nξ through-thickness nodes and integrated 
with the multizone thermofluid balances.

Multizone representation of deck-to-deck airflow
Let N [-] denote the total number of interconnected dry-
ing zones. For the j-th zone, j = 1,…,N, the local state vec-
tor is defined as xj(t) = [Mv,j(t), Mp,j(t), Mw,j(t), Ta,j(t), Tp,j(t), 
Ps,j(t)]T, for xj(t) ∈ { 6}. The variables Mv,j(t) [kgH2O],  
Mp,j(t) [kgdry pulp], Mw,j(t) [kgH2O], Ta,j(t) [K], Tp,j(t) [K], and 
Ps,j(t) [Pa] represent, respectively, the water vapor inventory 
in the gas phase, dry-pulp inventory, liquid water inventory 
retained in the pulp, mean drying air temperature, mean 
pulp temperature, and static pressure associated with zone 
j. Section-wise and modular formulations in which local 
paper, evaporation, ventilation, and energy variables are 
evaluated for individual dryer units have been employed for 
multi-cylinder paper-dryer systems [43,47].

For two adjacent zones j and j + 1, define the interzone 
static pressure difference as

ΔPj,j + 1(t) = Ps,j(t) – Ps,j + 1(t).	 (42)

The dry air mass flow rate through the connection be-
tween these zones is represented through the pressure-
driven airflow relation [7,48,49]

	 (43)

and Cd, j [−] is the equivalent discharge coefficient of the 
interzone connection, Aj [m2] is its effective airflow area, 
and ρa, up, j(t) [kg/m3] is the dry air density evaluated on the 
upstream side of the connection. Pressure-driven flow be-
tween interconnected zones is a standard formulation in 
multizone airflow network models, in which individual 
zones possess independent pressures, and airflow is ob-
tained from pressure differences across connecting paths 
[48,49]. The upstream density is selected according to the 
instantaneous direction of the pressure gradient:

	 (44)

where ρa, j(t) is 

	 (45)

which is the mean dry air density in zone j. Therefore,  
ma, j → j + 1(t) > 0 indicates airflow from zone j toward zone j + 1, 
whereas ma, j → j + 1(t) < 0 indicates reverse airflow.

The dry air inventory within zone j is related to the local 
static pressure and temperature through

	 (46)

,
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where Vj [m3] is the effective gas volume of the j-th drying 
zone. The local humidity ratio is

	 (47)

Since the interzone dry air stream transports water 
vapor, the corresponding vapor mass flow rate is

mv, j → j + 1(t) = Ya,up,j(t)⋅ma, j → j + 1(t),	 (48)

where Ya, up, j(t) [kgH2O/kgdry air] is the humidity ratio of the 
upstream zone, defined as

	
(49)

The use of local airflow and absolute humidity variables 
in zone-wise paper dryer ventilation balances is consistent 
with the theoretical multi-cylinder dryer formulation re-
ported in [50]. For each zone, the saturation humidity ratio 
at the pulp–air interface is calculated as

	 (50)

From here, Psat(t) is the water saturation vapor pressure 
evaluated at the local pulp temperature, Tp, j(t). The corre-
sponding local evaporation rate is

mev, j(t) = Ap.j⋅km,j(t)⋅[Ys,j (t) – Ya,j(t)]+,                         (51)

where km, j(t) and Ap, j are the effective local mass-transfer 
coefficient and the effective pulp–air interfacial area in zone j, 
respectively. The local water vapor balance can then be ex-
pressed as

(52)

and Nj is the set of zones directly connected to zone j;  
mv, k→j(t) [kgH2O/s] is the signed interzone vapor flow rate 
from neighboring zone k to zone j; mv, j, ext, in(t)  [kgH2O/s] is 
the external vapor flow rate supplied to zone j; and  
mv, j, ext, out(t) [kgH2O/s] is the external vapor flow rate ex-
hausted from that zone. Similarly, the local dry air balance 
is

	(53)

where ma, k→j(t) [kgdry air/s] is the signed dry air flow rate be-
tween neighboring zone k and zone j; ma, j, ext, in(t) [kgdry air/s] 

is the externally supplied dry air f low rate; and  
ma, j, ext, out(t) [kgdry air/s] is the dry air flow rate exhausted  
both from zone j. For a sequentially transported pulp sheet, 
the dry pulp mass balance in zone j is

	 (54)

where mp,j−1→j (t) [kgdry pulp/s] is the incoming dry pulp mass 
flow rate and mp,j→j+1(t)  [kgdry pulp/s] is the dry pulp flow rate 
leaving zone j. Sequential dryer module formulations, in 
which the outlet state from one paper-drying module sup-
plies the subsequent module, have been employed for 
multi-cylinder paper machine dryer sections [47]. The cor-
responding liquid water balance is

	 (55)

where mw, j−1→j(t) [kgH2O/s] and mw, j→j+1(t)[kgH2O/s] are the 
liquid water flow rates transported with the pulp into and 
out of zone j, respectively. The local dry-basis moisture 
content is

	 (56)

The liquid water flow transported with the outgoing 
pulp is consequently

mw, j→j+1(t) = Xp.j(t)⋅mp,j → j+1(t).	 (57)

The drying air also transports thermal energy between 
adjacent zones. The specific sensible enthalpy of dry air is 
represented as

ha(T(t)) = cp,a⋅(T(t) – T*),	 (58)

where cp, a [J/ (kg ⋅K)] is the dry air specific heat capacity at 
constant pressure and T* [K] is the selected enthalpy refer-
ence temperature. The temperature associated with the 
upstream gas stream is

	 (59)

The corresponding dry air sensible enthalpy flow rate 
is

Ha,j→j+1(t) = ma,j→j+1(t)⋅ha(Ta,up,j(t)).	 (60)

The specific enthalpy of the water vapor component is 
represented as

hv(T(t)) = λv
* + cp,v⋅(T(t) – T*(t)).	 (61)
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In this case, λv
* [J/kgH2O] is the latent heat of vaporization 

referred to T*(t). The water vapor enthalpy transfer between 
adjacent zones is therefore

Hv,j→j+1(t) = mv,j→j+1(t)⋅hv(Ta,up,j(t)).                                  (62)

The total humid air enthalpy flow through an interzone 
connection is [50]

Hg,j→j+1(t) = Ha,j→j+1(t) + Hv,j→j+1(t).	 (63)

For zone j, the effective humid air thermal capacitance is

Ca,j(t) = cp,a⋅Ma,j(t) + cp,v⋅Mv,j(t).	 (64)

The local air-to-pulp convective heat transfer rate is

qconv,j(t) = Ap,j⋅hc,j(t)⋅(Taj(t) – Tp,j(t)),	 (65)

where hc, j(t) [W/(m2⋅K)] is the local effective convective heat 
transfer coefficient. The thermal loss from zone j to the sur-
roundings is

qloss,j(t) = Ud,j⋅Aw,j⋅(Ta,j(t) – Tamb),	 (66)

where Ud, j [W/(m2⋅K)] is the effective overall heat transfer 
coefficient, and Aw, j [m2] is the effective external heat trans-
fer area associated with zone j. The gas-phase energy bal-
ance for zone j is then written as

	 (67)

where Nf [-] is the number of operating fans; qin, j(t) [W] is the 
thermal power supplied directly to zone j; Hg, k→j(t) [W] is the 
signed humid air enthalpy flow rate from neighboring zone 
k; Hg, j, ext, in(t) [W] is the external gas-phase enthalpy inflow, 
and Hg, j, ext, out(t) [W] is the external gas-phase enthalpy out-
flow. The local wet pulp thermal capacitance is

Cp,j(t) = cp,p⋅Mp,j(t) + cp,w⋅Mw,j(t).	 (68)

The local latent heat consumption is

qev,j(t) = λv(Tp,j(t))⋅mev,j(t).	 (69)

The local pulp-temperature balance is represented as

	 (70)

Here, Tp, j−1(t) [K] is the pulp temperature entering zone j from 
the preceding drying zone, and Xp, j−1(t) [kgH2O/kgdry pulp] is 
its corresponding moisture content. The pressure dynamics 
in every zone are obtained by differentiating Eq. 46. Thus,

	
(71)

Substituting the local dry air balance in Eq. 53 into Eq. 
71 gives

	 (72)

Therefore, the static pressure differences entering the 
pressure-driven interzone airflow relation in Eq. 43 evolve 
dynamically as functions of the interzone mass-transfer 
network and local thermal states.

EFFICIENCY EXPRESSION
For the adopted dryer boundary, the energetic input is com-
posed of the thermal power supplied to the heating sub-
system and the electrical power required by the airflow 
generation system. When auxiliary electrical loads are in-
cluded within the selected system boundary, their contribu-
tion is incorporated separately. The useful energetic term 
is defined as the latent power associated with the water 
evaporated from the pulp [2,5,7,41,51-53].

The instantaneous total input power is defined as

pin,tot(t) = qin(t) + pf,el(t) + paux(t),
	

(73)

where pf, el(t) [W] is the total electrical power consumed by 
the fan drive system, and paux(t) [W] is the electrical power 
consumed by auxiliary equipment included within the sys-
tem boundary. If auxiliary loads are excluded from the 
present model, i.e., paux(t) = 0, Eq. 73 reduces to

pin,tot(t) = qin(t) + pf,el(t).	 (74)

For a system containing Nf individual fans,

	 (75)

where pf,el, i(t) [W] is the electrical power consumed by the 
i-th fan-drive assembly. The overall instantaneous ener-
getic efficiency is defined as

	 (76)
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where ηtot(t) [-] is the overall dryer efficiency and quseful(t) [W] 
is the useful thermal power associated with moisture evap-
oration. When the auxiliary consumption is neglected,  
Eq. 76 becomes

	 (77)

Equation 77 includes both thermal and fan electrical 
consumption within a common energetic boundary. There-
fore, pf, el(t), rather than only the mechanical shaft power, 
must be used when the objective is to evaluate the total 
energy consumed by the dryer. Since the present model is 
dynamic, the instantaneous ratio in Eq. 77 can temporarily 
exceed unity during startup or other transients if previ-
ously stored thermal energy is released from the pulp, 
humid air, or dryer structure. Therefore, the interval-aver-
aged efficiency provides a more physically appropriate per-
formance indicator for comparison between operating con-
ditions. Over the interval t0 ≤ t ≤ t1,

	 (78)

From here, η- tot (t) [-] is the time-integrated overall efficien-
cy, t0 [s] is the initial evaluation time, and t1 [s] is the final 
evaluation time. When the relevant input and useful pow-
ers remain constant over the evaluation interval, including 
steady-state operation, the interval-based definition be-
comes identical to the corresponding instantaneous power 
ratio.

Useful drying energy
The useful thermal power is defined as the latent-energy 
rate associated with moisture transferred from the liquid 
phase retained in the pulp to the water vapor phase 
[2,5,41,51]

quseful(t) = λv(Tp(t))⋅mev(t).	 (79)

Substitution of Eq. 79 into Eq. 76 gives

	 (80)

For the system boundary used in the present simula-
tions, for which paux(t) = 0,

	 (81)

Equation 81 is a latent-energy efficiency. It therefore 
assigns useful energy exclusively to moisture phase 
change. Sensible heating of the incoming pulp, retained 
water, and circulating gas is treated as an energy require-

ment rather than useful evaporation energy. This defini-
tion must be maintained consistently when comparing the 
proposed dryer with alternative drying systems. For the 
N-zone representation developed previously, the total 
evaporation rate is given by

	 (82)

The corresponding useful drying power becomes

	
(83)

Thus, the energetic formulation remains applicable 
when the lumped model is extended to resolve individual 
drying regions.

Thermal efficiency
The thermal efficiency is defined independently of the elec-
trical fan demand as

	 (84)

Here, ηth(t) [-] is the instantaneous thermal efficiency and 
qin(t) [W] is the net thermal power transferred across the 
dryer-system boundary. For steam-based heating,

qin(t) = ms(t)⋅(hs,in(t) – hc,out(t)),	 (85)

where ms(t) [kg/s] is the steam mass flow rate; hs, in(t) [J/kg] 
is the specific enthalpy of the supplied steam; and  
hc, out(t) [J/kg] is the specific enthalpy of the condensate 
leaving the heating subsystem. When thermal power is 
evaluated from the drying air heater rather than the steam 
side,

qin(t) = mg,h(t)⋅(hg,h,out(t) – hg,h,in(t)),	 (86)

where mg, h(t) [kg/s] is the humid air mass flow rate 
through the heater, and hg, h, in(t) and hg, h, out(t) [J/kg] are 
the corresponding inlet and outlet specific enthalpies. For 
the thermal control volume, the supplied heat can be de-
composed as

qin(t) = quseful(t) + qloss(t) + qsens(t) + qexh(t) + 	 (87)

where qloss(t) [W] is the heat transferred from the dryer 
enclosure to the surroundings, qsens(t) [W] is the net sen-
sible heating requirement of the pulp, retained water, and 
process air; qexh(t) [W] is the net unrecovered enthalpy 

transported out of the selected system boundary by the 

exhaust stream; and 
 
= 0 is the rate of thermal en-

,



PAPERMAKING

OCTOBER 2026 | VOL. 25 NO. 10 | TAPPI JOURNAL  607

ergy accumulation within the modeled dryer inventory. 

The enclosure heat loss term is defined in Eq. 21, and 

using Eq. 87, the instantaneous thermal efficiency can 

equivalently be expressed as

	 (88)

Equation 88 supersedes the simplified expression con-
taining only qloss(t) and qsens(t), since exhaust enthalpy 
and transient thermal accumulation are also required for 
a complete dynamic energy balance [7,51-53]. At steady 
state, 

 
and Eq. 88 reduces to

	 (89)

where the superscript “ss” denotes steady-state quantities. 
For transient performance comparisons, the interval-based 
thermal efficiency is defined as

	 (90)

The interval definition in Eq. 90 prevents startup ther-
mal storage from being interpreted as sustained conversion 
efficiency and is therefore the appropriate quantity for com-
paring simulations, operating campaigns, or industrial pro-
duction periods.

Fan efficiency
The aerodynamic power transferred by the fan to the dry-
ing air is

pair(t) = Δpf(t)⋅qa(t),	 (91)

where pair(t) [W] is the aerodynamic air power, Δpf(t) [Pa] is 
the total pressure rise across the fan, and qa(t) [m3/s] is the 
volumetric airflow rate [35,36]. The pressure quantity in  
Eq. 91 is the fan pressure rise Δpf(t), rather than the dryer 
pressure loss term Δpd(t). Under quasi-steady operation,

Δpf(t) ≈ Δpd(t) + Δpother(t),	 (92)

where Δpother(t) [Pa] accounts for any additional pressure 
requirements associated with filters, heaters, heat recovery 
equipment, dampers, inlet/outlet losses, or static pressure 
differences across the complete airflow circuit. Only when 
these contributions are negligible may Δpf(t) ∼− Δpd(t) be as-
sumed. The mechanical shaft power is

Pshaft(t) = τm(t)⋅ωf(t),	 (93)

and the aerodynamic fan efficiency is consequently

	 (94)

If the electrical energy consumed by the drive is consid-
ered, the electrical fan power is related to shaft power by

	 (95)

where ηm(t) [-] is the motor efficiency, and ηdrv(t) [-] is the 
efficiency of the variable frequency drive and any addi-
tional transmission elements included in the boundary. The 
corresponding wire-to-air efficiency is

	

(96)

The electrical fan power pf, el(t) enters the total input 
power defined in Eq. 73, and consequently, the overall ef-
ficiency expressions in Eqs. 76–78, whereas Eq. 94 evalu-
ates only the aerodynamic performance of the fan. This 
distinction prevents motor/drive losses from being omitted 
from the plant-level energy calculation. For Nf operating 
fans, the overall airflow system efficiency can be calculated 
from aggregate powers rather than by directly averaging 
individual efficiencies:

	 (97)

Here, Δpf, i(t) [Pa], qa, i(t) [m3/s], and pf, el, i(t) [W] are the fan 
pressure rise, volumetric airflow, and electrical input power 
associated with fan i, respectively. The fan affinity relation-
ships qa(t) ∝ ωf(t), Δpf(t) ∝ ωf

2(t), and pf(t) ∝ ωf
3(t) indicate 

that electrical power demand can increase approximately 
with the cube of rotational speed for geometrically similar 
operating conditions [35,36]. Therefore, variations in air-
flow that produce relatively small improvements in evapo-
ration rate can produce substantially larger increases in fan 
power.

Specific moisture evaporation ratio and spe-
cific energy consumption

The SMER is defined as the mass of water evaporated per 
unit of total supplied energy [1,2,5]. Using SI power units, 
SMER(t) can be defined as

	 (98)
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where SMER(t) [kgH2O/kWh]. The factor3.6⋅106 [J/kWh]  
converts joules to kilowatt-hours. When pin, tot(t) is ex-
pressed directly in kW and the evaporation rate is ex-
pressed in kg/h, Eq. 98 becomes 

	 (99)

where mev, h(t) [kg/h] is the hourly evaporation rate, and 
pin,tot, kW(t) is the corresponding total input power. For dy-
namic simulations, the interval-based SMER(t) is

	 (100)

The corresponding specific energy consumption (SEC) is

	 (101)

When expressed in MJ/kgH2O,

	 (102)

The corresponding relationship between SMER(t) and 
specific energy consumption is

	 (103)

where SMER(t) is expressed in kg/kWh and SEC(t) in  
MJ/kgH2O. For a finite operating interval, SEC is more rigor-
ously evaluated from accumulated energy and evaporated 
water [5]:

	 (104)

CONTROL SYSTEM ANALYSIS AND DESIGN
Control-oriented linearization and  
input–output structure 

Controller synthesis is performed around a nominal oper-
ating point (x–, u–, d–), where x–, u–, and d– denote the nominal 
state, manipulated-variable, and disturbance vectors, re-
spectively. Small perturbations around this operating point 
are defined as

	 (105)

Linearization of the nonlinear dryer model gives

	 (106)

where A is the state matrix, B is the manipulated-input 
matrix, E is the disturbance matrix, C is the output matrix, 
and D is the direct feedthrough matrix [18,54,55]. The cor-
responding multivariable transfer-function matrix, in  
s-domain is

G(s) = C⋅(s⋅I – A)-1⋅B + D,	 (107)

where s [s−1] is the Laplace variable and I is the identity ma-
trix. The principal regulatory controlled variables are se-
lected as yr(t) = [Xp(t), qa(t), Pg(t)]T where yr(t) ∈ { 3}. In ad-
dition,

Pg(t) = Ps(t) – Patm	 (108)

is the chamber gauge pressure [Pa]. The corresponding phys-
ical manipulated variables are u(t) = [qin(t), τm(t), Aex(t)]T  for 
u(t) ∈ { 3}. The variables Ta(t) [K] and ωf(t) [rad/s] are treated 
as secondary controlled variables within the corresponding 
cascade loops rather than as independent primary outputs 
competing for the same manipulated variables.

The nominal steady-state process matrix is K = G (0). 
Multivariable interaction is evaluated using the relative gain 
array (RGA) [55]: Λ = K ° (K-T), where ° denotes the Had-
amard element-by-element product. For a decentralized 
control configuration, pairings are selected such that the 
corresponding diagonal elements satisfy λii > 0 and pref-
erably λii ≈ 1. The proposed regulatory pairings are  
Xp(t) ↔qin(t), qa(t) ↔ τm(t) (t), and Pg(t) ↔ Aex(t).

The first two pairings are implemented through cascade 
structures using Ta(t) and ωf(t) as secondary controlled vari-
ables. If the RGA or dynamic interaction analysis indicates 
strong off-diagonal coupling, static decoupling or a multi-
variable model predictive control (MPC) formulation is re-
quired rather than assuming independent loops 
[19,20,26,55,56].

The numerical RGA obtained from the linearized dryer 
model is listed in Table I. The complete hierarchical con-
trol architecture adopted in this work is shown in Fig. 2.

	
Regulatory control goals and constraints 

The outlet moisture tracking error is defined as

eX(t) = Xp
*(t) – Xp(t),	 (109)

where Xp
* (t) [kgH2O/kgdry pulp] is the required outlet moisture 

reference. The drying air temperature error is

eT(t) = Ta
*(t) – Ta(t),	 (110)

where Ta
*(t) [K] is the temperature reference supplied to the 

inner thermal loop. The airflow tracking error is
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eq(t) = qa
*(t) – qa(t),	 (111)

where qa
*(t) [m3/s] is the airflow reference. The fan speed 

tracking error is

eω(t) = ωf*(t) – ωf(t),	 (112)

where ωf*(t) [rad/s] is the reference generated by the outer 
airflow controller. The pressure control error is

eP(t) = Pg
*(t) – Pg(t),	 (113)

where Pg
*(t) [Pa] is the required chamber gauge-pressure 

reference. The physical actuators are subject to qin,min ≤ qin(t) 

≤ qin,max, τm,min ≤ τm(t) ≤ τm,max, and Aex,min ≤ Aex(t) ≤ Aex,max. 

Rate limitations are represented as , 

, and 
 

.  

Integral anti-windup is therefore included in the PI imple-

mentations whenever any actuator reaches its magnitude 

or rate constraint [17,54].

Direct-synthesis controller design   
For each paired control channel, the local process dynam-

Controlled Variable/  
Manipulated Variable qin τm Aex

Xp λ11 = 0.9936 λ12 = 0.0015 λ13 = 0.0049

qa λ21 = 0.0070 λ22 = 0.7572 λ23 = 0.2358

Pg λ31 = −0.0006 λ32 = 0.2413 λ33 = 0.7593

I. Relative gain array (RGA) at the nominal operating point, supporting the selected decentralized input–output pairings.

2. Proposed hierarchical control architecture for the airborne pulp dryer, combining direct synthesis methodology (DSM)-based 
cascade moisture–temperature and airflow–fan speed control loops, a non-cascade pressure controller, and a supervisory 
efficiency optimizer that maximizes drying performance while minimizing energy consumption. 
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ics are approximated by a first-order-plus-dead-time 
(FOPDT) model,

	 (114)

where Kp is the steady-state process gain, τp [s] is the dom-
inant process time constant, and θp [s] is the effective dead 
time. The parameters Kp and θp are obtained from local step 
response identification or from reduction of the linearized 
model in Eqs. 107 and 108 [18,54]. The desired closed-loop 
response is

	 (115)

where λp  [s] is the selected closed-loop time constant. Direct 
synthesis gives Eq. 116, 

	 (116)

Using the standard direct-synthesis internal-model-control 
approximation for an FOPDT process, the PI controller can 
be written as follows [56] , [57]:

	

.	 (117)

The sign of Kc follows directly from Kp. Therefore, a pro-
cess channel having a negative steady-state gain produces 
a negative controller gain. This is particularly relevant to 
moisture–temperature and pressure–damper channels.

The parameter λp controls the nominal speed–robust-
ness compromise. Smaller λp produces faster closed-loop 
dynamics but larger actuator movement and reduced ro-
bustness, whereas larger λp produces slower but less sensi-
tive control [54-57]. For every loop,

L(s) = Gp(s)⋅Gc(s)	 (118)

defines the open-loop transfer function. The sensitivity and 
complementary-sensitivity functions are

	 (119)

The maximum sensitivity is
Ms = ||S(s)||∞,	 (120)

where ||⋅||∞ denotes the H∞. The value of λp is increased 

when necessary to maintain acceptable values of Ms, gain 
margin, phase margin, and actuator excursion [17,54,55,57].

Direct synthesis methodology (DSM) is an analytical 
controller design and tuning technique used within a feed-
back control system. A DSM formulation was selected in 
the current study since it uses the identified process gain, 
dominant time constant, and dead time explicitly and al-
lows the desired closed-loop time scale to be prescribed 
directly through λp [54,56],57]. This provides a less aggres-
sive tuning mechanism than classical ultimate-cycle or 
Ziegler–Nichols-type rules when substantial transport delay 
is present. The resulting controller retains the PI form com-
monly available in industrial DCS/PLC platforms [17,54].

Relative to MPC, DSM does not intrinsically optimize 
multiple coupled variables or enforce multivariable con-
straints; however, it requires substantially lower online 
computation and substantially fewer model parameters. 
Therefore, MPC was retained as a benchmark for quantify-
ing the performance penalty associated with the decentral-
ized DSM architecture [19-24,26,27].

Cascade moisture–temperature control 
Inner drying air temperature loop 
The local thermal response from supplied heating power 
to drying air temperature is represented as

	 (121)

where KT [K/W] is the thermal process gain, τT [s] is the 
dominant thermal time constant, and θT [s] is the associated 
effective delay. The DSM temperature controller is

	
(122)

The controller output is 

	 (123)

 
where qin,0 [W] is the nominal heating duty.

Outer outlet-moisture loop
With the inner temperature loop closed, the effective outer 
process from drying air temperature reference to outlet 
pulp moisture is approximated as 

	 (124)

where KX [(kgH2O/kgdry pulp)/K] is the effective moisture–
temperature gain, τX [s] is the dominant moisture time con-
stant, and θX [s] is the moisture transport and measurement 
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delay. For normal dryer operation, KX < 0, since an increase 
in drying air temperature reduces outlet pulp moisture. The 
DSM formulation automatically retains this sign through Kc, X. 
The outer moisture controller is

	 (125)

The moisture controller generates a corrective tempera-
ture trim,

ΔTa,X
*(t) = Gc,X(s)⋅eX(t).	 (126)

The actual inner-loop temperature reference is defined 
as

Ta
*(t) = sat[Ta,opt

*(t) + ΔTa,X
*(t)],	 (127)

where Ta, opt
*(t) [K] is the nominal economically optimal 

temperature supplied by the supervisory layer. Equation 
125 removes the setpoint conflict that occurs if both the 
moisture controller and the supervisory optimizer indepen-
dently assign Ta

*(t). The supervisory layer determines the 
nominal operating point, whereas the moisture controller 
provides the faster regulatory correction required to satisfy 
product quality specifications.

For a proper cascade separation, λX ≥ 3∙λT is imposed 
initially. A stronger separation, λX ≈ (4 – 5)∙λT, is employed 
when the inner thermal dynamics permit it [17,54].

When the moisture channel dead time is significant rel-
ative to its dominant time constant, a Smith predictor can 
be incorporated [58]. A practical criterion is , after which 
dead time compensation is evaluated against the non-com-
pensated PI loop under model mismatch before implemen-
tation.

Cascade airflow–fan speed control 
Inner fan speed loop 
The linearized fan speed dynamics are represented as

	 (128)

where Kω [(rad/s)/(N·m)] is the torque-to-speed process 
gain, τω [s] is the fan electromechanical time constant, and 
θω [s] represents any drive or measurement delay. 

The DSM speed controller is 

	 (129)

The resulting motor-torque command is

		                                                                   
(130)

where τm,0 [N·m] is the nominal fan torque.

Outer airflow loop
After closing the fan speed loop, the effective airflow dy-
namics are represented as

	 (131)

where Kq [(m3/s)/(rad/s)] is the effective airflow gain, τq [s] 
is the dominant airflow time constant, and θq [s] is the air-
flow transport delay. The outer airflow controller is

	
(132)

The resulting fan speed reference is

ωm
*(t) = sat[ωm,0 + Gc,q(s)⋅eq(t)],	 (133)

where ωf,0 [rad/s] is the nominal fan speed. The cascade band-
width is selected such that λq ≥ 3∙λω with λq ≈ (4 ≠– 5)∙λω pre-
ferred when actuator bandwidth and fan dynamics permit.

Chamber pressure control 
Pressure regulation is based on chamber gauge pressure, 
i.e., Eq. 109. The identified pressure response to exhaust-
area variation is represented as Eq. 115. For the usual con-
figuration in which increasing the exhaust area decreases 
chamber pressure,
	

(134)

The exhaust damper command is

Aex(t) = sat[Aexp,0 + Gc,P(s)⋅eP(t)],	 (135)

where Aex,0 [m2] is the nominal exhaust area.
Since Aex also affects total airflow, the assumption of an 

independent pressure loop is accepted only if the RGA and 
closed-loop interaction analysis indicate sufficiently weak 
coupling between the pressure and airflow channels. If this 
condition is not satisfied, a decoupling matrix or multivari-
able MPC formulation is used [19,20,26,55].
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Efficiency-based supervisory control 
The supervisory variables were selected as rsup(t) = [Ta,opt

*(t), 
qa,opt

*(t)]T for rsup(t) ∈ {ℝ2}, where Ta,opt
*(t) [K] is the  

economically optimal nominal drying air temperature  
and qa, opt*(t) [m3/s] is the corresponding airflow target. The 
final airflow setpoint was qa

*(t) = qa, opt
*(t), whereas the final 

temperature setpoint was obtained from Eq. 127, subject to 
the temperature constraints.

To avoid dimensional inconsistency between moisture 
error, efficiency, and SMER(t), normalized variables are 
given by Eq. 136, where Xp,b, ηtot,b, ηth,b, and SMERb are 
positive normalization constants. The supervisory objective 
is formulated as Eq. 137, where wi ≥ 0, i ∈{1,…,6}, are di-
mensionless weighting factors, while ΔTb [K] and Δqb [m3/s] 
are normalization scales:

	 (136)

	

(137)

The last two terms penalize excessive supervisory set-
point movement and prevent the optimizer from producing 
rapidly varying temperature and airflow references. The 
optimization problem is

Controller / Loop Parameter Value

DSM:Ta ← qin

Closed-loop parameter λT = max(0.90∙τT, 6 [s])

Integral time τI,T = max(0.55τT, 45 [s])

DSM: Xp ← Ta
*

Minimum dead time θX ≥ 156 [s]

Integral time τI, X =190 [s]

Controller gain limit – 110 ≤ Kc, X ≤ –35

Reference-filter time constant 35 [s]

DSM: ωf ← τm

Closed-loop parameter λω = max(τω,5 [s])

Integral time τI, ω = τω

DSM: qa ← ωf
*

Closed-loop parameter λq = max(4∙τω, 1.30∙τq, 4 [s])

Integral time τI, q = τq

DSM: Pg ← Aex

Closed-loop parameter λP = max(τP, 6 [s])

Integral time τI,P = τP

PID: Ta ← qin

Robustness factor fT = 1.10

Integral-time lower bound τI, T ≥ 55 [s]

Derivative time τD,T = 0

PID: Xp ← Ta
*

Robustness factor fX = 1.35

Minimum dead time θX ≥ 156 s

Integral time τI,X = 240 s

Controller gain limit – 90≤ Kc, X ≤ – 30

Derivative time τD, X = 0

Reference-filter time constant 45 [s]

PID: ωf ← τm

Robustness factor fω = 1.20

 Kc

τI τω +0.5∙θω

 τD

II. Control parameters and numerical settings used in the direct synthesis methodology (DSM), proportional-integral-derivative (PID), 
and model predictive control (MPC) benchmarks. 
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II. (Cont.)

Controller / Loop Parameter Value

DSM:Ta ← qin

Closed-loop parameter λT = max(0.90∙τT, 6 [s])

Integral time τI,T = max(0.55τT, 45 [s])

DSM: Xp ← Ta
*

Minimum dead time θX ≥ 156 [s]

Integral time τI, X =190 [s]

Controller gain limit – 110 ≤ Kc, X ≤ –35

Reference-filter time constant 35 [s]

DSM: ωf ← τm

Closed-loop parameter λω = max(τω,5 [s])

Integral time τI, ω = τω

DSM: qa ← ωf
*

Closed-loop parameter λq = max(4∙τω, 1.30∙τq, 4 [s])

Integral time τI, q = τq

DSM: Pg ← Aex

Closed-loop parameter λP = max(τP, 6 [s])

Integral time τI,P = τP

PID: Ta ← qin

Robustness factor fT = 1.10

Integral-time lower bound τI, T ≥ 55 [s]

Derivative time τD,T = 0

PID: Xp ← Ta
*

Robustness factor fX = 1.35

Minimum dead time θX ≥ 156 s

Integral time τI,X = 240 s

Controller gain limit – 90≤ Kc, X ≤ – 30

Derivative time τD, X = 0

Reference-filter time constant 45 [s]

PID: ωf ← τm

Robustness factor fω = 1.20

 Kc

τI τω +0.5∙θω

 τD

Controller / Loop Parameter Value

PID: qa ←  ωf
* Robustness factor fq = 1.35

PID: Pg ← Aex Robustness factor fP = 1.20

PID derivative filtering Filter coefficient αD = 0.10

MPC

Controlled variables [Xp, out, Ta]T

Manipulated variable qin

Prediction horizon, Np 54

Control horizon, Nu 6

MPC execution period 10 [s]

Prediction horizon in time 540 [s] (9 [min])

Control horizon in time 60 [s] (1 [min])

Q diag(2.2400∙105, 1.3889∙10-2)

R 4.0000∙10-11

First-difference penalty
Rd = 0.65,  

R = 2.6000∙10-11

Second-difference penalty
Rdd = 0.35,  

R = 1.4000∙10-11

Thermal duty limits 0 ≤ qin ≤ 20 [MW]

Applied first-move factor 0.45

Output bias filter coefficient 0.97

State filter coefficient 0.92

Integral-servo gains [1/220, 1/180]T [s-1]

Integral-servo limits [0.003, 0.80]T

Feedforward blending factor 0.35

Delay representation First-order Padé

State reconstruction Pseudoinverse (C†)

Explicit energy weight, wE 0

	 (138)

subject to

	

(139)

together with the actuator constraints in this paper’s sub-
section “Regulatory control goals and constraints.” The  
supervisory update interval Tsup is selected slower than  
the regulatory dynamics. A practical separation is  
Tsup ≥ 5∙τcl, slow, where τcl, slow [s] is the largest dominant 
closed-loop time constant among the regulatory loops.

The optimization formulation is consistent with hierar-
chical and economic control structures in which regula-

tory loops operate at the faster time scale while optimiza-
tion updates economically favorable references at a slower 
level [19,26,27,29]. Energy-related quantities entering Eq. 
137 retain the thermodynamic definitions established in 
the efficiency analysis [51-53].

PID benchmark controller
A conventional PID structure is retained as the first bench-
mark required for comparative evaluation. For each con-
trol channel,

	 (140)
	

where Kc,PID is the proportional gain, τI,PID [s] is the integral 
time, τD,PID [s] is the derivative time, and ND [-] is the deriv-
ative-filter coefficient [17,54]. For first-order channels in 
which derivative action provides no measurable improve-
ment, τD, PID = 0, and Eq. 140 reduces to a PI controller.
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The PID benchmark is tuned using an established indus-
trial tuning procedure and is evaluated using exactly the 
same process model, operating point, actuator saturation, 
measurement filtering, disturbances, and reference trajecto-
ries as the DSM. Comparison against a different disturbance 
set or different actuator restrictions is not permitted.

To avoid an artificially favorable comparison, the nomi-
nal PID closed-loop speed is selected to be comparable to 
that of the corresponding DSM loop before robustness and 
energy performance metrics are evaluated [11,54,57].

MPC benchmark controller
The second benchmark is based on the discrete-time linear 
model

	 (141)

where k is the discrete sampling index and Ad, Bd, Ed, Cd, 
and Dd are the discrete-time model matrices. For a predic-
tion horizon Np and control horizon Nu, the MPC cost func-
tion is defined as [19-24]
	

(142)

where ŷk + i|k  is the predicted controlled-variable vector;  
yk + i is the reference vector; Δuk + i|k is the predicted manip-
ulated-variable increment; Q ≥ 0 is the output-error weight-
ing matrix; R ≥ 0 is the control movement weighting matrix; 
wE ≥ 0 is the energy weighting coefficient; and pb [W] is the 
normalization power. The MPC optimization is subject to

	 (143)

The MPC therefore provides the benchmark for the 
achievable improvement obtained by explicitly considering 
multivariable interactions, future predicted behavior, ac-
tuator constraints, and energy consumption [19,20,23,26,27]. 
Hierarchical MPC has also been reported for energy regu-
lation in industrial drying processes [29].

Finally, the controller parameters used in the numerical 
benchmark are summarized in Table II.

SIMULATION RESULTS
All simulations were implemented and executed in MAT-
LAB (MathWorks; Natick, MA, USA) using the complete 
nonlinear multizone thermofluid model; the through-
thickness moisture and temperature representation; the 
fan–pressure subsystem; and the DSM, PID control, and 
MPC control algorithms. The continuous nonlinear states 

Parameter Value

Simulation horizon 3600 [s]

Drying zones, 
Nz

6

Through-thickness nodes,  

Nζ
5

Controller sampling time, 
Ts

1 [s]

RK4 integration step 0.20 [s]

Nominal pulp residence time, 

τres

300 [s]

Inlet pulp moisture,  
Xp,in(0)

0.600 [kg H2O/kg dry pulp]

Outlet pulp moisture,  
Xp,out(0)

0.120 [kg H2O/kg dry pulp]

Dry pulp flow rate,  
mp(0)

8.0 [kg/s]

Mean drying air temperature,  
Ta(0)

≈ 410 [K]

Mean chamber gauge pressure,  

Pg(0)
575 [Pa]

Drying airflow,  
qa(0)

75 [m3/s]

Thermal duty,  
qin(0)

≈ 14.3 [MW]

Fan motor torque,  

τm(0)
≈ 1.18 [kN·m]

Effective exhaust area,  
Aex(0)

≈ 3.77 [m2]

Ambient temperature,  
Tamb(0)

295 [K]

MPC execution period 10 [s]

MPC prediction/control  
horizons

Np = 54,  Nu = 6

First disturbance Inlet moisture step

Second disturbance Dry pulp-throughput step

Third disturbance Ambient temperature step

Inlet moisture disturbance Applied at t = 15 min

Dry pulp throughput disturbance Applied at t = 30

Ambient temperature disturbance Applied at t = 45

RK4: fourth-order Runge-Kutta method;  
MPC: model predictive control.

III. Main simulation parameters.
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3. Closed-loop dynamic responses for the direct synthesis methodology (DSM), proportional-integral-derivative (PID), and model 
predictive control (MPC) strategies: (a) outlet pulp moisture; (b) mean drying air temperature and internal temperature commands; 
(c) mean chamber gauge pressure; and (d) drying airflow. Dashed lines denote the corresponding reference trajectories.

(a) 

(c) 

(b) 

(d) 

were integrated using a fixed-step fourth-order Runge–
Kutta scheme. Fixed-step integration is appropriate when 
a prescribed numerical sampling structure is required for 
dynamic system simulation and controller execution.

Before applying any disturbance or controller perfor-
mance test, the dryer was initialized at its calculated non-
zero steady-state operating point. Therefore, the initial 
state and manipulated input vectors satisfied, within the 
numerical convergence tolerance x⋅ (0)= 0, therefore, that 
the initial transient did not originate from an artificial mis-
match between the initial conditions and the nominal op-
erating point. This is consistent with standard dynamic 
simulation practice, in which the initial states and inputs 
are selected from an equilibrium operating point before 
subsequent transient analysis. The principal simulation 
conditions are summarized in Table III.

The steady-state values of qin (0), τm (0), and Aex (0) cor-
respond to the equilibrium manipulated variables required 
to maintain simultaneously Xp, out (0) = 0.120, Ta (0) ≈ 410 K, 
Pg (0) = 575 Pa, and qa (0) = 75 m3/s. Thus, the controller 
comparisons begin from the same physically consistent op-
erating condition, rather than from different controller-spe-
cific initial states.

Figure 3 compares the main controlled variables: (a) 
outlet pulp moisture, (b) mean drying air temperature, (c) 
chamber gauge pressure, and (d) drying airflow. The PID 
control and DSM maintain the outlet moisture substantial-
ly closer to Xp

* = 0.120 kg H2O/kg dry−pulp than MPC alone. 

The DSM generally exhibits the smallest moisture excur-
sions, while PID control provides a closely comparable but 
slightly slower response. The thermal trajectories in Fig. 3b 
remain smooth for PID control and DSM, whereas MPC 
develops considerably larger deviations. In contrast, the 
faster pressure and airflow dynamics in Figs. 3c–3d are 
tightly regulated around Pg

* = 575 Pa, qa
* = 75 m3/s,  

particularly for PID control and DSM.
Figure 4 shows the associated errors: (a) moisture 

error eX, (b) temperature error eT, (c) pressure error eP, and 
(d) airflow error eq. The DSM presents the lowest overall 
moisture error accumulation, followed by PID control, 
whereas MPC exhibits both larger error amplitudes and 
slower attenuation. The pressure and airflow errors for PID 
control and DSM remain practically zero after short tran-
sients, confirming effective dynamic separation between 
the slow moisture–thermal subsystem and the faster pneu-
matic dynamics.

The corresponding manipulated variables are shown 
in Fig. 5: (a) thermal duty qin, (b) fan motor torque τm, 
and (c) effective exhaust area Aex. The PID control and 
DSM generate smooth and bounded control actions, with 
qin increasing from approximately 14.0 MW toward  
15 MW as drying demand increases. Fan torque remains 
close to 1.18 kN·m and Aex remains near its nominal op-
erating range. The MPC generates larger low-frequency 
variations, consistent with its poorer moisture–thermal 
response.
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Figure 6 presents (a) overall efficiency ηtot, (b) thermal 
efficiency ηth, (c) wire-to-air fan efficiency ηf, and (d) SMER. 
The PID control and DSM produce similar energetic behav-
ior, with representative values around ηtot ≈ 0.60, ηth ≈ 0.61, 
and SMER ≈ 0.95−0.96 kg H2O/kWh.

The fan efficiency remains approximately 0.777, indicat-
ing operation within a narrow aerodynamic region. Al-
though MPC occasionally presents favorable instantaneous 
energetic values, these cannot be interpreted independent-
ly of its larger outlet moisture deviation.

Figure 7 reports the multizone states: (a) drying air 
temperatures, (b) zone gauge pressures, (c) humidity  
ratios, and (d) zone-average pulp moisture. The six zones 
retain an ordered temperature and pressure distribution. 
Simultaneously, the gas humidity increases progressively 
through the dryer as evaporated moisture is transferred to 
the air, while the pulp moisture decreases from approxi-
mately 0.54 kg/kg in the first zone toward approximately  
0.12 kg/kg at the outlet.

Figure 8 presents (a) the pressure-driven deck-to-deck 
dry air flow rates and (b) local evaporation rates. The five 
interzone airflow trajectories remain closely grouped around 
64–65 kg/s, indicating consistent hydraulic continuity. Local 
evaporation remains approximately within 0.56 –0.73 kg/s 
and changes smoothly with the operating condition.

The spatial drying behavior is presented in Fig. 9, 
where (a) shows the final through-thickness moisture field 
Xp (ζ, j) and (b) the corresponding pulp-temperature field 

Tp (ζ, j). A strong longitudinal reduction of moisture is ac-
companied by finite through-thickness gradients, demon-
strating that the model does not impose spatially uniform 
pulp states. Experimental studies of through-air paper dry-
ing likewise report spatially nonuniform moisture fields 
and significant thickness-direction transport [39].

Figure 10 gives the outlet zone distributions: (a) mois-
ture profiles Xp (ζ, t), and (b) temperature profiles Tp (ζ, t). 
Moisture remains higher near the pulp mid-plane and lower 
at the exposed surfaces, while temperature exhibits the 
complementary curvature. This behavior is consistent with 
the interaction between surface evaporation and finite in-
ternal moisture diffusion reported for through-air drying 
of fibrous sheets [39,40].

Figure 11 provides the quantitative controller bench-
mark through (a) moisture integrated absolute error, (b) 
total supplied energy, (c) specific energy consumption, and 
(d) SMER. The principal distinction occurs in product mois-
ture regulation, for which IAEX

DSM < IAEX
PID < IAEX

MPC. The 
DSM therefore provides the best closed-loop quality regu-
lation under the present conditions, followed by PID. The 
differences in total supplied energy, SEC, and SMER are 
considerably smaller, showing that energetic performance 
must be interpreted together with fulfillment of the outlet 
moisture requirement.

The quantitative closed-loop performance is further 
summarized in Table IV. Settling time is evaluated as the 
time required for the response to enter and remain within 

4. Closed-loop tracking errors obtained for the DSM, PID, and MPC strategies: (a) outlet pulp moisture error; (b) drying air 
temperature error; (c) mean chamber pressure error; and (d) drying airflow error. The zero-error reference is indicated by the dashed 
line.

(a) 

(c) 

(b) 

(d) 
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5. Manipulated variable responses obtained for the DSM, PID, and MPC strategies: (a) thermal duty command qin(t); (b) fan motor 
torque τm(t); and (c) effective exhaust area Aex(t), showing the control effort required to regulate the thermofluid dryer dynamics.

(a) 

(c) 

(b) 

6. Energetic performance responses obtained for the DSM, PID, and MPC strategies: (a) overall dryer efficiency ηtot(t); (b) thermal 
efficiency ηth(t); (c) wire-to-air fan efficiency ηf(t); and (d) specific moisture evaporation ratio (SMER(t)), expressed in kgH2O/kWh.

(a) 

(c) 

(b) 

(d) 
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7. Multizone thermofluid responses of the airborne pulp dryer: (a) drying air temperature in each zone; (b) zone gauge pressure 
distribution; (c) zone humidity ratio evolution; and (d) zone-average pulp moisture content, illustrating the progressive thermal, 
vapor, pressure, and drying profiles along the six-zone system.

(a) 

(c) 

(b) 

(d) 

8. Interzone drying dynamics: (a) pressure-driven dry air mass flow rates between adjacent zones, and (b) local evaporation rates in 
the individual drying zones.

(a) 

(b) 
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9. Final spatial distributions predicted by the multi-zone drying model: (a) through-thickness pulp moisture field Xp(ζ, j), and (b) 
through-thickness pulp temperature field Tp(ζ, j), showing the coupled longitudinal and internal gradients developed across the six 
drying zones.

(a) (b) 

10. Outlet zone through-thickness distributions at the steady-state startup condition t = 0: (a) pulp moisture profile Xp(ζ, 0), and (b) 
pulp temperature profile Tp(ζ, 0), showing a wetter, slightly cooler sheet core and drier, warmer exposed surfaces.

(a) (b) 
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the prescribed tolerance band; a 2% criterion is adopted for 
outlet moisture.

The comparatively poor MPC response should not be 
interpreted as an intrinsic limitation of MPC. The present 
controller relies on a reduced prediction model for a strong-
ly nonlinear, distributed and delay-dominated process. The 
MPC behavior is particularly sensitive to prediction and 

control horizons, output and input weighting, move sup-
pression, state estimation, and model–plant mismatch; sys-
tematic tuning of these quantities is essential for achieving 
the desired closed-loop dynamics. Consequently, optimiza-
tion of Np, Nu, Q, and R improved transport delay represen-
tation, and enhanced disturbance/state estimation, multi-
operating-point modeling, and nonlinear or adaptive MPC 

11. Quantitative performance comparison of the DSM, PID, and MPC controllers: (a) integrated absolute outlet moisture tracking 
error IAEX(t); (b) total supplied energy; (c) specific energy consumption (SEC(t)); and (d) specific moisture evaporation ratio 
(SMER(t)). Higher SMER indicates greater moisture removal per unit of supplied energy.

(a) 

(c) 

(b) 

(d) 

Performance Metric DSM PID MPC

Moisture IAEX 9.6 12.4 67.1

Moisture settling time, ts,X [min] ≈ 1.0 ≈ 4.1 Not settled

Temperature settling time, ts,T [min] ≈ 5.0 ≈ 5.0 Not settled

Total supplied energy [MJ] 5.34∙104 5.34∙104 5.15∙104

SEC [MJ/kg H2O] ≈ 3.74 ≈ 3.74 ≈ 3.78

SMER [kg H2O/kWh] ≈ 0.96 ≈ 0.96 ≈ 0.95

Final moisture reference recovery Yes Yes No

Stability under nominal disturbance sequence Stable Stable Stable, but with offset

SEC: specific energy consumption; SMER: specific moisture evaporation ratio; DSM: direct synthesis methodology;  
PID: proportional-integral-derivative; MPC: model predictive control.

IV. Closed-loop control and energetic performance benchmark.
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12. Three-dimensional overall energetic efficiency surface as a function of drying air temperature and airflow setpoints. The marker 
indicates the maximum feasible operating point.

are retained as future work. The present MPC results should 
therefore be regarded as a benchmark of the current tun-
ing rather than evidence of an inherent disadvantage of 
predictive control.

Figure 12 shows that overall efficiency increases to-
ward the high-temperature, low-airflow region, reaching 
ηtot = 0.6679 at Ta

* = 427.5 K and qa
* = 55.0 m3/s. This trend 

reflects the energetic penalty of excessive airflow and the 
benefit of higher drying temperature within the outlet 
moisture constraint.

Figure 13 shows the corresponding thermal efficiency 
surface, and confirms that thermal efficiency depends joint-
ly on the drying temperature and airflow because both 
variables modify evaporation, sensible energy transport, 
and thermal losses.

Figure 14 presents the SMER surface, with the maxi-
mum region approaching approximately 1.05−1.07 kgH2O/
kWh. The trend is consistent with the efficiency surfaces, 
with the highest specific moisture removal occurring at el-
evated temperature and comparatively moderate airflow.

Finally, Fig. 15 summarizes the steady-state operating 
domain through (a) overall efficiency, (b) thermal efficien-
cy, (c) SMER, and (d) outlet pulp moisture. Figs. 15a–15c 
identify energetically favorable regions, while Fig. 15d 
demonstrates that some of these operating points would 
produce excessive drying. Thus, optimization must be con-
strained by Xp, out ≈ 0.120 kg H2O/kgdry−pulp rather than by 
maximizing an energy metric independently.

Overall, the MATLAB simulations represented by  
Figs. 3–15 indicate that DSM provides the best current com-
promise between outlet-moisture tracking, smooth actuator 
action, pneumatic regulation, and energetic performance. 
The PID control remains closely competitive, whereas the 
current MPC implementation requires additional model re-
finement and systematic tuning to achieve comparable 
moisture–thermal regulation.

CONCLUSIONS
A nonlinear control-oriented model of an industrial air-
borne pulp dryer was developed by coupling multizone 
mass and energy balances, psychrometric moisture trans-
fer, pressure-driven airflow, fan dynamics, and through-
thickness moisture and temperature transport. MATLAB 
simulations reproduced the expected progressive drying 
behavior across six zones while maintaining consistent 
pressure, humidity, airflow, evaporation, and spatial pulp 
state distributions. The energetic formulation predicted 
representative values of ηtot(t) ≈ 0.60, ηth(t) ≈ 0.61, and 
SMER(t) ≈  0.95 kg H2O/kWh, while the operating maps dem-
onstrated the required compromise between energy per-
formance and the outlet-moisture constraint.

Among the evaluated control methods, DSM provided 
the lowest accumulated moisture tracking error, smooth 
manipulated variable trajectories, and tight pressure and 
airflow regulation; PID control produced closely compa-
rable fast-loop behavior but moderately higher moisture 
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14. Three-dimensional specific moisture evaporation ratio surface, SMER(Ta
*,qa

*), showing the combined effect of drying air 
temperature and airflow setpoints on the amount of moisture removed per unit of supplied energy.

13. Three-dimensional thermal efficiency surface, ηth(Ta
*,qa

*), showing the combined influence of drying air temperature and airflow 
setpoints on the thermal performance of the airborne pulp dryer.
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error. The present MPC implementation produced the 
poorest moisture–thermal regulation. This result is at-
tributed to the reduced predictive representation and cur-
rent selection of prediction horizon, control horizon, 
weighting matrices, and disturbance/delay treatment 
rather than to an intrinsic limitation of MPC; these pa-
rameters are well known to strongly influence MPC per-
formance. Future work will therefore focus on plant data 
parameter identification and experimental validation, sys-
tematic MPC retuning, improved transport-delay and 
state estimation, multi-operating point models, and non-
linear or adaptive MPC. Further refinement of the internal 
moisture transport description is also appropriate given 
the recognized importance of spatial transport phenom-
ena in paper drying.

LITERATURE CITED
1. 	 Kudra, T. and Mujumdar, A.S., Advanced Drying Technologies, 2nd 

edn., CRC Press, Boca Raton, FL, USA, 2009.

2. 	 Mujumdar, A.S., Ed., Handbook of Industrial Drying, 4th edn., CRC 
Press, Boca Raton, FL, USA, 2015.

3. 	 Hubbe, M.A., BioResources 16(4): 8567(2021).  
https://doi.org/10.15376/biores.16.4.hubbe. 

4. 	 Mujumdar, A.S., “Industrial drying technologies: Current status and 
future trends,” in Energy and Environment: Technological Challenges for 
the Future (Y.H. Mori and K. Ohnishi, Eds.), Springer-Verlag, Tokyo, 
2001, pp. 112-125. https://doi.org/10.1007/978-4-431-68325-4_5.

5. 	 Stenström, S., Drying Technol. 38(7): 825(2020).  
https://doi.org/10.1080/07373937.2019.1596949.

6. 	 Keey, R.B., Drying: Principles and Practice, Pergamon Press, Oxford, 
UK, 1972.

7. 	 Green, D.W. and Perry, R.H., Eds., Perry’s Chemical Engineers’ 
Handbook, 8th edn., McGraw-Hill, New York, 2008.

8. 	 Campos-Salazar, J.M., Santander, F., and Keim, E., Energy Eng. 
123(6): 14(2026). https://doi.org/10.32604/ee.2026.075407. 

9. 	 Strømmen, I., Eikevik, T.M., Alves-Filho, O., et al., Drying 2004: Proc. 
14th Int. Drying Symp. (IDS 2004), Vol. B, Ourograf Gráfica e Editora, 
Campinas, Brazil, 2004, p. 1225.

10. 	 Keey, R.B., Introduction to Industrial Drying Operations, Pergamon 
Press, Oxford, UK, 1978.

15. Two-dimensional operating maps as functions of drying air temperature and airflow setpoints: (a) overall efficiency ηtot(t);  
(b) thermal efficiency ηth(t); (c) specific moisture evaporation ratio (SMER(t)); and (d) outlet pulp moisture Xp, out(t). The maps 
illustrate the energetic–quality trade-off used to identify admissible operating regions.

(a) 

(c) 

(b) 

(d) 



PAPERMAKING

624  TAPPI JOURNAL | OCTOBER 2026 | VOL. 25 NO. 10

11. 	 Wilhelmsson, B., Nilsson, L., Stenström, S., et al., Drying Technol. 
11(6): 1177(1993). https://doi.org/10.1080/07373939308916895.

12. 	 Berrada, M., Tarasiewicz, S., Elkadiri, M.E., et al., IEEE Trans. Ind. 
Electron. 44(4): 579(1997). https://doi.org/10.1109/41.605638. 

13. 	 Ravshanov, N. and Shadmanov, I.U., J. Phys.: Conf. Ser. 1546(1): 
012098(2020). https://doi.org/10.1088/1742-6596/1546/1/012098.

14. 	 Heo, C.H., Cho, H., Kim, J.-K., et al., J. Chem. Eng. Jpn. 44(6): 
437(2011). https://doi.org/10.1252/jcej.10we199.

15. 	 Ghodbanan, S., Alizadeh, R., and Shafiei, S., Drying Technol. 33(12): 
1474(2015). https://doi.org/10.1080/07373937.2015.1020161. 

16. 	 Anjomshoaa, A. and Salmanzadeh, M., Drying Technol. 40(7): 
1307(2022). https://doi.org/10.1080/07373937.2020.1866596.

17. 	 Åström, K.J. and Hägglund, T., Advanced PID Control, ISA—The 
Instrumentation, Systems, and Automation Society, Research 
Triangle Park, NC, USA, 2006.

18. 	 Luyben, W.L., Process Modeling, Simulation, and Control for Chemical 
Engineers, 2nd edn., McGraw-Hill, New York, 1990.

19. 	 Qin, S.J. and Badgwell, T.A., Control Eng. Pract. 11(7): 733(2003). 
https://doi.org/10.1016/S0967-0661(02)00186-7.

20. 	 García, C.E., Prett, D.M., and Morari, M., Automatica 25(3): 
335(1989). https://doi.org/10.1016/0005-1098(89)90002-2.

21. 	 Maciejowski, J.M., Predictive Control with Constraints, Prentice Hall, 
Harlow, UK, 2002.

22. 	 Huang, B. and Kadali, R., Dynamic Modeling, Predictive Control and 
Performance Monitoring: A Data-Driven Subspace Approach, Springer-
Verlag, London, 2008. https://doi.org/10.1007/978-1-84800-233-3.

23. 	 Rawlings, J.B. and Mayne, D.Q., Model Predictive Control: Theory and 
Design, Nob Hill Publishing, Madison, WI, USA, 2009.

24. 	 Wang, L., Proc. 2009 Am. Control Conf. (ACC), IEEE, Piscataway, NJ, 
USA, 2009, p. 25. https://doi.org/10.1109/ACC.2009.5159781.

25. 	 Seborg, D.E., Model. Identif. Control 15(3): 179(1994).  
https://doi.org/10.4173/mic.1994.3.8.

26. 	 Mayne, D.Q., Rawlings, J.B., Rao, C.V., et al., Automatica 36(6): 
789(2000). https://doi.org/10.1016/S0005-1098(99)00214-9.

27. 	 Ellis, M., Durand, H., and Christofides, P.D., J. Process Control 24(8): 
1156(2014). https://doi.org/10.1016/j.jprocont.2014.03.010.

ABOUT THE AUTHORS
We selected airborne pulp drying for study because moisture control, airflow, pres-
sure, and energy use are strongly coupled and directly affect dryer productivity and 
operating efficiency. This research extends previous paper drying models by com-
bining multi-zone thermofluid dynamics, through-thickness moisture and tempera-
ture transport, energy-efficiency analysis, and direct synthesis methodology (DSM)/
model predictive control (MPC)/proportional-integral-derivative (PID) control compar-
ison within one framework.

The main difficulty in this study was representing strongly coupled thermal, mois-
ture, airflow, pressure, and spatial dynamics while retaining a model suitable for con-
trol design, which was addressed using reduced-order zone balances combined with 
spatial discretization.

The study showed that good outlet moisture regulation requires coordinated con-
trol of thermal input, airflow, and chamber pressure rather than treating these vari-
ables independently. The most interesting result was that the relatively simple DSM 
architecture achieved better moisture tracking than the implemented MPC bench-
mark while maintaining similar energy performance.

Mills could use the studied framework to support controller tuning, energy perfor-
mance assessment, operating point optimization, and future dryer digital-twin devel-
opment. The next step in this research is to identify and validate the model using in-
dustrial dryer data and then improve and retune the MPC using a higher-fidelity 
prediction model.

Campos-Salazar is guest researcher for the Vice-Rectorate for Research, Innovation and Creation at the 
University of Los Lagos in Osorno, Los Lagos, Chile. González-Salazar is professor in the Mechanical 
Engineering Department at the University of La Frontera, Temuco, Chile. Email Campos-Salazar at  
jose.campossalazar@ulagos.cl.

J.M. Campos-Salazar

J. González-Salazar

ABOUT THIS PAPER

Cite this article as:  
Campos-Salazar, J.M. and González-Salazar, J.,   
TAPPI J. 25(10): 597(2026).  
https://doi.org/10.32964/TJ25.10.597

DOI: https://doi.org/10.32964/TJ25.10.597

ISSN: 0734-1415

Publisher: TAPPI Press

Copyright: ©TAPPI Press 2026

About this journal



PAPERMAKING

OCTOBER 2026 | VOL. 25 NO. 10 | TAPPI JOURNAL  625

28. 	 Qin, S.J., AIChE J. 60(9): 3092(2014).  
https://doi.org/10.1002/aic.14523.

29. 	 Li, C., Ren, J., Seth, A., et al., Energy 321: 135431(2025).  
https://doi.org/10.1016/j.energy.2025.135431.

30. 	 Kucharski, J., Fraczyk, A., and Urbanek, P., Appl. Sci. 12(1): 
261(2022). https://doi.org/10.3390/app12010261.

31. 	 Merino, A., Alves, R., Acebes, L.F., et al., Drying Technol. 35(14): 
1765(2017). https://doi.org/10.1080/07373937.2016.1275674.

32. 	 Whitaker, S., “Simultaneous heat, mass, and momentum transfer in 
porous media: A theory of drying,” in Advances in Heat Transfer, Vol. 
13 (J.P. Hartnett and T.F. Irvine, Eds.), Academic Press, New York, 
1977, pp. 119-203. https://doi.org/10.1016/S0065-2717(08)70223-5.

33.	 Mujumdar, A.S., Dev. Chem. Eng. Miner. Process. 10(3-4): 225(2002). 
https://doi.org/10.1002/apj.5500100402.

34. 	 Valmet, “Valmet Airborne Dryer,” Valmet, Espoo, Finland. Available 
[Online] https://www.valmet.com/pulp/pulp-drying/dryway/ 
<8Sept2026>.

35. 	 Bleier, F.P., Fan Handbook: Selection, Application, and Design, McGraw-
Hill, New York, 1998.

36. 	 Dixon, S.L. and Hall, C.A., Fluid Mechanics and Thermodynamics of 
Turbomachinery, 6th edn., Butterworth-Heinemann, Oxford, UK, 
2010.

37. 	 Geankoplis, C.J., Hersel, A.A., and Lepek, D.H., Transport Processes 
and Separation Process Principles, 5th edn., Pearson, Boston, 2018.

38. 	 Meyer, T., Amin, P., Allen, D.G., et al., J. Environ. Chem. Eng. 6(5): 
6317(2018). https://doi.org/10.1016/j.jece.2018.09.037.

39. 	 Lu, T. and Shen, S.Q., Appl. Therm. Eng. 27(8-9): 1248(2007).  
https://doi.org/10.1016/j.applthermaleng.2006.11.005.

40. 	 Ramaswamy, S., Ryan, M., and Huang, S., Drying Technol. 19(10): 
2577(2001). https://doi.org/10.1081/DRT-100108255.

41. 	 Weineisen, H. and Stenström, S., Drying Technol. 26(6): 776(2008). 
https://doi.org/10.1080/07373930802046443.

42. 	 Heo, C.H., Cho, H., and Yeo, Y.-K., Korean J. Chem. Eng. 28(8): 
1651(2011). https://doi.org/10.1007/s11814-011-0046-0.

43. 	 Yin, Y., Yang, J., Jia, Y., et al., Int. J. Comput. Intell. Syst. 15(1): 
40(2022). https://doi.org/10.1007/s44196-022-00095-4.

44. 	 Crank, J., The Mathematics of Diffusion, 2nd edn., Clarendon Press, 
Oxford, UK, 1975.

45. 	 Kong, L., Yang, X., Hou, Z., et al., J. Korea TAPPI 52(2): 23(2020). 
https://doi.org/10.7584/JKTAPPI.2020.04.52.2.23.

46. 	 Gupta, H. and Chatterjee, S.G., Ind. Eng. Chem. Res. 42(25): 
6582(2003). https://doi.org/10.1021/ie030413j.

47. 	 Kong, L., Tao, Z., Liu, H., et al., Drying Technol. 34(13): 1641(2016). 
https://doi.org/10.1080/07373937.2016.1139588.

48. 	 Dols, W.S. and Polidoro, B.J., CONTAM User Guide and Program 
Documentation Version 3.2, NIST Technical Note 1887, National 
Institute of Standards and Technology, Gaithersburg, MD, USA, 
2015. https://doi.org/10.6028/NIST.TN.1887.

49. 	 Dols, W.S. and Walton, G.N., CONTAMW 2.0 User Manual: Multizone 
Airflow and Contaminant Transport Analysis Software, NISTIR 6921, 
National Institute of Standards and Technology, Gaithersburg, MD, 
USA, 2002. https://doi.org/10.6028/NIST.IR.6921.

50. 	 Yin, Y., Liu, J., Wang, Y., et al., Int. J. Comput. Intell. Syst. 15(1): 
47(2022). https://doi.org/10.1007/s44196-022-00104-6.

51. 	 Welty, J., Rorrer, G.L., and Foster, D.G., Fundamentals of Momentum, 
Heat, and Mass Transfer, 6th edn., John Wiley & Sons, Hoboken, NJ, 
USA, 2014.

52. 	 Çengel, Y.A. and Boles, M.A., Thermodynamics: An Engineering 
Approach, 8th edn., McGraw-Hill Education, New York, 2015.

53. 	 Bejan, A., Advanced Engineering Thermodynamics, 4th edn., John 
Wiley & Sons, Hoboken, NJ, USA, 2016.

54. 	 Seborg, D.E., Mellichamp, D.A., Edgar, T.F., et al., Process Dynamics 
and Control, 3rd edn., John Wiley & Sons, Hoboken, NJ, USA, 2010.

55. 	 Skogestad, S. and Postlethwaite, I., Multivariable Feedback Control: 
Analysis and Design, 2nd edn., John Wiley & Sons, Chichester, UK, 
2005.

56. 	 Morari, M. and Zafiriou, E., Robust Process Control, Prentice Hall, 
Englewood Cliffs, NJ, USA, 1989.

57. 	 Rivera, D.E., Morari, M., and Skogestad, S., Ind. Eng. Chem. Process 
Des. Dev. 25(1): 252(1986). https://doi.org/10.1021/i200032a041.

58. 	 Isermann, R., “Controllers for Processes with Large Deadtime,” in 
Digital Control Systems, Vol. 1: Fundamentals, Deterministic Control, 2nd 
edn., Springer-Verlag, Berlin, 1989, pp. 228-241.  
https://doi.org/10.1007/978-3-642-86417-9_9.


