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of the grain drying process. The study is based on methods of analysis and generalization of scientific and technical
literature, system analysis, heat engineering analysis of heat and mass transfer processes, as well as mathematical
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modeling of dynamic control processes in grain drying systems. The physical model of the grain drying process in
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Skovorod}; Str., 1/3, Poltava, shaft-type grain dryers was analyzed, and the main factors affecting the formation of the heat-moisture state of the
36000, Ukraine heat carrier were identified. It was established that the efficiency of the drying process largely depends on the

stability of the temperature and humidity parameters of the heat carrier, the initial grain moisture content, the airflow
rate, and the thermal inertia of the drying system. Based on the heat balance equation and mathematical models of
moisture removal from grain material, the relationship between the heat carrier parameters and the intensity of heat
and mass transfer in the grain layer was substantiated. A dynamic model of the drying system was proposed, taking
into account the inertia of thermal processes and the delay between the control action and the response of the drying
chamber. The study substantiates the expediency of using a closed-loop automatic control system based on PID
regulation for simultaneous stabilization of the temperature and humidity parameters of the heat carrier. The
proposed approach provides continuous monitoring of the heat carrier parameters and adjustment of the operating
modes of the heat generator and ventilation system according to changes in the thermal state of the grain mass. The
constructed graphical dependences in Cartesian coordinate systems showed that automatic regulation makes it
possible to reduce fluctuations in the heat carrier temperature, improve the stability of drying modes, decrease
unnecessary heat losses, and increase the energy efficiency of the drying process. It was established that
multiparameter control of the heat-moisture state of the heat carrier contributes to more uniform moisture removal
from grain material and reduces the risk of local overheating of grain. The practical significance of the obtained
results lies in the possibility of using the proposed approaches in the design and improvement of automated control
systems for shaft-type grain dryers in order to increase the stability and energy efficiency of grain drying
technologies.
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TenIoTeXHiYHi ACIEKTH ABTOMATHYHOI0 PEeryJIIOBAHHS TEIJIOBOJIOTICHOI0 CTaHy
TEIVIOHOCIA Y 3¢PHOCYIIAPKAX IAXTHOI0 THILY

O. M. IBanoB

ToNTABCEKHi AepIKaBHHIA VY cTaTTi pO3MISHYTO TEIUIOTEXHIYHI AacleKTH aBTOMATHYHOIO PETyJIIOBAaHHS TEIUIOBOJIOTICHOTO CTaHy
arpapHuil yHiBepeurer, TEIUIOHOCIS y 3epHOCYIIAPKaxX MaXTHOTO TUITY. MeTO0 IOCITiIKEHHS € 00TPYHTYBaHHSI 0COOIUBOCTEN (hOPMYBAHHSI
. TTonrasa, Vipaina Ta crabimi3anii TeMmepaTypHO-BOJIOTICHHX MapaMeTpiB TEIUIOHOCiS B yMOBaX aBTOMATH30BAHOIO KEpyBaHHs

MpoLecoM CyIIiHHA 3epHa. Jlocmi/ukeHHs 0a3yeTbesi HAa METOJax aHaji3y Ta y3arajJbHEHHsS HayKOBO-TEXHIYHOT
JITepaTypu, CHCTEMHOTO aHalli3y, TEIUIOTEXHIYHOrO aHali3y TpOIeciB TemIo- i MacoOoOMiHY, a TaKOX
MaTEeMaTHYHOTO MOZCIIOBAHHS ANHAMIYHHUX MPOLECIB KePyBaHHS y 3epPHOCYLIMIBHUX cHcTeMax. [IpoaHanizoBaHo
¢i3nuHy MoJenb Mpolecy CYLIHHS 3€pHA y IIAXTHUX 3EPHOCYIIApKaX Ta BH3HAYCHO OCHOBHI (hakToOpH, IO
BIUTMBAIOTh Ha ()OPMYBaHHS TEIUIOBOJIOTICHOTO CTaHy CYLIMJIBHOTO areHTa. YCTaHOBJICHO, IO e(EeKTHBHICTH
MPOILIECy CYIIIHHS 3HAYHOIO MIpPOIO 3aJI€XKUTh BiJ] CTA0IIBHOCTI TEMIIEPATyPHO-BOJIOTiCHHUX MTapaMeTPiB TEMIOHOCIS,
[I0YaTKOBOI BOJIOTOCTI 3epHa, BUTPATH MOBITPSIHOTO MOTOKY Ta TEIUIOBOI iHepuiiHOCTI CyrmibHOI cuctemu. Ha
OCHOBI DIBHSIHHS TEIJIOBOTO OajlaHCy Ta MaTeMaTHYHHX MOJeJell BUAAJIECHHS BOJOTH i3 3€PHOBOTO MaTepiairy
0OIPYHTOBAHO B3a€MO3B 30K MiXK ITapaMeTPaMHU TEIUIOHOCIS Ta IHTEHCUBHICTIO TEILIO- 1 MAaCOOOMIHY Y 36pHOBOMY
nrapi. 3aponoHOBaHO AWHAMIYHY MOJEIb CYIIHIBHOI CHCTEMH, sIKa BPaxOBY€E IHEPLIHHICTh TEIIOBHX MPOLECIB i
3aTPHMKY MK KEpYIOUMM BIUIHBOM Ta PEaKIi€l0 CYMIMIbHOI KaMepH. Y poOOTi OOIpYHTOBaHO IOLINBHICTH
BHKOPHUCTAHHsI CHCTEMH aBTOMATHYHOTO KEpYBaHHs i3 3aMKHEHHM KOHTYPOM Ha ocHoBi PID-peryitoBanHs Juist
Oo/HOYacHOT cTabimi3alii TeMIepaTypHHX 1 BOJOTICHMX NapaMeTpiB TEIUIOHOCIS. 3anmpONOHOBaHMI MiaXifn
3a0e3nedye Oe3nepepBHUI MOHITOPUHT ITapaMeTpiB CYIIMJIBHOTO CEPEOBHINA Ta KOPUTYBAHHS PEXKUMIB POOOTH
TeIIOreHepaTopa i BEHTUILIMHOI CHCTEMH BiAMOBIAHO /10 3MiHH TEIUIOBOTO CTaHy 3epHOBOi Macu. [loOynoBaHi
rpadivHi 3aJIeKHOCTI y IEKapTOBUX CHCTEMaxX KOOPIMHAT MOKA3ajd, [0 aBTOMATHYHE PErYJIFOBaHHS JO3BOJISE
3MCHIIUTH KOJIMBAHHS TEMIICPATYPH TEIUIOHOCIS, MiIBHILKTH CTaOUIbHICTh PEXKHUMIB CYIIIHHS, 3HHU3HTH
HENPOAYKTUBHI TEIUIOBI BTPATH Ta MIJBUIIUTH EHEProe(EeKTUBHICT MPOIECY CYIIIHHSA. YCTaHOBJIEHO, IIO
OararomapaMeTpHYHE pETyJIIOBaHHS TEIUIOBOJIOTICHOTO CTaHy TEIUIOHOCIS chpusie OLTbIl  piBHOMiIpHOMY
BHU/JAJICHHIO BOJIOTH i3 36PHOBOT0 MaTepially Ta 3MEHIIy€ PH3HK JIOKAJIbHOTO [IeperpiBy 3epHa. IIpakTH4He 3Ha4YCHHS
OTPHMaHHUX PE3YJIbTATIB IIOJra€ Yy MOXKIIMBOCTI BUKOPUCTAHHS 3QIIPOIIOHOBAHUX ITiIXO/IB IiJl 4ac IPOEKTYBAHHS
Ta BJIOCKOHAJICHHS aBTOMATH30BaHHX CUCTEM KEPYBaHHS 3ePHOCYIIAPKAMH IIIAXTHOTO THITY 3 METOIO Mi/IBUILICHHS
CTabLIBHOCTI Ta eHeproe()eKTHBHOCTI TEXHOJIOTH CYIIiHHS 3epHa.

KarouoBi cioBa: CyuliHHS 3¢pHa, 3€pPHOCYLIapKa IIAXTHOTO THITY, TEIUIOHOCIH, TEIUIOBOJIOTICHUM CTaH,
aBTOMAaTHYHE peryiioBaHHs, PID-perymoBanHs, TEmIo- i MAaCOOOMiH.
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Introduction

Grain drying is one of the most energy-intensive
technological processes in the post-harvest treatment of
agricultural products, as it requires significant heat
consumption to ensure the required moisture content of
grain material. The efficiency of grain drying units is
largely determined by the stability of the heat carrier
parameters, particularly its temperature and humidity,
which directly affect the intensity of heat and mass
transfer, drying duration, energy consumption, and the
quality of the final product [1, 2]. Violation of the heat-
moisture drying regime may lead to local overheating of
grain, non-uniform moisture removal, increased specific
energy consumption, and deterioration of the seed and
technological properties of grain products [3].

Modern studies pay considerable attention to
improving the energy efficiency of grain drying units
through the optimization of heat engineering regimes and
the implementation of automated drying process control
systems [4]. One of the promising approaches is the
automatic regulation of heat carrier parameters, which
makes it possible to stabilize the temperature and
humidity state of the drying medium depending on
changes in technological and environmental factors [5].
Contemporary research addresses mathematical modeling
of heat and mass transfer processes during grain
drying, the application of PID controllers, intelligent
control systems, and digital monitoring of heat carrier
parameters [6, 7]. Considerable attention is also devoted
to the optimization of grain dryer energy consumption,
improvement of heat carrier supply systems, and the
application of modern sensor technologies for process
parameter control [8, 9].

Despite the large number of scientific studies devoted
to the automation of grain drying processes, the heat
engineering aspects of automatic regulation of the heat-
moisture state of the heat carrier in shaft-type grain dryers
remain insufficiently studied. In particular, insufficient
attention has been paid to the relationship between heat
carrier parameters, the thermal inertia of the drying
system, and the efficiency of automated control of the
drying process [10]. In addition, modern approaches to the
stabilization of temperature and humidity parameters of
the heat carrier from the standpoint of energy efficiency
and uniform grain drying require further generalization.

The relevance of the study is determined by the need
to improve the efficiency of heat utilization in grain
drying systems, reduce energy consumption, and ensure
stable grain drying regimes through the improvement of
automatic control systems for heat carrier parameters.

The aim of the study

The purpose of the study is to substantiate the heat
engineering features of automatic regulation of the heat-
moisture state of the heat carrier in shaft-type grain dryers.

To achieve this purpose, it is necessary to analyze the
heat engineering features of the grain drying process in
shaft-type grain dryers. Particular attention should be paid
to the factors influencing the formation of the heat-

moisture state of the heat carrier and the principles of its
automatic control. In addition, it is necessary to
substantiate the relationship between the heat carrier
parameters, drying process stability, and the energy
efficiency of grain dryers.

Materials and methods

The object of the study is the process of automatic
regulation of the heat-moisture state of the heat carrier in
shaft-type grain dryers. The subject of the study is the heat
engineering regularities of the formation and stabilization
of the temperature and humidity parameters of the heat
carrier under conditions of automated control of the grain

drying process.
The study employed a set of general scientific and
specialized  methods, including analysis and

generalization of scientific and technical literature,
system analysis, structural and functional analysis, and
methods of heat engineering analysis of heat and mass
transfer processes in grain drying units. The theoretical
basis of the study is formed by the principles of heat
engineering, the theory of heat and mass transfer, and the
fundamentals of automatic regulation of technological
processes.

The analysis of heat engineering processes in shaft-
type grain dryers was carried out taking into account the
influence of the temperature, humidity, and flow rate of
the heat carrier on the intensity of heat and mass transfer
processes, the stability of drying regimes, and the energy
efficiency of the drying unit. Particular attention was paid
to the investigation of the relationship between the heat
carrier parameters and the conditions of formation of the
heat-moisture state of the drying medium.

During the study of automatic regulation principles,
the operational features of closed-loop control systems
were taken into account, in which stabilization of heat
carrier parameters is ensured through the use of
temperature and humidity sensors, controllers, and
actuating mechanisms. The analysis was performed from
the standpoint of the influence of automated control on the
stability of the heat-moisture state of the heat carrier, the
uniformity of grain drying, and the reduction of energy
consumption in shaft-type grain dryers.

Results and discussion

The grain drying process in shaft-type grain dryers
represents a complex heat and mass transfer system in
which heat is transferred from the heat carrier to the grain
mass simultaneously with moisture evaporation from the
grain. The efficiency of the drying process is determined
by the heat-moisture state of the heat carrier, characterized
by its temperature, humidity, and airflow velocity.

During the passage of the heat carrier through the
grain layer, its temperature gradually decreases, while its
humidity increases due to the absorption of evaporated
moisture. The intensity of heat and mass transfer depends
on the initial grain moisture content, the temperature
difference between the grain mass and the heat carrier, the
airflow rate, and the residence time of grain within the
drying shatft.
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A characteristic feature of shaft-type grain dryers is
the non-uniform distribution of temperature and humidity
parameters along the height of the drying shaft, as well as
the significant thermal inertia of the system. This
determines the dynamic nature of the formation of the
heat-moisture state of the heat carrier and necessitates its
stabilization during the grain drying process.

Further analysis of the drying process requires a
mathematical description of the relationship between the
heat engineering parameters of the grain drying unit and
the heat-moisture state of the heat carrier. To evaluate the
energy state of the drying system, the heat balance
equation was used:

Qin = Qgr + Qev + Qlom s (1)

where Q;, is the heat supplied by the heat carrier;

O, 1s the heat consumed for heating the grain mass;

Q. 1s the heat used for moisture evaporation;

Oloss represents heat losses to the environment.

The presented relationship shows that the efficiency
of heat utilization in a grain dryer is determined by the
ratio between useful heat consumption and thermal losses
of the system. Changes in the temperature or humidity of
the heat carrier alter the intensity of heat and mass
transfer, which directly affects the energy efficiency of
the drying process.

The intensity of moisture removal from the grain mass
can be described by the following relationship:

aw

—=—k(W-W,
d‘C ( e)’

2
where W is the current grain moisture content;

W. is the equilibrium moisture content;

k is the drying coefficient;

7 is the drying time.

According to the presented model, the drying rate is
determined by the difference between the current and
equilibrium moisture content of the grain, as well as by
the conditions of heat and mass transfer within the drying
zone. An increase in the heat carrier temperature
intensifies moisture evaporation; however, excessive
temperature elevation may lead to non-uniform drying
and local overheating of the grain mass.

To evaluate the dynamics of changes in the thermal
state of the system, a first-order inertial model was used:

D) | 1) = Ku(e),
dt 3)
where T is the system time constant;

y(¢) is the controlled parameter;

u(t) is the control action;

K is the system gain coefficient.

The presented relationship characterizes the inertial
nature of changes in the heat-moisture state of the heat
carrier in shaft-type grain dryers and makes it possible to
take into account the time delay between changes in the
operating mode of the heat generator and the response of
the drying system.

To ensure the stability of the heat-moisture state of the
heat carrier, a shaft-type grain dryer should be considered

T

as a multiparameter automatic control object with a
closed-loop regulation system. In such a system, the main
controlled parameters are the temperature and humidity of
the heat carrier, while the control actions are the intensity
of airflow heating and the performance of the ventilation
system.

Structurally, the automatic control system includes
temperature and humidity sensors, a signal processing
unit, a controller, a heat generator, and actuating
mechanisms of the heat carrier supply system. During
operation, the sensors continuously record the current
parameters of the drying medium, after which the signal
is transmitted to the controller, where the deviation of the
actual parameters from the specified values is determined.
Based on the obtained error, a control signal is generated
to change the operating mode of the heat generator or the
ventilation system.

The mathematical description of the automatic control
process can be represented by the PID controller equation:

de(t)
u(t)=K e K, |e(t)dt + K,——,
(t)=K e(t)+ J' ()t + K, — @

where u(?) is the control signal;

e(t) is the control error;

K,, K; and K, are the coefficients of the proportional,
integral, and derivative components of the controller,
respectively.

The proportional component ensures a rapid system
response to changes in the heat carrier parameters, the
integral component eliminates the steady-state control
error, while the derivative component compensates for
rapid changes in the drying medium parameters and
reduces overshoot. The combined application of these
components makes it possible to improve the stability of
the temperature-humidity drying regime.

The analysis established that, for shaft-type grain
dryers, the most significant factor affecting the quality of
regulation is the thermal inertia of the system. The
considerable volume of the grain mass and the duration of
its residence within the drying shaft cause a time delay
between changes in the heat carrier parameters and the
response of the system. Under such conditions, the use of
only proportional regulation may lead to fluctuations in
the temperature and humidity parameters and instability
of the drying regime.

Therefore, it is advisable to apply combined
regulation of the temperature and humidity of the heat
carrier, taking into account the current state of the grain
mass and environmental conditions. Such an approach
makes it possible to increase the accuracy of maintaining
the heat-moisture state of the heat carrier and to ensure a
more stable grain drying process.

Further analysis of the effectiveness of the proposed
automatic regulation approach requires evaluation of the
relationship between the heat carrier parameters and the
main characteristics of the drying process. For this
purpose, the dependences characterizing the influence of
the temperature regime, the dynamics of changes in grain
moisture content, and the inertial properties of the system
on the operational stability of the shaft-type grain dryer
were analyzed.
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According to the heat balance equation, an increase in
the temperature difference between the inlet and outlet
heat carrier is accompanied by an increase in the heat flow
transferred to the grain mass. The graphical dependence
of the heat flow on the temperature difference has a nearly
linear character, indicating a proportional increase in heat
transfer intensity with increasing heat carrier temperature

(Fig. ).
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Fig. 1. Dependence of heat flow on the temperature
difference of the heat carrier

At the same time, excessive increase in the heat carrier
temperature is accompanied by an increase in unnecessary
heat losses and the risk of local overheating of the grain
mass, especially in the upper zones of the drying shaft
where the initial grain moisture content is the highest.
This confirms the necessity of maintaining a rational
drying temperature regime.

The intensity of the drying process is determined by
the rate of moisture removal from the grain mass.
Analysis of drying kinetics showed that the change in
grain moisture content over time has an exponential
character (Fig. 2).
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Fig. 2. Kinetics of grain moisture content change during
the drying process

The highest moisture removal rate is observed at the
initial stage of the process, when the difference between
the current and equilibrium grain moisture content is

maximal. Subsequently, the drying intensity gradually
decreases due to the reduction of mass transfer between
the grain and the heat carrier.

The obtained dependence indicates the expediency of
changing the heat carrier supply parameters depending on
the stage of the drying process. Maintaining a constant
heat carrier temperature throughout all drying stages may
result in excessive heat consumption and non-uniform
moisture removal from the grain mass.

The conducted analysis also showed that the drying
intensity depends nonlinearly on the heat -carrier
temperature. As the temperature increases, the rate of
moisture evaporation rises; however, after reaching a
certain temperature level, the increase in drying intensity
gradually decreases (Fig. 3). This is explained by the
reduction in the efficiency of heat and mass transfer and
the increase in heat losses under excessive heating of the
airflow.
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Fig. 3. Influence of heat carrier temperature on grain
drying intensity

The presented dependence makes it possible to
determine the rational operating temperature range of the
grain dryer, within which the most efficient heat
utilization is ensured without deterioration of grain
product quality.

The dynamic properties of the automatic control
system are of particular importance for the stability of the
drying process. Analysis of the transient process showed
that changes in the operating mode of the heat generator
do not result in instantaneous stabilization of the heat
carrier parameters, since the system is characterized by
considerable thermal inertia (Fig. 4). As a consequence, a
time delay occurs between the control action and the
response of the drying system.

As the system inertia increases, the risk of fluctuations
in the temperature and humidity parameters of the heat
carrier and overshoot also increases. The application of
PID regulation makes it possible to reduce the fluctuation
amplitude and shorten the time required for the system to
reach a steady-state operating mode.

Improving the stability of the temperature regime
directly affects the energy efficiency of the drying
process. Analysis of the dependence of specific energy
consumption on the amplitude of heat carrier temperature
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fluctuations showed that an increase in temperature
regime instability leads to higher unnecessary heat losses
(Fig. 5).
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Fig. 4. Transient response of the automatic heat carrier
temperature regulation system
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Fig. 5. Influence of heat carrier temperature fluctuations
on the specific energy consumption of the grain dryer

The obtained graphical dependences confirm that the
efficiency of the drying process in shaft-type grain dryers
is determined by the complex interaction of the
temperature and humidity parameters of the heat carrier,
as well as by the dynamic characteristics of the automatic
control system. This indicates the expediency of using
multiparameter control systems capable of stabilizing the
heat-moisture state of the heat carrier according to
changing drying process conditions.

The conducted study confirms that modern
approaches to the automation of grain drying processes
are focused on integrated regulation of drying medium
parameters with consideration of the dynamics of heat and
mass transfer within the grain layer. Unlike traditional
systems, in which regulation is performed mainly
according to the heat carrier temperature, modern grain
drying units increasingly apply multiparameter control
with simultanecous consideration of temperature,
humidity, and airflow rate [11, 12]. This makes it possible
to improve the stability of the drying process and reduce
energy consumption through more accurate coordination

of the operating modes of the heat generator and the
ventilation system.

The results of the conducted analysis are consistent
with contemporary studies devoted to improving the
energy efficiency of grain drying units through
stabilization of heat carrier parameters and optimization
of drying regimes [13]. In modern grain drying systems,
particular attention is paid to maintaining stable
temperature and humidity parameters of the drying
medium, since their fluctuations lead to increased heat
losses and deterioration of grain drying uniformity [14].

The conducted study confirms that, for shaft-
type grain dryers, one of the most significant factors
affecting the efficiency of automatic regulation is the
thermal inertia of the system. Under conditions of
considerable drying process inertia, the use of only
proportional regulation does not provide the required
stability of the temperature-humidity regime, which is
consistent with the results of studies in the field of heat
engineering analysis of drying systems [15, 16].

In modern approaches to the automation of drying
processes, multiparameter control systems capable of
simultaneously considering temperature, humidity,
and heat carrier flow rate are becoming increasingly
widespread [17]. The use of sensor-based monitoring
systems for drying medium parameters creates
the possibility for prompt correction of the operating
modes of the heat generator and ventilation system
according to changes in the heat engineering state of the
grain mass [18].

The obtained results also confirm the prospects of
using adaptive control algorithms for shaft-type grain
dryers. Unlike classical PID regulation, adaptive systems
make it possible to account for changes in grain moisture
content and environmental parameters in real time,
thereby improving drying energy efficiency and reducing
unnecessary heat losses [19].

Thus, the proposed approach to automatic regulation
of the heat-moisture state of the heat carrier corresponds
to current trends in the development of energy-efficient
grain drying technologies and can be applied in improving
automated control systems for shaft-type grain dryers. A
promising direction for further development is the
integration of mathematical modeling of heat and mass
transfer processes with real-time monitoring systems of
drying medium parameters to ensure more stable grain
drying regimes [20].

Conclusions

As a result of the conducted study, it was established
that the efficiency of the grain drying process in shaft-
type grain dryers is largely determined by the stability
of the heat-moisture state of the heat carrier, which
is characterized by the temperature and humidity
parameters of the drying medium. It was determined that
the process of formation of the heat-moisture state of the
heat carrier has a dynamic character and depends on the
interaction of heat engineering and technological factors,
including the initial moisture content of the grain mass,
the airflow rate, and the operating mode of the heat
generator.
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Based on the analysis of mathematical models, the
influence of the thermal inertia of the drying system on
the stability of drying regimes was substantiated, and the
regularities of changes in temperature and humidity
parameters during heat and mass transfer processes were
established.

The expediency of using multiparameter automatic
regulation of the temperature and humidity of the heat
carrier to improve the accuracy of maintaining drying
medium parameters and reduce the amplitude of their
fluctuations was proven. Analysis of the graphical
dependences showed that stabilization of the temperature-
humidity regime contributes to increased drying intensity,
reduction of unnecessary heat losses, and improvement of
the uniformity of moisture removal from the grain mass.
It was established that the use of PID regulation ensures a
reduction in system stabilization time and improves the
operational stability of the grain dryer under conditions of
variable heat engineering load.

The scientific novelty of the study lies in
substantiating the relationship between the heat-moisture
state of the heat carrier, the dynamic characteristics of the
drying system, and the efficiency of automatic regulation
of the grain drying process in shaft-type grain dryers.

The practical significance of the obtained results lies
in the possibility of applying the proposed approaches for
improving automated control systems of grain drying
units in order to increase the energy efficiency and
stability of technological drying regimes.

Prospects for further research. A promising direction
for further research is the development of adaptive
automatic control systems for the heat-moisture state of
the heat carrier, taking into account changes in grain mass
parameters and environmental conditions in real time. It
is advisable to conduct studies aimed at integrating digital
monitoring systems, intelligent control algorithms, and
mathematical modeling of heat and mass transfer
processes in shaft-type grain dryers. Particular attention
should be paid to investigating the possibilities of
applying predictive control algorithms to improve the
energy efficiency of the grain drying process and reduce
unnecessary heat losses.
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