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IIpeocmasneni pesyavmamu excnepumen-
MmanvHozo 00CHIONCEHH MENTOOOMINY MidC
2a306um cepedosuulem i WITbHUM WAPOM 2pa-
HY1b08aH020 mamepiany. Busnaueno, wo npu
desaKomy HAOIUNCEHHI memnepamypu mamepi-
any 0o memnepamypu nosimps Ha 6xo00i memn
Hazpisy pi3Ko 3HUINCYEMBCS, WO CNI0 BPAXOBY-
eamu npu po3paxyHKax menioaxymyasimopos.
Bcmanosaeno, wo 3mina Koegpiyienma mMisxckom-
NOHEeHMH020 Menaoo0Miny 6 uaci nionopsaoxo-
8YEMbCA PIGHAHNIO KAACY CULMOI0

Kniouoei caoea: mennooomin, epanynvo-
8aHull mamepian, pyxomuil wap, Hepyxomuii,
2a3o06uil nomix, memnepamypHi Kpuei

IIpedcmasnennvt pesyromamot sxcnepumen-
ManbHo20 UCCTe008AHUL MENTLOOOMEHA MeENCOY
2a30601l Cpedoll U NAOMHBIM CAOEM 2ZPAHYIU-
posannozo mamepuana. Onpedenerno, umo npu
HEKOMoOpoOM NpubdIUICEHUU MmeMnepamypbo.
Mamepuana Kk memnepamype 6030yxa Ha 6xooe
memn nHazpeea pe3Ko CHUNCAEMCS, Umo Cieoy-
em yuumoléamos NPU pacHemax menyioaKKymy-
NAMOPo6. Yemanoeneno, ¥mo usmenenue KoaQ-
Quuuenma mexnckomnonenmnozo menyooomena
60 6pemenu NOOHUNAEMCA YPAGHEHUIO KAACCa
cuzmoud

Knoueevle crosa: mennooomen, epanyaupo-
BaHHbLL MamMepual, 0BUNCYUUTC CIIOU, HEeNnoo-
BUIICHYBLIL, 2a306blIl NOMOK, MeMnepamypHvle
Kpuevle

1. Introduction

Employment of heat carriers in the heat power industry
in the form of granular materials makes it possible to sub-
stantially intensify the processes of heat and mass exchange
[1]. The field of research of this work directly relates to opti-
mization of heat accumulators of regenerative type. For ex-
ample, in food industry, heated gas from the exhaust devices
transfers its warmth when passing through a dense layer of
granular material. Accumulated heat can then be used for a
variety of purposes.

Regenerative heat exchangers with a dense packing layer,
both moving and stationary, are characterized by high ther-
mal efficiency, compactness, small mass, simplicity of design
and reliability. All this ensures high productivity [2, 3]. The
potential for applicability of granular material as an inter-
mediate heat carrier in heat accumulators and heat recovery
units is significant [4]. It seems expedient to use heat accu-
mulators and heat recovery units with a granular packing in
the industries characterized by a relatively low temperature
level of waste gases. However, for industrial implementation,
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there are too few reliable data on heat exchange between a
dense layer of granules and gas. This determines relevance of
studying the processes of intercomponent heat exchange in a
layer of granular material.

2. Literature review and problem statement

Heat transfer to the particles from the gas flow passing
through the layer of dispersed material determines in many
cases velocity and stability of the processes occurring be-
tween solid and gaseous components [4]. When designing
heat exchangers as regenerative systems, it is essential to
have information about influence of numerous factors on
the heat exchange between solid particles and gas. Heat
exchange is subjected to a decisive influence from the flow of
heat carriers, cycle duration [5], size of particles and pecu-
liarities of their packing [6, 7]. To optimize the process, work
[7] considers operation of heat exchangers that use packing
of materials having various geometries: spherical particles,
Raschig rings, briquettes).




The results of individual studies show that intensity of
heat exchange in the static layer is higher than that in the
moving layer which is explained by some loosening of the
layer density during its movement [8]. However, there is no
mentioning of at what speed the described effects begin to
arise. It should be noted that materials of strict geometry
are not common which limits the scope of applicability of
the results.

Of a particular complexity is acquisition of stable analyt-
ical or empirical relationships that would ensure assessment
of thermal characteristics, such as amount of heat to be re-
cycled (input) and coefficient of intercomponent heat trans-
fer. For some cases, this problem has been already solved.
Regularities of the processes of unsteady heat exchange
between a gas stream and a stream of granular material were
theoretically studied in [9]. As a result, relation between the
heat transfer rate and the design and process parameters
was determined. A cellular mathematical model of regener-
ative processes in heat exchangers with a moving granular
packing has been developed [9]. To perform calculations of
heat transfer using the analytical dependences obtained on
the basis of mathematical models [9, 10], reliable data on the
coefficients of intercomponent heat exchange are needed. A
model was proposed [11] that enables obtaining of data on
the layer thermal state when applying the numerical net-
point method. Data on the coefficients of intercomponent
heat transfer are also required for calculations. Theoretical
and experimental study of heat transfer in a dense layer [12]
showed that when using a dense layer for effective accumu-
lation of thermal energy, the Biot number should be as low
as possible lest thermal resistance inside the solid should
become dominant. It is worth notion that accuracy of the Biot
number determination depends on the accuracy of values of
the heat transfer coefficients. Comparative evaluation of data
on generalized dependences for the coefficient of intercom-
ponent heat exchange obtained by various authors is given
in [13]. In most cases, they point out that the criterion deter-
mining heat exchange is the Reynolds number. The defining
parameters can also include Archimedes number, Stanton
number and Froude number. Dependences were obtained for
bodies of a simple geometry, such as ball and cylinder [13].

The need for carrying out heat-exchange studies in a
blown dense layer is caused by the following. At present,
there are no concrete data on the features of heat exchange
for a layer of granular material with particles of arbitrary
shape, such as claydite or gravel. At the same time, these
materials are attractive in terms of their thermophysical
properties, availability and cost for their use as a granular
heat accumulating packing. Besides, as can be seen from the
analysis of the literature data, in order to perform thermal
calculations, it is necessary to have values of coefficients of
intercomponent heat exchange. Determining them consti-
tutes a separate scientific challenge.

3. The aim and objectives of the study

This study objective was to determine conditions of
intensification of heat exchange between a dense layer of
particles and air flown in a heat accumulator with a granular
packing. This will make it possible to efficiently utilize heat
from exhaust devices in the industries that are characterized
by a relatively low temperature of exhaust gases.

To achieve this goal, the following tasks were accom-
plished:

— based of experimental research, work out recommen-
dations on selection of rational operating conditions for heat
accumulators;

— determine influence of process duration, speed of
movement, gas temperature and type of granular material on
intensity of heat exchange;

— compare the heat exchange rate for moving and station-
ary layers using claydite and gravel as granular materials;

— determine nature of variation in time of the coefficient
of intercomponent heat exchange and the key parameters
affecting the value of the coefficient of intercomponent heat
exchange.

4. Materials and methods of research

4.1. Characteristics of materials

Gravel and claydite were chosen for research as granular
materials. First, the main geometric characteristics of the
layer and particles were evaluated. Important characteris-
tics of the layer of granular materials that are necessary for
calculating thermal characteristics of the heat exchange pro-
cess and analyzing the results obtained are as follows: porosity
¢ of the layer and the equivalent particle diameter d, [14].
It was established that the claydite layer porosity ¢,=0.47,
porosity of the gravel layer ¢ =0.5. The properties of granular
materials necessary for calculating thermal characteristics
of heat exchange between air and a layer of material are given
in Table 1.

Table 1
Basic properties of granular materials
. . |Heat capacity, Therm.a ! Density,| Packing Cro'ss
Material J/(kg'K) conduction, ke/m’ | height, m section
8 W /(m-K) & it area, m’
Gravel 840 0.4-0.93 1,950
- 0.25-0.52| 0.1
Claydite 750 0.16-0.2 |816-950

The material used in the experiment was a polydisperse
material with equivalent particle diameter defined as a
weighted average over the surface in accordance with the
relationship (1):

d=(2";¢] , 0

i=1 i

where 7 is the number of fractions in the mixture, m, is the
weight content of the i-th fraction in the mixture, kg/kg;
d, is the particle size of the i-th fraction; ¢, is the particle
shape factor. The ¢, factor which characterizes deviation of
the particle shape from spherical shape is equal to one for
balls and can be found according to recommendations of [14]
for particles of other shapes as follows:

where F, is the surface area of the ideal body (sphere), Fis the
real surface area of the i-th fraction granule. Initial data and
results for claydite are given in Table 2.



Table 2
Geometric characteristics of claydite fractions

i.Ij}? .frozfctic}ilgn d,m | F,m?* | Fm? | ¢, |m10%kg| n | m,kg
1 0.032 | 1.52:10% | 22102 [1.45| 4.43 30 | 0.525

2 0.028 | 1.02:10®| 16-10*[1.57| 2.53 | 29 | 0.2897

3 0.02510.82:10® | 13-10%[1.58| 1.77 13 1 0.0908

4 0.019]0.51-10°|7.5-10%[1.47| 0.87 16 | 0.0549

5 0.018 | 0.5-10% | 7102 | 1.4 0.84 121 0.0398

The results obtained in calculation of geometric charac-
teristics of gravel fractions are given in Table 3.

Table 3
Geometrical characteristics of gravel fractions

i—?}?f?;ctt}il(fn d,m | F,m*> | Fm? | ¢, |m10% kg| n |m,kg
1 0.0267 | 1.45-10° [ 18-10* [1.24| 1.01 33 | 0.367

2 0.0317|1.54:10% (2210 [1.43| 1.11 19 10.2323

3 0.02761.51-10*[19-10* | 1.26| 1.07 20 [0.2357

4 0.0266(1.29-10°17-10*|1.31| 0.85 11 1 0.103

5 0.0203(0.69-10%(9.5-10*|1.37| 0.33 17 10.0618

From the data on fractions (Table 2, 3), it was found
that the equivalent diameter d,=0.018 m for claydite and
d,=0.021 m for gravel.

e

4. 2. The experimental setup diagram and the method
of investigation

The experimental setup diagram developed by the au-
thors of this paper for the study of heat exchange in a dense
layer of a granular material is shown in Fig. 1.
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O

Fig. 1. Experimental setup for the study of heat exchange
in a dense layer of a granular material: fan (1); heater (2);
anemometer (3); mesh (4); working chamber (5);
thermometer (6); granular material (7); container for
collecting disperse material (8); insulation (9)

The experimental procedure was as follows. Desired air
temperature was set on the regulator and fan 1 and heater 2
were switched on. Air flow was regulated by the gate at
the fan inlet. After the experimental setup gained opera-
tion mode, material of a specified weight was filled in and
temperature measurements started. Mesh 4 prevented the
grains from entering the air duct. Anemometer 3 was used
to measure air velocity. In all experiments, incoming air

temperature ¢, and outcoming air temperature ¢/’ incom-
ing material temperature ¢/, (at the top of the apparatus)
and outcoming material temperature ¢ (at the bottom of
the apparatus) and the material temperature at a distance
of 0.12-0.52 m from the level of filling the heat exchange
section was measured. The maximum height of the layer was
0.52 m, the channel diameter was 0.1 m. The temperature
measurements were made with a time interval of 30 s. Air
temperature at the inlet varied from 50 °C to 80 °C. Based
on the results obtained, the main characteristics of heat ex-
change between air and disperse material were determined.

5. Results of the study of heat exchange in a dense blown
layer of granular material

3. 1. Investigation of heat exchange in a dense station-
ary layer of granular material heated by an air flow

The experiments which were carried out using above proce-
dure have shown that the material temperature varied greatly
in height (which was especially noticeable when the stationary
mode was attained) due to thermal losses to environment.
Fig. 2 shows dependences of the heat carrier (air and claydite)
temperature on time. These dependences were typical for all
experiments. The material temperature in the outlet section did
not exceed 71 °C and the intense heating of the material ended
after 600 s at a temperature of 68 °C. Intensity of material
heating in the inlet section decreased after 240 s of operation.

In all experiments (Fig. 2), intensity of material heating
in the inlet section wss substantially higher than that in the
outlet section. The decrease in weight also led to increase in
the heating intensity, both in the inlet and outlet sections.
At t/=80°C, the heating rate in the outlet section was
0.065 K/s, at ¢, =60 °C, the heating rate in the outlet section
was 0.044 K /s for the load weight m=2.01 kg, and 0.059 K /s
for the load weight m=1.7 kg.
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Fig. 2. Change of claydite temperature in the inlet (a) and
outlet (b) sections of the apparatus: initial air temperature
t/ =80 °C (1), initial air temperature ¢, =60 °C (2, 3), load
weight m=2.01 kg (1, 2); load weight m=1.7 kg (3)

At the same load weight (Curves 1, 2) and the same
material heating temperature corresponding to the curve 2a
break point (=53 °C), the heating rate was 0.83 K/s for the
curve la (Fig. 2),and 0.12 K /s for the curve 2a (Fig. 2). This
is an indication of a significant effect of temperature of the
heat carrier (air) on intensity of heat-exchange processes:
a 1.3-fold growth of the inlet temperature led to a 7-fold
increase in the heating rate. For the stabilizing section, the
rate of claydite heating at ¢, =80 °C was 1.8 tines higher
than the rate of heating at ¢, =60 °C.



Fig. 3 shows the course of temperature curves for air and
material. The average filtering rate was w,=1.2 m/s.

0 200 400 600 800 1000
7,8
Fig. 3. Temperature of the material (claydite) and air at the
inlet and outlet of the apparatus: inlet air temperature (1),
material inlet temperature (2), outlet air temperature (3),
input material temperature (top of apparatus) (4)

It is evident from Fig. 3 that the air temperature at the
exit from the working section practically corresponds to the
material temperature. This indicates a complete absorption
of heat transferred by air. Curve 2 is smoothed in comparison
with curve 1 since it is the result of averaging the tempera-
ture data for three repeated experiments.

Three heating zones were most clearly visible at the out-
let section: initial, short zone in which temperature varied
insignificantly, then a zone of intense heating with a con-
stant speed was observed and finally a stabilizing zone where
the material temperature did not practically change.

Primary experimental data were used to calculate the
heat transferred from air to material and estimate the coef-
ficient of intercomponent heat exchange. Under the studied
conditions, absorption of heat from heated air was materially
reduced in all cases after 600 s of heating, i. e., its thermal
potential was used ineffectively.

The character of dependence of the average heat transfer
coefficient on the process duration is shown in Fig. 4 for all
experimental conditions under consideration.
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Fig. 4. Average heat transfer coefficient vs. time: inlet

air temperature ¢, =60 °C (1, 2); inlet air temperature

t7 =80 °C (3), load weight m=2.01 kg (1,3); load weight
m=1.7 kg (2). Average filtering rate w=1.2 m /s

In accordance with Newton-Rikhman’s law, when @,
was calculated, surface area of the intercomponent heat
transfer F, was taken into account. That is, the surface area
of all particles in the working chamber. F, can be deter-
mined in accordance with the procedure [15]. Calculation
of F, for the claydite packing resulted in the following data:
F=0.67 m?at the layer height L=0.52 m; F=0.51 m?at the

layer height £=0.39 m. The corresponding data for gravel
were as follows: F, =0.59 m? at at the layer height L=0.52 m;
F=0.44 m?at the layer height L=0.39 m.

All curves are described with high accuracy by sigma
equations:

o =S @)

RO RPINI T +4,.

Coefficient A, indicates the degree of approximation
to the equilibrium state. The value of this coefficient was
higher at ¢ =80°C, A,=3.2. At ¢/=60°C and the same
weight of filling m=2.01 kg, A,=2.2. Reduction in weight to
m=67 kg led to a decrease in heat losses and, respectively,
a decrease in the coefficient: A,=0.6. Coefficient A1 shows
the maximum possible value of the heat transfer coefficient.
Coefficients b and ¢ were also determined empirically and
take into account influence of the process duration. Thus,
for ¢/=80°C (Curve 1), b=498.3, ¢=101.7. For ¢;=60°C
(Curve 2), b=440.0; ¢=130.9. For ¢/=60°C at a smaller
weight (Curve 3), b=388.0; s=125.7. The decrease in coef-
ficient b indicates that the period of change of o, from the
maximum to the minimum value which corresponds to the
onset of the stationary state decreases.

5. 2. Study of heat exchange between a moving dense
layer of granular material and an air flow

In the study of heat exchange between preheated air and
amoving dense layer of granular material, the average air fil-
tering rate was 3.5-0.63 m/s for claydite and 0.5-3.5 m/s for
gravel at the layer height 0,12 m; velocity of the material lay-
er 0.8:10°-4.4-10. The ambient temperature varied in the
range (13-20) °C. The nature of the temperature change in
material (gravel) as a function of the filtering rate is shown
in Fig. 5. Speed growth promotes intensification of heat
exchange and at a speed w=1 m/s the material practically
ceased to be heated after 330—-360 s reaching a temperature
of t=55 °C. The heating efficiency was lower at lower speeds.
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Fig. 5. Heating of gravel in the working chamber at
various air filtering rates w,

Fig. 6 shows the temperature curves obtained for a clay-
dite layer at various air filtering rates. The influence of speed
when heating claydite packing was much less than for gravel.

It can be seen (Fig. 6) that starting from a certain time
interval, a steady-state mode was established at which the
material temperatures practically did not change. For a
moving layer, this mode started at t=300 s, and at t=500 s
for a stationary layer. Comparison of the data on kinetics of
gravel heating (Fig. 5) and claydite heating (Fig. 6) shows
that claydite was heated in the working chamber much more



intensively. In experiments with a moving claydite packing,
the time to onset of the stationary mode was reduced by a
factor of 2.4 (air speed range: 0.5-3.5 m/s, average velocity
of the material layer: 0.9-10° m/s) and in 2,2 times for sta-
tionary mode. In order that efficiency of heat exchange with
gravel is comparable to that of claydite, air filtering rate
must be significantly increased [16].
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Fig. 6. Heating of claydite in the working chamber at
various air filtering rates w,

5. 3. Comparative characteristic of intensity of heat
exchange in stationary and moving layers

A plot of dependence of coefficients for moving (1) and
stationary (2) layers of claydite is shown in Fig. 7. Other
things being equal, the coefficient of intercomponent heat
exchange in a moving layer was comparable to or higher than
in a stationary layer (Fig. 7).

60
al 1
O i/z
4 IB\}Q'.. n_ —Eg 3‘.
p .
M 01 A’A AA\ .
E 30 -E/ A 2
= LY
g &,
201 a
10 WA
7 AAAA&

150 300 450 600 750 900

Fig. 7. Change of the average value of the coefficient of
intercomponent heat exchange: moving claydite layer (1);
stationary claydite layer (2)

The results were obtained for the following condi-
tions: inlet air temperature ¢ =80 °C; average filtering rate
@=1,2 m/s, average layer speed @, =4,410" m/s. Line (1)
for the moving layer remained above the line (2) throughout
the experiments which indicates a higher intensity of the
heat exchange process. On the average, the increase o, in
the data of Fig. 7 has grown by 27 %. However, the decrease
in the layer velocity to @, =0,8107 m/s has led to obtaining
of comparable values of o, When designing heat accumu-
lators and evaluating their efficiency as a part of the heat
recovery unit, it should be taken into account the fact that
arrangement of movement of the layer considerably compli-
cates its design. Therefore, the final choice of conditions of
heat exchange between a gas flow and a layer of granular
material depends on the immediate practical tasks and con-
ditions of the heat accumulator operation.

6. Discussion of the results obtained in the study of
heat exchange between an air flow and a dense layer of
a granular material

The study of heat exchange between a gaseous (air)
moving medium and a stationary granular layer shows that
efficiency of the heat exchange device is determined by the
choice of the packing heating period. At a weight of claydite
m=2.01 kg and air temperature ¢, =80°C at the inlet, the
temperature curve changed its shape after 450 s: the rate
of air cooling, hence the rate of material heating was sig-
nificantly reduced. With available data on the heat-transfer
coefficients which are determined experimentally, it is pos-
sible to estimate heating period for the heat accumulator at
an arbitrary load weight in accordance with the heat balance
equation for the heating period:

Q =0, Fy(£-1,)t,=mc (£ -20), 3)

where ¢ are the period-average temperatures of the heating
medium (air) and the heated medium (granular material);
t,, is the average surface temperature of the granular materi-
al during the heating period, 1, is the heating period, m is the
weight of the material, (tf,; —z?n) is the changes of the mate-
rial temperature during the heating period. Dependence (3)
enables estimation of duration 7, of the heating period. In
order to calculate final temperatures of the heated material
and the heating flow, it is possible, according to the experi-
mental data, to take a temperature 10—15 % lower than the
temperature of the inlet gas (for the inlet temperature range
of ¢, =60+80°C). Temperatures of the components (heating
and heated media) approach each other asymptotically at the
exit from the working section which gives grounds to consid-
er them equal with a high degree of accuracy when making
engineering calculations.

Comparison of the data on the coefficients of intercom-
ponent heat transfer obtained for the moving and stationary
layers shows that the heat exchange rate for a moving layer
will be commensurable to or higher than that for a stationary
one. In contrast to the classical concepts [17, 18] according
to which the heat transfer rate is much lower in the mov-
ing layer than in the stationary layer, an opposite result
was obtained under the conditions of the given studies. It
is explained by the differences in the motion nature of the
layers. During intensive movement of the layer, it gets less
dense and porosity increases. Conditions for the occurrence
of this phenomenon did not arise (velocity did not exceed
0.44 cm/s), so the flow remained rod-like.

Another important result that should be taken into ac-
count is a significant change of the heat-transfer coefficient
over time. Therefore, it is irrational to represent dependenc-
es for definition of o, in the form Nu= f(Re), which is
common in data generalization. Taking into account only
the Reynolds number does not result in reliable values. It is
expedient to use the experimental dependence of o, change,
and as it was obtained in the analysis of experimental data,
this dependence is described with a high degree of accuracy
by a sigmoid.

Practical significance of this study is the rationale for the
choice of claydite as an optimal material for the heat accu-
mulators. Claydite can significantly intensify heat transfer
and this intensification is more pronounced for the moving
layers. As was shown above, the time to onset of a stationary



mode for a moving claydite layer is reduced by 2.4 times in
comparison with gravel and by 2.2 times for a stationary lay-
er. Moreover, claydite features a relatively low bulk density
(p=450 kg/m?) and low cost.

The proposed method for estimating duration of the
heating period enables establishing of the operating mode of
heat recovery units for enterprises with various production
capacities. The experimental data obtained for the coeffi-
cient of intercomponent heat exchange are an indispensable
part of this procedure.

Compared with similar studies made by other authors,
data on the heat exchange of polydisperse particles without
their preliminary treatment, such as claydite and gravel,
have been obtained. This will make it possible to predict
intensity of heat exchange in real heat recovery units with a
satisfactory accuracy.

The use of the obtained results is limited by the type
of materials: claydite with an equivalent particle diameter
d,=0.018 m and gravel with an equivalent particle diame-
ter d,=0.021 m as well as the experimental area: filtering
rate of 3.5-0.5 m/s, the material layer velocity of 0.8-10°—
—4.4-10"3, inlet air temperature of 60-80 °C.

Disadvantages of this work include the fact that the
dependences for calculation of intercomponent heat transfer
are not represented in a form of criterion equations. To ob-
tain empirical equations of this kind, additional experiments
should be conducted with a wider range of temperature and
component velocity changes. Also, it is necessary to test
claydite and gravel with another composition of fractions
which will enable to draw up a conclusion on the optimal
equivalent particle diameter.

To further this study, it is necessary to start tests with
full-scale samples. This requires a cooperative work with en-

terprises. Difficulties of transition in this direction relate to
the organization of construction and commissioning works.

7. Conclusions

1. The rational condition for operation of heat accumula-
tors based on devices with a stationary dense bed is to limit
duration of the heating period to a final temperature equal to
80 % of the gas temperature at the inlet. Subsequent heating
in the apparatus is accompanied by a decrease in the rate of
material heating which results in impairing of its efficiency.
An increase in the air filtering rate brings about intensifi-
cation of heat transfer. The influence of air velocity is much
less when heating the claydite layer than the gravel layer. An
increase in air temperature at the inlet to the device from
60 °C to 80 °C results in a 1.8-fold increase in the rate of
claydite heating in the stabilization zone.

2. Intensity of heat exchange in a moving layer is compa-
rable or somewhat higher than in a stationary layer. Both in a
moving and a stationary layer, claydite is heated more inten-
sively than gravel which relates to different physical properties.
For the moving claydite layer, the time to the onset of the sta-
tionary mode is on the average 2.4 times shorter than for gravel
layer (air speed range: 0.5-3.5 m/s, average material velocity:
0.9-10* m/s) and 2,2 times shorter for the stationary layer.

3. The coefficient of intercomponent heat exchange be-
tween the air flow and a dense layer of granular material
increases with increase in velocity of the gas flow. When
the dense stationary layer of material is heated by a gas (air)
medium, the coefficient of intercomponent heat transfer
decreases monotonically and the shape of the curve is de-
scribed by a sigma function.
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