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Abstract

Regenerative heat exchangers have a large surface area per unit volume and low cost, compared with other types of
heat exchangers. The complexity of their proper design and optimization is one of the reasons why these devices are
not widely used. The article describes a temperature-wave approach to the modeling of heat regenerators. The
verification of the novel temperature wave’s model was held by the experimental data of the regenerator used in
ventilation systems. The temperature waves method for computation of a heat regenerator makes it possible to take
into account the influence of the following factors: the variable gas temperature at the regenerator’s inlet, processes
of non-stationary heat conduction in the elements of packing, the longitudinal thermal conductivity of the packing.
Despite a complex mathematical apparatus used to justify the method of temperature waves for designing
regenerators, the very procedure for calculating such a heat exchanger has proven to be relatively simple and
convenient for computer calculations.

Keywords: regenerative heat exchangers; heat regenerators; modeling; air-to-air heat exchanger.

METO/J TEMIIEPATYPHUX XBWJIb /11 MOJAE/IIOBAHHA PETEHEPATUBHUX
TEIIJ/IOOBMIHHHUKIB

Muxaiiso. b. KpaBueHko
Odecbkuli HayioHabHUll mexHo102iuHUll yHisepcumem. Byauys Kanamua, 112, Odeca, 65039, Ykpaina

AHoTanjisa

PereHepaTuBHi TeN/JI00OGMiHHMKHM MalTh BeJIMKY IJIOLIy MOBEpPXHi HA OAUMHHUINO 06'€eMy i HU3BKY BapTiCTh, y
NMOPiBHAHHI 3 iHIIMMHM TMIIAMU TEMJIOOOMiIHHMKIB. CKJaAHICTh iX NMPaBW/JIbHOTO MPOEKTYyBaHHA Ta ONTHMi3anii €
O/ Hi€l0 3 NPHYMH, YOMY Li NpHCTpoi He HaGy/iM IIMPOKOro BUKOPUCTAHHs. Y CTaTTi OMMCaHO TeMIepaTypHO-
XBWJIBOBUH NMiAXIA A0 MOAe/TI0BAaHHS pereHepaTUBHUX TeNJI006MiHHMKIB. [lepeBipka HOBOI MoAe i TeMIIlepaTypPHUX
XBWJIb NMPOBOAMJIACA MO €KCNepUMEeHTA/IbHUM AAHUM [Ji pereHepartopa, sKUii BUKOPHUCTOBYETbCA B CHCTEMax
BeHTWIALiI. MeTo/ TeMniepaTypHHUX XBWIb AJI PO3PaXyHKY TeIllJIOBOro pereHepaTopa A03B0JIA€ BpaXyBaTH BILIUB
Takux ¢pakTopiB: 3MiHHa TeMnepaTypa ra3y Ha BX0/i B pereHepaTop, NpoLecH HecTallioHapHOI TeNJIONpPoBiJHOCTI B
ejieMeHTax HACaAKH, N03J0BKHSA TelJIONPOBiAHiCTh HacagKu. He3Bakawyu Ha CKJIaJHUIM MaTeMaTH4YHUH amapar,
BUKOPHUCTAHUIN [/ OOGIPYHTYBaHHS MeTOAYy TeMIepaTypHMX XBWJb AJIsI NPOEKTYBaHHA pereHepartopis, cama
npoueaypa po3paxyHKy TaKOro TemJIOOOMiHHUKA BHMABWJIACS BiJHOCHO MPOCTOI0 i 3py4YHOI0 AJIA KOMIN'IOTEPHUX
PO3paxyHKiB.

Karuosi caoea: pereHepaTUBHI TeNJI00OMiHHUKY; pereHepaToOpH TellJa; MO/ e/II0BaHHS; TelJI00OMiHHUK NMOBITPS-NOBITPA.

*Corresponding author: e-mail address: e-mail: Kravtchenko@i.ua
© 2023 Oles Honchar Dnipro National University;
doi: 10.15421/jchemtech.v31i1.269522


http://chemistry.dnu.dp.ua/

196

Journal of Chemistry and Technologies, 2023, 31(1), 195-207

Introduction

Regenerative heat exchangers or heat
regenerators are batch heat exchangers in which
heat is first transferred from a hot gas to a high
heat capacity packing. Next this heat is transferred
from the packing to a cold gas. Thus, the hot and
cold gases are alternately in contact with the solid
material forming the packed bed. These two
phases are the reason why the regenerative heat
exchangers must operate in pairs to work
continuously.

Regenerative heat exchangers have numerous
applications in the industry, from very high
temperatures to cryogenic conditions. However,
the complexity of the calculations and
optimization of regenerative heat exchangers
limited their expansion.

The simplest mathematical model in heat
regenerators proposed by Nusselt [1] has also
been used by Hausen [2; 3]. This model is based on
the following assumptions:

v" Thermal and physical properties of the gas
and the solid packing are constant and
independent of temperature and position.

v The mass flow rates and the heat transfer
coefficients are constant.

v The heat conductivity of packing is
infinitely large in the direction normal to the gas
flow and infinitely small in the direction parallel to
the gas flow.

v" The heat transfer in the gas is negligible in
the longitudinal and transverse directions.

v" Radiation heat transfer is small in
comparison to the other mechanisms of heat
transfer.

If we accept the above assumptions, then the
operation of the regenerative heat exchanger will
be described by a system of linear differential
equations with constant coefficients. When cold
and hot gas flows have the same mass flow rates,
this system of equations has an analytical solution.

The nonlinear model considers the change in
gas and bed properties as a function of
temperature. The heat transfer coefficients are
then calculated from these properties at every
moment and place. This is important for the more
realistic ~ simulation of  high-temperature
regenerators. The calculation of a nonlinear model
is much more time-consuming, but this is not a
considerable problem with modern computers.

When the assumption of negligible axial heat
conductivity in the solid packing is loosen the heat
conduction mechanism in the packing in the
direction of flow must be considered. This effect is

shown to be significant for the bed made from
metallic or thick ceramic walls [4-6].

If the calculation takes into account the
longitudinal thermal conductivity of the heat
exchanger packing, then such a heat exchanger
must be considered as a whole. Therefore,
currently widely used calculation methods based
on the splitting of the heat exchanger into many
sections require additional coordination of the
boundary conditions at the ends of each of these
sections. In this case, it is necessary to control the
heat balance of the entire wall or packing of the
heat exchanger, which requires consideration of
the heat exchanger as one whole [7].

The most important assumption in the Nusselt-
Hausen model is that the thermal conductivity of
the packing material is infinite in a direction
perpendicular to gas flow and zero in a direction
parallel to the gas flow. It means that the packing
is isothermal in a direction perpendicular to gas
flow. This is approximately true where the packing
is thin or is made of materials of high heat
conductivity.

However, if the packing of the regenerator is
constructed of material of low thermal
conductivity, then it is necessary to take into
account the resistance to heat transfer in the solid
elements of packing.

If, in addition to the longitudinal thermal
conductivity of the heat exchanger, we try to take
into account non-stationary heat transfer in the
elements of packing, then the difficulties in
designing such devices grow exponentially.

Therefore, to consider the longitudinal thermal
conductivity of the heat exchangers, especially in
non-stationary heat transfer processes, it is
necessary to develop fundamentally new methods
and approaches.

Theoretical substantiation of the method of
temperature waves for modeling periodic heat
transfer processes. Let us consider the heat
transfer in the heat regenerator, using the wave
approach to modeling such apparatus.

For a mathematical description of non-
stationary heat transfer, we will adopt the
following physical pattern of heat propagation in
the heat regenerator.

The entire space of the regenerator is mentally
separated into two zones: a fixed packing,
consisting of solid elements with stagnant zones
adjacent to them, and a system of channels and
voids between the elements of packing, in which
the gas moves.

In the packing, heat propagation occurs mainly
due to the thermal conductivity of the contacting
elements of the packing.
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In the system of channels and voids penetrating
the packing, heat is transferred by convection.

Thus, heat in the regenerator is transferred
along two separate paths, each of which has its
own mechanism of heat transfer [8; 10]. The
interaction between these heat flows occurs along
the border of channels and voids in which the
coolant moves.

With the assumptions defined in this model, the
heat removal from the packing to the moving gas

T (X, ,7) T (X, y,7
A e ?

where T(X,y,7) is the current temperature of the
heat exchanger packing, [K]; Tg(x,z) - current
temperature of the moving coolant, [K]; a is the
coefficient of heat transfer from the surface of the
packing element to the coolant flowing around it,
[W/(K m2)]; F is the surface area per unit volume
of heat exchanger, [m%2/m3]; A and 4, - equivalent
value of the thermal conductivity coefficient, along
the X and y coordinate, taking into account the
relative volume of voids in the packing, the
number of thermal contact points, etc., [W/(m K)];
ppac — bulk density of the heat exchanger packing,
[kg/m3]; Cpac is the heat capacity of the heat

) —aF[T(X,5,T)—Tg(xyf)]:ppaccpac—’

is considered a heat sink in the problem of non-
stationary thermal conductivity of the packing.
The heat transfer between the fluid stream and the
solid surface is described heat balance equation
over some increment distance.

Taking into account the above assumptions, the
two-dimensional differential equations  of
unsteady heat conduction in the regenerators
packing can be written as [8; 10].

oT (X, y,7)
P (1)

characteristic size of the heat exchanger packing
element, [m].

The heat conduction equation of the
regenerative heat exchanger packing takes into
account the heat distribution in two coordinates.
Coordinate x is directed along the heat exchanger
axis and coincides with the direction of the coolant
flow in the heat exchanger. The generalized y
coordinate is orthogonal to the x and is directed
along the normal to the surface of the packing
element.

The heat balance of the elementary coolant
volume moving through the system of cavities

exchanger packing, [J/(kg K)]; & 1is the between the packing elements can be written as a
first-order differential equation:
dTg(x,
oF [T(x,6,7)-Tg(x,7)]-GC, -%:o, 2)
X

where G is the mass flow rate of the coolant,
referred to a unit section of the regenerative heat
exchanger, [kg/(s'm2]; C, is the isobaric heat
capacity of the coolant, [J/(kg-K)].

When these two equations are considered
together, they enable us to find the temperature

2T 2T
A 0 T((;;,zy,s) w3 0 T((ax,zy,s) 3

= ppaccpac [S 'f(X,y, S) _TO(X’ y)]‘

where s is time differentiation operator, [1/s];
To(x,y) initial temperature distribution in
the packing, [K]; 6 haracteristic size of the
packing elements (radius, half thickness), [m].

J— 5 _~
T,(x.8)=[T(xy, s)cos(,un %)dy; n=0.12...
0

where u, is n-th eigenvalue of the integral
transformation along the y-coordinate.

oF [T (,8,5)-Tg(x.s)]=

distribution in the moving coolant and the packing
itself.

After transitioning to time operator form [11],
assumes the equation:

(3)

For simplicity, hereinafter the initial
temperature distribution will be set to zero.

The finite integral transform [12; 13] along
the y coordinate is performed using the kernel

(4)

The inverse integral transform with respect to

y
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o

Tlrys) =3 LolS) cos(un 1];

n=0 Hl){/y'n

Hl//Yv“ S

where H'//y,nHz n-th normalizing factor (square of

the norm of the kernel of the integral
transformation) along the y-coordinate, [m].

The eigenvalues of the integral transform are
found such that type-3 boundary conditions are
satisfied on the packing element surface, and that
the type-2 zero boundary condition is satisfied on
the packing element’s axis of symmetry. The

.

A 0 Tn(zx,s)
OX

= ppaccpacs T'n (X, S)’

The integral transform along the x coordinate is
performed after choosing cosine function as the
transform kernel

s
2 :JCOSZ(,Un X]dy:g+4i5in(2ﬂn);
) Hn

T B )T -

(5)

(6)

transcendental equation for the

eigenvalues in this case is

M. _a
[ 5) tg(un) = %

y
After the cosine transform along the vy
coordinate, the heat equation in fixed packing
assumes the form

finding

(8)

= h_
T.(8)= an(x,s)cos(n-k%jdx ; k=012... 9)
0

The choice of this type of integral transform
kernel automatically ensures the type-2 zero
boundary conditions at the ends of the
regenerative heat exchanger; in other words,

there is no heat exchange along the x coordinate at
the ends of the heat exchanger.

After carrying out the final integral transform
with respect to the x coordinate, Eq. (8) assumes
the form

(k) = o' Mo [= —
—A, 2 nk(s)— 4, 5 Thi(s)—aF FSln(/ln)Tn,k(S)—Tgk(S) = (10)
= ppaccpacs : fn,k (S)!
From here, we find the function that describes the temperature of the fixed packing,

— aF u, .

_ Tg,(s)-“sin(u,)
IlCll 5
Thk (S) = ( k)2 5 -
[ax ”r‘]z +a, /;”2 +a'7cﬁsin(,un)+ SJ
ppac pac , (1 1)

where ax and a, is packing layer thermal
diffusivity, [m2/s]. The obtained equality allows us

to find the solution to the packing heat equation,
in the form of a double Fourier series:

Tg, (s)i-%sin(yn )cos(yn ;j : cos(Z;r- km

pll CH

+a

ax h 2 ¥y 52

f(x,y,s>—§;(

(z-k) )t aF

P pac ~ pac

2

2
'H‘/’yvn

sl .

(12)

Were the coefficients 7g, (s) do not depend on coordinates and are found according to the formula

Tg,(s) = _:[fgk (X,5)- cos(h-k%)dx.

(13)
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Until now, the solution to the heat equation for
the packing was obtained via finite integral
transformations method, as described in [12; 13]
for example.

We introduce the concept of an eigen
temperature wave for a given regenerative heat
exchanger.

If the temperature of a coolant flow

periodically changes then it may be expanded into
a series of harmonic temperature fluctuations of
the moving coolant. Each of these abstract objects,
in which the coolant temperature changes
according to a harmonic law, we will agree to call
a temperature wave.

This object is called a temperature wave
because for a stationary observer, passing by a
coolant flow, the temperature of which changes
according to a harmonic law, looks like the
passage of a temperature wave.

It is necessary to note the fundamental
difference between the described temperature
wave and sound or electromagnetic waves. Sound
and electromagnetic waves exist in nature, and
temperature waves are abstract objects used in
regenerative heat exchanger calculations.

If the steady operating mode of a regenerative
heat exchanger is considered, then according to
Prigogine’s theorem, the entropy production in
such a heat exchanger should reach its minimum.

It is obvious that the absolute minimum of
entropy production in the steady process of the
temperature wave’s passage through the packing
of a regenerative heat exchanger will be achieved

X T
Te (X,7)=B, coy 27 -kl —+—||=
g, (x,7) K (” (h Tjj

only when the entropy of the packing as a whole
remains unchanged. And this mode of infinite
temperature wave transmission through the
packing of the regenerator, at which the packing
entropy remains unchanged, does exist. This mode
takes place at the moving coolant’s temperature
fluctuation frequencies, for which the instant
value of its temperature at the entrance to the
packing nozzle is equal to the instant temperature
of this coolant at the packing nozzle exit. This is
possible only when an integer number of
temperature waves fitted inside the heat
exchanger packing.

It should be noted that the heat transfer at a
finite temperature difference is always
accompanied by an increase in entropy. Therefore,
the work of any heat exchanger is accompanied by
the production of entropy. But in this case, the
mode with zero entropy production is realized not
in the heat exchanger, but in the packing through
which the infinite eigen temperature wave passes.

As the steady temperature eigenwave moves
through the heat regenerator packing, and the
heat inside the packing itself is redistributed, but
the energy of the heat accumulated in the packing,
remains unchanged.

Let's clarify the wave nature of the coolant
temperature fluctuations. Not by arbitrary
oscillation frequencies, but by eigenfrequencies
for the given regenerative heat exchanger, i.e. such
frequencies that a whole number of temperature
waves fit along the length of the regenerative heat
exchanger:

(14)

=B, cos(Z;z-kéJcos(Zﬂ-kij—sin(kaﬁjsin(Zﬂ-k lj ,
h T h T

where By amplitude of temperature fluctuations in
the k-th harmonic of a temperature wave moving
in a coolant, [K]; h is packing layer height in a
regenerative heat exchanger, [m]; T is period of
operation of the regenerative heat exchanger

h
fg’m,k (r)= JTgk (x,7) COS(27Z' -m %)dx =
0

h
= B, CO{Zﬂ' -k 'ijJ.COS[Zﬂ' -k 5jcos(zﬂ -m fjdx _
Ty h h

(period of temperature fluctuations in the main
temperature wave), [s].

We build the finite integral cosine transform
with respect to coordinate x:

(15)

h
- B, sin(27z -k -ijjcos(Zn -k ljsin(er . mijdx.
T )5 h h

To find the values of the obtained integrals, we use the frequency selection rule:
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’ X X m=k= h
Icos 27-k=lcos 27-m= ldx =4 2
h h
0 m=k=0 (16)
h
Icos(Zn . kéjsin(Zn . mljdx =0
5 h h
With this in mind
— 7 \h
Te (r)=B,co8 27-k-— |—. 17
gk( ) K { sz (17)
We transition to time operator form:
> (18)

— B, -h
Tg, (s)=—* :
2, (s) 2 (2 (275'ka}
S™+
T
The reasoning behind the last transform is that
if a coolant passes through the heat exchanger
packing and its temperature changes
harmonically with a frequency equal to the
frequency of one of the regenerative heat
exchanger’s eigen temperature waves, then all
Fourier series Eq. (12) coefficients, except one,
will be zero. Consequently, the solution to the heat
equation of the packing in this case can be
simplified and presented as a simple Fourier
series, instead of a double one Eq. (12).
As is known from oscillation theory, the
frequency of the forced oscillations of a system

always coincides with the frequency of the
external influence that causes these oscillations.

X
or-k2|.
_B.-h «a-F cos(;r hjs

Therefore, the frequency of the temperature
fluctuations inside the packing element will
coincide with the frequency of the temperature
wave fluctuations supplied from the outside. In
our case, this will be one of the eigen frequencies
of the considered regenerative heat exchanger. In
general, the length of the temperature waves
propagating in the packing element differs from
the length of the eigen temperature waves
through the regenerative heat exchanger.

As a result, if a k-eigen temperature wave is
supplied to the input of a regenerative heat
exchanger, then in the steady state, we obtain the
following expression for the form of the
temperature wave in the packing:

Toc(xy.9)=
‘ 2 ppaCCpaC [Sz +(27['k\J2J
T
(19)
%Sin (:un )COS(ILI” y)
5.”%” o
XZ 2 Y 2 '
n (7-k) U, a-F oy, .
a5 +a, "+ ———sin(u, )+ s
h o ppaccpac
We introduce the following notation, in order to simplify:
u, sin(g, )
= ( kz)’ (20)
5w,
kY ? F .
Dc, =| a, (= 2) +a, /sz +- & ﬂsm(yk) . (21)
h o ppaccpac o
27 -k
With this in mind, Eq. (19) assumes the following form
B.-h F X ba, Co{ﬂ” ;j s
T (xy,s)=—t - & cos(Z;r-k—j , (23)
w(6Y8)==5 P526C pac h 2 (Dc,,+s) (s?+Ds,’)
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Expanding the obtained expression into simple
fractions, we move from the result to the original
with respect to time. Having dropped the terms
that correspond to the transition process, we

Tk()c,y,r):Bk 'hico{Zﬂ-kﬁjx

2

ppac p:

2y, Co8 4, Y .
X Z [[Dck n { 5j J Ds, sin K ﬂTk jr} +Dc,, COSKZ”—TKJT}}

+Dsk H

If the value of the y coordinate y is fixed, then
the obtained solution can be interpreted as the
result of a fixed time delay of the temperature
wave propagating in the elements of heat

obtain a solution for the steady process of the k-
eigen temperature wave passing through the
packing of the regenerative heat exchanger:

(24)

exchanger packing. For example, on the surface of
the packing elements at y =§, the equation can be
written in a form that is more convenient for
analysis

T, (x,0,7)=B, aF CO{Zﬂ-k jcos( Dswn{[” kj :|+ IZ~)ck co{(zmkjr} : (25)
ppaccpac h T T
~ Da, cos(4, ) ~ Da, cos(x,)
where Ds, = ) ————"5Ds,; Dc, =) ———=-"5Dc, .
‘ Z Dc,,”+Ds’ " Z Dc, > +Ds.> ©
After elementary transformations, we obtain a simpler expression that is easier to analyze
aF
T (X,6,7) = pp” cos(Z;r k= j co{(z k)r o — yk] (26)
JDc.” + Dsk r
~ D
¢, = arctg 2> |, (27)
Dc,

where ¢, is the angle of temporary phase shift

of temperature waves, [rad].

The physical meaning of this formula indicates
that the amplitude of the temperature fluctuations
in the packing is proportional to the amplitude of
the coolant temperature fluctuations. The phase of
the packing temperature fluctuations lags behind
the phase of the coolant temperature fluctuations
at the regenerator inlet by an angle ¢, .

In other words, the temperature wave
propagation rate through the packing of the heat

Tg,(x,7) = B, cos[Z;zk[% + %H

The heat from the coolant is only transferred to
the elements of the heat exchanger packing, and
vice versa heat is transferred from the packed bad
to the heat -carrier flowing through it
Consequently, if the temperature of the packing
element rises, then the temperature of the coolant

Tk (X’5,T) = Abk S|n|:27zk[%+

where Aby is amplitude of the k-th temperature
wave in the packing, [K].

T

3l

exchanger is less than the speed of the
temperature wave outside the packing, see Fig. 1.

The heat balance of the coolant’s elementary
volume as it moves inside the regenerator packing
is written as differential Eq. (2), the physical
meaning of which is that the changes in the
temperature of the gas moving through the
regenerator occur only through heat exchange
with the packing.

We will look for a solution to this equation in
the form of a temperature cosine wave in the
coolant flowing through the heat exchanger

(28)

should decrease, and vice versa if the packing
cools down, then the coolant heats up. To satisfy
these conditions, we represent the temperature
wave on the surface of the elements of packing in
the form of a sine wave

(29)

After substituting the functions of the selected
type into the heat balance equation (2), we obtain
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oF Aqgnzd{5+1--“F
GC h T7)] e

p

__2& B, sin 27zk(1+1j .
h h T

B, cos[Z;zk(5 + iﬂ =
o h T

(30)

Bringing like terms and using the formula for the sine of the angle difference, we get

. X T
B, S|n[2ﬂk(ﬁ+?j—¢k} =

akF
GC,

. X
= : Ab, Sln|:27zk(ﬁ+

IGEES

(31)

)

The spatial phase shift angle of the temperature fluctuations of packing element surface and coolant

temperature fluctuations

—arctg Lh
Vi 27-k-GC, [’

where ¢ angle of spatial shift of phases of
temperature waves, [rad].

Taking into account the solution obtained for
the eigen value in the packing Eq. (26), as well as
the conclusion that the amplitudes of the eigen

Tg, (X,7)= l;kcos{an(E+ ;j—ék -y,

The physical meaning of this formula is entirely
obvious: as the eigen wave passes through the
regenerator packing, its amplitude and frequency
remain unchanged, and the phase of the wave lags

in time by an angle &k , and by the angle ¥y in

space, see Fig. 1. Moreover, for temperature waves
of different lengths, the phase shift angles are
different.

Formulas (14) and (33) are show that the
propagation of a temperature wave described by
absolutely the same dependence as the
propagation of an ordinary wave, for example, a
sound or electromagnetic wave. Just as with the
propagation of electromagnetic and sound waves,
the velocity of propagation of temperature waves
decreases in a dense medium. The main difference
between temperature waves and ordinary waves

B+B, _B B,
2 2 2

Therefore, to obtain the correct value of the
amplitude of the temperature wave after
summing the two harmonics, it is sufficient to
add the temperature waves whose amplitudes
are equal to half of their amplitudes before
mixing. This explains the appearance of two in
the denominator of the formula (33).

The solutions obtained make it possible to
simulate the passage of an arbitrary-shaped

. ﬂk}

(32)

temperature waves at the inlet and output of the
packing are equal, we obtain a relatively simple
solution for the eigen temperature waves in the
coolant leaving the regenerative heat exchanger:

(33)

is that as a result of the superposition of sound or
electromagnetic waves, their amplitudes add up,
and the superposition of temperature waves
occurs according to a completely different law.

When merging or mixing two coolant streams,
the temperature of the combined stream will be
determined as the weighted average of the
temperatures of the two mixed streams.

Let’s considered that when we decompose the
periodically changing temperature of the coolant
entering the regenerative heat exchanger into a
Fourier series, each harmonic corresponds to
some part of the coolant flow, and these parts of
the coolant flow are the same for all harmonics.
Then the amplitude of the heat carrier
temperature fluctuations after mixing two flows
can be found by the formula

(34)

periodic temperature signal through the heat
exchanger packing.

When we build a model of a regenerative heat
exchanger, it is necessary to keep in mind that in
a heat regenerator, gas flow moves alternately,
now in one direction, then in the other. This
problem can be solved using the linearity of
differential equations (1) and (2).
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Fig. 1. Propagation of eigen temperature wave in the packing of the regenerative heat exchanger

As is well known, if there are two particular
solutions to a system of linear homogeneous
differential equations, then the sum or difference
of these solutions will also be a solution to this
system of differential equations.

Since the sum and difference of the solutions to
this problem are equal from a mathematical point
of view, therefore the system of differential
equations (1) and (2) have two independent
solutions. One of these solutions corresponds to
the counterflow of heat carriers in the considered
heat exchanger, and the other corresponds to the
parallel movement of heat carriers. Therefore, to
construct a mathematical model of the
regenerative heat exchanger, in which the coolant
moves in opposite directions, it is necessary to add
the solutions for warm blast and cold blast.

Since the amplitude of the stationary
temperature wave does not change when it passes
through the packing, the heat balance of the gas
and packing for the wvariable part of the
temperature wave is performed automatically.
The stationary part of the Fourier series, in which
the solution to the heat transfer problem is
presented, is determined from the heat balance of
the heat exchanger as a whole.

Comparison of calculation results with
experimental data

Let us demonstrate the application of the wave
method of modeling the regenerative heat
exchanger by the example of calculating a heat
regenerator used to reduce heat losses in building
ventilation systems.

The results of the experimental study of this
type of commercial heat regenerator are given in
[14].

During the experimental study, the air, during
the first 41 seconds, moved through the heat
exchanger packing from the building to the
outside, giving off heat to the packing. For the next
41 seconds, the air passed through the packing in
the opposite direction, taking back the heat from
the heat regenerator packing. The change in the
direction of airflow was realized by changing the
rotation direction of the fan, driving air through
the heat regenerator filling.

The packing of the heat exchanger was a
rectangular polypropylene honeycomb, inside
which air passes. The wall thickness of
honeycombs is 28=0.25mm. The thermal
conductivity of polypropylene, from which the
honeycombs was produced, is ~0.19 W/(m-K).
The size of the rectangular channels in the
investigated heat exchanger was 1.5x3.25 mm, the
length of the heat exchanger was 180 mm, and the
diameter of the heat regenerator was 198 mm. The
article [14] presents the results of measuring the
dependence of air and packing temperatures on
time at the airflow rate of 51 m3/h.

Knowing the dimensions of the heat exchanger
and the properties of airflow that passes through
it, it is easy to determine the Nusselt number
characterizing the heat transfer from the packing
surface, Nu=4. In this case, the parameter ad/i,
included in the transcendental equation (7) for
finding the eigenvalues has values of the order of
0.086. Therefore, the corresponding values, found
by formula (7) will be close to mn, where n is an
integer. Therefore, when calculating the sum of
the Fourier series with index n, we can restrict
ourselves to calculating a relatively small number
of terms in this series. Only the first ten terms of
the Fourier series were summed.
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Experimental data for comparison was
obtained at the indoor air temperature of 23 °C
and the air temperature outside the building of
-6.5°C.

The paper [14] presents the results of an
experimental study of air and packing
temperatures for three successive cycles of
regenerative heat exchanger operation. For more
information, these data are shown below as
repeated measurements during one period of
regenerator work.

Fig. 2 shows the graphs that show the
experimental values of the air temperature at the
heat regenerator inlet nozzle during the warm and
cold blast, taken from [14] and the results of the

T T
a, :I fB(T)Sin(ZM(%JdT}bk =_f fB(T)Cos(Zﬂk %)dr,
0 0

where f3(1) - the function expanded in a Fourier
series in this case, it is the function obtained as a
result of the Boltzmann approximation of the air
temperature at the entrance to the heat
regenerator.

Thus, two sets of coefficients for two Fourier
series are obtained, one set of coefficients for the
warm blast and another coefficient set for the cold
blast.

After that, we find phase shifts for temperature
waves in the airflow leaving the heat exchanger

Boltzmann approximation of these data. The half-
period of the cold blast in the regenerative heat
exchanger is marked with a gray fill on the graph.

The noticeable scatter of the experimental
values of the air temperature at the inlet to the
regenerative heat exchanger is mainly because the
measured temperature did not repeat precisely
during different cycles of the heat regenerator
operation.

W expands the input temperature signal into a
Fourier series to build a wave model in the
regenerative heat exchanger.

To determine the expansion coefficients, we
use the formulas known from the mathematical
analysis:

(35)

packing and for temperature waves that
propagate in the packing itself, using formulas
(26) and (33).

Next all the temperature waves summarized at
the heat exchanger outlet nozzle according to the
rule, formula (34) given.

For the reverse airflow, the similar calculation
was carried out during the cold blast period. At
this stage, it is possible to take into account, for
example, the difference in air mass flow during the
half-periods of the warm and cold blast.
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Fig. 3. Calculated values of air temperatures at the exit from the regenerative heat exchanger in the warm and cold
blast half-periods and their measured values [14].
1 - air temperature at the inlet nozzle in the half-period of warm blast;
2 - air temperature at the inlet nozzle in the half-period of cold blast;
3 - Boltzmann approximation of the measurements of air temperature at the inlet to the heat exchanger;
4 - measured values of the air temperature at the exit from the heat regenerator in the half-period of warm blast;
5 - measured values of the air temperature at the exit from the heat regenerator in half-cycle of cold blast;
6 - calculated values of air temperatures at the exit from the regenerative heat exchanger in half-cycles of warm and
cold blast
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Since the countercurrent heat exchange
scheme is implemented in the heat exchanger
under consideration, the solutions obtained for
warm and cold blasts are summed up.

In this example, the calculation was carried out
for the first one hundred and fifty terms of the
Fourier series. It allows practically excludes
fluctuations in the values of the sum of the series,
which usually occur when the infinite Fourier
series is finished.

Fig. 3 shows the calculated values of the air
temperatures at the outlet of the regenerative heat
exchanger in the half-periods of a warm and cold
blast and their measured values according to the
data obtained from [14].

The form of the obtained graphs corresponds
to the physics concepts of process in the packing.
During the warm blast time, the air temperature
rises at the outlet of the heat exchanger. And vice
versa, during a cold blast observed the opposite
pattern, the air temperature at the outlet of the
regenerative heat exchanger drops.

Fig. 4 shows the calculated and experimental
graphs of the packing temperature at the inlet to
the heat exchanger in the half-periods of warm
and cold blasts.

Graphs show good agreement
experimental and calculated data.

A comparison of graphs for air temperature,
shown in Fig. 2, and temperature change of the
packing at the inlet to the heat exchanger in Fig. 4,
shows that they are similar. Such a result is quite
expected, since the temperature of the packing,
which is thin polypropylene plates, cannot much
differ from the temperature of the air surrounding
this packing. It is calculated, that temperature of
the packing surface upon the warm blast is 0.5 °C
lower than the temperature of the air. During the
cold blast, the packing surface is 0.5 °C warmer
than the air.

This result can serve as a test for assessing the
adequacy of the wave model of heat transfer in the
regenerative heat exchanger since the calculated
values of the packing temperature were obtained
by adding 150 temperature waves, and the
amplitude and phase shift for each wave were
calculated by the formula (26).

With the wave method of calculating a
regenerative heat exchanger, only the most
necessary information is obtained about the
temperatures of the coolant and packing at the
inlet and outlet of the heat exchanger in the
steady-state operation. A smaller amount of
information obtained when calculating the
regenerator by the wave method can be regarded
as a price for the relative simplicity of

between

implementing the wave method for calculating
regenerative heat exchangers.

Discussion

The graphs (see Fig. 3) show that at the end of
the cold blast half-cycle, the temperature of the
airflow leaving the heat exchanger slows its fall
and even rises slightly. The temperature of the
airflow leaving the heat exchanger during the
warm blast period behaves similarly. At the end of
the warm blast half-cycle, the air temperature at
the outlet of the heat exchanger stabilizes. This
feature of the operation of the regenerative heat
exchanger is reflected in the results of calculations
carried out using the wave method.

The noted feature in the course of
temperatures of the airflow leaving the
regenerative heat exchanger may be due to the
processes of non-stationary heat transfer in the
packing elements. By the end of the half-cycle of
the regenerator operation, the thermal wave
moving in the packing has time to exit at the other
end of the heat regenerator. From time to time, we
can observe this effect in the operation of
regenerative heat exchangers. In our case, if the
package length were longer or the heat exchanger
operation period was shorter, then this effect
would not be observed. Since in earlier models of
the operation of a regenerative heat exchanger,
non-stationary heat transfer inside the packing
elements was not taken into account, nothing of
the kind was noted in the calculation results from
these models.

When comparing the results of calculation with
the measurements results of the air temperature
at the heat exchanger outlet, attention pinched to
a noticeable discrepancy between the
experimental and calculated data, which has a
character of systematic error.

When the air temperature at the outlet of the
heat exchanger increased, the results of its
measurements turned out to be less than the
calculated values, and if the air temperature fell,
the measurement results turned out to be higher
than the calculated temperature values. In
addition, the greater the calculated rate of
temperature change, then the larger the
discrepancy between the measured and calculated
values of air temperature. This character of the
differences between the calculated and measured
temperatures can be explained by the dynamic
error of the instruments used to measure the
temperature.

According to the article [14], the time required
to change the direction of fan rotation in the
experimental installation was about 7 seconds.
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According to the graphs in Fig. 2, the airflow
temperature entering the regenerative heat
exchanger becomes practically equal to the air
temperature in the room (23 °C) in about 12-14
seconds. And the same amount of time is required
to reach the temperature outside the building
(-6.5°C) during the cold blast half-period.
Therefore, in addition to the time, it takes to
change the fan rotation direction, there is an
additional delay of 5-7 seconds. This delay may be
due to the thermal inertia of the sensor used to
measure the air temperature and/or heat gains
through the wires that connect this sensor to the
measuring device.

Therefore, the presence of a dynamic error in
measuring the air temperature can explain that
part of the discrepancy between the experimental
and calculated data, which is systematic.

As can be seen from the graphs, the agreement
between the air temperature and the temperature
of the heat exchanger packing turned out to be
much better than the agreement between the
calculated and experimental values for the air
temperature at the exit from the heat regenerator.
This can be explained by the fact that experimental
values of the air temperature at the regenerator
inlet were used to calculate the packing surface
temperature. The measured temperature of the
packing surface also included the dynamic error of
temperature measurement. Since the rates of
change in air temperatures at the regenerator’s
inlet and the packing surface are very similar, the
dynamic errors in measuring their temperatures
turned out to be almost the same. Therefore, the
dynamic error in measuring temperature does not
lead to a noticeable discrepancy between the
calculated and measured temperatures of the
packing surface at the inlet to the heat exchanger.
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