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Abstract
Introduction. The wide spread of plate heat exchangers in various fields of technology is due to
the simplicity of their design and a variety of layout schemes. An area where their use is very promising
is heat recovery. The effect of an air heat exchanger-recuperator consists in heating the incoming flow
with the heat of the outgoing flow and is expressed in drastically reduced power consumption, which
would otherwise be spent on heating.
Research methodology. The object of research is a recuperator designed to heat the air entering the
production room in winter. Resistance to air flow is a significant disadvantage of the plate heat exchange.
The aerodynamic resistance reduces the flow rate, therefore, leads to a decrease in the flow rate of air
passing through the recuperator, so the required flow rate is ensured by special fan installations.
The task of designing a recuperator is to minimize the size of the flow part and prevent excessive load on the
fan unit. Calculation with the use of the recuperatorTs mathematical model is applied in the research.
Results. In the course of the research, a mathematical model of the recuperator has been developed,
which includes a condition for limiting the pressure loss by an acceptable value. Ratios have been
obtained for determining the optimal duct width between the plates, plates height, length and number.
Conclusion. A simplified mathematical model has been proposed to estimate the dimensions of the flow
part. The reliability of the simplified model has been confirmed by numerical calculation.
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Introduction. Heat exchangers of various types including the plate ones are widely
applied in technical equipment in order to ensure the temperature specifications for
equipment operation and comfortable working conditions for the staff [1-4]. Plate
heat exchanger’s operation is based on the transfer of heat energy from one fluid (heat
carrier) to another through the separating wall, i. e. plate. The scheme of the cocurrent
heat exchanger is shown at fig. 1.

The body / contains the heat-transmitting plates 2 which make up a line of ducts.
Along the duct 6, wide travels the heat carrier (denoted by red arrows at the duct’s
inlet), while along the duct 6, wide travels the heated (cold) medium (denoted by blue
arrows at the duct’s inlet). The ducts with the heat carrier and cold medium alternate.
Media travel round the ducts is accompanied by heat transfer from the heat carrier to
the cold medium through the separating plate. The heat carrier gets cooler (denoted by
blue arrows at the duct’s outlet), while the cold flow gets heated (denoted by red arrows
at the duct’s outlet).

Plate heat exchangers are widely used both in engineering and private life due to
their simple design. Heat recuperation is an area where their application seems
promising enough [5-8]. The effect of an air heat exchanger-recuperator consists in
heating the incoming flow with the heat of the outgoing flow and is expressed
in drastically reduced power consumption, which would otherwise be spent on heating.
The recuperator is studied later in the research which is aimed at heating the incoming
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air in winter period when its low temperature may cause equipment overcooling and
break comfortable working conditions.

Along with advantages such as the mentioned simplicity of the design and the
possibility of implementing various structural solutions (cocurrent, countercurrent and
crossflow schemes), the plate recuperator also has a significant drawback, which is its
resistance to flow of medium inside the ducts. Aerodynamic resistance reduces the flow
velocity, resulting in the reduced consumption of air passing through the recuperator.
So the required flow rate is ensured by special fan installations. Industrial recuperators
are aimed at rather high flow rates. For instance, air recuperators for workshops are
designed for the flow rate of 10-100 m?¥/s. In order to operate, such a device requires
a large cross-section or/and a large number of ducts as well as relatively high differential
pressure, therefore, high fan power consumption. That is why the designer often has to
solve the problem of optimization and compromise, i. e. deliberately set too high
capacity and size of the ventilation installation in return of the recuperator size
minimization.

Fig. 1. The scheme of the concurrent heat exchanger
Puc. 1. Cxema m1acTHHYATOr0 MPSIMOTOYHOTO TEINIOOOMEHHHKA

Research methodology. Research aim is to obtain the ratios to determine the
optimal width of the duct between the plates 6, height /4 and length / of a plate.
The following are the criteria of optimality:

— small size of the recuperator;

— maximum acceptable size of ducts’ aerodynamic resistance.

The occupied volume, as a product of the overall dimensions of the recuperator’s
active part, is considered to be the indicator of the small size. The sizes of the ducts are
calculated by the admissibility limit of the aerodynamic resistance:

Ap, =[Ap]; (1)
Ap. =[Ap],

where Ap,, Ap_is the depression of the ducts with heated and cold flows correspondingly;
[Ap] the maximum admissible depression.
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Recuperator’s mathematical model is constructed taking into account that the area
of the heat transferring surface F' has been obtained earlier with the help of the
assumptions of thermodynamics and thermal engineering [9, 10].

Research results. By the dimensions of the plates and the distances between them,
both the dimensions and the aerodynamic resistance of the recuperator are determined.
Thus, these parameters are interconnected.

Let us consider the typical instance, where the mass flow rates the incoming and the
outgoing flows are equal.

The equality of the mass flow rates is realized:

Q/zlphl = chpm ()

where O,, and p,, are the volumetric rate and the density of the heat carrier at the inlet
of the recuperator; O, and p,, are the volumetric rate and the density of the cold flow
at the inlet of the recuperator.

Aerodynamic analysis is complicated by the fact that flow parameters change as
soon as they pass through the ducts. The temperature of the heat carrier gets lower and
its density grows. Consequently, the volumetric rate and velocity decrease.
The temperature of the cold flow, on the contrary, gets higher being accompanied by
the increase in the volumetric rate and velocity. However, taking into account the
approximate character usual to aerodynamic analysis, it is reasonable to come to mean
values of the parameters.

Then, air pressure drop at its passing through the ducts (without local resistances)
will be expressed as follows [11, 12]:

[ vi )
Ap, =\, d_hph 7:
P 3)
Ap =N —p —=<,
pL C d(‘ p( 2

where A, and A are the coefficients of aerodynamic (linear) resistance of ducts for
heated and cold flows correspondingly; p, and p,_ are the mean densities of heated and
cold air correspondingly; v, and v, are the mean velocities of heated and cold flows
correspondingly; d, and d are the typical sizes (hydraulic diameter) of ducts for heated
and cold flows correspondingly.

In case when 6,(3,) << A, the hydraulic diameters are d, = 26,; d. = 29,.

Considering that the flow of one direction travels along a half of the total number of
ducts z, and applying ratios

0P =0ip, = 0P,
— 2Q}1 .

Zshh (4)
v, = 20.
2 h

c

Vi

b

we get:

v o= 20,p, ‘
‘ p.zd h

c c

)



98 "Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal". No. 6. 2020 ISSN 0536-1028

Flow velocity in the duct of an industrial recuperator, as a rule, is not less than
10 m/s. Estimated calculations have shown that the most probable is the pre-quadratic
flow regime where coefficients A, and A, (expressions (3)) are to be calculated by the
Altshuler formula [13, 14]:

68 AT
xh=0,11£—+ j ;
e, d, ©)
68 AT
A, =011 —+—= ,
' Re, d.

where Re, and Re, are the Reynolds numbers characterizing the flow inside the ducts
with heated and cold flows; A, is the equivalent roughness of plates surface.

The Reynolds numbers for the heat carrier and the cold flow averaged in temperature
ranges are

Reh — vhdh ;
L,
v d (7)
Rec — c_¢C ,
L)

c

where v, and v, are the mean coefficients of kinematic viscosity of the flows in the
corresponding temperature intervals.

Despite the apparent difference between Re, and Re,_ as far as the size is concerned,
the value of A, is little different from A, then A, = A .

For an extreme case of Ap, = Ap_ = [Ap] expressions (3) with the account of
expression (5) are transformed into the following:

L (oY ! ijz
A —p, | ZL| = ——| ZAT | —TAp].
hSth(th (Sipc( ) T ®)

Equation (8) informs of the ducts’ width

P

making it possible to estimate whether it is significant to construct the ducts of different
width to reduce the size B of the recuperator.

Rough estimates by the probable values of mean density in temperature ranges of
flows show that the difference of the ducts’ width does not exceed 0.056,. In small-size
industrial recuperators the width of the duct has the period of 10 mm, so the construction
of ducts with such a difference is not only irrational, but often just technologically
impossible. So, it is possible to accept 6, = 8. = 8, which allows calculating by a duct,
for instance by the heat carrier. Total area of plates must be equal to F, so

F=(z-1)hl. (10)
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Equations (1)—(10) represent a full mathematical model of an optimal recuperator.
After reduction it is reduced to the system of equations (10):

Lo (L) -
7\‘h 63 ph(Zhj [Ap]a

(z—1)hl =F.

(10)

System (10) contains five unknown quantities: 0, 4, /, z, A, so basically, it can be
solved only after the well-grounded substantiation of three independent parameters
[15]. However, in this case the solution is going to be labor-intensive, particularly due
to the unknown quantities in A, coefficient. For rough estimation it is reasonable to use
a feature of the coefficient A, which is poor dependence of its value on the variation of
Re, and d, in formula (6). As applied to wide ranges of velocity and temperature, the
sufficient reliability of calculation will be ensured if A, = 0.035.

Let us illustrate the procedure of rough estimation by an example. Industrial
recuperator with consumption O, = 100 m*/s is designed to heat the air coming into the
workshop in winter period by the heat of the outgoing flow. As a result
of the thermodynamic calculation the value of F = 3800 m? has been obtained.
Mean density of the outgoing air is p, = 1.23 kg/m3 for the average temperature
of 14 °C. Ventilation system is designed for the admissible pressure difference in the
flow part of the recuperator [Ap] = 300 Pa. Let us find the size of the flow part.

The accepted parameters: A, = 0.035; 8 =0.016 m; 2= 2.5 m.

In order to simplify, it is considered that (z — 1) = z. Then it follows from the first

equation of the system that
2
Z:L3 AP0, , a1
oh\  [Ap]

o F
C(z=Dh (12)

and from the second equation

The substitution of numerical values into formulae (11), (12) makes it possible to
obtain z =440 and / = 3.5 m. So, the dimensions of the recuperator’s flow part (without
plates’ width) are  x B x h =3.5 x 7.0 x 2.5 m, and its volume is V= 61.25 m’.

Results analysis. Average velocity of the heat carrier in the ducts calculated by the
corresponding formula (4), v, = 11.4 m/s. The Reynolds number (formula (7)) for
the obtained value of velocity and the accepted width of the duct is Re, = 24 300, the
coefficient of the aerodynamic resistance of a duct (formula (6)) A, = 0.031, duct’s
resistance (formula (3)) Ap = 271 Pa < [Ap] = 300 Pa, the error conditioned by the
assumptions made up minus 9.7 % from [Ap], which is quite satisfactory for aerodynamic
calculations.

Conclusion. The mathematical model of the plate recuperator based on the condition
of limiting the aerodynamic resistance by the admissible value, makes it possible to
minimize the dimensions and volume of the recuperator’s active part. A simplified
mathematical model has been proposed, the reliability of which has been confirmed by
numerical calculation.
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Pacuer onTMMAaJbHBIX pa3dMepoB IJIACTUHYATOTI0 peKyneparopa
NMPOMBIIIJIEHHOT0 HA3HAYCHU A

Tayrep B. M.!, Munuu U. B.!, Anac B. E.!
! Vpanbckuii rocyapcTBeHHBIN TOpHBIN yHUBepeuTeT, ExarepunOypr, Poccus.

Pecpepam

Beeoenue. [llupokoe pacnpocmpanerue NIACMUHYAMBIX MENIO0OMEHHUKOS 8 DA3IUYHbIX 00NACMAX
MEXHUKU OOBACHAEMCS NPOCMOMOU UX KOHCIMPYKYUY U PAZHO0Opasuem KOMROHOB0UHbIX cxeM. OOna u3
obnacmeil, 6 KOMOPOU UX UCNONb308AHUE NPEOCMAGIAEMCS 6eCbMA NEPCHEKMUGHbIM, — PeKYnepayus
menaa. Dghgpexm 8030ywHO20 MENLO0OMEHHUKA-PEKYNEPAMOPA COCMOUM 8 Hazpege 6X005uje20 NOmoKa
MeniomM UCX00AUe20 NOMOKA U 8bIPANHCACHIC 8 PE3KOM CHUMCEHUU PAcxo0a dNeKmpodHep2uul, Komopas
6 NPOMUBHOM CIyHae 3ampaiueandcs Ovl Ha Hazpes.

Memoouka nposedenus uccnedosanusn. OObeKMOM UCCLEO06AHUS  ABNAEMCA  PEKYRepamop,
npeoHasHaueHnbvlll 01 HaA2pea 8030YXd, 8X00AU €20 8 NPOU3B00CEEHHOe NOMeweHUe, 8 3UMHULL Nepuoo.
Cywecmeennblii HeOOCMAamoK NAACMUHYAMO20 DEKynepamopa COCMOum 6 COnpoOmueIeHuU meveHuo
6030yXd. ASPOOUHAMUYECKOE CONPOMUBILEHIE CHUICAEM CKOPOCHb NOMOKA, C1e008AMENbHO, RPUBOOUM K
VMEHbUEHUIO pacXo0d NpoXooAue2o uepe3 peKynepamop 6030yxd, NOdMoMy HOMPeOHblll pacxoo
obecneuugaemcs — CHeYUAnbHbIMU — BEHMUNAMOPHLIMU — YCIMAHOSKAMY.  3adaueli  NPOeKMUposanus
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peKynepamopa  6nAemcs  MUHUMU3AYUSL  PA3MEPO8  NPOMOYHOU  4acmu ¢  NpedomepaujeHuem
CBEPXHOPMAMUGHOU HAZPY3KU HA SEHMUNSIMOPHYIO YCMAHOBKY. B uccredosanuu npumenenvt pacuemol
€ UCNONB308AHUEM MAMEMAMUYECKOL MOOeNU PeKynepamopa.

Pesynomamut  uccnedosanus. B xode uccnedosanus cocmasnena  MameMamuyeckas —Mooeilb
PpeKynepamopa, 6KI0Yawas 6 cebs Yeaosue 02paHuteHust Nomepu 0aeieHust 00NYCKAeMOl 8eUYUHOIL.
Tonyuenvi coomuowienus 0Jis onpeoeierusi ONMUMALbHbIX WUPUHBL KAHALA MedICOY NAACMUHAMU, 8bICONTbL
U OUHBL NAACMUHbL, A MAKIICE YUCTA NAACHUH.

Bu1600. [Ipeonodicena ynpowennas mamemamuieckdas MoOelb, HO3GONAIOWAS OYeHUMsb 2abapumol
npomoynou yacmu. JJocmoseprocns ynpoweHHO MO0l ROOMEEPHCOCHA YUCTIOBLLM PACUENIOM.

Knroueevle cnosa: nnacmunuamoiii mei’lJl006M€HHuK,' pexKynepamop, a3p00uHaMull€CKO€ conpomuenerue,
BEeHMUIAYUS, NOMOK, NPOMOYHAA 4acCmb, KAHA.
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