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INCREASE OF ENERGY EFFICIENCY OF DIRECT-FLOW HEAT EXCHANGERS

Abstact. The article is devoted to the development of a method for determining the minimum interaction surface in a system of
heat exchangers. A comparative analysis of direct-flow and counter-current types of heat exchange is carried out in relation to the
creation of systems for ensuring temperature conditions, for which weight and size characteristics are decisive. It is shown that the
main characteristic of efficiency in the design and simulation of heat exchangers, based on the temperature representation, is not
applicable for devices with a phase transition. The definition of efficiency as the energy characteristic of the energy exchange
process of interacting flows is proposed. Comparison of the energy received by the heated stream from the heating stream made it
possible to determine the energy potential in the heat exchanger. The introduction of energy efficiency made it possible to
substantiate the relationship between the efficiency of once-through and counter-flow heat exchangers with access to structural and
thermophysical requirements. The analysis of analytical relationships showed that in assessing the thermal stresses arising in the
apparatus, the determination of average values over the surface of the temperature of the coolant plays a significant role. It is shown
that the countercurrent heat exchanger represents the limiting case of minimizing the heat transfer area. The increase in the
efficiency of once-through heat exchangers due to sectioning is analyzed and the possibility of increasing the efficiency of once-
through heat exchangers is shown. The research results indicate not only the topological equivalence of the direct-flow apparatus
system to one counter-current, but also the possibility of constructing a partitioned apparatus system with the serial connection of its
elements with an efficiency equal to the efficiency of counter-current apparatuses. A recursive algorithm is proposed for constructing
a partitioned system of direct-flow apparatus. The developed method can be used to create computer-aided design systems for heat
exchangers of complex chemical plants.
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Analysis of literature data and problem
statement

In modern literature the majority of researches
is devoted to development of a design of heat
exchangers [2; 3]. Results of influence of hydraulic
resistance on effectiveness of heat exchange in heat
exchangers of various types are presented [4]. The
designs of heat exchange equipment were
investigated, including: tubular apparatuses with
innovative heat exchanging elements, coil-in-tube
heat exchangers “pipe in a pipe” type with changing
and unchanging bending radius of the helical helix
of the flowing part of the heat exchanging elements,
as well as heat exchangers with a rotating heat
exchange surface [5; 6 ]. The rise in temperature
stresses of modern technology required taking
into account dynamic loads when designing heat

Introduction

A necessary component of internal combustion
engines, turbines, power stations, chemical
technologies, heating and cooling systems, DATA
centers are heat exchangers. The significance of
energy loss during heat exchange in the total cost of
operating industrial and transport systems leads to
the importance of reducing these losses. According
to the scheme of mutual flow of heat carriers, heat
exchangers are divided into countercurrent, direct-
flow and cross-flow, as well as their combinations
[1]. When solving a constructive problem with
known parameters of heat carriers and their costs,
the required heat exchange surface and the mass-
dimensional and reliability parameters resulting
from it are determined, the requirements for which

can be very strict, for example, for movable
products. Since the efficiency of countercurrent heat
exchangers is higher than direct flow, and in solving
some heat exchange problems, only direct flow is
possible, optimization becomes an obligatory design
stage.
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exchangers and cooling systems for gas-turbine
and combined plants [7-8], creating advanced heat
exchange surfaces [9] to increase the heat transfer
intensification [10]. A special place is occupied by
heat exchangers for the chemical industry, a feature
of which is the presence in the course of internal
reactions the release or absorption of heat [11].
When creating miniature heat exchangers in
refrigeration [12], heat surfaces of utilization plants
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for electronic components [13-15] the polymer
nanocomposites which have advantages over
traditional counterparts are used. A common
approach to all the above studies is a parametric
approach to improving the quality indicators of one
or several components of heat exchange and not
enough attention to the development of methods for
calculating heat exchangers and systems of such
devices [16]. One of the attempts to improve the
efficiency of heat exchangers is their division into
sections [17]. Such an approach assigns the
apparatus system to a single apparatus, allowing the
direction of flow movement determined by the
technology to be preserved. In our opinion, the
reason for the widespread use of partitioning heat
and cold flows with costs G and U with initial

Toand Oy final T, and  ©,temperatures,
respectively, is subject to the condition:
el 00

G— =U —. An important task in the design of
oF oF

heat exchangers is to increase the efficiency of heat
transfer @while minimizing the required area F,

which determines its weight and size characteristics.
The main parameters of the mathematical
description of heat transfer processes are the water

number « = KJ heat transfer coefficient k and

NTU =kEF, which characterizes the ratio of the

largest temperature difference along the length of the
apparatus to the average temperature difference of
the flows.

A comparison of direct-flow and counter-flow heat
exchangers shows that their circuits are equivalent
only at very large and very small values of the ratio
of water equivalents (products of mass and heat
capacity of the stream). This occurs in a situation
when the temperature change of one of the outlet;
®,- temperature of the cold stream at the

outlet.coolants is small, or when the temperature
head is large compared to a change in the
temperature of the working fluid. In all other cases,
ceteris paribus, more is transferred during
countercurrent heat than during direct flow.

exchangers is not only the mathematical difficulties
that arise in solving such problems, but also the
absence of a system formulation of such problems.

The purpose and objectives of the study

The purpose of the study is to increase the
efficiency of direct-flow heat exchangers.

To achieve this goal it is necessary to solve the
problems:

1. To develop a model of the relationship
between the efficiency of direct-flow and counter-
flow heat exchangers;

2. To determine the maximum achievable
efficiency of a direct-flow heat exchanger.

Main part

Heat transfer through the surface F of hot
However, there is a class of applications that
requires a direct-flow heat transfer circuit.

The main characteristic adopted, both in the design

and in the simulation of heat exchangers, is the

temperature efficiency [4]:
L Sl P (1)

TO _®0

where: T, is the temperature of the hot inlet stream;

T,— temperature of the hot stream at the outlet;

0 ,— temperature of the cold stream at the outlet.

This characteristic has found wide application
for two-line heat exchangers and is not applicable
for devices with a phase transition or in the presence
of a chemical reaction. It seems to us more practical
to define efficiency as the energy characteristic of
the process of energy exchange of interacting flows.

The mean-enthalpy temperature of the flows in
the apparatus determines the ratio:
T,G+06,U @

G+U
where: G is the heat consumption of the hot stream;
x=®,- consumable heat capacity of the cold

stream.

The temperature distribution in the apparatus
with countercurrent flow movement is shown on
Fig.1.

Tz =®z =
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Fig. 1. Temperature distribution in the apparatus with countercurrent flow
(one dimensional representation)
The amount of energy Q,received by the _Q G+U T, -T, _
heated stream in the temperature range (®5 —©g): AD 22U T,-0, )
T.G — _
G+U 2 T,-0, 2
where: @y is the mean-enthalpy temperature.
From the existing solution for final

The amount of energy ®y transmitted by the
heating flow in the interval (T, —Ts)
ToG +0,U
=T,G-2——2"°G 4
Q=ToG-C *
We define the sum (Q,and Q,) as the energy
potential used in the apparatus:

To—0g _
G+U

1 G
=2G ——(T, - ©p)a=
- (To-Og)a=

The ratio of the amount of energy transmitted in
the apparatus to the injected energy potential is
defined as its energy efficiency:

Defined as its energy efficiency:

temperatures [4], it is not difficult to obtain a
connection between the efficiency for direct-flow
and counter-flow heat exchangers and the
parameters (NTU and a).

NTU is the number of transfer units, defined
as: NTU= kFt |, where k is the heat transfer
coefficient, F is the heat exchange surface in the
element.

Forward flow

NTU = 1 In 1 ) (6)
l+a |[1-0(0+a)
Countercurrent
NTUg = —In|[22%%0 | @)
l+a 1-9,
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Both when assessing the efficiency of
technological processes, and when assessing thermal
stresses arising in the apparatuses, the determination
of the values of the average surface temperature of
the coolants plays a significant role.

Forward flow, heating coolant:

1
T,— O
Tp=|TdS =T, - 2——2
m -([ 0 1+ 8
: (8)
L exp{-NTU 1+ a)}
X —
NTU,,(1+a)
Forward flow, heated coolant:
1
®dS =06
O, = j ot
0
+a
L 1_1—exp{—NTUm(1+a)}
NTU,,(1+a)

L]

It is not difficult to show that the average values
of temperatures along the satisfy the balance
GOy -0)-U (T, —Ty, =0.
Using (8) and (9) it is not difficult to get a
connection between temperature efficiency and
average surface temperatures

®=NTU, 10 =n (10)
To=0y
To achieve greater efficiency without

disrupting the technological purpose of heat
exchangers (forward flow, cross flow of flows), their
sectioning is used. Consider the possibility of
sequential integration of direct-flow heat exchangers

(Fig. 2).

Y

A 4

Fig. 2. Sectioning direct-flow heat exchangers:
a) general scheme; b) the structure of the calculation

Table 1. Comparison of countercurrent and partitioned direct-flow heat exchangers

N 2 4 8 64 00
o
0.9 - - 5.004 4.496 4.489
0.7 - 4.081 3.453 3.312 3.310
0.5 5.650 2.924 2.739 2.688 2.687
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The given data in Table 1 shows that when
partitioning direct-flow heat exchangers, the value
NTU tends to a finite limit equal to value NTU, of

the countercurrent heat exchanger. Consider the
difference limit NTU,—NTU; . Using relations (6)

and (7), denoting x=®,,, we can write
NTU, -N-NTU =
1-—
_ 1 In( aq)O)—N L L
l-a 1-9, l+a |1-x(1+a)
in the field of variables changes

1>00>0 1>0,>0
1>, >0 1>d,(1+a)>0

After the obvious transformations we get

v
In [1X(1+a)~(j%} o] ,
-0

The following recursive algorithm is proposed for
building a partitioned system of direct-flow
apparatuses:

INPUT: NTUO - preset ntu,
E — preset efficiency,
A — flows ratio,
EPS — ntu tolerance,
n_max - maximum iterations
n=1  #iteration number
FiO=E # current efficiency
WHILE n not greater then n_max
N = 2 raised to the n power
Fi = new efficiency value (depends on the Fi0, A)
NTU = new ntu value (depends on the Fi, A, N)
IF NTU deviation from NTUO less then EPS THEN
# solution found
STOP

ELSE

Fi0 = Fi

n=n+1
Results:

N — number of heat exchangers
NTU — totalvalueof NTU

The constructed logic of partitioning of heat
exchangers allows achieving the required efficiency

with the minimum NTU value approaching the
NTU value in a counter-current without violating
the process regulations.

Discussion of the analysis results

The results of the analysis indicate not only
the topological equivalence of a system of direct-
flow heat exchangers (Fig. 1) to one
countercurrent, but also the possibility of creating
a partitioned system of devices with a series
connection of its elements with efficiency equal to
the efficiency of countercurrent devices.

Conclusions

1. A mathematical model of communication
between counterflow and direct-flow heat
exchangers has been developed and analyzed.

2. It is shown that the NTU of the
countercurrent heat exchanger circuit is the
limiting one, to which the direct-flow system can
come as close as desired by an appropriate choice
of sections.
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HIABUIIEHHSA EHEPITOE®EKTUBHOCTI TEIIJIOOBMIHHUKIB
HPAMOI'O ITOTOKY

Anomauia. Cmamms npucesduena po3pooyi mMemooy 6U3HAYEHHS MIHIMAIbHOI NOGepXHi 63acMO0ii 8 cucmemi
mennoooMminnux anapamie. Ilpogedeno NOPIGHANLHUL AHANI3 NPAMOMOYHO20 | NPOMUMOYHO20 6UAI8 MENI00OMIHY
CMOCOBHO CMBOPEHHS CUCHEM 3a0e3NeYeHHs. MeMNePaAmyPHUX PedrCUMI8, OJid AKUX GUSHAYATbHUMU € MAC02abapumHi
xapaxkmepucmuxu. Iloxazano, wo OCHOGHA XAPAKMEPUCMUKA eeKMUBHOCMI NpU NPOEKMYSAHHI Ma MOOeNO8aAHHI
MenI00OMIHHUX anapamis, wo 3aCHOBAHA HA MeMNepamypHOMy ROOAHHI, He Modice OYymu 3aCmoco8ana Oisi anapamis
3 azoeum nepexodom. 3anponoHOBaHO BUSHAUEHHS eQEeKMUBHOCMI 5K eHepeemuyYHOl Xapakmepucmuxku npoyecy
00MIHY eHepaicio 83acMO0iouUX NomokKis. 3icmasiens enepaii, wo NPULHAMA NOIUHAIOYUM HOMOKOM IO NOMOKY WO
epie 00360UN0 GU3HAYUMU eHePIeMUYHUL NOMeHYIan 6 meniooOMiHHoMy anapami. Beedenwns enepeemuunoi
epexmusHoCmi 0aN0 MONCIUBICIL OOIPYHMYBAMU 38'A30K MIXHC eQeKmMUSHICMIO NPAMOMOYHUX | HPOMUMOUHUX
Menio0OMIHHUX anapamis 3 6UX000M HA KOHCTMPYKMUGHI | Meniogizuuni eumocu. Ananiz anariimuyHux cniggioHoweHb
nokasas, wo npu OYIHYi MePMIYHUX HANPYIHCeHb, WO 6UHUKAIOMb 6 anapamax, iCMOMmHY pONb 2pA€ BUSHAYEHMS
cepeOHix 3HaueHb NO NOBEPXHi memnepamyp mennoHociis. Ilokazano, wo npomumouHull menjiooOMiHHULL anapam
AGAAE  SPAHUYHUL  GUNAOOK MiHiMizayii niaowi mennooominy. Ilpoananizosano niosuwenus egekmugHocmi
NPAMOMOYHUX MENJ00OMIHHUX anapamie 34 PAXYHOK CeKYIOHYBAHHSA [ NOKA3AHA MONCIUGICMb NIOBUUJEHHS

ISSN 2663-0176 (Print) 315

ISSN 2663-7731 (Online)


https://mbox2.i.ua/compose/1483920074/?cto=eJ28wpuYuV90hcWYz5%2BWyLuJf5vMrH%2BByaWAm8GiiqKOdQ%3D%3D
https://orcid.org/0000-0002-5895-4478
mailto:gradan@ua.fm
http://orcid.org/0000-0003-0499-827X6

Herald of Advanced Information Technology 2019; Vol.2 No.4: 310-316
Simulation and Diagnostics of Complex Systems and Processes

ehekmusHOCmi NPAMOMOYHUX MenI000MIHHUKIG. Pezynomamu oocnidsiceny 6xazylomv He MIiNbKU HA MONOAOSIYHY
eKBIBANEHMHICIMb CUCTeMU NPAMOMOYHUX anapamié O0OHOMY HPOMUMOYHOMY, aie i HA MOJNCIUBICMb NOOYO08U
CeKyiliHOI cucmemu anapamié 3 NOCAIO0BHUM 3'€OHAHHAM ii enemenmis 3 eghexmusHicmio pisHill eghekmusHocmi
npomumounux anapamis. s noby0osu cekyiiunoi cucmemu NPAMOMOYHUX Anapamis 3anponoHO8ANUL PEeKYPCUGHUL
aneopumm. Po3zpobaenuti memoo modxce Oymu GUKOPUCIAHUL NPU CMEOPEHHi CcUucmem asmomMamu308aHo20
NPOEKMYBaHHs MeNiI00OMIHHUX anapamie CKIAOHUX XIMIYHUX 8UPOOHULMS.

Kniouogi cnosa: mennoobmin; npomumeyis; npamMomox; eHepeemuina epekmugHicms; cexyionyeanHs

YK 62-503.57

lllepeBsumo, T'eopruii BacunbeBu4, KaHJ. TEXH. HAYK, PYKOBOJUTENb HAYYHOI'O OTAECIA,

E-mail: nsd@te.net.ua, ORCID: 0000-0002-5895-4478

2Memepm«on, Baagumup UBanoBuUY, I-p TEXH. HAYK, 3aBeIyrOMNi Kadeapoit nHhHOpMaTHKH,

E-mail: gradan@ua.fm, ORCID: http://orcid.org/0000-0003-0499-827X

'System Technology Solutions, Holsteische Str. 51. 12163, bepmun, I'epmanus

2Omecckmii TOCyIapCTBEHHBIN YKOMOrHYecK il yHuBepenTer, JIbBoBeKas yii., 15, Onecca, Yipanna, 65016

HOBBIINEHUE SHEPI'O®®EKTUBHOCTHU NPAMOTOYHBIX TEIIJIOOBMEHHHUKOB

Annomayua. Cmamovss nocesaujena paspabomre memooa onpedenenusi MUHUMAIbHOU NOGEPXHOCMU 63aUMOOeliCmeUs 6
cucmeme mMeniooOMeHHbIX annapamos. I[Ipoeeden CONOCMABUMENbHBIL AHATU3 NPAMOMOYHO20 U NPOMUBOMOYHO20 BUO0E
meni00OMeHa NPUMEHUMENbHO K CO30aHUI0 CucmeM OOecneueHusi memnepamypHbiX pPedcumos, O KOMOPbIX ONnpeoensiouumi
AGNAIOMCA  Maccoeabapumuvie  xapakmepucmuku. IIoka3aHo, uYmMo OCHOBHAA — Xapakmepucmuka dpgekmusHocmu  npu
NPOEKMUPOBAHUU U MOOETUPOBAHUY MENTOOOMEHHBIX ANNAPAMO8, OCHOBAHHAS HA MEMNEPAMYPHOM NPEOCMABLEHUY, He NPUMEHUMA
ona annapamog ¢ @azosvim nepexooom. Ilpednosceno onpedenenue 3¢pghexmuenocmu Kax 3Hepeemudeckoll Xapakmepucmuxi
npoyecca obmeHna dHepeueil 3aumooeticmayowux nomoxos. Conocmaenenue SHepeuU, NPUHAMOU HASPEBAEMbIM NOMOKOM ON
2perujeco NOMoKa NO360MUN0 ONPeOSTUntb IHEPLEMUYECKULl NOMEHYUAN 8 Meni000MeHHOM annapame. Beedenue sHepeemuueckoil
appexmusHocmu  0ano  BOIMOICHOCHL 0OOCHOBAMb  C653b  MENCOY IPEOEKMUSHOCBIO  NPAMOMOUHBIX U  NPOMUBONOUHBIX
Meni00OMeHHbIX annapamos ¢ GvlX00OM HA KOHCMPYKMUGHble U meniogusuveckue mpedosanus. AHAMU3 anHanumuyeckux
COOMHOWEHUI NOKA3AN, YMO NPU OYeHKe MEPMUYECKUX HANPAMCEHUU, BOHUKAIOWUX 8 ANNApamax, CywecmeeHHylo poib uepaem
onpedenenue CpeoHUX 3HAYEHUN NO NOGepXHOCMU —memnepamyp mennonocumeneti. Ilokaszano, uYmo nPOMUEOMOUHBLI
Men1000MenHbIll  annapam npeocmaginem npedelbHblll CAyuall MUHUMU3AYUY Naowaou meniooomena. Ilpoananuzuposaro
nogvlueHue 3PHeKmueHOCU NPAMOMOUHBIX MENTOOOMEHHBIX ANNAPAMO8 3d CYem CEeKYUOHUPOBAHUS U NOKA3AHA BO3MONCHOCHIb
NOBbIUEHUA  IPDEKMUBHOCMU  NPAMOMOYHBIX MENI00OMEHHUKO8. Pesyibmamel  uccnedosanuii  yKazvlaion He MONbKO HA
MONONOSUYECKYIO IKBUBALEHMHOCMb CUCIEMbl NPAMONOYHBIX ANNAPANOs OOHOMY NPOMUBOMOYHOMY, HO U HA BO3MOICHOCTb
HOCMPOEHUs CeKYUOHUPOBAHHOU CUCEMbL annapamos ¢ Nocie008amenbHblM COOUHEHUEM ee IeMEHMOos8 C dPHeKmueHoCmbio
DPagHot dPPeKMuUsHOCmU NPOMUBOMOYHBIX annapamos. [lns nocmpoenus CekyuoHUpOBaAHHON CUCEMbl NPAMOMOYHBIX ANNAPAMOs
npeonodcer  pekypcuemwili  aneopumm. Paspabomannviti  memoo modcem  Obimb  UCHOAL306AH NPU  CO30AHUU  CUCTEM
A6MOMAMUZUPOBAHHOL0 NPOEKMUPOBAHUSL MENTO0OMEHHBIX aNNAPamo8 CLOHCHbIX XUMUUECKUX NPOUZBOOCMS.
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