
Introduction

The Heat Exchanger apparatuses are related
to the most wide spread facilities in power and
heat engineering, in heat supply systems and by
air conditioning, by completion the thermal en-
gines to be a part of equipment for chemical,

food and other technological processes. Signifi-
cant portion of heat exchange plants is related to
heat recovery units particularly within the mid-
dle and high temperature range. This type of
equipment is used in the furnaces and the boilers
to enhance the power efficiency and to reduce the
fuel flow rate. Another purpose and opportunity
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Novel Trends of Development and Perfection
the Modern Heat Exchangers

Some actual aspects of advancement the problem of improvement the heat exchange equip-
ment are considered in the paper. First of all the actual items related to middle and high
temperature recuperators are discussed with proper up-to — date approaches.
The classification of flue gases heat recovery appliances has been proposed along with the
statement and analysis of the main characteristics of the recovery plants and option the
ways of optimization the mentioned characteristics.
The problem of Reynolds analogy (similarity of relative change the heat transfer phenom-
enon and variation the hydraulic resistance) within the channels of different purpose and
of various cross-section supplied with and without the obstacles has been analyzed in ap-
plication to separate cases of flow along the surfaces equipped with the cavities (dim-
ples) or the convex elements.
Thermal Performance Factor (TPF) of the heat exchange process is qualitatively like to
Reynolds analogy factor and is highly depended upon rate of heat transfer and of friction
factor in conditions of the scheme under consideration for flow over the surface or flow
within the channel. The various media has been compared used as a working body in the
heat exchanger’s channels: gaseous, liquid and the nanofluids, the last appeared in prac-
tice since 2000.
Analysis has been carried out on effect of using the secondary energy emitters (SEE) ar-
ranged inside the tube channels, on resulting heat flux by heat exchange between out-
ward flow of combustion products and the inner air flow. Bibl. 23, Fig. 6.
Key words: convection, heat exchanger, heat recovery, heat transfer media, nanofluid,
Nusselt number, radiation, Reynolds analogy, thermal-hydraulic efficiency.



of the recuperators — ensuring of especially en-
hanced operation temperatures in case of the high
temperature technologies, for example — by the
glass melting processes.

Different principles of effect upon heat trans-
fer media and various mechanisms of enhancement
the heat transfer have been developed by studying
and realization the exchange processes.

Heat transfer enhancement (intensification)
and attendant increase of power efficiency of the
plant makes the basic problem by studying and de-
velopment the heat exchangers. This problem is of
especial significance for the case when the gaseous
media make the working bodies (agents) by both
sides of heat exchange surface while the resulting
heat fluxes are characterized by low values [1].

As a rule the heat transfer enhancement is
accompanied by increase of the energy for trans-
portation the working agents. Two directions of
enhancement the heat transfer are under consider-
ation. First direction is related to the approach
when heat flux increase is provided without an
account of additional energy losses.

The second direction is composed of the
statement on heat flux increase while given value
of energy is spent for pumping over the heat
transfer media [1].

Heat recovery of flue gases from the furnace
and boiler plants is usually provided by prelimi-
nary preheating of initial combustion compo-
nents: air-oxidant (mainly) — or/and the
low-calorific fuel gas — at the expense of heat
content (total enthalpy) of combustion products
(CP). Mechanism of heat recovery — using of
sensible heat of CP — is realized in traditional
recuperative (regenerative) heat exchangers. The
processes and the plants grounded upon
thermochemical recuperation (TChR) have been
spread and been taken for application at the last
time. Recently the furnaces with TChR have
been implemented in industry [2, 3]. Under this
approach the latent heat of endothermic chemical
reactions is absorbed in conditions of natural gas
conversion with oxidizing components, first of all
with the combustion products, H2O, CO2 [2, 3].

a. Background and classification of advanced
heat recovery facilities

for different energy constituents

1. The heat recovery units for the furnace
and boiler plants represent the particular group
of heat exchange facilities. The distinctive pecu-
liarity of this plants makes the temperature area
of operation the recuperative heat exchangers and
significant input of radiative heat transfer in high

and middle temperature processes and plants un-
der conditions of increased values of resulting
heat fluxes.

Along with the general regularities being
typical for any heat exchange plants, for the re-
cuperative heat exchangers the great portion of
resulting heat flux is provided due direct and in-
direct radiation constituents by both sides of heat
exchange surface within the course of heat irradi-
ation from the combustion products (primary —
hot — heat transfer medium) through the inter-
mediate body(ies) to the working substance (sec-
ondary — cold — heat transfer medium).

Level of working temperatures for heat re-
covery plants is predetermined by final, exit tem-
perature of working substance preheat. As a rule
the combustion air is used as a working substance
in heat recovery plants of the furnaces and boil-
ers. Sometimes the low-calorific fuel gas could
serve as a working agent.

In the latter case the corresponding gas recu-
perative devices can complement the ordinary air
recuperators or be used as the only apparatuses of
the heat recovery system. In frame of the smart en-
ergy saving and environmentally benign technolo-
gies the traditional preheating of the initial com-
bustion component(s) could be accompanied by
humidification of an oxidant (air flow) at a sepa-
rate stage of recovering the flue gases heat [4–7].

In the modern advanced heat utilizers, pre-
sented by the most common centralized furnace
systems as well as the individual recuperators of
heating and heat treatment furnaces of metal-
lurgy and of mechanical engineering, the combus-
tion air preheating temperature reaches 600 �C
and more [8].

2. At up-to-date stage of development the
systems of heat recovery, the combined processes
of air preheating and humidification were popu-
larized and for example been realized by using
the contact water vapor pump (WVP) systems
and the special means been proposed in accor-
dance with the Maisotsenko Cycle (M-Cycle)
[4–7].

The WVP could serve as a first stage of air
heating system while the M-Cycle makes the
evaporative cooling technology that cools any
fluid (air or liquids) below the wet bulb tem-
perature and approaches the dew point tempera-
ture without adding humidity in a single stage
heat and mass exchanger.

The M-Cycle is a thermodynamic conception
which captures an energy from the air by utiliz-
ing the psychrometric renewable energy available
from the latent heat of water evaporating into
the air [6]. Present state of art provides an appli-
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cation of M-Cycle and heat recovery in various
heating, ventilation, and air-conditioning
(HVAC) systems; cooling systems and gas tur-
bine power cycles. It has been found that the hy-
brid, ejector, and desiccant based MAC (M-Cycle
Air conditioning) systems enable a huge energy
saving potential to achieve the sensible and la-
tent load of AC in humid regions. Similarly, the
overall system performance is significantly im-
proved when the M-Cycle is utilized in cooling
towers and evaporative condensers. Furthermore,
the M-Cycle conception in gas turbine cycles has
been realized recently in which the M-Cycle

recuperator provides not only hot and humidified
air for combustion but also recovers the heat
from the turbine exhaust gases. The M-Cycle na-
ture helps to provide the cooled air for turbine
inlet air cooling and to control the pollution by
reducing NOx formation during combustion.
Comparison of three distinguished Maisotsenko
gas turbine power cycles with the conventional
cycles shows the M-Cycle’s power advantages
[5]. Maisotsenko disclosed a configuration
wherein a main stream of air is passed along a
dry duct, simultaneously passing an auxiliary air
stream counter currently along a moist duct
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Fig. 1. Diagram on interconnection between the actual and perspective types of heat recovery plants (HRP) in frame of pro-
posed classification the advantages by main features of HRP (Heat Exchangers).



which is in heat-exchange relation with the dry
duct. The auxiliary stream is obtained by subdi-
viding the total stream into main and auxiliary
streams. It gives opportunity to get the cold
air below the wet bulb and approaching the dew
point temperature of outside air. The M-Cycle’s
cooling capacity increases (instead of decreases)
when the temperature of air being cooled in-
creases. This distinctive feature makes any
M-Cycle air coolers ideally suited for an air flow
preparation by inlet to turbine combustion
chamber.

The M-Cycle can significantly improve the
operating efficiency of the Brayton Cycle, the
thermodynamic cycle upon which all gas turbines
operating. The M-Cycle can be used cost effec-
tively to change the density and mass flow of the
air supplying to the compressor.

By adding the M-Cycle inlet cooling system
directly to the turbine system, the user can also
take advantage of exhaust air stream which is
cooler the ambient air and more humid than ob-
tainable from any humidifiers.

The performance of three highly efficient ad-
vanced indirect evaporative air coolers: the «clas-
sical» cross-flow heat and mass exchangers re-
lated to Maisotsenko Cycle and two novel com-
bined M-Cycle air coolers proposed by authors
[7]. The novel heat and mass exchangers are
based on a combination of parallel-current and
counter-flow or cross and counter-flow schemes.
The main conclusion is that proposed solutions
are characterized by higher cooling efficiency
than the cross-flow M-Cycle unit. Combined
cross-regenerative counter flow heat and mass
exchanger has obtained the highest overall per-
formance [7].

3. In Fig. 1 is presented the diagram general-
izing the classification of the existent types of
heat recovery facilities: recuperators, regenera-
tors, combined devices: recuperative and regener-
ative burners joining the thermal energy genera-
tion by fuel combustion and flue gases heat re-
covery in the single device.

The eligible systems include the recuperator
with the burner arranged in the single body —
recuperative burner — or pair of regenerators,
each of them been fitted with the burner — re-
generative burners.

Simultaneously in Fig. 1 are shown the ad-
vantages of application the modern heat recovery
systems: reduction of fuel flow rate and energy
consumption for fuel plants (boilers, furnaces);
increase of thermal stability and prolonged ser-
vice life of heat exchangers; reduction of pollut-
ants formation and of greenhouse gases impact.

Mentioned consideration reflects our ap-
proach to creation the universal classification for
the heat exchangers of different purpose and of
various energy background including the analysis
of heat recovery facilities [9].

Usually any technique of heat transfer en-
hancement, particularly — within the heat
exchangers (HE) is considered to be related to
one of three methods realized by means of proper
facilities: active, passive or compound ones [10].
Active method is realized due application the ex-
ternal energy source or physical fields (electro-
static, magnetic).

To the examples of similar kind are related
the cases of using the pulsations, fluid vibration,
surface vibration, generation of sound waves etc.
Passive method is realized due sudden change in
profile of the channel or any geometrical alter-
ation in passage conditions like forming the se-
quences (series) of arrangement the inserts inside
the tubes. The mentioned technique belongs to
the category of the most popular passive methods
of heat transfer enhancement.

b. Similarity of heat transfer
and hydraulic resistance phenomena

Similarity of heat transfer and hydraulic resis-
tance as phenomenon to be studied is considered
for the case of channels and surfaces with regular
relief pattern by air flow when the only friction
constituent of hydraulic resistance is included into
consideration (without vortices formation).

Principal characteristics of the flow inside
the channel with the insert in accordance with
the most of publications are followed of heat
transfer and hydraulic resistance regularities and
include the set of parameters:

1) Rate of heat transfer (total coefficient of
heat transfer ��, indirect dimensionless index —
Nusselt number);

2) Friction Factor f;
3) Thermal Performance Factor (TPF) � =

= (NuT/Nu0)/(fT/f0)1/3 under conservation the
invariable (constant) pumping power. Subscript
«T» denotes the channel with the twisted tape in-
sert while «0» denotes the plain tube channel.

Parameter mentioned above and called as
TPF is similar to that serving as Reynolds anal-
ogy factor k [11]. The latter value makes ratio of
two dimensionless characteristics each of them
presented the relative value (own ratio) of corre-
sponding parameters. In numerator is considered
the relative heat transfer characteristic, in de-
nominator — the relative hydraulic resistance in-
dices. Both indicators: of heat transfer and of hy-
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draulic resistance — are comparing the specific
values for the channel under consideration, par-
ticularly connected with arrangement the inserts
inside the tubes, and for the basic channels
(plain tubes).

The heat transfer efficiency by using any spe-
cial appliances, surface profiles and roughness
structures or by change the operation mode could
be presented by ratio of Nusselt numbers while
the index of hydraulic resistance for the cases of
friction constituent should be given by ratio of

friction coefficients. As a result the similarity
equation known as Reynolds analogy

k1 = (Nu/Nu0)/(Cf/Cf0) = 1, (1)

has been found to be valid mainly for an air flow
[11] when Prandtl number Pr >1.0.

Generally the analized correlation could be
presented in the next form (Fig. 2):

k = (Nu/Nu0)/(Cf/Cf0)
n. (2)

In equations (1), (2) the parameters Nu, Cf
— Nusselt number and friction coefficient for the
case of the channel or surface with the heat
transfer intensifiers; Nu0, Cf0 — Nusselt number
and friction coefficient for the basic case of the
heat exchange (HE) channel or surface without
the intensifiers (smooth channel or surface).

Origin of vortex structures on the heat ex-
change surface for example in case of supplying
the surfaces with the dimples (Fig. 3) leads to
disturbance the boundary layer and to heat trans-
fer enhancement.

In Fig. 2 are shown the correlations between
ratios Nu/Nu0 and Cf/Cf0 accordingly Reynolds
analogy (equation (1) and (2) when n =1) and
by Nunner (equation (2) when n = 0.5). Usually
by using of value n = 0.5 in equation (2) some-
body would be succeeded to meet the actual heat
transfer characteristics to predicted data in case
of arrangement the channels or surfaces with HE
intensifiers [11].

In Fig. 3 are shown the thermal and hydrau-
lic characteristics of the surfaces supplied with
various types of the HE surface intensifiers [11].
The numerical values of characteristics are signif-
icantly differed; as the most preferable of the
turbolizers are considered those providing the
maximum thermal-hydraulic efficiency and mini-
mum hydraulic resistance. To set a goad example
of the surface disturbers compared in Fig. 3 the
dimples could be recognized as the most effective
surface structures.

c. Rate of heat transfer
and technique for its enhancement

1. The heat transfer enhancement from po-
tential core to and within the boundary layer is
mainly stipulated by vortices generation [11].
The following three types of mechanisms of vorti-
ces (eddies) formation at the obstacle’s surface
are arisen:

— the first type — Teylor/Gertler vorti-
ces (eddies) generation by reason of boundary
layer instability;
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Fig. 2. Dependence of heat transfer index Nu/Nu0 compared
with smooth surface on ratio Cf / Cf0 of the friction coeffi-
cients (intensification ways) [11]: 1 — Reynolds analogy
Nu/Nu0 = Cf/Cf0; 2 — Nunner curve Nu/Nu0 = (Cf/Cf0)0.5;
3 — area of known experimental results (except for vortex in-
tensification methods).

Fig. 3. Thermal-hydraulic efficiency of surfaces with various
heat transfer intensifiers [11]: 1 — heat transfer enhancement
as compared with smooth surface; 2 — hydraulic resistance
growth as compared with smooth surface; 3 — thermal-
hydraulic efficiency parameter k.



— the second type — is connected with
vortices formation in swirling flow of liquid
(gas) independently on viscosity of medium (in-
cluding the ideal gas). This case is related to
most common way of heat transfer rate enhance-
ment in HE using the twisted tapes (TT);

— the third type mechanism could be de-
tected by working body flow through the profile
or along the surface relief with consequence of
the non-uniformities as a result of alternation of
cavities and projections (lugs).

Particularly this case is referred to the process
of flowing over the surfaces with relief formed by
hemispherical cavities (the dimples) [11].

2. Like the HE intensifiers been demon-
strated in Fig. 3 for the case of flowing over the
open surfaces, it could be suitable to consider the
turbulizing inserts firstly in form of various
twisted tapes (TT) as the principal elements for
the channels.

The manufacturers inform that turbolators in
form of TT are custom made and available in a
variety of configurations to fit most tube sites
and many types of heat exchange equipment pro-
viding an increase of heat transfer efficiency and
extending the service life of equipment by means
of eliminating the hot and cool spots that cause
the thermal stress [12].

The mentioned manufactures [12] with 75
years experience of designing and fabrication
have provided since 1973 the custom turbulators
for wide range of heat exchange equipment in-
cluding shell and tube heat exchangers and fire
tube boilers.

Dozen types of TT used at the channels of
different cross-sections are known and have been
experimentally investigated [13, 14].

An investigation on heat transfer and pres-
sure drop characteristics in turbulent flow regime
through the circular tube fitted with typical
twisted tapes has been carried out for the case of
varying the length and alternation of clockwise
and counter-clockwise twisted tapes (ACCT
tapes). The results indicated that ACCT tapes
have a good heat transfer performance as com-
pared with typical twisted tapes of the same
length. The heat transfer enhancement is growing
with increasing the length of twisted tapes [13].

The effect of clearance ratio and twist ratio
tape inserts on heat transfer coeficient and on
pressure drop characteristics of an air flowing
within the tube under uniform heat flux have ex-
perimentally examined for the Reynolds number
range nearly from 5.103 to 25.103. Twisted tapes
which were used by study have five values of
twisted ratio (TR = 2.0; 2.5; 3.0; 3.5, and 4.0)

and three different clearance ratio (CR = 0;
0.0178; 0.0357). Experimental results have showed
that the Nusselt number was decreased with in-
crease of the clearance ratio and with twist ratio.
On the other hand, friction factor decreases with
increase of the clearance ratio but it increases with
decrease of the twist ratio as expected. Also the
Nusselt number increases and friction factor de-
creases with increase of Reynolds number.

Helical and screw type twisted tape inserts,
the TT inserts with circular rings demonstrate an
advanced version of twisted tape inserts. Great
investigations were performed to examine the
thermo-hydraulic performances of these tapes. A
square duct fitted with helical screw tape with
variable twist ratios TR was experimentally eval-
uated. The values of Nu to have a direct relations
with Re and inverse relation with TR. The values
of Nu and f were stated to be 3.64–18 times and
2.31–6.56 times higher — respectively — in com-
parison with a plain square channel [15]. Last
time R&D have provided an opportunity to
widen the different techniques for heat transfer
enhancement without great rise of hydraulic resis-
tance the channel due combination of various al-
terations within the channel profile (for example
— combined circular ring — twisted tape set-up
as well as TT inserts equipped with wire nails in-
ducing the vortex flow).

3. Another way to enhance heat transfer
makes combination of hydrodynamic disturbances
due arrangement the different protrusion’s within
the channel or using the twisted tapes of any type
with nanofluids as a working media [16–18]. Ef-
fects of nanofluid flow and protrusion transverse
rib roughness, on the thermal and hydrodynamic
performance of square channel were analyzed. The
nanofluid was prepared as solid nanoparticles of
Al2O3 suspended indistilled water. Thermal hydro-
dynamic performance was determined for different
sets of protrusion transverse rib roughness and
flow parameters. The highest value of thermal hy-
drodynamic has been observed at nanoparticle con-
centration of 4.0 % [19].

A great experience has been accumulated
since year 2000 regarding an application of com-
bination the obstacles within the channels (ribs
of different form) with the nanofluids as heat ex-
change medium. Mentioned combination enhances
both heat transfer rate and hydraulic resistance of
the modernized channels.

d. Heat transfer media

The heat transfer medium — gaseous or liq-
uid one — exerts a great influence upon the TPF
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characteristic. In case of the gas been used as the
working medium, the losses of mechanical energy
to overcome the friction forces are great enough
to be compared with the heat energy flux trans-
ferred within the heat exchangers HE. It must be
taken into account that the cost of mechanical
energy makes much higher value than that for the
equivalent heat energy flux (usually 3–5 times)
for the most of power plants.

The power consumption for transportation
the HE medium by the length of HE channels
and to overcome the friction and resistance forces
(it means the energy capacity for pumping the
HE medium) is much lower by value in compari-
son with the transferred heat flux. That’s why
the liquid heat transfer medium from mentioned
standpoint has a power preferences comparing the
gaseous medium [11].

Last time period in accordance with given
comparison of the gaseous and liquid media is
characterized by great interest to the researches
been carried out with application of turbo-lator-
twisted tapes arranged within the HE channels
while using the nanofluids serving as heat trans-
fer media by this approach.

Beginning of year 2000 the trend of using
the nanofluids with nanoparticles composed of
the metals or oxides likeAl2O3, SiO2,TiO2,CuO,
Fe3O4 suspended in the distilled water to serve
as heat transfer medium — has received a great
popularity due opportunity to enhance the Nu
number up to 40 % and more [16–19].

Monotonous increase of Nu with value of
concentration � of Al2O3 nanoparticles of 30–45
nm in range of � = 1–4 % is connected with
growth of Prandtl number and heat conductivity
of nanofluid.

It has been shown that the thermal and hy-
draulic (hydrodynamic) performance � of heat
exchanger channels is mostly affected by applica-
tion the special nanofluids. Application of spheri-
cal nanoparticles in liquid heat transfer medium
provides the best results in comparison with a
pure H2O in case of particles concentration � �

4 %. But the growth of final impact depends on
some flow characteristics including the operative,
structural ones, on geometry (relative sizes) of
the system to be studied, on material of the parti-
cles (nanoparticles) and on thermophysical prop-
erties of the moving (transporting) flow. The
temperature of the flow was studied in rane of
20–60 �C being considered as the parameter in-
fluencing on transferred heat.

By consideration the nanofluids as heat transfer
medium the most noteworthy factors of nanofluids
make the type and substance of nanoparticles, their

form, sizes and concentration �. For example it
was experimentally shown an increase of Nu
number by 44.64 % and 41.82 % for SiO2 and
Al2O3 nanofluids, respectively [20]. Rise of Nu
value in case of increase the particles concentration
in nanofluid has been generally stated. Meanwhile
was found that Nu enhancement makes 12 % (in
case of � = 1 wt. %) and 32 % (when � = 0.5 wt.
%) respectively by alteration ö value for tested
nanofluids [21].

When gas or liquid medium passes the dim-
ple type cavities the large-scale dynamic vortex
structures are arisen which are observed both in
laminar and turbulent flow modes. Similar
structures are observed as well at low subsonic
velocities (at Mach number M < 0.3 when the
compressibility of the gas media is negligible), at
high subsonic and at supersonic velocities (when
the compressibility of the medium cannot be
neglected) [11].

e. Analysis of impact
the inner secondary emitters

on heat transfer process and intensity

Due modern approaches and opportunities of
Heat&Mass Transfer Theory [22] and calcula-
tions background [23] it has been succeeded to
solve the applied tasks on advancement the effec-
tive designs of middle and high temperature heat
exchangers.

As has been mentioned earlier, the installa-
tion of secondary emitters SEE inside the tubes
allows the using of inserts serving as additional
heating surfaces for enhancement the resulting
heat flux transferred by convection both from the
inner tube surface and from the SEE surfaces to
the radiatively transparent medium — air coolant
inside the tube channel (Fig. 4):

Qa = Qconv,t+ Qconv,in =

= q conv,t
Ft

	 dFt + q conv,in
Fin

	 dFin =


 � �	

� �	

�

�

conv,t

t

conv,in

in

(T T )dF

(T T ) dF

t a t
F

in a in
F

(3)

where Qa — the total resulting heat flux trans-
mitted in the air channel and absorbed by the air
flow; Qconv,t, Qconv,in — the resulting heat fluxes
transferred by convection to the air flow from the
inner surface of the channel (tube) and from the
surface of the inner (in-tube) inserts, respectively;
qconv,t, qconv,in — the local heat fluxes, trans-
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ferred by convection to the air flow from the in-
ner tube surface of the channel and from the sur-
face of the inner inserts, respectively; �ñonv,t,
�ñonv,in — the local coefficients of convective
heat transfer to the air flow from the inner tube
surface and from the surface of the inserts, respec-
tively; Ta, Tt, Tin — local temperatures of the air
flow, of the inner tube wall (temperature is as-
sumed to be of fixed constant value by the wall
thickness) for the tube channel under consider-
ation; Ft, Fin — heat exchange surfaces of the
tube channel and the insert — respectively.

From another standpoint the heat transfer
process could be considered regarding condi-
tional heat exchange surface (tube inner sur-
face) dividing the space between primary and
secondary heat transfer media — combustion
products and an air flow — respectively. The
calculations have been carried out for three —
loops plant (i  1, 2, 3) of the tube recupera-
tive section made of tube of inner diameter D =
const.

Each of the loops is
of U-like form and has
the similar design and
nearly equal sizes. The
procedures connected
with thermal process
within the tube walls and
the impact of wall thick-
ness are assumed as a neg-
ligible factors.

By this approach the
conditional average value
of heat transfer coeffi-
cient from the tube walls
to an air flow within each
of the i-th loops generally
could be presented by
equation:

�
�

i
pm a a,i,ex a,i,en

w l,i a i
LF

c m t t

t dF D t dL

il,i



� �

� 		

� ( )
, (4)

where the numerator gives the heat flux Qa,i ab-
sorbed by air flow within the i-th loop (i  1, 2, 3)
of heat exchange surface Fl,i .

In this case the average heat transfer coeffi-
cient within the recuperative section RS (sub-
script «rs») makes the conditional sum of heat
transfer by convection and radiation from the in-
ner surface of RS:

��rs =��rs,conv + ��rs,rad = � i l,i rs
-1

i 1

3
F F




� . (5)

It means that for the case of transparent me-
dium like an air flow within the tube channels
equipped with the inner SEE, the radiative flux
(presented by component ��rs,rad) is transferred
from the inner tube surface to the insert’s sur-
face, afterwards is adiabatically absorbed and re-
moved from the channel wall by flow convection.

The Fig. 6 demonstrates the results of com-
parison the values of average heat transfer coeffi-
cients��rs in dependence on flue gases (combus-
tion products) temperature Tfl = TCP by applica-
tion of different types of recuperative sections
(designs of tube recuperator: MD, SP1, SP2)
with the basic design BD.

Within the range of moderate temperatures
(lower than 800–850 K) the turbulizing inserts
provide higher values of ��rs for the cases of us-
ing the sections of types SP1, SP2 with the spi-
ral inserts. If TCP > 500 �C (773 K) the radial
rib inserts SEE exceed the opportunities of en-
hancement the convective heat transfer compo-

ISSN 2413-7723. Ýíåðãîòåõíîëîãèè è ðåñóðñîñáåðåæåíèå. 2019. ¹ 2 61

Fig. 4. Calculation layout of incident and resulting fluxes within the tube section of recupera-
tive heat exchanger. The vectors of total heat fluxes are shown conditionally both by direc-
tion and by module.

Fig. 5. Designs of tubular loop recuperators: a) smooth-tube
(without the inserts) design BD; b) author’s design MD with
flexible cruciform inserts – secondary emitters mounted along
the whole length of heat-exchange tubes; c) designs SP1 and
SP2 with spiral inserts. The cross sections of the channels are
shown above the loops.



nent. As a result the recuperative section MD3
becomes the most effective HE in range of high
temperatures (TCP � 500 �C) [9].

As could be seen by observation the Fig. 6,
the dependences of coefficients ��rs on TCP have
the similar character for the recuperative sections
of types SP1, SP2 like that for basic design BD.
The curves ��rs (TCP) have the slightly increased
values with TCP. That’s peculiar to convective
heat exchange with very low radiative component.

Unlike mentioned dependences in case of us-
ing the recuperative section with the cross-shaped
insert MD3 beginning of TCP � 800 K the ��rs
value is changed suddenly by growth the flue
gases temperature. It means an increase of radia-
tive heat transfer role within the range TCP =
= 500–1000 �C (773–1273 K) to be analyzed
(Fig. 6).

Conclusion

1. The most important trends and ap-
proaches for advancement the designs and calcu-
lation procedures of heat exchange equipment
are considered in the paper, first of all — from
the standpoint of heat transfer enhancement.
Main attention has been paid to the middle —
and high temperature heat exchangers (HE) us-
ing as the heat recovery facilities of the furnace
and boiler plants.

By classification of HE the centralized recu-
perators and regenerators, the thermal and

thermochemical recuperators, recuperative and re-
generative burners are picked out and considered.

By this approach the main characteristics of
furnaces: using and saving the fuel and energy,
operation and maintenance, environmental pro-
tection — related to application the heat recov-
ery plants are evaluated for further optimization.

2. Similarity of processes the heat transfer
and hydraulic resistance is considered for differ-
ent schemes of the HE with evaluation the
Reynolds analogy factor k. It has been shown
that maintanance of analogy factor k > 1.0 or
equation Nu/Nu0 = Cf /Cf,0 make the criteria
confirming the same change of thermal and hy-
draulic characteristics by divergence of plant’s
conceptual design from the basic version.

3. Main techniques of heat transfer enhance-
ment are realized and compared by means of ar-
rangement the turbulizing inserts within the
channels of HE or by attaching the visible rough-
ness for heat exchange surfaces or by arrangement
of various obstacles at the surface under consider-
ation. At the moment the most spread type of the
inserts make the twisted tapes (TT) within the
channels of different cross-section. From the
standpoint of providing the minimum hydraulic
resistance the most popular solution belongs to
arrangement the dimples by heat exchange sur-
face of different design and profile: plain and ax-
ially symmetric (cylinder), of different curvature
— curvilinear geometry.

The examples of the turbulizing elements
been computed, tested and analyzed in literature
are presented by the dimples of symmetric form
(hemispherical cylindrical), V-shape dimples,
asymmetric holes, by combination of elements:
the ribs-dimples, protrusions-dimples. Combina-
tion of different obstacles this SEE flow could be
used for enhancement the thermal performance of
heat exchange surface. installed

4. It has been ascertained by the results of
own author’s experimental researches that more
simple than TT designs of the secondary energy
emitters (SEE) in form of radial ribs are prefera-
ble for using to enhance heat transfer by
cross-flow heat exchange of in-tube air flow with
combustion products moving in intertube space
provide the better opportunities. By this the
Reynolds analogy serves as unambiguous criterion
for goodness of fit the transfer processes for local
and great systems.
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Íîâûå òåíäåíöèè ðàçðàáîòêè è ñîâåðøåíñòâîâàíèÿ
ñîâðåìåííûõ òåïëîîáìåííèêîâ

Ðàññìîòðåíû íåêîòîðûå àêòóàëüíûå àñïåêòû ñîâåðøåíñòâîâàíèÿ òåïëîîáìåííîãî îáî-
ðóäîâàíèÿ. Îáñóæäàþòñÿ ñ èñïîëüçîâàíèåì ñîîòâåòñòâóþùèõ ñîâðåìåííûõ ïîäõîäîâ ê
ïðîöåññàì ïåðåíîñà àêòóàëüíûå âîïðîñû èíòåíñèôèêàöèè òåïëîîáìåíà â ñðåäíå- è âû-
ñîêîòåìïåðàòóðíûõ ðåêóïåðàòîðàõ.
Ïðåäëîæåíà êëàññèôèêàöèÿ òåïëîîáìåííîãî, â òîì ÷èñëå òåïëîóòèëèçàöèîííîãî
îáîðóäîâàíèÿ. Ïðåäñòàâëåíû è ïðîàíàëèçèðîâàíû îñíîâíûå õàðàêòåðèñòèêè ðåêóïå-
ðàòèâíûõ óñòàíîâîê.
Ïðîáëåìà àíàëîãèè Ðåéíîëüäñà (ïîäîáèÿ îòíîñèòåëüíîãî èçìåíåíèÿ èíòåíñèâíîñòè
òåïëîîáìåíà è èçìåíåíèÿ ãèäðàâëè÷åñêîãî ñîïðîòèâëåíèÿ ïðè âàðüèðîâàíèè êîíñò-
ðóêòèâíûõ ãåîìåòðè÷åñêèõ è ðåæèìíûõ ôàêòîðîâ) ðàññìîòðåíà ïðèìåíèòåëüíî ê îò-
äåëüíûì ñëó÷àÿì ïîòîêà âäîëü îäíîðîäíîé ïîâåðõíîñòè, à òàêæå êàíàëîâ, ñíàáæåí-
íûõ ëóíêàìè èëè âûïóêëûìè ýëåìåíòàìè.
Êîýôôèöèåíò òåðìè÷åñêîãî ñîâåðøåíñòâà (TPF) ïðîöåññà òåïëîîáìåíà êà÷åñòâåííî
ñõîäåí ñ ôàêòîðîì àíàëîãèè Ðåéíîëüäñà è ñèëüíî çàâèñèò îò èíòåíñèâíîñòè òåïëîîá-
ìåíà è êîýôôèöèåíòà òðåíèÿ â óñëîâèÿõ ðàññìàòðèâàåìîé ñõåìû: ïðè îáòåêàíèè ïî-
âåðõíîñòè èëè òå÷åíèÿ âíóòðè êàíàëà. Â êà÷åñòâå ðàáî÷åãî òåëà â êàíàëàõ òåïëîîá-
ìåííèêà ñðàâíèâàëèñü ðàçëè÷íûå ñðåäû: ãàçîîáðàçíûå, æèäêèå è íàíîæèäêîñòíûå
(ïîñëåäíèå ïðàêòè÷åñêè èñïîëüçóþòñÿ ñ 2000 ã.).
Ïðîâåäåí àíàëèç âëèÿíèÿ âòîðè÷íûõ èçëó÷àòåëåé ýíåðãèè (SEE), ðàñïîëîæåííûõ
âíóòðè òðóáíûõ êàíàëîâ, íà ðåçóëüòèðóþùèé òåïëîâîé ïîòîê â óñëîâèÿõ òåïëîïåðå-
äà÷è ìåæäó ïîòîêîì ïðîäóêòîâ ñãîðàíèÿ è âíóòðèòðóáíûì âîçäóøíûì ïîòîêîì.
Áèáë. 23, ðèñ. 6
Êëþ÷åâûå ñëîâà: àíàëîãèÿ Ðåéíîëüäñà, èçëó÷åíèå, êîíâåêöèÿ, íàíîæèäêîñòü, ðåêóïå-
ðàöèÿ òåïëîòû, òåïëîãèäðàâëè÷åñêàÿ ýôôåêòèâíîñòü, òåïëîíîñèòåëè, òåïëîîáìåííèê,
óòèëèçàöèÿ òåïëîòû, ÷èñëî Íóññåëüòà.
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Íîâ³òí³ òðåíäè ðîçðîáêè
òà óäîñêîíàëåííÿ ñó÷àñíèõ òåïëîîáì³ííèê³â

Ðîçãëÿíóòî äåÿê³ àêòóàëüí³ àñïåêòè óäîñêîíàëåííÿ òåïëîîáì³ííîãî óñòàòêóâàííÿ. Îáãîâî-
ðþþòüñÿ ç âèêîðèñòàííÿì â³äïîâ³äíèõ ñó÷àñíèõ ï³äõîä³â äî ïðîöåñ³â ïåðåíîñó àêòóàëüí³
ïèòàííÿ ³íòåíñèô³êàö³¿ òåïëîîáì³íó ó ñåðåäíüî- òà âèñîêîòåìïåðàòóðíèõ ðåêóïåðàòîðàõ.
Çàïðîïîíîâàíî êëàñèô³êàö³þ òåïëîîáì³ííîãî, ó òîìó ÷èñë³ òåïëîóòèë³çàö³éíîãî óñòàòêó-
âàííÿ. Íàâåäåíî òà ïðîàíàë³çîâàíî îñíîâí³ õàðàêòåðèñòèêè ðåêóïåðàòèâíîãî óñòàòêóâàííÿ.
Ïðîáëåìà àíàëîã³¿ Ðåéíîëüäñà (ïîä³áíîñò³ â³äíîñíî¿ çì³íè ³íòåíñèâíîñò³ òåïëîîáì³íó òà
çì³íè ã³äðàâë³÷íîãî îïîðó ïðè âàð³þâàíí³ êîíñòðóêòèâíèõ ãåîìåòðè÷íèõ òà ðåæèìíèõ
ôàêòîð³â) ðîçãëÿíóòà ñòîñîâíî äî îêðåìèõ âèïàäê³â ïîòîêó âçäîâæ îäíîð³äíî¿ ïî-
âåðõí³, à òàêîæ êàíàë³â, îáëàäíàíèõ ëóíêàìè ÷è âèïóêëèìè åëåìåíòàìè.
Êîåô³ö³ºíò òåðì³÷íî¿ äîñêîíàëîñò³ (TPF) ïðîöåñó òåïëîîáì³íó ÿê³ñíî ïîä³áíèé äî
ôàêòîðà àíàëîã³¿ Ðåéíîëüäñà òà ó çíà÷í³é ì³ð³ çàëåæèòü â³ä ³íòåíñèâíîñò³ òåïëîîáì³íó
òà êîåô³ö³ºíòà òåðòÿ â óìîâàõ ñõåìè, ùî ðîçãëÿäàºòüñÿ: ïðè îáò³êàíí³ ïîâåðõí³ àáî
òå÷³¿ âñåðåäèí³ êàíàëó. ßê ðîáî÷å ò³ëî ó êàíàëàõ òåïëîîáì³ííèêà ïîð³âíþâàëèñÿ
ð³çíîìàí³òí³ ñåðåäîâèùà: ãàçîïîä³áí³, ð³äèíí³ òà íàíîð³äèíí³ (îñòàíí³ ïðàêòè÷íî âè-
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òàøîâàíèõ âñåðåäèí³ òðóáíèõ êàíàë³â, íà ðåçóëüòóþ÷èé òåïëîâèé ïîò³ê â óìîâàõ òåï-
ëîïåðåäà÷³ ì³æ ïîòîêîì ïðîäóêò³â çãîðÿííÿ òà ïîâ³òðÿíèì ïîòîêîì âñåðåäèí³ òðóá.
Á³áë. 23, ðèñ. 6.
Êëþ÷îâ³ ñëîâà: àíàëîã³ÿ Ðåéíîëüäñà, âèïðîì³íþâàííÿ, êîíâåêö³ÿ, íàíîð³äèíà, ðåêóïå-
ðàö³ÿ òåïëîòè, òåïëîã³äðàâë³÷íà åôåêòèâí³ñòü, òåïëîíîñ³¿, òåïëîîáì³ííèê, óòèë³çàö³ÿ
òåïëîòè, ÷èñëî Íóññåëüòà.




