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INTRODUCTION

By the early 21st century, the methods of heat and mass transfer intensifi cation have 
already been widely applied in the elements of power equipment.

The most popular methods of intensifi cation of heat and mass transfer in the 
presence of convection are the use of the entry section effect, artifi cial fl ow agitation 
in the wall layer or over the entire fl ow section by circular or spiral grooves, dimples, 
fi nned surfaces, twisted tapes, screws, and coiled pipes [1–8], jet impingement of a 
heat carrier on a surface, porous and brush inserts [9–13], fl ow rate fl uctuations [14], 
effect of ultrasonic vibrations [15] and of an electric fi eld [16]. The infl uence of wall 
intensifi ers of heat removal on laminar-fl ow heat transfer was investigated in [17].

To intensify heat transfer in boiling, extensive use is made of porous coatings 
[18–21], since the methods of artifi cial fl ow agitation are less effi cient here.

The enhancement of heat transfer in condensation is achieved by creating drop 
condensation, whereas in the case of fi lm condensation, knurling, fi nning, and alter-
ation of the slope of the surface are employed to enhance heat transfer [22].

Combined methods of heat transfer intensifi cation are based on the use of at least 
two methods of increasing the heat removal intensity. For example,

• the use of artifi cial roughness of the surface and of a twisted tape;
• the use of a helical pipe and of porous coating;
• the use of circular knurling and fl ow twisting in helical pipes.
The enhancement of heat and mass transfer makes it possible to considerably 

improve the equipment characteristics. For example, heat transfer enhancement in rod 
bundles with intensifi ers-swirlers favored the increase in the boiling-type reactor pow-
er. In [23], it is suggested to combine the functions of the spacer grid with the heat 
transfer intensifi er. The axial twisting grids-intensifi ers developed and investigated on 
full-scale rigs were integrated into the fi rst and second blocks of the Ignalina Atomic 
Power Station. Incorporation of grids-intensifi ers into the structure of fuel assemblies 
made it possible to increase the power of each energy block by a factor of 1.5.

The problems encountered in separation of heterogeneous systems are considered 
in [24, 25].

Authoritative scientifi c-industrial centers of specialists in thermophysics and 
chemical hydrodynamics, who made a noticeable contribution to the outstanding 
achievements in our country in the above-listed fi elds, were established in Russia. 
Among such centers there are the Federal State Unitary Enterprise "Scientifi c-Re-
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INTRODUCTION

search Institute of the Scientifi c-Production Association "Luch" (Podolsk), Institute of 
the Problems of Chemical Physics of the Russian Academy of Sciences (Chernogolov-
ka), technical universities "Moscow Aviation Institute," "Moscow Power Engineering 
Institute," and N. E. Bauman Moscow State Technical University. These are the spe-
cialists from these institutions who authored the present publication.

The authors presented the results of the well-known and of their own theoretical 
and experimental investigations of heat and mass transfer intensifi cation in single- and 
two-phase media, of phase interface oscillations, and of separation of heterogeneous 
systems. These investigations were carried out to raise the safety and effi ciency of 
power plants. The investigations carried out made it possible to develop new methods 
of heat and mass transfer intensifi cation, form new scientifi c trends, and create new 
apparatuses of hydrocyclone type, mathematical models of the processes, and engi-
neering methods of their calculation.

This new edition contains the survey of investigations in the fi eld of heat and 
mass transfer intensifi cation on the macro-, micro-, and nanoscales. The available in-
vestigations into heat transfer and hydrodynamics of dimpled surfaces, modeling and 
visualization of the tornado-like intensifi cation of heat transfer in a channel with hemi-
spherical dimples, modernization of the heat exchangers by using coiled pipes for heat 
supply are considered in detail.

Consideration is given to the well-known notions on the thermohydrodynamics 
on the micro- and nanoscales: heat transfer in condensation on macro- and microrough 
surfaces, heat transfer with boiling on surfaces with porous coatings and protrusions 
that form a homogeneous relief, heat transfer in the presence of convection in micro-
channels, the appearance of slipping on the wall in liquid fl ow over an ultrahydropho-
bic surface, the infl uence of molecular layers of surfactants formed on surfaces on the 
hydraulic resistance of pipelines.

The methods of calculation of heat and mass transfer under the conditions of salt 
depositions during fl ow in twisted pipes and in pipes with circular diaphragms, the 
calculation of the hydrodynamics of multiphase heterogeneous media in a centrifugal 
fi eld were analyzed, and the results of investigation of the dimpled surface on heat 
transfer in boiling on a sphere, and of the correlation of data on the infl uence of a 
twisted tape on the critical heat loading are presented.

The power plants of spacecrafts for a piloted mission to Mars and the heat trans-
fer intensifi cation methods used in them are considered.

The characteristics of tubular and plate-type heat exchangers with heat transfer 
intensifi ers are analyzed. The results of investigation of heat and mass transfer intensi-
fi cation in condensation of steam from the fl ue gases of boilers are presented.

The fi rst edition of this book was highly praised by A. M. Prokhorov, Acade-
mician of the Russian Academy of Sciences, Nobel Prize Winner; G. G. Devyatykh, 
Academician of the Russian Academy of Sciences, and G. A. Filippov, Academician 
of the Russian Academy of Sciences. Academician A. M. Prokhorov noted that the 
monograph gives an encyclopedic review of the methods of heat and mass transfer 
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intensifi cation on different scales in single- and two-phase media in the elements of 
power equipment. It describes unique thermophysical and experimental rigs, uncon-
ventional detectors, and experimental techniques (developed by the authors) that allow 
one to carry out, at a high scientifi c level, thermophysical investigations not only un-
der laboratory conditions but also on pilot plant specimens under full-scale conditions 
of operation of reactors, electrophysical and laser facilities.

The investigations carried out were aimed at solving the following problems:

• reliable cooling at high heat loadings (1 kW/cm2 and above) and "delay" in 
the onset of burnout heat transfer in boiling of a heat carrier in energy-inten-
sive structures;

• thermostating and minimization of thermal deformation of high-heat struc-
tures with intensive and nonuniform energy release;

• organization of highly effi cient heat transfer processes with the aid of liquid 
metals;

• creation and testing of the constructions of various heat and mass transfer 
intensifi ers in gaseous and liquid heat carrier fl ows and in melting of heat 
accumulating phases;

• a detailed study of the structure of turbulent fl ows in smooth and rough chan-
nels and porous media having different structures;

• development of theoretical models and generalizing dimensionless relations 
to calculate and predict the heat and mass transfer intensity;

• development and testing of power plants with heat and mass transfer inten-
sifi ers;

• conceptual design of prospective power plants with enhanced heat and mass 
transfer processes;

• raising the effi ciency of separation of heterogeneous systems in heat and 
mass transfer apparatuses.

Due to the close cooperation with leading academic and industrial scientifi c 
centers, the method of heat and mass transfer intensifi cation developed by the au-
thors have been introduced into various power plants. This has made it possible to 
ensure their mass-dimensional and specifi c parameters, as well as the safety and ef-
fi ciency at the level of the best world specimens. In particular, the results of the au-
thors’ research works were used in designing and creating such unique power plants 
as gas-cooled nuclear reactors with twisted fuel elements made from refractory met-
al carbides, liquid metal-cooled thermoemissive nuclear reactor-converters that were 
tested in space, targets and resonators for accelerating installations, cooled mirrors 
for high-power laser complexes and infrared radiation detectors, highly effi cient hy-
drocyclones for the chemical, mining, and metallurgical industries, different-purpose 
compact heat exchangers, evaporators for water desalination, absorption and com-
pression refrigerators, liquid coolers, conditioners, etc. The authors have also made a 
great contribution to the development of home conceptual designs of inertial thermo-
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nuclear reactors with a jet liquid-metal blanket and reactors-lasers with a fi lm nuclear 
fuel.

The present monograph is a revised and augmented edition of the book "Heat 
Transfer Enhancement in Power Engineering" published in 2003 [26].

In the present edition, the sections prepared by A. M. Kutepov, I. P. Sviridenko, 
and V. V. Kharitonov for the fi rst edition have been preserved.
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CHAPTER 1

CHOICE AND JUSTIFICATION OF THE HEAT TRANSFER
INTENSIFICATION METHODS

1.1. Macro-, Micro-, and Nanoscale Heat Transfer Intensifi ers

1.1.1. Macroscale Heat Transfer Intensifi ers in the Presence of Convection
The widespread methods of heat transfer intensifi cation in channels with a sin-
gle-phase heat carrier include artifi cial turbulization of fl ow with the aid of annular or 
spiral grooves, surface fi nning, coiled or twisted pipes, screw conveyers, twisted tapes 
[1.1.1–1.1.14], organization of heat transfer in entry sections, and jet impingement of 
a heat carrier onto the surface [1.1.6].

The effi ciency of heat transfer in single-phase media fl ow is infl uenced by the 
fl ow rate fl uctuations; in the case of resonance with the circuit fl uctuations, the heat 
transfer coeffi cient increases [1.1.7].

Surface with a Regular Roughness
The surface roughness is the deviation of the real surface relief from an ideally smooth 
one. The height of these deviations can be commensurable with the thickness of the 
viscous sublayer and of the intermediate layer. Therefore the effect of the surface 
roughness is concentrated in a relatively narrow wall layer and does not lead to the 
origination of secondary fl ows that would involve the entire fl ow, which is typical of 
spiral fi ns, twisted tapes, or screw conveyers.

The surface roughness is characterized by the height and shape of its elements, 
their number density (their number per unit surface), and mutual arrangement. The 
fl ow structure and heat transfer near a rough surface depend on a large number of 
factors.

The fl ow in pipes with the roughness formed by densely spaced identical ele-
ments — sand grain glued to the pipe surface — was investigated by D. Nikuradze. 
In this case, the roughness is characterized by a single quantity — the height of the 
sand roughness element k. Resistance and heat transfer depend only on one additional 
parameter — the relative roughness k/r.
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2 CHAPTER  1

The height of the roughness element can also be represented in another dimen-
sionless form, using the same length scale (y) as in the universal coordinate η = 
(V*y/ν), i.e., the quantity ν/V*.

Then, the dimensionless height of the sand roughness element takes the form

 
* Re 8kK V k

d
= ν = ξ

 
(1.1.1)

and it is conveniently compared with such characteristic quantities as the dimension-
less thickness of a viscous sublayer (δV*/ν) = 5 or of an intermediate layer (δV*/ν) = 
30, where δ is the boundary layer thickness, V* is the dynamic velocity, and ν is the 
kinematic viscosity of a liquid.

Heat transfer in a rough pipe can be both higher and lower than in a smooth one. 
This is determined by the shape, height, and mutual arrangement of the roughness 
elements and by the Re and Pr numbers.

Protrusions with rectangular and smooth equally spaced profi les are shown in 
Fig. 1.1.

The roughness with rectangular protrusions is characterized by the height of its 
elements k, pitch l, and by the width of the trough l1. The fi gure illustrates the pattern 
of fl ow along a wall with rectangular elements. As a result of fl ow separation behind 
an asperity, a vortex zone appears, whose extension to the reattachment point amounts 
to about 8k (see Fig. 1.1a). Downstream this zone, the velocity fi eld analogous to that 
in a smooth pipe is formed. Before the next asperity, a small vortex region of length 
(1–2)k is also formed. If the distance between the asperities is equal to about 4k, the 
vortex zone occupies the entire trough (see Fig. 1.1b). The separation of fl ow on the 
roughness protrusions leads to the enhancement of turbulent transfer near the upper 

Fig. 1.1. Protrusions with rectangular (a, b) and smooth equally spaced (c) profi les
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boundary of the vortex zone and in the vicinity of the reattachment point. As a result, 
heat transfer in these zones is improved. The stagnant zones in the troughs lead to a 
decrease in the heat transfer rate, sometimes to a level lower than in smooth pipes.

Thus, along the length of a trough the heat transfer rate is distributed nonuniform-
ly. It is lower in the stagnant zones, maximum near the reattachment point, whereas 
far from the protrusion, where the infl uence of the vortex zone becomes weaker, it 
decreases again. The length of the trough corresponding to the maximum of the heat 
transfer rate average over the surface amounts to (10–12)k.

The effi cient height of the roughness element is commensurable with the wall 
layer thickness in which most of the thermal resistance is concentrated and which de-
pends on the Pr number. Thus, at Pr numbers equal to 1, 5, and 50 the relative rough-
ness height k* is equal to 250, 50, and 10, respectively.

With effi cient characteristics of the artifi cial roughness the heat transfer coeffi -
cient can be increased two or three times. However, it is important that the increase in 
the heat transfer rate could be accompanied by a not very large increase in hydraulic 
resistance. Therefore, the elements of two-dimensional roughness with sharp edges are 
not effi cient. Powerful vortex zones appearing behind them and the high resistance of 
the shape lead to high energy losses. More suitable are the roughness elements with 
smooth outlines (see Fig. 1.1c) displaying lower energy losses. In pipes with smoothly 
outlined roughness protrusions at the optimum ratio l/k, an increase in the heat transfer 
rate is accompanied by a smaller increase in the hydraulic resistance than in the case 
of the roughness with sharp edges.

In the case of a large enough relative roughness, a certain contribution to the in-
crease in the heat transfer rate is made by the "fi nning effect," i.e., an increase in the 
surface area of the rough wall as compared to the smooth one, provided, of course, 
that the roughness elements have a good thermal contact with the wall. In the case 
of the so-called applied roughness, for example, a wire located near the wall and not 
soldered to it, the "fi nning" effect is absent.

There are empirical and semi-empirical relations for calculating the heat transfer 
rate in rough pipes. The semi-empirical relations are based on two-, three-, and even 
four-layer models of fl ow along a rough wall. For each layer, empirical relations for 
the coeffi cient of turbulent transfer are adjusted.

To calculate heat transfer in pipes with natural and artifi cial uniform roughness, 
whose elements have different shapes (wires, spheres, pyramids, cylinders, etc.) and 
are closely spaced, so that the fl ow between them is determined by their dimensions 
and shape, the following equation was suggested in [1.1.8]:
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where Nu = αd/λ and α is the heat transfer coeffi cient related to the surface of a 
smooth pipe of diameter d = 2r measured in a trough.

The resistance coeffi cient for the sand roughness is defi ned by D. Nikuradze for-
mula. The height of the sand roughness equivalent to the assigned actual roughness is 
found from tables or experimentally. Equation (1.1.2) is valid for 100 ≤ K ≤ 4000, i.e., 
for the regime with complete manifestation of roughness at rather high Re numbers in 
the ranges of k/r from 0.005 to 0.18 and Pr numbers from 0.7 to 9. For the indicated 
conditions, independently of the shape of roughness elements, the deviation of the 
measured Nu numbers from the predicted ones does not exceed 10%. Although the 
equation was derived for the boundary condition of the fi rst kind, it can also be used 
for the boundary condition of the second kind.

1.1.2. Hydrodynamics and Heat Transfer in Helically Profi led Pipes
A helically profi led pipe represents a pipe, with a rectilinear axis, on the walls of 
which helical protrusions are made. The screw knurling can have a different number 
of starts. Figure 1.2 shows a pipe with two-start knurling. Inside the pipe with a heli-
cal groove, an asperity twisting a fl ow is formed.

As a result of the heat carrier twisting, the thermal resistance to convective heat 
transfer through a boundary layer decreases. Due to this, heat transfer is intensifi ed, 
but simultaneously the hydraulic resistance increases. Helically profi led pipes in heat 
exchangers transfer much more heat than circular smooth pipes. Such pipes make it 
possible to create self-cleaning heat-transfer surfaces and to sustain the heat transfer 
coeffi cient constant.

Figure 1.3 presents the image of velocity fi elds which was obtained in [1.1.9].
The velocity fi eld was reproduced from measurements taken at 78 points of the 

outlet section of a helically profi led pipe. The pitch of the two-start screw knurling in 
the pipe is 640 mm, the radius of the protrusion (for the inner surface of the pipe) is 
10 mm. The length of the test section of the pipe is 4817 mm. The velocity fi eld was 
measured at an average fl ow velocity of 22.2 m/s, which corresponds to the Reyn-

Fig. 1.2. Helically profi led pipe
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NOMENCLATURE

Cp pressure and friction related to double velocity head
D diameter of a depression, m
f frequency of volumetric fl uctuations downstream of a depression, s–1

H channel height
h depth of a depression, m
L length of cylindrical insert
Nu Nusselt number
Pr Prandtl number
r radius of edge rounding
Re Reynolds number
ReD Reynolds number for a depression, V∞D/ν
Rex0 Reynolds number upstream of a depression, V∞x0/ν
Sh Strouhal number, fD/V∞
Sx pitch between depressions in longitudinal direction, m
Sz pitch between depressions in transverse direction, m
Tu intensity of pulsations, %
V∞ fl ow velocity upstream of the test section, m/s
x distance from the forward edge of the plate, longitudinal coordinate, m
Greek symbols
γ number density of dimples
δ boundary-layer thickness, m
Δ depth of a dimple
ν kinematic viscosity of a fl ow, m2/s
ξ coeffi cient of hydraulic losses
φ angle of inclination of a trench-like depression
Subscripts
0 fl ow parameters upstream of a depression
00 fl ow parameters on a plane plate
pl plane, plate

REFERENCES

1.1.1.  Kalinin, E. K., Dreitser, G. A., Kopp, I. Z., and Myakochin, A. S., Effective Heat 
Transfer Surfaces, Moscow: Energoatomizdat Press, 1998.

1.1.2.  Ashmantas, L.-V. A. and Dzyubenko, B. V., Problems of Heat Transfer and Hydrody-
namics in Nuclear Propulsion Systems of Spacecrafts, Vilnius: Pradai Press, 1997.

1.1.3.  Polyaev, V. M., Maiorov, V. A., and Vasiliev, L. L., Hydrodynamics and Heat Transfer 
in Porous Elements of Structures of Flying Vehicles, Moscow: Mashinostroenie Press, 
1988.

1.1.4.  Heat Exchanger Design Handbook, vol. 1, Moscow: Energoatomizdat Press, 1987.



71HEAT AND MASS TRANSFER ON MACRO-, MICRO-, AND NANOSCALES

1.1.5.  Styrikovich, M. A., Polonsky, V. S., and Tsiklauri, G. V., Heat Transfer and Hydrody-
namics in Two-Phase Flows of Nuclear Power Plants, Moscow: Nauka Press, 1982.

1.1.6  Isachenko, V. P. and Kushnyrev, V. I., Jet Cooling, Moscow: Energoatomizdat Press, 
1984.

1.1.7.  Galitseisky, B. M., Ryzhov, Yu. A., and Yakush, E. V., Thermal and Hydrodynamic 
Processes in Oscillating Flows, Moscow: Mashinostroenie Press, 1977.

1.1.8.  Petukhov, B. S., Genin, L. G., and Kovalev, S. A., Heat Transfer in Nuclear Power 
Plants, Moscow: Energoatomizdat Press, 1986.

1.1.9.  Saveliev, P. A., Study of Hydrodynamics and Heat Transfer of Flows in Helical Tubes, 
Author’s Abstract of Candidate Thesis (Eng.), Riga, 1971.

1.1.10. Kalinin, E. K., Dreitser, G. A., and Yarkho, S. A., Augmentation of Heat Transfer in 
Channels, Moscow: Mashinostroenie Press, 1990.

1.1.11. Ibragimov, M. Kh., Nomofi lov, E. V., and Subbotin, V. I., Heat transfer and hydraulic 
resistance in fl uid helical motion in a tube, Teploenergetika, no. 7, pp. 57–59, 1961.

1.1.12. Kamenshchikov, F. T., Reshetov, V. A., Ryabov, A. A., Polyakov, V. K., and Emelianov, 
A. I., Problems of the Mechanics of Rotating Flows and Enhancement of Heat Transfer 
in Nuclear Power Plants, Moscow: Energoatomizdat Press, 1984.

1.1.13. Migai, V. K., Improvement of the Effi ciency of Modern Heat Exchangers, Leningrad: 
Energiya Press, 1980.

1.1.14. Kuzma-Kichta, Yu. A., Coiled tube (fl ow and pressure drop and heat transfer in), in: Int. 
Encyclopedia of Heat and Mass Transfer, pp. 167–170, New York: CRC Press, 1997.

1.1.15. Shchukin, A. V. et al., Enhancement of heat transfer by spherical cavities, Izv. RAN, 
Energetika, no. 3, pp. 48–56, 1998.

1.1.16. Fedorov, I. G., Shchukin, V. K., Mukhachev, G. A., and Idiatullin, N. S., Heat transfer 
and hydraulic resistance of slit channels with spherical punchings, Izv. Vyssh. Uchebn. 
Zaved., Aviats. Tekh., no. 4, pp. 120–127, 1961.

1.1.17. Bernman, P. W. and Haivey, I. K., Golf ball aerodynamics, Aeronaut. Quart., vol. 27, 
pt. 2, pp. 112–122, 1976.

1.1.18. Piesser, K. H., Empirische Gleichungen zur Berechning der Stoff- und Waermeuebertra-
gung fuer den Spezialifall der abgenssenen Stroemung, Int. J. Heat Mass Transfer, vol. 
15, pp. 2447–2471, 1972.

1.1.19. Afanasiev, V. N. and Chudnovsky, Ya. P., Experimental investigation of the fl ow struc-
ture in an individual cavity, Vestn. MGTU, Ser. Mashinostroenie, no. 1, pp. 85–95, 1993.

1.1.20. Kiknadze, G. I., Gachechiladze, I. A., Oleinikov, V. G., et al., Mechanisms of tornado 
enhancement of heat transfer, Proc. 1st Russian Nat. Conf. on Heat Transfer, vol. 8, pp. 
97–106, Moscow: MEI Press, 1994.

1.1.21. Kiknadze, G. I., Krasnov, Yu. K., Podymako, N. F., et al., Self-organization of vortex 
structures in fl ow around a spherical dimple, Dokl. Akad. Nauk SSSR, vol. 291, no. 6, 
pp. 1315–1318, 1986.

1.1.22. Gachechiladze, I. A., Kiknadze, G. I., Krasnov, Yu. K., et al., Heat transfer and self-or-
ganization of tornado-like structures, Proc. Minsk Int. Forum, Keynote Papers, Section 
1–2, pp. 83–125, Minsk: Nauka i Tekhnika Press, 1988.

1.1.23. Kiknadze, I. A. and Oleinikov, V. G., Self-Organization of Tornado-Like Vortex Struc-
tures in Flows of Gases and Liquids and Enhancement of Heat and Mass Transfer, 



72 CHAPTER  1

Preprint No. 227–90, Institute of Thermal Physics of the Siberian Branch of the USSR 
Academy of Sciences, Novosibirsk, 1990.

1.1.24. Nagoga, G. P., Effective Methods for Cooling the Blades of High-Temperature Gas Tur-
bines, Moscow: MAI Press, 1996.

1.1.25. Snedeker, R. and Donaldson, K., Study of fl ow with two stable states in a spherical 
cavity, Raketn. Tekh. Kosmonavt., no. 4, pp. 227–228, 1966.

1.1.26. Kesarev, B. S. and Kozlov, A. P., Flow structure and heat transfer in a turbulized air 
fl ow past a hemispherical depression, Vestn. MGTU, Ser. Mashinostroenie, no. 1, pp. 
106–115, 1993.

1.1.27. Gromov, P. R., Zobnin, A. B., Rabinovich, M. I., and Sushchuk, M. M., Generation of 
solitary vortices in fl ow past spherical dimples, Pisma Zh. Eksp. Tekh. Fiz., vol. 12, no. 
21, pp. 1323–1328, 1986.

1.1.28. Leontiev, A. I., Modern problems of heat transfer, Vestn. MGTU, Ser. Mashinostroenie, 
no. 1, pp. 54–59, 1993.

1.1.29. Volchkov, E. P., Kalinina, S. V., Matrokhina, I. P., et al., Some results of an experimen-
tal study of aerodynamics and heat transfer on the surface with hemispherical cavities, 
Sib. Fiz.-Tekh. Zh., issue 5, pp. 3–9, 1992.

1.1.30. Chudnovsky, Ya. P., Kozlov, A. P., Shchukin, A. V., et al., Combustion enhancement 
and fl ame stabilization due to vortex generation, Proc. AFRC Int. Symp. "Combustion 
Technologies for Improving Productivity and Product Quality," 21–24 September, Chi-
cago, USA, 1997.

1.1.31. Ezersky, A. B. and Shekhov, V. G., Visualization of heat fl ux past individual spherical 
dimples, Izv. Akad. Nauk SSSR, Mekh. Zhidk. Gaza, no. 6, pp. 161–164, 1989.

1.1.32. Aleksandrov, A. A., Gorelov, G. M., Danilchenko, V. P., and Reznik, V. E., Heat trans-
fer and hydraulic resistance in fl ow past surfaces with developed roughness in the form 
of spherical dimples, Prom. Teplotekh., vol. 11, no. 6, pp. 57–61, 1989.

1.1.33. Amirkhanov, R. D., Heat Transfer and Hydrodynamics in Slit Channels with Surface 
Intensifi ers, Author’s Abstract of Candidate Thesis (Eng.), Kazan, 1996.

1.1.34. Arseniev, L. V., Vezlomtsev, S. K., and Nosov, V. V., Enhancement of heat transfer 
in slit channels with vortex generators in the systems of air conditioning, in: Labor 
and Environmental Protection, Collection of Papers, pp. 14–20, Nikolaev: NKI Press, 
1988.

1.1.35. Afanasiev, V. N. and Chudnovsky, Ya. P., Heat transfer and friction in non-separation 
turbulent air fl ow past spherical dimples, Vestn. MGTU, Ser. Mashinostroenie, no. 4, 
pp. 15–25, 1991.

1.1.36. Belenky, M. Ya., Gotovsky, M. A., Lekakh, B. M., et al., Experimental investigation of 
thermal and hydraulic characteristics of heat transfer surfaces with spherical dimples, 
Teplofi z. Vys. Temp., vol. 29, no. 6, pp. 1142–1147, 1991.

1.1.37. Belenky, M. Ya., Gotovsky, M. A., Lekakh, B. M., et al., Heat transfer enhancement us-
ing surfaces with spherical dimples, Proc. Minsk Int. Forum on Heat and Mass Trans-
fer "Heat and Mass Transfer — MIF-92," Ext. Abstr., vol. 1, pt. 1, pp. 90–92, Minsk: 
ITMO ANB Press, 1992.

1.1.38. Gortyshov, Yu. F. and Amirkhanov, R. D., Heat transfer and friction in channels with 
spherical depressions, in: Working Processes in Cooled Turbomachines and Power 
Plants, Collection of Papers, pp. 87–90, Kazan: KGTU Press, 1995.



73HEAT AND MASS TRANSFER ON MACRO-, MICRO-, AND NANOSCALES

1.1.39. Gortyshov, Yu. F., Olompev, V. V. and Amirkhanov, R. D., Calculated and experi-
mental modeling of heat transfer and resistance in channels with spherical depressions 
on the walls, Proc. Minsk Int. Forum on Heat and Mass Transfer "Heat and Mass 
Transfer ― MIF-96," Ext. Abstr., vol. 1, pt. 2, pp. 137–141, Minsk: ITMO ANB Press, 
1996.

1.1.40. Shanin, Yu. N., Afanasiev, V. A., Shanin, O. I., and Emelianov, O. S., Heat transfer en-
hancement by spherical dimples on channel walls, in: Problems of Thermal Physics in 
Nuclear Power Engineering, pp. 62–66, Moscow: MIFI Press, 1991.

1.1.41. Nagoga, G. P. and Anurov, Yu. M., Results of model and nature studies of enhancement 
by a "tornado" technique, Proc. 2nd Republ. Conf. "Improvement of the Theory and 
Technique of Heat Protection of Power Plants," Ext. Abstr., pp. 25–26, Kiev: Naukova 
Dumka Press, 1990.

1.1.42. Nagoga, G. P., Rukin, M. V., and Anurov, Yu. M., Hydraulic resistance in plane chan-
nels with spherical depressions, in: Cooled Gas Turbines of Flying Vehicle Engines, 
Collection of Papers, pp. 40–44, Kazan: KAI Press, 1990.

1.1.43. Pochuev, V. P., Lutsenko, Yu. N., and Mukhin, A. A., Heat transfer in cooled blades of 
high-temperature gas turbines, Proc. 1st Russian Nat. Conf. on Heat Transfer, vol. 8, 
pp. 178–183, Moscow: MEI Press, 1994.

1.1.44. Turkin, A. V., Sorokin, A. G., Bragina, O. N., et al., Augmentation of heat transfer by 
dimples in a plane channel at low velocities of air motion, Proc. Minsk Int. Forum on 
Heat and Mass Transfer "Heat and Mass Transfer ― MIF-92", Ext. Abstr., vol. 1, pt. 
1, pp. 18–21, Minsk: ITMO ANB Press, 1992.

1.1.45. Afanasiev, V. N., Leontiev, A. I., and Chudnovsky, Ya. P., Friction and Heat Transfer 
on Surfaces Profi led by Spherical Depressions, Preprint No. 1–90, Moscow: N. E. Bau-
man Moscow State Technical University, 1990.

1.1.46. Streamlined Surface. International Application PCT/RU92/00106. No. of international 
publication WO 93/20355, 14 1093, Russia, 1993.

1.1.47. Kozlov, A. P., Shchukin, A. V., and Agachev, R. S., Hydrodynamic effects from spher-
ical depressions on the surface of a transversely streamlined cylinder, Izv. Vyssh. 
Uchebn. Zaved., Aviats. Tekh., no. 2, pp. 27–34, 1994.

1.1.48. Afanasiev, V. N., Chudnovsky, Ya. P., Kozlov, A. P., et al., Hydrodynamics and heat 
transfer in case of streamlining of plate surfaces with hemispheric cavities, Proc. Int. 
Symp. Heat Transfer Enhancement in Power Machinery, pt. 1, pp. 87–90, Moscow, 
1995.

1.1.49. Kleshkanov, V. I., Technological Methods of Improving the Reliability and Longevity 
of Aviation Hydraulic Units, Author’s Abstract of Candidate Thesis (Eng.), Moscow, 
1989.

1.1.50. Terekhov, V. I., Kalinina, S. V., and Mshvidobadze, Yu. M., Convective heat transfer on 
the surface in the region behind a spherical cavity, Teplofi z. Aeromekh., vol. 1, no. 11, 
pp. 13–18, 1994.

1.1.51. Shchukin, A. V., Kozlov, A. P., Dezideriev, S. G., et al., Convective heat transfer behind 
a hemispherical cavity in a diverging channel, Izv. Vyssh. Uchebn. Zaved., Aviats. Tekh., 
pp. 24–30, 1994.

1.1.52. Kirpichev, M. V. and Mikheev, M. L., Modeling of Thermal Devices, Moscow: Izd. AN 
SSSR Press, 1936.



74 CHAPTER  1

1.1.53. Arseniev, l. V., Vezlomtsev, S. K., and Nosov, V. V., Study of the fl ow structure in a slit 
channel with vortex generators, Sudostroit. Prom., Prom. Energet., Okhrana Okruzh. 
Sredy, Energosberezh. Sudov, no. 5, pp. 25–29, 1991.

1.1.54. Shchukin, A. V., Kozlov, A. P., Dezideriev, S. G., et al., Heat transfer in a spherical 
cavity, Izv. Vyssh. Uchebn. Zaved., Aviats. Tekh., no. 3, pp. 22–26, 1996.

1.1.55. Shchukin, A. V., Kozlov, A. P., Dezideriev, S. G., et al., Infl uence of the positive pres-
sure gradient on heat transfer in a spherical cavity, Izv. Vyssh. Uchebn. Zaved., Aviats. 
Tekh., no. 4, pp. 74–78, 1991.

1.1.56. Chudnovsky, Ya. P., Heat Transfer Enhancement by Vortex Generation, Author’s Ab-
stract of Candidate Thesis (Eng.), Moscow, 1990.

1.1.57. Kiknadze, G. I., Gachechiladze, I. A., and Alekseev, V. V., Self-Organization of Torna-
do-Like Jets in Flows of Viscous Continua and Heat Transfer Enhancement Accompa-
nying This Phenomenon, Moscow: MEI Press, 2005.

1.1.58. Veselkin, V. Yu., Study of the Mechanism of Heat Transfer Enhancement on the Sur-
faces Shaped by Spherical Depressions, Author’s Abstract of Candidate Thesis (Eng.), 
Moscow, 1995.

1.1.59. Bungov, V. V., Isaev, S. A., and Dilevskaya, E. V., Numerical simulation of steady tur-
bulent fl ow and transfer in the channel with boundaries covered by cavities, Proc. Int. 
Symp. "Heat Transfer Enhancement in Machinery," pt. 1, pp. 130–131, Moscow, 1995.

1.1.60. Ligrani, P. M., Dimple array effects on turbulent heat transfer and fl ow structure turbu-
lence, in: K. Hanjalic, Y. Nagano, and S. Jakiirlic (Eds.), Heat and Mass Transfer, New 
York: Begell House, Inc., 2006.

1.1.61. Khalatov, A. A., Heat Transfer and Hydrodynamics of Near-Surface Dimples, Kiev: 
Naukova Dumka Press, 2005.

1.1.62. Bystrov, Yu. A., Isaev, S. A., Kudryavtsev, N. A., and Leontiev, A. I., Numerical Sim-
ulation of Heat Transfer Enhancement by Vortices in Tube Bundles, St. Petersburg: 
Sudostroenie Press, 2005.

1.1.63. Isaev, S. A., Leontiev, A. I., Baranov, P. A., and Usachov, A. E., Bifurcation of vertical 
turbulent fl ow and heat transfer enhancement in a dimple, Dokl. RAN, vol. 373, no. 5, 
pp. 615–617, 2000.

1.1.64. Gachechiladze, I. A., Kiknadze, G. I., Korolev, G. L., et al., Calculation of fl ow past 
three-dimensional cavities, 8th School-Seminar "Modern Problems of Gas Dynamics 
and Heat Transfer and Ways of Improving the Effi ciency of Power Plants," Ext. Abstr., 
pp. 38–39, Moscow, 1991.

1.1.65. Afanasiev, V. N., Leontiev, A. I., Chudnovsky, Ya. P., et al., Measurement and numeri-
cal simulation of vortex turbulent fl ow and heat transfer in a spherical cavity, Proc. 5th 
Int. Symp. "Refi ned Flow Modeling and Measurements," vol. 2, Paris, 1993.

1.1.66. Isaev, S. A. and Chudnovsky, Ya. P., Numerical investigation of heat transfer and mech-
anisms of vortex dynamics in fl ows past spherical cavities, Proc. 1st Russian Nat. Conf. 
on Heat Transfer, vol. 8, Heat Transfer Enhancement, pp. 80–85, Moscow: MEI Press, 
1994.

1.1.67. Isaev, S. A., Leontiev, A. I., Usachev, A. E., and Frolov, D. P., Numerical investigation 
of jet-vortex mechanism of heat transfer enhancement in the vicinity of a spherical 
dimple on a plane streamlined by an incompressible viscous fl uid with account for the 



75HEAT AND MASS TRANSFER ON MACRO-, MICRO-, AND NANOSCALES

effect of shape asymmetry, natural convection and nonstationary processes, Proc. 2nd 
Russian Nat. Conf. on Heat Transfer, vol. 6, Moscow: MEI Press, 1998.

1.1.68. Chushkin, Yu. V., Kiknadze, G. I., and Kolyaskin, O. E., Thin-wall envelope of a fuel 
element of the container-type nuclear reactor, Author’s Certifi cate 1538190, USSR, 
Byul. Uzobret., no. 3, 1990.

1.1.69. Kirsanov, G. N., Lastochkin, S. S., Chushkin, Yu. V., et al., Method for processing the 
cylindrical surface of heat transfer parts, Author’s Certifi cate 1570181, USSR, Byul. 
Uzobret., no. 2, 1988.

1.1.70. Kiknadze, G. I., Let the tornado into a heat exchanger, Energiya, no. 6, pp. 29–31, 
1991.

1.1.71. Kiknadze, G. I., Kryuchkov, I. I., and Chushkin, Yu. V., Heat Transfer Crisis in 
Self-Organization of Tornado-Like Vortex Structures in a Heat Carrier Flow, Preprint 
no. 4841/3, Institute of Atomic Energy, Moscow: TsNIIatominform Press, 1989.

1.1.72. Dilevskaya, E. V., Chudnovsky, Ya. P., and Mikhailov, S. N., Heat transfer enhance-
ment on the surfaces of coolers of power semiconductor devices, Proc. 1st Russian Nat. 
Conf. on Heat Transfer, vol. 8, pp. 70–75, Moscow: MEI Press, 1994.

1.1.73. Dilevskaya, E. V., Chudnovsky, Ya. P., and Mikhailov, S. N., New method of augmenta-
tion of heat transfer on the surfaces of power semiconductor devices coolers, Proc. 10th 
Int. Heat Transfer Conf., Brighton, UK, 1994.

1.1.74. Mueller-Steinhagen, H. et al., Heat transfer enhancement in dimpled tubes, Appl. Ther-
mal Eng., no. 21, pp. 535–547, 2001.

1.1.75. Kuzma-Kichta, Yu. A., Methods of Heat Transfer Enhancement, Moscow: MEI Press, 
2001.

1.1.76. Isaev, S. A., Leontiev, A. I., Baranov, P. A., et al., Numerical analysis of vertical en-
hancement of heat transfer in a channel with a package of deep spherical dimples on 
one of the walls, Dokl. RAN, vol. 386, no. 5, pp. 621–623, 2002.

1.1.77. Isaev, S. A., Leontiev, A. I., Kudryavtsev, N. A., Baranov, P. A., and Zhukova, Yu. 
V., Enhancement of vortex heat transfer in a bundle of transverse tubes with ordered 
trenches, Inzh.-Fiz. Zh., vol. 78, no. 1, pp. 112–122, 2005.

1.1.78. Isaev, S. A., Leontiev, A. I., Kiknadze, G. I., Kudryavtsev, N. A., and Gachechiladze, 
I. A., Comparative analysis of the vortex heat exchange in turbulent fl ows around a 
spherical hole and a two-dimensional trench on a plane wall, Inzh.-Fiz. Zh., vol. 78, no. 
4, pp. 117–128, 2005.

1.1.79. Anisimov, S. V., Ryzhova, E. I., and Smirnov, Yu. B., Heat transfer in condensation of 
azeotropic vapor mixture R-113/H2O on horizontal tubes with fi ns and pins of complex 
shape, Proc. 2nd Russian Nat. Conf. on Heat Transfer, vol. 6, Moscow: MEI Press, 
1998.

1.1.80. Komendantov, A. S., Kuzma-Kichta, Yu. A., Khasanov, Yu. G., Shtutman, B. A., Len-
kov, V. A., Vorontsov, A. T., and Lyakhovsky, V. D., Method for obtaining a coating 
on the inner surface of a tube and a device for its implementation, Author’s Certifi cate 
1237310.1984, Byul. Uzobret., no. 22, 1986.

1.1.81. Kuzma-Kichta, Yu. A., Komendantov, A. S., Bakunin, V. G., Bartsch, G., Goldschmidt, 
R., and Stein, M., Enhancement of heat transfer at boiling with porous coating surface, 
Proc. 3rd European Thermal Science Conf., pp. 809–814, Ueidelberg, 2000.



76 CHAPTER  1

1.1.82. Gogolin, A. A., Danilova, G. N., Azarskaya, V. M., and Mednikova, M. N., Augmenta-
tion of Heat Transfer in Evaporators of Refrigerators, Moscow: Lyogkaya i Pishcheva-
ya Promyshlennost Press, 1982.

1.1.83. Aleshin, A. A., Kuzma-Kichta, Yu. A., Moskvin, V. N., and Sorokin, D. N., Study of 
heat transfer in vapor generation on the surface with a porous coating, Teplofi z. Vys. 
Temp., vol. 18, no. 5, pp. 1098–1101, 1980.

1.1.84. Kovalev, S. A. and Soloviev, S. L., Evaporation and Condensation in Heat Pipes, Mos-
cow: Nauka Press, 1989.

1.1.85. Malyshenko, S. P. and Andrianov, A. B., Nonequilibrium Phase Transitions in Boiling 
on the Surface with Porous Coatings, Preprint no. 1-293, Institute of High Tempera-
tures, Moscow, 1990.

1.1.86. Mitrovic, J., How to create an effi cient surface for nucleate boiling, Int. J. Thermal Sci., 
no. 45, pp. 1–15, 2006.

1.1.87. Li, X.-M., Reinhoudt, D., and Crego-Calama, M., What do we need for superhydropho-
bic surface? A review on the recent progress in the preparation of superhydrophobic 
surfaces, J. Chem. Soc. Rev., DOI 1:10.1039/b602486f, 2007.

1.1.88. Kaneko, K. et al., Drag reduction on ultra small-scale concave-convex surface, Trans. 
JSME, no. 4, 2000.

1.1.89. Kim, J. and Kim, C.-J., Nanostructured surfaces for dramatic reduction of fl ow resis-
tance in droplet-based microfl uids, Technical Digest, IEEE Conf. on MEMS, Las Vegas, 
January, 2002.

1.1.90. Ryzhenkov, V. A., Sedlov, A. S., and Ryzhenkov, A. V., A way of reducing the hydrau-
lic resistance of pipelines of the heat supply systems, Energosberezh. Vodopodgotovka, 
no. 5(49), October, 2007.

1.1.91. Choi, C.-H., Johan, K., Westin, A., and Breuer, K. S., Apparent slip fl ows in hydrophil-
ic and hydrophobic microchannels, Phys. Fluids, vol. 15, no. 10, 2003.

1.1.92. Ou, J. and Rothstein, J. P., Drag reduction and PIV measurements of the fl ow past ult-
rahydrophobic surfaces, Phys. Fluids, vol. 17, 103606, 2005.

1.1.93. Kandlikar, S., Fundamental issues related to fl ow boiling in minichannels and micro-
channels, Exp. Thermal Fluid Sci., no. 26, pp. 389–407, 2002.

1.1.94. Kawahara, A., Chung, P., and Kawaji, M., Investigation of two-phase fl ow pattern, 
void fraction and pressure drop in a microchannel, Int. J. Multiphase Flow, no. 28, pp. 
1411–1435, 2002.

1.1.95. Mala, Gh. and Li, D., Flow characteristics of water in microtubes, Int. J. Heat Fluid 
Flow, no. 20, pp. 142–148, 1999.

1.1.96. Guo, Z., Characteristics of microscale fl uid fl ow and heat transfer, Proc. Int. Conf. on 
Heat Transfer and Transport Phenomena in Microscale "I MEMS," pp. 24–31, Banff, 
Canada, 2000.

1.1.97. Kawahara, A., Sadatomi, M., Okayama, K., and Kano, K., Pressure drop for gas–liquid 
two-phase fl ow in microchannels ― effects of channel size and liquid properties, Proc. 
3rd Int. Symp. on Two-Phase Flow Modeling and Experimentation, 22–24 September, 
Pisa, 2004. 

1.1.98. Lee, H. and Lee, S., Pressure drop correlation for two-phase fl ow within horizontal 
rectangular channels with small heights, Int. J. Multiphase Flow, no. 27, pp. 783–796, 
2001.



77HEAT AND MASS TRANSFER ON MACRO-, MICRO-, AND NANOSCALES

 1.1.99. Chen, L., Tian, Y., and Karayiannis, T., R134A fl ow patterns in small-diameter tubes, 
Proc. 3rd Int. Symp. on Two-Phase Flow Modeling and Experimentation, 22–24 Sep-
tember, Pisa, 2004.

1.1.100. Qu, J., Experimental study on gas–liquid two-phase fl ow regimes in rectangular chan-
nels with mini gaps, Int. J. Heat Fluid Flow, no. 20, pp. 422–428, 1999.

1.1.101. Revellin, R. and Thome, J., Experimental investigation of R-134a and R-245fa two-
phase fl ow in microchannels for different fl ow conditions, Int. J. Heat Fluid Flow, no. 
28, pp. 63–71, 2007.

1.1.102. Qu, W., Mala, Gh., and Li, D., Heat transfer for water fl ow in trapezoidal silicon mi-
crochannels, Int. J. Heat Mass Transfer, no. 43, pp. 3925–3936, 2000.

1.1.103. Bucci, A., Celata, G., Cumo, M., Serra, E., and Zummo, G., Fluid fl ow and sin-
gle-phase fl ow heat transfer of water in capillary tubes, Proc. 1st Int. Conf. on Micro-
channels and Minichannels, 21–23 April, Rochester, New York, USA, 2003.

1.1.104. Diaz, M. and Schmidt, J., Experimental investigation of transient boiling heat transfer 
in microchannels, Int. J. Heat Fluid Flow, no. 28, pp. 95–102, 2007.

1.1.105. Shuai, J., Kulenovic, R., Sobierska, E., Mertz, R., and Groll, M., Flow boiling heat 
transfer in a vertical narrow channel, Proc. 3rd Int. Symp. on Two-Phase Flow Model-
ing and Experimentation, 22–24 September, Pisa, 2004.

1.1.106. Kandlikar S. and Steinke, M., Flow boiling heat transfer coeffi cient in minichannels 
― correlation and trends, Proc. 12th Int. Heat Transfer Conf., p. 1178, Grenoble, 
France, 2002.

1.1.107. Satish, G., Kandlikar, S., and William, J., Grand evaluation of single-phase fl ow in 
microchannels for high heat fl ux chip cooling — thermohydraulic performance en-
hancement and fabrication technology, Heat Transfer Eng., vol. 25, no. 8, pp. 5–16, 
2004.

1.1.108. Nakoryakov, V. E. and Kuznetsov, V. V., Heat and mass transfer in phase transitions 
and chemical conversions in microchannel systems, Proc. 4th Russian Nat. Conf. on 
Heat Transfer, vol. 1, pp. 33–37, Moscow: MEI Press, 2006.

1.1.109. Yen, T.-H., Shoji, M., et al., Visualization of convective boiling heat transfer in single 
micro-conduits with different shapes of cross sections, Proc. Int. Conf. on Microchan-
nels and Minichannels, 13–15 June, Toronto, Ontario, Canada, 2005.

1.1.110. Kharitonov, V. V., Thermal Physics of Laser Mirrors, Moscow: MIFI Press, 1993.
1.1.111. Sviridenko, I. P. et al., Methods of increasing of critical heat fl ux in pool and tube, 

Proc. 1st Russian Nat. Conf. on Heat Transfer, vol. IV, p. 214, 1994.
1.1.112. Kharitonov, V. V. et al., Thermal deformations of cooled disk mirrors of technological 

lasers: measurement and calculation, Teplofi z. Vys. Temp., vol. 34, no. 3, pp. 419–422, 
1996.

1.1.113. Kharitonov, V. V., Temperature dependence of the criteria of stability of laser mirrors, 
Fiz. Khim. Obrab. Mater., no. 2, pp. 139–141, 1984.

1.1.114. Kuzmin, Yu. A., Kharitonov, V. V., et al., Ultimate power of a local heat source on the 
surface of a multilayer wall with internal cooling, Teplofi z. Vys. Temp., vol. 24, no. 5, 
pp. 948–956, 1986.

1.1.115. Kharitonov, V. V. et al., Comparison of exact and approximate expressions for calcu-
lation of axisymmetric thermal displacements of a fi nite cylinder, Inzh.-Fiz. Zh., vol. 
56, no. 5, p. 857, 1989.



78 CHAPTER  1

1.1.116. Kuzmin, Yu. A., Plakseev, A. A., Kharitonov, V. V., et al., Nonstationary thermal bend-
ing of multilayer plates with internal cooling, Inzh.-Fiz. Zh., vol. 57, no. 6, pp. 1005–
1010, 1989.

1.1.117. Subbotin, V. I. and Kharitonov, V. V., Thermal physics of cooled laser mirrors, Teplofi z. 
Vys. Temp., vol. 29, no. 2, pp. 365–375, 1991.

1.1.118. Kharitonov, V. V., Heat transfer of a fi nned target in local heating by a powerful elec-
tron beam, Izv. Akad. Nauk SSSR, Energetika Transport, no. 4, pp. 144–151, 1991.

1.1.119. Tarutin, D. Yu. and Kharitonov, V. V., Exact expressions for thermal deformations of 
cooled mirrors in axisymmetric lighting, Optiko-Mekh. Prom., no. 12, pp. 6–9, 1991.

1.1.120. Kharitonov, V. V. et al., Thermal regimes of cooled copper targets in intense local 
heating, Tefl ofi z. Vys. Temp., vol. 29, no. 5, pp. 941–948, 1991.

1.1.121. Kharitonov, V. V. et al., Calculated optimization of a microchannel cooling system of 
power laser mirrors, Teplofi z. Vys. Temp., vol. 31, no. 1, pp. 69–72, 1993.

1.2. Flow Twisting in Pipes and Bundles of Fuel Elements and Pipes

1.2.1. Heat Transfer Intensifi cation with the Aid of a Twisted Tape
In twisting a fl ow by a tape, in the cross section there occur overfl ows from the pe-
riphery to the center due to the pressure gradient (Fig. 1.73). The liquid from the 
boundary layer penetrates (shown by arrows) into the fl ow core. These motions lead to 
the appearance of four vortex regions that favor the enhancement of exchange and, to-
gether with the action of the centrifugal forces, decrease the boundary-layer thickness. 
Moreover, vortex mixing leads to the onset of a turbulent fl ow at smaller Re numbers.

Thus, the increase in the heat transfer rate on fl ow twisting with the aid of a tape 
is attributed to the following:

• the increase in the wall velocity;
• the fl ow rearrangement and the appearance of secondary fl ows and vortices;
• the increase in the fl ow turbulence.
The fl ow can also be twisted with the aid of wall swirlers. In using plate spiral 

swirlers, turbulence in the wall layer increases due to the fl ow twisting and detach-
ment. The optimum dimensions of plate swirlers are: l/d = 3.5–4, h/d = 0.2.

Fig. 1.73. Scheme of formation of secondary fl ows in a pipe with a twisted tape




