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1. Introduction the rate of heat transfer processes, there are several meth-
ods, centered on changing the flow structure by acting on it

Energy efficiency of heat transfer equipment with fuel  from the outside or changing the shape of the heat transfer
shortage is a key issue for the power industry. To increase  surface. The latter method is less power-consuming, but its




energy efficiency varies widely depending on the structure
formation geometry of the heat transfer surface and flow
conditions. There are not so many effective passive methods,
taking into account resource expenditures. This fact led to
the development and study of partial corrugation of the heat
transfer surface, which allows increasing the heat transfer
rate several times with a moderate increase in the cost of
coolant pumping. In addition, partial corrugation has min-
imal material consumption, compared with the majority of
methods of heat transfer surface development. These char-
acteristics determine the possibility of using this passive
method of heat transfer enhancement in nuclear power engi-
neering, heat exchangers design, chemical industry, etc. [1].

2. Literature review and problem statement

Structure formation of the heat transfer surface in the
form of the corrugations of various geometric parameters has
become particularly active in the last thirty years. A number
of studies, in particular [2—9], are devoted to the analysis of
heat transfer enhancement and the accompanying growth of
friction loss.

In [2], the results of experimental studies of the flow
structure and friction loss in a plane channel with the intro-
duction of sinusoidal symmetric and asymmetric corrugation
under the laminar flow regime are presented. The authors [3]
continue the study of the flow structure with asymmetric
corrugation of the heat transfer surface of the channel,
while evaluating the degree of heat transfer enhancement
and friction loss. The numerical experiment was carried
out in laminar and transient flow regimes in the range of
Prandtl numbers Pr=1...9.4. A rather large increase in heat
transfer rate was obtained compared to a plain channel (up to
3 times), but due to a very large increase in friction loss (up to
10 times), which is probably due to a loss of flow stability and
transition to a turbulent flow regime. In [4, 5], friction loss
and heat transfer in channels of complex three-dimensional
geometry are considered. Experimental studies were carried
out with a wide variation of pitches of corrugation surfaces
forming the channel walls and in the range of Reynolds num-
bers Re=400...6,000. The increase in heat transfer rate up to
2 times with an increase in the guide corrugation pitch from
30° to 75° with a corresponding increase in friction loss up
to 5 times is shown.

Spiral surface corrugation of the tube of various geo-
metric parameters w/a=14...44, where w — length, a — cor-
rugation wavelength amplitude, in a wide range of Reynolds
Re=2,000...90,000 and Prandtl numbers Pr=2.5...100 is
studied in [6]. Heat transfer enhancement up to 2.5 times is
obtained with an increase in friction loss up to 3 times. The
values of heat transfer enhancement in this work are consis-
tent with the data of [7, 8] for spiral corrugation of similar
geometric parameters w/a=16.8..36 in the corresponding
range of Reynolds and Prandtl numbers.

In the numerical study by the authors of [9], flow sim-
ulation in a tube with spiral corrugation in the same range
of the ratio of the corrugation wave amplitude to the length
(w/a=12.5...50) with Reynolds numbers: Re=5,000; 10,000
is considered. The dependence of the energy efficiency pa-
rameter E=(Nu/Nuo)/(f/fo)"/® of the corrugated surface
on the wave amplitude and length is obtained. Friction loss
with increasing corrugation amplitude increases over the
entire wavelength range. While the heat transfer rate has

a clear extremum in the region of medium wavelengths and
amplitudes of the corrugation, which provides the maximum
energy efficiency F=1.57 with Re=5,000 with w/a=8...14. An
increase in the Reynolds number leads to a decrease in ener-
gy efficiency over the entire range of geometric parameters
considered, but the energy efficiency coefficient E remains
greater than unity.

The reviewed papers are devoted to the study of flow
structure and prove the energy efficiency of fully corrugated
surfaces. The energy efficiency of partial structure formation
of the heat transfer surface is not studied. However, it is peri-
odic corrugation that allows to significantly reduce the cost
of coolant pumping while maintaining a high level of heat
transfer enhancement, which prompted a series of numerical
experiments.

3. The aim and objectives of the study

The aim of the study is to assess the energy efficiency of
partial spiral corrugation of the tube surface.

To achieve this aim, the following objectives were set:

— to investigate the flow structure in the initial section
of the tube with spiral corrugated inserts of the given pa-
rameters;

— to assess the degree of influence of the structured in-
sert on heat transfer processes and to compare the thermal
and hydraulic characteristics of flows for different types of
spiral corrugation and plain tube.

4. Problem statement and methodology of numerical
experiment

The flow of water in the initial section of the tube with
various corrugated inserts shown in Fig. 1 is considered.
The flow in tubes with a radius of 35 mm consisting of
an inlet branch (length 1,500 mm), a corrugated insert
(length 300 mm) and an outlet branch (Iength 1,360 mm)
is investigated. The wavelength of one corrugation was
20 mm, height — 6 mm. Depending on the pitch of spi-
ral corrugation to the tube axis, the shape of the section
changed. At a corrugation pitch of 80° (corrugation pitch
40 mm), the cross section of the corrugated tube takes an
ellipsoid shape (Fig. 1, ) and has an area of 0.00454235 m?,
1.18 times larger than in the plain tube. The corrugation
pitch of 70° with respect to the tube axis (corrugation pitch
80 mm) forms the section shown in Fig. 1, b with an area of
0.00454188 m?.

The inner flow of a viscous incompressible heat-con-
ducting fluid is described by the system of non-stationary
three-dimensional Navier-Stokes, continuity and energy
equations (1)—(3):
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where p is the dynamic viscosity coefficient depending on
temperature, obtained from table values [10] for the tem-
perature range 7=5°...60":

w=1,88-10"(1,48-10"-7* T +171,36),

is the thermal diffusivity coefficient. Such problem state-
ment allows revealing the appearance of disturbances in the
flow and tracing their downstream development from the

inlet section.
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Fig. 1. Tube geometry: a — corrugation pitch of 80°;
b — corrugation pitch of 70°; ¢ — scheme of
the tube under study

The problem was solved numerically using the ANSYS
Fluent codes under the following conditions. A constant
flow rate and temperature of the coolant Uy=0.1 m/s (Re=
=5.3-103, determining the size — diameter of the plain
tube section) and temperature Typ=333 K were set at the
inlet. On the wall — adhesion conditions and constant tem-
perature T,=283 K. Simulation was carried out using the
Pressure-Based algorithm in combination with the pres-
sure-velocity coupling algorithm — Semi-Implicit Meth-
od for Pressure-Linked Equations. Difference grids were
constructed in such a way that the smallest cell size was in
the wall area. The smallest cell size was determined by the
Reynolds number and local thicknesses of the dynamic and
thermal boundary layers and corresponded to the value of
the parameter 2" =(u*Ar)/v=0.4 (Fig. 2). Toward the wall,
the grid thickened. The number of grid cells was about
5,200 thousand.

Fig. 2. Fragment of the computational grid:
a — cross section; b — corrugated section, side view

The time step was determined by the Courant number
and selected in such a way that the condition: Co<2 holds.

5. Changes in the flow structure and heat transfer rate in
the plain tube and tubes with the corrugated insert

At the shock entry of the tube, the calculation results
show the formation of dynamic and thermal boundary layers.
At the same time, on the tube section x/d<8.5, the flow has
an ordered layered nature, disturbances of the flow param-
eters are present, but very small compared with the corre-
sponding average values, as shown by the trajectories of the
tag particles in Fig. 3 with x/d=2. The phase portrait of the
tag particles shown in Fig. 3 means the coordinates of the in-
tersection point in each cross section of the tube with a step
corresponding to the dimensions of the computational grid.
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Fig. 3. Phase portraits of tag particles and temperature field
in the plain tube and tube with the corrugated insert in the
inlet branch with x/d=2: a — plain tube;

b — tube with a corrugation pitch of 80°;
¢ — tube with a corrugation pitch of 70°

The temperature fields (Fig. 3) demonstrate the un-
perturbed flow core and a thin boundary layer 8, which
is approximately 2.5 mm. At the same time, the dynamic
boundary layer is much thicker §4=5 mm, which is due to the
values of the Prandtl numbers much greater than 1.

Downstream (8.5<x/d<20), there is an increase in ve-
locity perturbations, demonstrated by the phase portrait of
intersection of the trajectories of tag particles of consecutive
sections of the tube (Fig. 4).

Velocity perturbations in the wall region lead to defor-
mation of the temperature boundary layer along the tube
perimeter, which is not observed in the flows at a constant
temperature with the corresponding Reynolds numbers.
This change can be explained by the substantial non-isother-
mality of the flow in the wall region (AT-50 K), which with
“cold” tube walls (T,=283 K, Tp=333 K) causes a negative
viscosity gradient along the normal to the tube wall. At the
same time, the oscillations generated on this tube section
remain regular, have small amplitudes and do not lead to
significant changes in the values of heat flows and friction
stresses on the tube surface [11]. Further downstream, the
disturbances increase in amplitude and wavelength, quickly
becoming disordered with the considered Reynolds number.
Along the perimeter of the tube, there is a substantial aperi-
odicity of the transverse velocity component in the wall re-



gion, which is also manifested in the form of perturbations of
the temperature boundary layer (Fig. 4). The flow structures
in the plain tube (Fig. 4, a) and in the tube with the insert
(Fig. 4, b, ¢) up to this insert almost coincide and have the
same range of thermal and hydraulic parameters, which indi-
rectly confirms the correctness of independent calculations.
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Fig. 4. Phase portraits of tag particles and temperature field
in the plain tube and tube with the corrugated insert in the
inlet branch with x/a=20: a — plain tube;

b — tube with a corrugation pitch of 80°;
¢ — tubes with a corrugation pitch of 70°

With the considered Reynolds number in the tube sec-
tion (10<x/d<14), the intensity of the disturbances increas-
es dramatically, which is demonstrated by changes in the
maximum values of the normal velocity component in the
tube sections (Fig. 5). The results obtained confirm natural
development of perturbations in the tube, similar to transi-
tion processes in the boundary layer on the plate.
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Fig. 5. Variation of dimensionless maximum
(over the cross section) values of normal velocity
components along the tube length

In the region of the corrugated insert with 21<x/d<25,
where the development of natural flow perturbations in the
wall region is distorted by disturbances generated by the spi-
ral surface of the corrugated insert, disturbance amplitudes
reach the maximum values.

Once in the corrugation grooves, flow particles are in-
volved in the rotational motion, moving forward, which is
demonstrated by the phase portrait of particle trajectories
(Fig. 6). Convective heat transfer processes involve addi-

tional volumes of fluid, which contributes to heat transfer
enhancement. The flow core remains practically unper-
turbed. In the wall region, the trajectories of tag particles in
the considered area differ somewhat depending on the type
of tube surface. Thus, in the plain tube (Fig. 6, a), the phase
portrait shows intense oscillations along the longitudinal
axis, covering a larger area compared to the other tubes
under consideration. At the same time, along the corrugated
section (Fig. 6, b, ¢), the tracks of the particles in the wall
region, along with the rectilinear motion, demonstrate the
presence of spiral movement along the helical surface of the
corrugations. In this case, the temperature field near the
tube surface is significantly perturbed, which is reflected
in the heat transfer rate in comparison with the plain tube.
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Fig. 6. Phase portraits of tag particles and temperature field
in the region of the corrugated insert in tubes of various
configurations with x/d=24: a — plain tube;

b — tube with a corrugation pitch of 80°;
¢ — tube with a corrugation pitch of 70°

At the outlet branch with 25<x/d<45, the region of the
unperturbed isothermal flow core is significantly reduced.
This is demonstrated both by the total phase portrait of the
trajectories of tag particles in the tube cross section x/d=45
and by the temperature fields in the plain tube (Fig. 7, a) and
in tubes with partial corrugation (Fig. 7, b, ¢).

Mixing of flows in the wall area is affected by the spi-
ral corrugation pitch. At a spiral corrugation pitch of 80°
(Fig. 7, b), the trajectories of the particles that fell into the
groove during passing the corrugation spiral deviate from
the longitudinal direction by no more than 160°. While
in the corrugated insert with a pitch of 70° (Fig. 7, ¢), the
particles describe an almost complete circle as they move
down the spiral. Thus, the introduction of spiral corrugated
inserts with the considered pitches leads to more intense
mixing.

The spectral analysis of pressure pulsations at the point
behind the corrugated insert showed a trend to narrowing of
the frequency range of pressure pulsations in the plain tube.
At the same time, there is a greater filling of the spectrum in
the low-frequency region (Fig. 8, a), caused by intensifica-
tion of large-scale perturbations.

From the obtained spectral characteristics, it follows
that the tubes with the corrugated insert (Fig. 8, b) in the
frequency range up to 1 Hz generate more intense perturba-



tions than in the plain tube, as indicated by large values of
spectral power.
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Fig. 7. Phase portraits of tag particles and temperature
field in the area of the outlet branch in tubes of various
configurations with x/d=45: a — plain tube;

b — tube with a corrugation pitch of 80°;
¢ — tube with a corrugation pitch of 70°
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Fig. 8. Frequency spectra of pressure pulsations with
Re=5300: o — plain tube;
b — tube with a corrugation pitch of 70°
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6. Comparative analysis of heat transfer rate and friction
loss for tubes with spiral corrugated surfaces and plain
tubes

In the zone of the corrugated insert, a substantial in-
crease in heat transfer rate and friction stress values occurs
in the ridges of the corrugations, where the thickness of
dynamic and thermal boundary layers is minimal (Fig. 9).
The development of disturbances leads to inhomogeneous
distributions of friction stress and heat flux density, which is

indicated by spots along the forming ridges (Fig. 9, a, b and
Fig. 10, a, b). Once in the corrugation ridge, the disturbed
flow is divided. Part of it goes into the groove, forming a
vortex structure, which is indicated by areas with negative
friction stress values. In this case, the pitch of spiral corru-
gation practically does not affect friction stress values on
the surface.
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Fig. 9. Friction stress on the corrugated section of tubes of
various configurations: a — friction stress (Pa) in a tube with
a corrugation pitch of 80°; b — friction stress (Pa) in a tube
with a corrugation pitch of 70°;
¢ — dimensionless friction stress

In general, the presence of a vortex structure leads to a
decrease in friction in the corrugated section, which allows
reducing the friction loss (Fig. 9, ¢). In this case, the vortex
structure promotes the mixing of liquid from the low-tem-
perature region of the groove into the hotter region in the
flow core, which contributes to the enhancement of convec-
tive heat transfer (Fig. 10).

At this time, another part of the flow is carried away
downstream, contacting only with the corrugation ridge,
reducing the thickness of the boundary layer on it. At the
same time, the values of 1, (Fig. 9) and heat flux density
(Fig. 10) decrease with decreasing corrugation pitch. In ad-
dition, as a result of the influence of long-wave natural flow
disturbances, a local increase in friction stress (Fig. 9, ¢) and
heat transfer enhancement (Fig. 10, ¢) occur not only on the
ridges, but also in the grooves of the corrugations. Thereby
destroying small stagnant zones in the grooves of the corru-
gations at large pitches of spiral corrugation.

When dimensionless perturbation values of the trans-
verse velocity components exceed u,/U,=0.05 (Fig. 5), it can
be assumed that a transition boundary layer is formed on the
tube surface. However, a noticeable change in heat transfer
is not observed. At the same time, further development of
disturbances occurs quite rapidly, and the maximum values
of dimensionless velocity u,/U, increase several times at a



distance of (5..7)d. Starting from this area, a significant
increase in heat transfer rate is recorded compared with the
laminar flow regime.
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Fig. 10. Heat flux density and Nusselt number values in the
corrugated section of tubes of various configurations:

a — heat flux density (W /m?) in a tube with a corrugation
pitch of 80°; b — heat flux density (W,/m?) in a tube with
a corrugation pitch of 70°; ¢ — dimensionless heat
transfer values

Heat transfer rate in the area of corrugation and the
outlet branch with a slight difference in friction loss values
depends on the pitch of spiral corrugation. Thus, the corru-
gation with a pitch of 80° increases the heat transfer rate by
19 %, while at a corrugation pitch of 70° — by 14 % compared
to the plain tube with the same Reynolds number (Table 1):

Table 1

Influence of the corrugated surface geometry on the heat
transfer rate and friction loss

Corrugation pitch AP/AP, Nu/Nuy,
80° 1.071 1.19
70° 1.074 1.14

The insignificant difference in heat transfer rate is
caused by a large number of full corrugation spirals with a
larger value of the corrugation pitch, as well as a smaller slip
of the flow over the corrugation.

The obtained results are compared with the experimental
data of the authors [6, 7], where the results of measurements
of friction loss and heat fluxes in spiral corrugated tubes
with the following geometrical parameters and Reynolds
number Re=5-10% are presented. Corrugated surfaces with
dimensionless corrugation wavelengths w/d=0.3; 0.4; 0.6
(in this study 0.29) and corrugation amplitudes #/d=0.03
(in this study 0.086) are investigated. An increase in heat

transfer rate in comparison with the plain tube in the range
Nu/Nuy=1.1...1.3 is obtained, but the connection with the
wave change is not observed in these results. The obtained
heat transfer enhancement in this study is comparable to
these values. While friction loss in corrugated tubes was sig-
nificantly higher compared to the plain tube and amounted
to AP/AP,=1.2..1.4, which is significantly higher than the
values obtained in this study.

7. Discussion of the results of numerical flow simulation
in plain tubes and tubes with corrugated inserts

Based on the numerical simulation, the features of forma-
tion of the vortex flow structure in the initial section of the
tube with the limiting transition Reynolds number were re-
vealed — the appearance and development of perturbations of
finite amplitudes, their influence on heat transfer processes:

—on the tube section x/d<8.5, the flow has an ordered
layered character, perturbations are small compared with
the corresponding average values of flow parameters;

— with 8.5<x/d<21, an increase in disturbances and de-
formation of the boundary layer along the tube perimeter are
observed. Transients and a significant increase in heat trans-
fer rate in the flow are recorded at a distance of (15...22)
from the tube inlet, where the value of the dimensionless
longitudinal velocity component u,/U, exceeds 0.05;

—in the corrugation area 21<x/d<25, natural distur-
bances undergo distortions under the influence of distur-
bances generated by the corrugated insert. The distribution
of friction stress and heat flux density is non-uniform around
the tube perimeter;

—in the wake of the corrugation x/d>25, there is an in-
tense non-uniform growth of the boundary layer thickness
along the tube perimeter and the region of unperturbed
flow in the flow core decreases significantly, which leads to
enhancement of the convective component of heat transfer.

Thus, with the considered Reynolds number in the initial
section of the tube, introduction of the spiral corrugated
insert of the considered geometric parameters changed the
flow structure and the course of its natural development,
which led to an increase in the rate of convective heat trans-
fer. At the same time, in contrast to the fully corrugated
surface, studied by the authors [2—-9], partial development of
the heat transfer surface made it possible to significantly re-
duce friction loss while maintaining the heat transfer value.

However, a decrease in the temperature head with the
given Reynolds number can significantly reduce the energy
efficiency of this method of passive heat transfer enhance-
ment in the initial section of the tube of a fixed length due
to transition delay and decrease in the rate of low-frequency
oscillatory processes in the flow.

In this regard, the appropriate continuation of this re-
search direction will be to study the effect of spiral corruga-
tion on friction loss and heat transfer rate with an increase
in the number of corrugations per unit length while main-
taining the pitch in a wider range of transition Reynolds
numbers and temperature head values.

8. Conclusions

1. The features of generation and development of vortex
formations and their influence on the rate of heat transfer



processes in the initial section of the plain tube and their
change in tubes with spiral corrugated inserts of given pa-
rameters are studied numerically.

2. The length of the laminar section before the ap-
pearance of finite disturbances with the given Reynolds
number and temperature head, the growth rate of dis-
turbances and their modification on the corrugated tube
section, which leads to sharp oscillations of friction stress
values and the corresponding heat transfer rate values are
determined.

3. The introduction of corrugated inserts of the con-
sidered geometry with the specified Reynolds number and
temperature head value allowed enhancing heat transfer
compared to the plain tube up to 20 % with an increase in
the heat transfer surface area to 4.7 %. Related friction loss
increased by 7.5 %.

4. A change in the pitch of spiral corrugation to the tube
axis while maintaining the flow area of the tube slightly in-
creases the heat transfer rate by up to 5 % with an increase in
the pitch from 70° to 80° with a negligible change in friction loss.
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