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parameters

Abstract

For liquid metal calculation method is studied depending on the geometric and
operating parameters as averaging the heat transfer in turbulent convective heat
transfer in a tube with a sequence of periodic protrusions semicircular geometry
based on a numerical solution of the Reynolds equation, closable by means of shear
stress transference model Menter and the energy equation for multiscale intersecting
structured grids. The novelty of the calculated data on heat transfer is that they are
valid for small Prandtl numbers, while the earlier similar results were obtained only
for medium and large Prandtl numbers. General Analysis calculated data obtained
showed that relatively high turbulators (d/D=0,90) ¢ small pitch (t/D=0, 25) at small
Reynolds number (Re=10%) reduction of heat transfer enhancement for the liquid metal
with respect to the gas may reach more than one third other conditions being equal;
increase above parameters generally leads to a decrease differences between the levels
of enhancement of heat transfer between the gas and liquid metal.
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Introduction

Hanesenie periodic protrusions on the wall surfaces is washed
well tested in practice, the heat transfer intensification method
vortex.'? Intensification of heat transfer for flow conditions coolants
in the tubes with turbulators held and carried mainly by experimental
methods'? and theoretical studies rather scarce, many of them are
based on integral approaches.’’ At the present stage of research tasks
aerodynamics and thermo vouchers and eddy currents are increasingly
hesitant multiblock methods of computing technologies based on
intersecting structured grids.*!? The relevance of the problem caused
by the use of heat transfer fluids in various fields of technology in the
form of liquid metals. Their use is advantageous in those cases where
the required intensive heat transfer from the heated surface, and also
in cases provide a high coolant temperature at low pressures. Cooling
liquid coolants in metal form combines advantages of gas and liquid
cooling. The most suitable heat transfer fluids of this type are the alkali
and heavy metals and their alloys. Physical properties of liquid metal
are substantially different from those of conventional coolants - gases,
water, oil and other liquid metals have greater thermal conductivity
coefficient. value lower than the heat capacity; particularly low value
of the Prandtl number (Pr=0.005+0.05). Low values of the Prandtl
number Pr explained by a higher coefficient of thermal conductivity,
for example, at temperatures (100+700)°C thermal conductivity
coefficient A sodium Na coctavlyaet order (86+59) watt/(m-K), and
for potassium K-of the order of (46+28) watt/(m-TO). This study is
a logical extension of the above methods for computing'>? for the
analysis of turbulent flow and heat transfer tubes in the U-shaped
flow turbulators (diaphragms) with different relative heights steps for

different modes of coolant flow with for a more detailed analysis of
the enhancement of heat transfer to heat transfer with small Prandtl
numbers specific to liquid metals. Previously, this aspect is practically
not been studied.

Mathematical and discrete models

In this paper, using a fully implicit finite difference schemes
centered on irregular oblique grid, a system of Reynolds equations
and the energy stored in natural variables. To calculate the pressure
field is used SIMPLEC procedure; there is the principle of splitting
into physical processes. Approximation convective terms is
performed using a quadratic, counterflow scheme. Difference
equations are solved using the method of highly incomplete matrix
factorization at accelerated convergence method using an additive
correction. Multiblock algorithm for solving the problem on a
different scale intersecting grids, approved in solving the problems of
vortex dynamics and heat transfer,® is used for the correct description
of turbulent heat exchange. With zonal Low- Menter model'? is
implemented description turbulent transport. The study looked
Channels constant cylindrical cross-section with walls arranged at
eight turbulators in the form of periodic apertures semicircular cross
section. Parameters varied in the following range: d/D=0,95+0.92; t/
D=0,251, where t-pitch of the vortex; d-diameter of the diaphragm;
D-the diameter of the pipe; Re=10*+10°-Reynolds number; Pr=1+20-
Prandtl number (for limited calculations-Pr=1+0.05).

Concise way the calculated model may be characterized as
follows. Investigated the calculated three-dimensional region has a
plurality of sections, each of which consists of a protrusion (Figure 1).
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When the calculation it is assumed that when the number concerned
vortex turbulent flow becomes steady. In the main part of the study the
heat transfer calculation was performed under the boundary condition
on the wall of the first kind with Pr=Prandtl number Pr=1 and 0.05
in order to establish patterns of change in the intensification of heat
transfer for liquid metal coolant with respect to gas unit Prandtl
number. At a preliminary stage of the study carried modification
versatile computing complex numerical modeling spatial separated
flows and vortex heat exchange in order to adapt and clarify the
mathematical model of flow and vortex heat transfer in channels with
turbulators on the assumption of occurrence of spatial vortex structures
responsible for vortex intensified heat transfer processes in the near-
wall areas of tube with turbulence. In order to address the problem
of intensified heat exchange the calculated three-dimensional grid is
built the same way: designed a two-dimensional grid in the axial and
radial coordinates, unfolds circumferential coordinate with a constant
pitch. In order to achieve the required resolution in the vicinity of the
obstacle we used two-dimensional grid in the form of a multi-tiered

H
i
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structured grids, and the obstacle described in the most detailed grid
with the highest spatial resolution. Detailed mesh was inserted into
a coarser mesh, with which the described flow in the near wake the
obstacles, and the transition region from the wall to the axis is also
performed using the intermediate grid, the purpose of which - increase
the longitudinal spacing of the grid in the vicinity of obstacles and
changes the resolution of the circumferential coordinate.

Later we will not go into details directly modeling aspects of
numerical calculations of this technique, as they were described in
detail in.148:101214-182225 Exnerimental confirmation of theoretical data
for gaseous coolants and heat transfer fluids in the form of liquid drops
was given in'»?>2¢ which analyzes the actual experiments the authors
experiments,?’ as well as patterns for limiting the heat exchange.!>>>2¢
Another confirmation of the obtained calculated numerical data
dependencies are analytical solutions for intensified heat transfer
obtained by a modified four-layer model of the turbulent boundary
layer.>”

-
Vs

Figure | A pipe grid consisting of several sections with a semicircular turbulizers located in the middle, an inlet and an exit smooth section.

Data for the baseline calculations

In the input section of the considered portion of the pipe considered
uniform flow with a thin boundary layer permitting variation;
turbulence parameters correspond to experimental tests in the pipe,
assuming scale turbulence pipe diameter of the order of which is
selected as the characteristic size and the degree of turbulence is
taken equal to one and a half percent. At the outlet section under
consideration tube portion are made “soft” boundary conditions,
otherwise known conditions continue solutions for which the
characteristic parameter is extrapolated area calculation. On washed
coolant pipe wall, considered under the boundary conditions of the
first kind of isothermal and having a higher or lower for a certain
number of degrees in relation to the temperature of the incoming flow
temperature, there are no-slip condition. For the chosen geometry
of the channel, each individual task of several sections solved two
stages: first dynamic problem is solved, then the pre-calculated for
the fields constituting the flow velocity and turbulence characteristics
thermal problem is solved for various Prandtl numbers. The criteria
for dynamic convergence constraint problem are determined by
calculating the Cartesian velocity error components and for thermal
problem-limiting the increment of heat fluxes on the walls; In this
work the value of 0.0001 was adopted for the relative error.

As averaging in direct heat exchange with circular
tubes are periodically disposed surface turbulence
flow of semi-circular cross-section at turbulent flow of
molten metals in various geometrical and operational
parameters

coefficient of resistance & as averaging and the Nusselt number
Nu of semicircular pipes with turbulators in turbulent convective
heat transfer for the liquid metal in this work were determined by the
calculation method based on a numerical solution of the Reynolds

equations closable via shear stresses Menter transfer model, and the
energy equation for multiscale intersecting structured grids. Adequacy
of the applied method is based on the fact that in comparison to
previously**192123 were used similar to the experimental data on
the heat transfer and hydraulic resistance for tubes with turbulators
or semicircular apertures for the flow of air, which took place A
good correlation between theory and experiment. Identified in the
previous author’s theoretical work®!#1°21"33 value to the experimental
data of sales calculation model for local and as averaging the flow
characteristics and heat transfer tubes with turbulators causes its
application for the purpose of identifying patterns integral (as
averaging) of heat exchange tubes in the parameters for the flow of
liquid metal with small Prandtl number, depending on the geometry
of the channel and the coolant flow regime. In this study, we consider
only the most common turbulators semicircular cross section, typical
of pipes with diaphragms.

This issue is important because it is necessary to know the level
of enhancement of heat transfer-the parameter Nu/NuGL (NuGL-
Nusselt number for smooth pipes)-zhidkometellicheskih for coolants,
depending on the defining parameters. The classic books on heat
exchange intensification’?indicates that the relative experimental data
on heat transfer enhancement in the flow of liquid metals do not have
enough information, but the authors'? have every reason to believe
that the artificial turbulence in the liquid metal flows (Pr<<1) should
have a very low efficiency. Calculation intensified heat exchange on
the surround to factor control method performed for the most typical
of the geometrical and operational characteristics for tubes with
turbulators'? for a fairly wide range of Prandtl numbers:

d/D=0.90; 0.91; 0.92; 0.93; 0.94; 0.95; 0.96; 0.97; 0.98; 0.99;
t/D=0.25; 0.50; 1.00;
Re=10% 5x10% 10°;
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Pr=0,05+1.

As an illustration of the method of calculation data received by
the data in Figure 2 shows the calculated current characteristic line
pipe with transverse annular turbulators semicircular cross-section for
the considered flow conditions (d/D=0,92; 0,94; 0,96; 0,97; Re=10%;
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t/D=0, 50; Pr=0,05+1); theoretical streamlines completely similar
to the existing experimental data.'? The values of the relative heat
exchange Nu/NuGL for various Prandtl (Pr=0,05+1) ceteris paribus
calculated for isothermal flow with equivalent parameters for tubes
with turbulators, and without them.

Figure 2 Characteristic current lines for a tube with turbulators of semicircular cross-section under turbulent flow for Re=105, t/D = 0.50 and d/D=0.92;0.94;

0.96; 0.97 respectively.

For index difference in the levels of enhancement of heat transfer
between the liquid metal coolant and gaseous heat carrier is introduced
the following set (parameters Pr=0.05 andPr=1 characterized for the
largest values Prandtl numbers for gases (polyhydric), and liquid
metals (e.g. lithium):

Nu

I Nu,
0,05 @ |pye
Nu; = P00 (1)
Nu

Nu

This complex allows to detect minesimalnoe discrepancy between
the levels for the enhancement of heat transfer tubes with turbulators
using gaseous or liquid metal coolants. Basic calculation results
obtained by the proposed model in the form of the above complex for

—0,05
driving the aforementioned range of defining parameters (Nul’ d/
D=0,90+0,99; t/D=0,25+1,00; Re=10*+10%Pr=0,05+1) are shown in
Table 1.
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Table | The main results of the calculation of the intensified heat transfer
for pipes with turbulators for liquid metal and gas coolants in the form of the

complex Nu?,05 for a wide range of determining parameters.
—0,05
Nll]
t/D
d/D Re
0,25 0,50 1,00
0,664 0,659 0,761 10*
0,90 0,683 0,800 0,925 510t
0,810 0,930 1,055 10°
0,672 0,654 0,769 10
0,91 0,708 0,801 0,908 510
0,794 0,920 1,025 10°
0,686 0,674 0,760 10*
092 0,684 0,798 0,897 510t
0,786 0,923 1,028 10°
0,705 0,707 0,794 104
093 0,686 0,794 0,885 510
0,787 0,907 0,987 10°
0,738 0,749 0,864 10
094 0,791 0,796 0,886 510t
0,776 0,900 0,985 10°
0,805 0,814 0,949 10*
0,95 0,690 0,786 0,882 510t
0,779 0,877 0,960 10°
0,836 0,896 0,864 104
0,96 0,701 0,787 0,911 510
0,836 0,863 0,942 10°
0,920 0,905 0,948 10
097 0,748 0,861 0,976 510t
0,783 0,878 0,956 10°
1,013 0,953 0,977 104
098 0,779 0,897 1,004 510
0,782 0,915 0,987 10°
1,010 1,005 1,002 10
099 0,929 0,963 0,982 510t
0,902 0,950 0,978 10°

Analysis of the data given in Table 1 allows you to do the following.
Overall analysis of the calculated data shows that for relatively high
turbulators (d/D of the order of 0,90) ¢ small pitch (t/D=0,25) at small
Reynolds number (Re=10%) decrease in enhancement of heat transfer
for liquid metal by relative to gas under otherwise equal conditions
may be more than one third (maximum reduction of (35+40)%);
increase above parameters generally leads to a decrease differences
between the levels of enhancement of heat transfer between the gas
and liquid metal. Therefore, the larger passage with turbulators will
be different from the smooth, i.e. with increasing height baffle and
reducing the pitch between them, the usually useddlshim will decrease
heat transfer enhancement for liquid metal with respect to gas.

This is followed to analyze the dependence (with respect to
gaseous coolants ceteris paribus) level of heat transfer enhancement
for the liquid metal on the following parameters: the height turbulizer
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h/D=(1-d/D)/2, the relative pitch of the turbulators t/D and the
Reynolds number Re. At low Reynolds number (Re=10*) and at high
altitudes relative turbulators (d/D~0.90) remains constant during the
transition from the small (t/D=0,25) pitch between turbulators on the
average (t/D=0,50) holds first very slight decrease in the complex (it
can be said that almost the parameter) and when moving to large pitch
(t/D=1,00) there is a noticeable increase in the complex; for medium

—0,05——0,05
heights turbulators (d/DNu; Nu; =0.94) during the transition
from the small (t/D=0,25) pitch between turbulators on the average
(tD=0,50) holds first very small complex growth (this parameter
remains substantially constant) and the transition to large pitch (t/

D=1,00) there is a clear increase in the complex; for small heights
—0,05—0,05

turbulators (d/D Nu;  Nu;  =~0.98) during the transition from the

small (t/D=0,25) pitch between turbulators on the average (t/D=0,50)

is a reduction of the complex, and during the transition to high pitch
—0,05——0,05
(D=1,00 ) is an increase in the complex. Nu; Nu,

At moderate Reynolds number (Re=5-10%) and at high altitudes
relative turbulators (d/D~0.90) during the transition from the small
(t/D=0,25) pitch between turbulators on the average (t/D=0,50) and
a large pitch (/D=1,00) there is a clear increase in the complex;
approximately the same character occurs for small heights turbulators

—0,05
(d/DNu;  ~0.98); for medium heights turbulators (d/D~0.94)
complex increases slightly, and the transition to high pitch (t/D=1,00)
at the transition from the small (t/D=0,25) pitch between turbulators
on the average (t/D=0,50) increase complex becomes substantial.

—0,05—0,05
Nu; Nu; At high Reynolds number (Re=10°) the complex is an

increase with increasing steps between t/D turbulators for all heights

—0,05
d/D turbulators. Nu;  In the transition from small heights turbulators

(d/D~=0.98) to large (d/D~0.90) at small Reynolds number Re=10*is a
—0,05
reduction of the complex. Nu;

At medium Reynolds numbers Re=5-10* at the transition from
small heights turbulators (d/D~=~0.98) to the middle (d/D~0.94) and
then to large (d/D~0.90) at small distance between turbulators (t/
D=0,25) there is a first increase of the complex, and then decrease it;
analogously: the average distance between turbulators (t/D=0,50) is a
reduction of the complex, after which it almost does not increase, and

at large distance between turbulators (t/D=1,00) complex is reduced
—0,05——0,05—0,05
first, then it increases slightly. Nu;  Nu;  Nu,

At high Reynolds numbers Re=10° for all values of the relative
pitch between t/D turbulators at the transition from small heights
turbulators (d/D~=0.98) to the middle (d/D=0.94) is a reduction of the

,05

complex, and during the transition to large (d/D Nu; =0.90), the
—0,05

height will be an increase in the complex. Nu;  Changing complex

—0,05

Nu; depending on the Reynolds number Re ceteris paribus is as

follows.

For relatively high turbulators (d/D=~0.90) increase in complex
occurs with increasing Reynolds number Re at all relative distance

—0,05
t/D. For relatively medium height turbulators (d/D Nu; =~0.94)
as the Reynolds number increases to Re=10* and Re=5-10* is a

reduction of the complex, with a further increase with the Reynolds
—0,05
number Re=5Nu; -Re=10*to 10° is an increase in all complex t/D
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of relative steps. For relatively small height of the turbulators (d/D
—0,05
Nu;  =0.98) for all relative pitches t/D when the Reynolds number

increases to Re=10*and Re=5-10* complex is reduced, then its value
—0,05
remains almost constant. Nu;

As seen from Table 1, in some cases, it occurs when the complex,
however, exceeding the level of intensification of liquid metal coolant
of'the gas is very small, so we can assume that for some cases the level

—0,05
of intensification of the liquid metal tends to gaseous coolants. Nu y
Theoretical data revealed patterns relative intensified heat exchange in
a wide range of defining parameters for the small values of the Prandtl
number, characteristic for the liquid metal, in those areas where there
are no reliable experimental data.

Main conclusion

1. developed and used in this study calculation method based on
the solution of a finite-volumetric method Reynolds equations
closable by means of shear transfer model Menter and the energy
equation for multiscale structured grids intersecting allowed with
acceptable accuracy to conduct calculations of the relative heat
exchange tubes in the U-shaped annular vortex generators for
liquid metal coolants.

2. The study was conducted analysis of the calculated dependence of
the relative heat exchange liquid metal at different relative heights
turbulizer h/D, the relative pitch between t/D turbulators, for
various values of the Reynolds number Re, ceteris paribus, which
shows the qualitative and quantitative changing the calculated
parameters.

3. For relatively high turbulators (d/D=0,90) ¢ small pitch (t/
D=0,25) decrease in the level of heat transfer enhancement at low
Reynolds numbers (Re=107) for the liquid metal with respect to
the gaseous ceteris paribus conditions may amount to more than
a third; increase above parameters generally leads to a decrease
differences between the levels of enhancement of heat transfer
between the gas and liquid metal.

4. The data obtained by Intensified heat exchange tubes with
turbulators in the turbulent flow reduction prove in terms of heat
transfer enhancement ceteris paribus liquid metal with respect to
the gas that was previously assumed in the classic papers on the
enhancement of heat transfer.!?

5. The results obtained in the theoretical data Intensified heat transfer
for liquid metals deterministic patterns relative heat exchange in a
wide range of characteristic parameters, which does not yet exist
experimental material.
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