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Specifics of the local heat transfer of the accelerated flow along the
end-wall of curved turbine passage

Khalatov A.A., Kovalenko A.S., Shevtsov S.V., Kuzmin A.V.*

Institute for Engineering Thermal Physics of National Academy of Sciences of Ukraine, Kyiv, Ukraine

Abstract

The experimental study was carried out of the heat transfer of an accelerated flow near the end surface of the curvilinear band
formed by the neighboring turbine guide vanes. The level and nature of the change in heat transfer depending on the height of
the band and the thickness of the boundary layer at its inlet are revealed. The data obtained can be used for the design and
testing of heat exchangers and power equipment.
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1. Introduction

Closed curvilinear bands of a flat type are the | various types near its flat end-walls. They
main element that implements an accelerated flow significantly affect heat transfer near the end
in turbines and compressors for power purposes. surface and in practice can be used both to intensify
The main feature of the hydrodynamics of such a heat and mass transfer and to control the gas-
band is the occurrence of secondary flows of | dynamic structure of the flow.

Figure 1. Layout of the vortex structure in the inter-blade band: 1 - inlet corner vortex; 2 - right
branch of the horseshoe vortex; 3 - secondary flow; 4-corner vortex near the concave
surface; 5 - band vortex; 6-corner vortex near the convex surface, oppositely directed to
the band vortex; 7 - left branch of horseshoe vortex; 8 - corner vortex near the convex
surface, co-directed with the band vortex; 9 - separation vortex in front of the leading
edge of the blades.
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Of particular importance is the presence of
secondary flows in a high-temperature flow, when it
is necessary to ensure reliable operation of the
band walls. As the temperature of the working fluid
rises, the convective method of organizing cooling is
no longer able to provide thermal protection of the
surface. The development of more efficient cooling
methods is associated with blowing the coolant into
the flow [1]. This requires the understanding of the
heat transfer specifics on the walls of the band.
Otherwise, it is possible not to achieve the required
level of cooling but also to incur additional losses
associated with an unfavorable flow around the
band elements and unjustified costs of the cooler. In
this case, of course, the reliability of the protected
elements and the efficiency of the cooling
application are sharply reduced.

Besides, due to the specific features of the
development of the secondary flow, its influence is
especially significant when the width of the end
surface at the band inlet becomes less than the
height of the curved walls. In practice, this
manifests itself in an increase in the relative share
of secondary losses [2].

Visualization of the flow using various indicators
in hydro- and wind tunnels shows a complex
picture of the manifestation of secondary flows in
real structures Figure 1. Considering the part of the
turbine passage between the neighboring guide
vanes (hereinafter inter-blade band) as a
development of the original rectilinear band,

2. Materials and method

The experiments were carried out in the open-
type wind tunnel, into which air was supplied from
a centrifugal compressor (air consumption up to 1
kg/s; c1 =50 m/s; Re1=3105+12105). The object of
the study was the middle band of a straight array of
four model blades, the curvilinear walls of which
corresponded to the profile surfaces of the inter-
blade band of the nozzle apparatus of a high-
temperature gas turbine Figure 2.

For isolation, its adjacent bands were blocked by
profiled inserts (in the figure not shown), which
provided a uniform velocity field at the inlet. Similar
inserts were also used when changing the height of
the band. In this case, the invariance of the flow
regime was ensured by maintaining a constant

several types of secondary flow can be identified in
it:

vortex flow in corner zones (corner vortex) [3, 4,

55

flow in the boundary layer of the end-wall caused

by a transverse pressure drop (secondary flow)

[6];

band vortex that occurs when a transverse

(secondary flow) flows onto a convex curvilinear

wall [6];

a horseshoe-shaped vortex that develops when

flowing around the inlet edge of the inter-blade

band and is the main element of the inlet vortex

[7].

The simultaneous existence [8] of secondary
flows of different origin (Figure 1) requires the
study of both their general and separate influence
on heat transfer near the end-wall of the inter-blade
band. Obviously, the strongest effect on heat
transfer is exerted by the secondary flow in the
boundary layer of the wall (3) and the horseshoe
vortex (2, 7), especially its right (downstream)
branch (2). Therefore, the authors considered it
necessary to carry out a phased study: first, in a
separate band (curvilinear band), when a secondary
flow and a band vortex associated with it develop,
and then in an identical band adjacent to two
similar ones (inter-blade band), when an inlet
vortex also appears.

pressure drop across the band. The required flow
inlet angle was set by control valves (8) mounted at
the outlet of the band. A replaceable plate (3) with
drain slots (4) ensured turbulence of the boundary
layer in front of the end surface and made it
possible to change its thickness at the entrance to
the object of study.

Thus, the same experimental base made it
possible to switch from a separate curvilinear band
to an interscapular band and vice versa.

The study of heat transfer on the end-wall was
carried out with the reverse direction of the heat
flow (from the surface to the gas). The heat transfer
coefficient was determined by the electrometric
method. The end surface streamlined with air
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Figure 3 was heated by tape heaters (5) made of
mesh material (13 strips 10 mm wide) with square
cells 0.04 x 0.04 mm and glued to a flat wall with
epoxy glue. The wall temperature was measured by
thermocouples (4) installed along the characteristic
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Figure 2. Layout of the working part of the

experimental setup: 1 - Vitoshinsky nozzle;
2 - limiting walls; 3 - replaceable plate; 4 -
slots for draining the boundary layer; 5 -
blades of the lattice under study; 6 - rotary
plate of the band; 7 - screw pairs; 8 -
adjusting shutters; 9 - rotary profiled wall.

3. Results and discussion

The research results presented in a relative
form, compared with a flat plate, for which the flow
velocity corresponded to the flow velocity near the
characteristic lines of the end-wall. This made it

3.1. Curved band

For the base relative height of the band = 1.0, the
intensity of heat transfer at its inlet (to the “throat”)
decreases (approximately 1.6+2 times) both along
the length and across the band, in the direction
from the concave wall to the convex one. The
exception is the local increase at the inlet near the
concave wall. Behind the “throat” there is an
intensification of heat transfer, the degree of which
increases from a concave wall to a convex one. As a
result, near the convex wall at the outlet of the
band, the level of heat transfer becomes even higher

lines (3) of the end-wall. Their hot junction (6) was
located directly under the heater. The heat flow was
determined from the electrical power of the heater,
and heat losses were taken into account by
calibration tests on a flat plate.

sl Lba

Layout of the heater and thermocouples on
the end surface of the curved band: 1 - end
surface; 2 - curved band wall; 3 - lines of
installation of thermocouples; 4 - places for
installation of thermocouples; 5 - heater
strips; 6 - hot junction of thermocouple;
7 - thermocouple wires; 8 - holes for
thermocouple wires

Figure 3.

possible to eliminate the influence of the
longitudinal pressure gradient on the intensity of
heat transfer.

than at the inlet. At the same time, near the concave
wall, this phenomenon is much weaker. The pattern
of changes in the intensity of heat transfer along the
midline occupies an intermediate position. Taking
into account the method of presenting experimental
data proposed above, it can be assumed that the
main physical reason that determines the features
of heat transfer near the end-wall of the band is the
state of the boundary layer and the effect of the
secondary flow on its characteristics.
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The local increase in heat transfer coefficients
20 near the concave band wall can be associated with
Concave wall —@—h/t=1.00 . .
18 4 --#---h/t=0.47 the presence of a diffuser flow section here [6, 9],
- j || il which enhances the instability of the boundary

1.6 * 2 (o) O h/t=0.14 .

S layer. The more intense heat transfer near the
g’“ i /E“‘ﬁ\\pﬁ o concave band wall (compared to the gradientless
8121 ‘ﬁ% o 7 flow along the plate) is explained by the decrease in

i | ’/ the thickness of the boundary layer. In this case, an

outflow of the medium with low-potential energy

o8 7 occurs towards the convex wall. In its place, the

0.6 f medium enters from the boundary layer of the

0.0 0.3 0.6 0.9 1.2 1.5 .
X/X concave band wall, but in a much smaller amount

2.0 _ ™ due to the hydraulic resistance of the corner zone,

15 | | Middleline —@—h/t=100 where there is a predisposition to the formation of a

- --4--h/t=0. . .

: hj; OZ paired corner vortex in the flow [2].

16 O h/t=014 | As the convex wall is approached, the boundary
ol4 1@y layer thickens and breaks off when the secondary
S AN L . )
312 X flow impinges on it. A so-called band vortex is

@\;‘»n’% . &? formed, which is carried by the flow onto the
| \'i\‘.,\ g / o convex surface of the band and into the core of the

08 \go\"*o Ok flow. Behind the detached vortex, the thickness of

06 | QENE/ the boundary layer decreases significantly, which,

0.0 03 06 0.9 12 15 under conditions of vortex flow in the external flow,
X/ X causes a sharp intensification of heat transfer at the
2.0
I outlet of the band near the convex wall.
Convex wall ~—@—h/t=1.00 ] ) )

18 1 —4h/t=047 A decrease in the relative height of the band

16 ﬁ:ﬁigii : compared to the base one has practically no effect

on the nature of the change in the relative intensity

14 ¢ L . .

g of heat transfer. An exception is the inlet section

®12 1 r ; /%’ near the concave wall, where the section of the
L &, / _

10 EI;& : increase h in the relative heat transfer coefficient

s | \!\\go o disappears with a decrease due to its sharp

\\M‘/ increase. This is apparently due to an increase in

0.6 + + t + + . .

0.0 03 06 0.9 12 15 the degree of cluttering of the band cross section by
X/ X nax the boundary layer, which causes an increase in the
Figure 4. Relative change in the intensity of local heat diffuser effect. At the same time, the intensity cif
transfer along the end surface of the heat transfer on the entire end surface increases h
ili = 3.7-105 On= . . .

curvilinear band (Rei= 3.7-10% &= 1mm) almost equally with decreasing (by 1.1+1.2 times).

compared to a flat plate near the concave . )
wall, the middle line and the convex band This is probably due to the increased mutual
walls, respectively influence of secondary flows on opposite end

surfaces.
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3.2.Inter-blade band

The general nature of the change in heat transfer
on the end surface in the inter-blade band is the
same as for the curved band Figure 5.
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Figure 5. Change in the relative intensity of local heat

transfer along the end surface of the inter-
blade band (Rei= 3.3-105 6in=2.0mm)
compared to a flat plate.

The intensity of heat transfer along the band first
decreases and then increases. Its level is higher near
the convex surface, and less near the concave.
However, significant differences are also noticeable.

So, with the base relative height of the band h = 1.0,
the level of heat transfer is noticeably higher on
almost the entire end surface. At the same time, a
small area of increasing heat transfer that exists
near the curvilinear band disappears, and near the
leading edge of the inter-blade band, heat transfer
increases by 30+40%. Further, up to the outlet from
the band, the level of heat transfer is somewhat
lower than in the curved band, both near the
concave wall and in the entire outlet section. As a
result, the overall unevenness of heat transfer is
significantly reduced. Undoubtedly, this is evidence
that the horseshoe vortex, by rolling the boundary
layer at the band inlet, limits the intensity of the
secondary flow inside the band and, as a result,
weakens the band vortex formed downstream [9].
Reducing the relative height of the band has
practically no effect on the level of relative heat
transfer and the nature of its change on the end
surface. An exception is a small area at the entrance
to the band near the concave wall. Here, at first,
some increase in the relative heat transfer is

observed, and at h = 0.14 it falls to the initial value.
According to the coordinates of the local increase in
the relative heat transfer on the presented
dependencies, one can confidently determine the
location of the right branch of the horseshoe-
shaped vortex on the end-wall.
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4. Conclusions

An experimental study of heat transfer on the

end-wall of the curvilinear and inter-blade bands
with a thin boundary layer at the inlet showed:

change in the intensity of relative heat transfer is
non-uniform both across and along the band with
a minimum in the region of a narrow section;

intensity of relative heat transfer decreases
downstream and from a concave wall to a convex

enhances the relative heat transfer near the end
surface of the curved band and has little effect on
it in the inter-blade band;

dependencies presented in relative coordinates,
estimating the degree of influence of the main
secondary flows in short curvilinear bands of a
flat type on local heat transfer near the end-wall,
make it possible to significantly simplify its

one, except for the area at the outlet of the band; calculation.

e a decrease in the relative height of the band
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Nomenclature
Symbols Indexes
v external current velocity; max the value of the coordinate at the
t grating step; output of the band;
x curvilinear coordinate; 0 parameters for plate in non-
Re Reynolds number; gradient flow;
h =h/t relative band height; 1 band input parameters
X =X/Xmax relative coordinate;

a heat transfer coefficient;
6 boundary layer thickness;
relative heat transfer coefficient.
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