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presented here for a cooling channel model with three passages and
two sharp 180 degree turns. The peculiar aspect of the model,
compared to the others presented in literature, is to consider a
variable-height channel. Indeed the channel height reduction effect
(even with flat walls) from the blade leading to trailing edges is
considered. In this way, the trapezoidal model can be used to evaluate
the effect of the strong hydraulic diameter and aspect ratio variations
(along the channel) on the flow and thermal fields in relation to a
rectangular model.

Oilfilm flow visualisations, static pressure distributions, wall
temperature and the heat transfer coefficient enhancement factor are
presented and discussed. The thermal analysis was carried out using
thermocromic liquid crystals. The aforementioned aspects have been
analysed for a wide range of Reynolds numbers, i.e. for different
cooling mass flow rates; this parameter having a key influence on
local parameter distributions (temperature, Nusselt number, etc.) and
on global gas turbine performance (cooling system pressure loss,
turbine efficiency modification).

BLADE MODEL WITH COOLING SERPENTINE

Many studies presented in literature have utilised test models to
simulate simplified single-pass (no turns), two-pass (one turn) and
three-pass (two-turns) cooling passages. Usually the channels under
investigation have a constant height (square or rectangular section).

In order to undertake a realistic thermal and fluid dynamic first-
step analysis for a simulated turbine blades, a model (3:1 scale) of a
three-pass channel (with two 180-degree bends) has been considered
in the present work. The model, called here the “Trapezoidal Model”
is shown in Fig. 1. The model, in this first step of analysis, has no heat
transfer enhancement devices (i. e. pins, fins, etc.) although they will
be introduced in further analysis. To allow the cooling flow to be
visualized and the liquid crystal technique to be utilized, the model
was made out of plexiglas. More detaiis on the trapezoidal model are
provided in Massardo (1997a).

To obtain a deeper understanding of the channel height variation
effect, due to the trapezoidal section, (i. e. height increase from inlet
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Fig. 1: 3X scale three-pass trapezoidal cooling channel model (all
the data in mm).

to outlet sections of Fig. 1) the hydraulic diameter Dy, (Fig. 2b) and the
aspect ratio H/B (Fig. 2c) are considered; both quantities are
computed along a channel meanline as can be seen in Fig. 2a. In the
above figure, the data are compared with those of a rectangular section
channel with a constant height equal to the height of the intermediate
passage (B,). By observing the H/B functions (Fig. 2c), a significant
variation (with respect to the rectangular model) is evident over the
whole channel, even in the rectilinear parts where an increase in H and
a simultaneous decrease in B give a strong increase in the ratio H/B as
aresult. In the “rectangular model”, the variation in H/B is only due to
the reduction of B. Both curves have similar behaviour, but with
stronger variations in the “trapezoidal model” due to the
aforementioned values in the straight channels. In each bend there is a
reduction in H/B due to section contraction (points D-I).

From the above figures, the trapezoidal and the rectangular section
would be expected to behave in two similar ways, but a significant
difference in the hydraulic diameter plot is quite evident. Indeed the
trapezoidal model has an increasing D;, along the channel. Remarkable
differences are present in the bends too; particularly in the second
bend, point M has a hydraulic diameter that is more than twice that of
the value of the inlet section. The distribution of H/B and D, will be
extremely useful to understand the flow field in the trapezoidal model
better.

The above three-pass channel was equipped with three different
bottom walls:

i) perfectly smooth and transparent wall for flow visualization by
means of oil-film technique.
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Fig.2: Hydraulic diameter and aspect ratio (H/B) distribution.
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Fig. 3: Thermocromic Liquid Crystal wall solution.

ii) solid wall with 96 static pressure taps.

iii) heated wall with a thermocromic liquid crystal layer.

The last option is sketched in Fig.3: the liquid crystal layer is
directly applied on the wall - made of plexiglas -which is painted
black. The wall is uniformly heated using a thin layer of aluminium
(10 micron). This wall, even though similar, has the following
advantage over the usual configuration presented in literature: the
TLC’s colour distribution can be directly detected on the wall
avoiding distortions of the light system due to the interference from
the fluid and the other wall. Moreover, the heating layer of aluminium
has a direct contact both with the TLC layer from one side and the
cooling flow from the opposite side.

EXPERIMENTAL APPARATUS

The experimental apparatus used for this study is shown in Fig.4,
where the following items are quoted: test section -1; two stage fan -
15- (not shown in figure); computer with video blaster for data
acquisition and image processing -11 and 14; mass flow meter - 7
(including a differential micromanometer); lamination valve -9- for
mass flow control. By operating the control valve the cooling mass
flow rate through the model can be regulated and therefore the
Reynolds number (based on the second channel hydraulic diameter)

Fig.4: Experimental apparatus: 1) Blade Model; 2) Videocamera; 3)
Amperometer; 4) Digital Voltmeter; 5) Thermoresistence; 6)
DC Generatore; 7) Flow meter; 8) Differential Manometer; 9)
Regulation Throttle; 10) AC Generator; 11) Monitor; 12)
Acquisition system; 13) Scanivalve; 14) Computer; 15) Two
stage fan; 16) Transducers; 17) Lighting system.

can be varied from 5 10° up to 10°.

The experimental apparatus is also provided with an HP3497A
data acquisition system -12; a 48 channel scanivalve -13; connected
with four inductive high precision transducers - 16; including the
voltage supplier - 10, high precision current meter - 3, digital voltage
meter - 4, and high precision thermoresistance - 5. With the
aforementioned configuration the experimental apparatus can be used
for fluid dynamic investigations, oil film visualization and wall static
pressure measurements, while in the case of temperature field analysis
a DC generator -6, a videocamera -2, a light system -17, and the image
post processing system are required.

In order to simulate a prescribed temperature field, the DC
generator is used to heat the surface of the test model. The heat flux is
controlled by measuring the electric current and voltage in the
aluminium layer of the model sandwich type wall (see Fig. 3). The
videocamera is used to record the film flow visualization and the
thermal fields through the liquid crystal images. These images are
saved on a video cassette and/or digitalized by the video blaster
installed in the computer. A single image or a sequence can be
processed, this last option allows for unsteady analysis too.

FLOW VISUALIZATION

As already stated, the first part of this work deals with the analysis
of flow distribution inside the three-pass cooling channel, particularly
on the model bottom wall. Indeed, knowledge of the flow behaviour
inside the channel is very important to gain a better understanding of
the heat transfer coefficient distribution, and improve the multipass
channel performance.

A qualitative low cost approach was used to describe the flow
field on the bottom wall of the model. The technique utilized here is
based on the oil film technique suggested by Langston and Boyle
(1982), with some minor changes described by Massardo (1997a). The
technique utilized here is cheap and effective for the purpose of this
work. However, to understand the flow field distribution on the
bottom wall more clearly, an analysis of video images can be coupled
to the analysis of single pictures.

A different type of wall flow visualization as suggested by
Metzger and Sahm (1986) called ink-dot technique was utilized too,

Impingement
zone (c)

Fig. 5b: Flow visualization at the second turn (Re 40000).
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but the oil film visualization results are better. Moreover, they allow
the transient analysis to be carried out easily.

As can be seen from the bend geometry, the main coolant flow inside
the three pass channel tumns sharply with an extremely small radius of
curvature at the bend. The inner-tum radius is determined by the thickness of
the thin partition wall that divides two neighbouring channels. As a result of
this sharp turn, flow can separate from the tip region immediately adjacent to
the partition after the tum. The fundamental aspects of such a flow
separation phenomenon are very complex. This, in part, is because the aspect
ratio of channel cross sections is very small (Fig. 2). For geometries, actively
investigated (turbomachinery blade passages), with large radii of curvature
compared to the hydraulic diameter of the channel, the effects of flow
separation, if any, are insignificant, and results obtained from these studies
can only provide litfle information and are often inadequate for turbine
internal cooling passage designs.

Figures 5 shows two examples of oil-film flow visualization
obtained at Reynolds number 4*10* in the three pass channel (Fig. 5a
first turn, Fig. 5b second turn). The non-uniform flow distribution, in
part, is attributable to the secondary flow induced by the bend. The
flow structure in a curved channel is primarily controlled by local
imbalance between centripetal forces and pressure gradients. For cases
with relatively large radii of curvature and without flow separation, the
secondary flow is commonly seen in a double-cellar pattern, which
consists of radially inward flow both near the top and the bottom
walls, and a radially outward flow along the channel center plan.
Nevertheless, the flow field associated with the present sharp-bend
geometry is more complex than the one described above as shown in
the cited figure 5. The complexity is mainly due to the combined
effects of the extremely small inner-wall radius of curvatures, sharp-
turn enveloped outer wall (first bend), and separated flow regions
existing in the bend.

Two detached flow zones are evident in both the 180-degree turns.
In the zones named "a" and "b" respectively, the flow is three-
dimensional and the flow recirculation is very strong. The extension of
zone "a" is approximately one third of the passage and two times the
gap size of the partition wall (15x70 mm). While for the second bend ,
zone "b", the extension is approximately one third of the passage
(10mm) and less than two times the tip gap (75 mm). Downstream of
these zones, the flow reorganizes itself as a uniform turbulent flow in
the main passage direction. In zones "c" and "d", the flow strongly
impinges on the lateral walls, like a jet. Two counterrotating, orizontal
axis vortices are present, but while the top one is captured by the main
flow, the bottom vortex returns upstream and generates a very
complex stagnation zone. This zone starts along line "e" for the first
bend, and along line "f" for the second turn. Similar flow behaviour
was found in the zones near the lateral wall both in the first and in the
second 180-degree turn.

Some differences in the flow field between the first and the second
bend are also present in the corner zones. In the first 180-degree turn
corners, two counterrotating vortices are quite evident; but the extent
of these vortices is reduced (vortex diameter = 10 mm). The vortices
are mainly due to the 90-degree sharp corner of the first bend. Indeed,
in the second bend, where the 90-degree corers are smooth (radius of
curvature 10 mm), no vortices are present.

Several flow visualizations at different Reynolds numbers were carried
out. In the Reynolds range shown here, the structure of the flow field on the
bottom wall of the three pass charmel was found to be similar to those
described above (Re = 4*10%) if the Reynolds number is down to
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Fig. 6: Flow visualization at different Reynolds number.
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3*10* with some minor differences (Fig.6). Instead, for low Reynol 3
values the differences are quite evident, particularly at Re = 104.%
Indeed, in this case the recirculation zone is near the side wall msteadg
of near the partition wall for both the bends, and hardly any impinging$
flow on the lateral wall is evident. The condition Re=2*10* showsg
flow distribution behaviour between that shown at Re = 10* and at=
higher Re values. In this investigation we can observe that the walid
flow distribution is similar but not the same in the two bends and theg
influence of cooling mass flow rate (Re) is quite evident. 2

WALL STATIC PRESSURE DISTRIBUTION N

Flow visualisation allows for an interesting but qualitative analysisz
of the flow field; thus to have a deep and quantitative insight, severalg
wall static pressure distributions were measured as shown in Fig. 7.g
Two distributions are reported here for Re= 3*10° and 5*10*. The 27§
measuring sections are shown in Fig. 8, together with the ratio of the
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Fig. 7: Static pressure measurement system.
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Fig. 8: Static pressure to inlet total pressure ratio distributions and measurement sections (all the data in mm; abscissa = channel width).
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Fig. 9: Wall static pressure distribution vs. Reynolds number.

measured static pressure and the inlet total pressure. For each section
the channel width B (abscissa) and height are quoted. It can be noticed
that the flow is reasonably uniform in the first channel (sections 1 and
2) up to the third section where a flow acceleration, close to the wall,
can be observed, especially at high Reynolds numbers. This
phenomenon is more evident in sections 4, 5 and 6 where there are
strong channel section variations. In the rectangular section 7 (with the
minimum width) a more uniform distribution (especially toward the
wall) is observed even if it is influenced by the upcoming flow. In the
downstream sections 8 and 9 (where the channel height is rapidly
increased) a higher flow speed is detected where the channel height
has jts minimum value. In section 10 the channel is wider and the flow
slows down remarkably toward the S; wall (see Fig. 9) but a
difference exists between Re=3'104 and Re=510* (in this case the
flow is not very uniform). In the subsequent section 11, the flow is
slightly more uniform thanks to the channel width reduction. Similar
considerations can be inferred for sections 12 and 13. Downstream the
first bend (sections 14 and 15) the flow becomes relatively uniform
and it seems not to be influenced by its previous distribution (see also
Fig. 6). The static pressure distributions in the second bend are
measured from sections 16 to 25. In this region the Reynolds number
has some influence on the above values, which are also more uniform
in space compared to those of the first bend. In section 20, between
the second and third channels (where the channel width is minimum)
the static pressure distribution is very different if compared to those
shown for section 7 (first bend). The flow speed is remarkably higher
in sections 21 and 22 toward the S; wall, and a more uniform flow is
measured in the subsequent stations.

Another interesting presentation of wall static pressure distribution
is shown in Fig. 9: the pressure is plotted against the curvilinear
abscissa for the S; and S, walls. The values are measured on the

bottom wall at about 1 mm from the lateral wall comers. This
representation is very useful for comparison with theoretical analysis.
The distributions shown are very similar and a simple shift is the only
apparent effect of the mass flow rate variation. A strong gradient in
the first bend location (between the external (S;) and internal (S;)
wall) is quite evident. This can be explained observing that toward S,
there is a mass flow reduction (low speed) while close to S, the flow
accelerates (see Fig. 6). In the second channel, downstream the ben&
the static pressure distribution is more uniform. In the last section @”
the channel the pressure distribution on S; and S; is almost identical. & a

/:dny wouy

HEAT TRANSFER COEFFICIENT DISTRIBUTION
A thermocromic liquid crystal-based technique was employed @
perform a detailed and continuous analysis of the surface heat transf&

~ properties of the blade model. The components of the expenmentil

apparatus (see Fig. 4) were described above; the aim is to use tl&
video camera to pick the images of the TLC surface, to convert ﬂ%
images into a digital form and to correlate each colour with &
temperature value in order to obtain quantitative information about ﬂ&
heat transfer (Nusselt number) distribution.

Several techniques have been already published for TLC ana]ys%
(Hay and Hollingsworth, 1996); the authors had previously employ@i
the “Single colour” method (Massardo, 1997a) using either different
optical filters at fixed heat flux values, or a single filter for severil
images at different heat flux values. Nevertheless, the above techmq!k
was found to be quite cumbersome from the point of view of @
experimental set and data post-processing (and precision). T‘mmml,
a direct digital image processing method was developed. A HSI (Huet-
Saturation - Intensity) technique, together with a new RGB (Red3
Green - Blue) based procedure developed by the authors (Massar&)
and Bottini, 1997) for direct digital image processing, wefe
considered. This second technique, even though it requires lorg
computational time, is particularly useful when the whole active TLE
range is utilized. Indeed, on the whole TLC range, the function H@
vs. Temperature is not completely monotonic, and thus this means that
the inverse function Temperature vs Hue does not exist alwayg.
Instead, with the proposed RGB method it is possible to obtain a val@e
of T with high accuracy in the whole active range of TLC. i

Both techniques need a reliable and accurate TLC ca.hbratl@
system. In the present work, the experimental system described B
Massardo and Farinazzo (1996), and the calibration method describéd
by Massardo and Bottini (1997), Massardo (1997a) can be used 8)
obtain both Hue vs Temperature curves (Fig. 10) and RGB colo@r
pictures in the whole TLC range.

The experimental tests for the heat transfer analysis were cam@d
out at several Reynolds numbers. A sample of the wall temperature
distribution (Re=2*10%) is shown in Fig. 11; the above dlsmbut@l
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Fig. 10: Thermocromic Liquid Crystal calibration curve.
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Fig. 11: Three dimensional temperature distribution (Re= 210%.

was obtained after the digital conversion and post-processing of the
image utilizing both the Hue and RGB methods previously discussed.
In order to improve the computational efficiency the RGB technique is
only used where the H function is not monotonic, and a single
temperature value can not be found with the Hue technique. The heat
transfer coefficient (i.e. the Nusselt number) can be computed from
the surface temperature map, indeed the wall temperature is obtained
by utilizing the TLC method, and the heat flux value is fixed
(constant); while the temperature of the fluid is calculated following
Massardo (1997b). It is then possible to calculate the heat transfer
coefficient from:

h=q/(T,-T;) ¢))
and therefore the Nusselt number.

To estimate the errors expected in this analysis an uncertainty
analysis was performed as suggested by Kline and McClintock (1953).
The typical percentage error in heat transfer coefficient was found to
be less than 3.5%.

Typical gas turbine design practice is to utilize results presented in
terms of “ heat transfer enhancement” (Nu,,/Nu,), where the measured
heat transfer has been normalized by a fully developed smooth wall
pipe flow heat transfer Nu,, calculated at the same local Reynolds
number. The well known Dittus-Boelte correlation was used to
generate the predicted fully developed smooth wall pipe flow heat
transfer coefficient distribution. This function was used to normalize
the measured heat transfer coefficient distributions (Nu,,) to produce
the channel wall heat transfer enhancement data shown in Fig. 12.
This form of data processing is very convenient because the regions
with higher heat transfer (compared to the rectilinear smooth pipe
value) can be immediately highlighted.

In order to obtain a quantitative evaluation of the physics, the local
Nu,/Nu, distribution (for three different Reynolds numbers: to 10%
210% 310% is shown in Fig. 13; these data are shown exactly in
correspondence to the sections where the static pressure has been
measured (Fig. 9), even if the enhancement factor data are available
on the whole bottom wall.

We can observe that the enhancement factor in sections 1, 2 and 3
is practically negligible; in the inlet part of the first turn (sections
4--7), the analyzed parameter shows a non-uniform distribution

Nu/Nu,

m16-18
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00.4-06
m0.2-04
#|0-0.2

Fig. 12: Three dimensional Nusselt enhancement factor distribution
Re=2'10%.
(particularly sections 4 and 5), and the influence of cooling mass flow
rate (Re) is quite evident. However, the heat transfer enhancement
factor is between 1.0 and 1.4,

In the second part of the first turn (sections 8-+ 13) the
enhancement factor grows rapidly - values of around 1.8+ 2.1, and
the higher values are obtained for a low Reynolds value (10*), while
for high values the behaviour is practically the same (sections 9 and
10), and it is more uniform along the cross-section of the channel. A
reduction in the heat transfer coefficient is present in the zone near the
side wall, due to the influence of the partition wall. The enhancement
factor increases progressively downstream (sections 11 + 14) until it
reaches a maximun, where the separated shear layer reattaches. The
higher enhancement factors are obtained near the corner zone. This
fact is mainly due to the high turbulence level of the vortices, both
comner and side wall jet impingement vortices. The heat transfer in the
first turn is practically uninfluenced by the presence of the second turn
downstream (see also Fig. 9).

In the second channel (sections 15 < 16) the parameter decreases
until values of around 1.3-1.4, or lower for high Reynolds values.
However, the distribution is quite uniform in the cross section, only
for Re=10* there is an increase near the partition wall.

In the second turn, different behaviour is present when results for
Reynolds 3-10° are compared to the other cases, mainly in the zone
near the tip of the partition wall. The enhancement factor values are
again quite reduced (around 0.9-1.3). In the rectangular cross section
(section 20) the enhancement factor shows an increase near the tip of
the partition wall, while a reduction is evident near the lateral wall
(see also Fig. 6). Just downstream (sections 21 <+ 25) the enhancement
factor shows a rapid increase, particularly for Re=10* , with values
around 1.8+ 2.4 depending on Reynolds values. For Re=2'10* and
3'10* the enhancement factor distributions are practically coincident.
Only small differences are present in the region near the lateral wall.
Downstream of the second turn (section 26), the heat transfer
enhancement factor again shows high values (around 2.0), while a
large reduction, mainly for Reynolds equal to 3*10%, is present in the
final zone of the third channel (section 27).

In a previous investigation (Chyu, 1991), the heat transfer
characteristics at the second turn of a rectangular - not trapezoidal -
three-pass channel were found to be a repeat of the first turn. In this
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Fig. 13: Nusselt enhancement factor distribution at several Reynolds (all the data in mm; abscissa = channel width).
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investigation, the heat transfer distribution at the second turn was
found to be similar but not the same as the first turn. The differences
are mainly correlated to the different dimensions of the channels (see
Fig. 2). However, it is possible to conclude that the present turning
flow and heat transfer are again a local phenomenon.

CONCLUSIONS

The thermal and fluidynamic investigative analysis of a three-pass
trapezoidal gas turbine blade cooling passage have been presented.
Several flow visualization, static pressure distributions and heat
transfer coefficient maps have been obtained using an apt
experimental apparatus.

It has been pointed out that the remarkable variations in the
geometric characteristics of the trapezoidal channel (hydraulic
diameter, aspect ratio, channel section) have a strong influence on the
flow field (compared to a rectangular model) and particularly on the
regions where the flow separates and recirculates.

In a rectangular model, the flow field is almost identical in the
regions of the two bends while in this paper it has been shown that the
fluid dynamic and thermal behaviour in the trapezoidal mode! changes
in each bend with only similar characteristics.

A significant influence of the cooling mass flow rate (Re) on the
fluid and thermal characteristics here analyzed has been observed and
discussed.

The present study utilizing a trapezoidal model must be
considered an intermediate step toward the analysis of a variable
section channel with curved external surfaces, which is more
representative of a gas turbine internally cooled blade. Indeed the
analysis of different models with increasingly complex geometry
(rectangular, trapezoidal, curved) is useful to obtain a deeper
understanding of these particular internal flows; the results of the
study can be employed to improve the efficiency of the real blade
channel.
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