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Abstract

An experimental and numerical investigation wasdemted to determine local heat transfer
enhancement near the entrance to a single filmrgpbble. The purpose of the investigation
was to determine and compare the effects of bleéel suction ratio and extraction angle on
the augmented heat transfer (near the hole enfrancexperimental results previously

obtained with liquid crystal thermometry at lowesniperature ratios. Steady state heat
transfer results were acquired by using a transmeedsurement technique in an 80xactual
size rectangular channel with thin film measurirauges concentrated downstream of the
bleed hole entrance. The Reynolds number, basetlicinrhydraulic diameter and bulk mean

velocity, was kept constant at 2.5%1@hile the hole suction ratio in terms of Reynolds
number was varied from O to 5.

Nomenclature

c Specific heat [j/gK] \Y, Duct centerline velocity [m/s]
D Hydraulic diameter [m] Vhole | Average film cooling hole velocity [m/s]
h Local heat transfer coefficient [W7i] T Temperature [K]
hy Un-enhanced heat transfer coefficient | g Heat flux [W/n]
k [Wim’K] t Time [s]
m Thermal cgnductmty of coolant [W/mK] " Thermal diffusivity [n?/s]
Nu Index for time _
Re | Nusselt numbehD/k P Density [kg/n¥]
T Reynolds numbeVD/ N Weighting parameter
Tgas | Temperature [K]
Twall | Temperature of coolant [K]
Temperature at substrate surface [K]

1. Introduction

With the ever increasing demand for higher thereffatiency, modern jet turbine blades are
exposed to temperatures which comprehensively extteethermal capability of the blade
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material. For this reason sophisticated coolin@negues such as film cooling and augmented
internal cooling have been employed in order tdqumg the operating time of turbines under
these extreme conditions. Now the main purposdaafebcooling channel bleed holes are to
aid external film cooling, by bleeding air throutjte blade wall to create a protective film on
the outer surface of the blade. This process sagsbanced heat transfer on the inner
channel surface downstream of the bleed hole duthéomal boundary renewal, direct
impingement, due to suction, and downstream varngingement.

This paper describes an experimental and numestadly of the heat transfer augmentation
near the entrance to a gas turbine film cooling tadldifferent engine representative suction
ratios (MdV). For the experimental component the use ofimlat thin film gauges and a
transient testing technique were implemented te takasurements downstream of the film
cooling hole entrance. Although this technique @ns less detail than thermal crystals it
however provides the capability of testing engingpresentative temperature ratios
(TwalTgag. The numerical component of the study makes fiseammmercial CFD code to
predict heat transfer and flow characteristics tieamhole entrance.

2. Previouswork

Previous work which relates directly to the currstutdy are fairly limited, since most of the
experimental and numerical work regarding coolihngrmels with bleed have focused mainly
on the global relation between multiple holes antk lconfigurations in combination with
various rib arrangements at a constant suctioa.rati

The earliest work which can relate directly witlistetudy was done by Ainsworth and Jones
[1], who made use of a transient technique and fihingauges. They studied the effect of
mass removal from a circular duct with discreetetileoutlets and established that the
augmentation increased proportionately with thedleate through the extraction hole. This
was followed by Sparrow and Kemink [2] who inveated the influence of fluid withdrawal
on turbulent heat transfer characteristics. Thelcated that the upstream Reynolds number
has a negligible effect on the near hole heat tearmigmentation and that the enhancement
was ultimately affected by the suction ratio its&lis was confirmed by Byerley et al [3].

Some of the more recent work has been done by &hah [4], who did an assessment of
the effect of upstream holes and hole diameter. ré€kalts indicated that the heat transfer
coefficient level, around the entrance to the holess insensitive to the number of holes
upstream.

3. Experimental apparatus and method

Byerley [3] was the first to do a detailed studynafar hole augmentation with the use of
thermal crystals. The study conveyed detailed tgsahd also better understanding of the
flow structure near and downstream of the hole.odohately the experimental technique
only allowed testing at fairly low wall to fluid teperature ratios. Therefore the decision was
made to heat up the air which enters the measutea@mnel, thus transferring thermal
energy towards the wall, resulting in a higher dgrfkiid in the boundary layer. Byerley also
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wanted to investigate purely the influence of sctitherefore the channel sidewalls were
widened to neglect any sidewall interaction wita bieed influenced flow field.

With the above mentioned aspects in mind, the matewas to test within the same scope as
Byerley, but with higher and multiple wall tempena ratios, and also to take into
consideration the effect of sidewall flow field énaction. An overall layout of the main
experimental channel is displayed in figure 1. Raigal compressed air flows through the
main channel section, from where a percentagerakdled off through a bleed hole. The
remaining air flows out of the main channel throaghorifice plate.

Flow meter

Heat Exchanger

Ceramic gauge

Main Channel wall

-

Figurel. Main channel section with heat exchanger and fleatem

The bleed hole provides the capability of adjustabble size and bleed angle, leading
towards a heat exchanger and flow meter with vlgibbck pressure to measure the amount
of air bled off. The main channel wall is a combioa of erthalyte and ceramic plates
(Macor), with platinum thin film gauges fired oretieeramic wall near the hole entrance and
at a section upstream of the bleed hole. The meamnt point upstream (approximately 10
bleed hole diameters in length) is situated in aenthanced region which will be used to
calculate the enhancement factor. The enhanceraetot fis defined as the local value of heat
transfer, downstream of the hole, divided by tl@lanenhanced value of heat transfer in

the fully developed, turbulent channel flow upstneaf the hole[3] (h/k). The channel
section is rectangular and approximately 80 tinwdsad size, with a duct-to-hole hydraulic
diameter ratio of 5, falling within the range otwal blades. Two bleed angles are tested: The
first connecting perpendicular with the main chdntieis at 90°, while the second hole angle
connected at 150°.

Even though the 150° bleed angle may not be frabyuemployed, its influence, however,
differs enough that results obtained for it shdoédreported here. The main channel flow is
kept at a Reynolds number of 2.5%Hnd the hole suction ratio is varied from 0 tavhjch

is representative of actual engine flow charadiessAir at 15 °C was used as test gas with
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the initial wall temperature at 100 °C and 130 §®ing a temperature ratio of 1.3 and 1.4.
The above mentioned flow characteristics and bleegles were chosen to compare the
current results with that obtained by Byerley e{3.

Once the mainstream and bleed flow regulators \adjasted to the correct flow rate, the
model is heated up in an oven to a uniform tempegatAfter the required wall temperature
has been reached, data acquisitioning is initidliz&€he solenoid inlet valve is then opened,
initiating cold air flow through the heated chansektion, thus introducing a step in heat
flux. An experimental uncertainty analysis, basgubruthe technique used by Kline and
McClintock [5] for single sample experiments, estted a Nusselt number uncertainty of less
than 7 %.

4. Data reduction

To determine the heat flux a numerical data redadigchnique is used which was previously
validated against the original analog techniqueDieyos et al. [6]. With this technique the
wall heat flux is obtained by solving equation Ae tone-dimensional unsteady conduction
equation, in the successive substrate by meanseofetnperature histories measured at the
surface and at a given depth as boundary condition.

OT(xt) _ 1 9T(xt)

x>  a(x) ot @)

This provides the capability of determining the pemature distribution history within the
substrate itself, which can then be used to detexntine surface heat flux by means of
equation 2.

Gy () = _k(aT) (2)
6X x=0

The initial temperature distribution within the stiate can be assumed to be uniform since
the substrate is under thermal equilibrium befdosvidown. To solve equation 1 an implicit
Crank-Nicholson scheme, exhibited by equation 3 wgplemented n(= ¥2).

T =Tt - 2 e 1)+ - ) - 2+ 3)
Al AX?

By expressing the unknowns at timel as a function of the computed solution at timey
tri-diagonal system is obtained which can easily shéved to attain the distribution of
temperature in the substrate at time stefh. The temporal domain displayed in equation 3 is
obviously the sampling rate while the spatial domaithe discretized substrate, with nodes
clustered towards the surface boundary where thieekt thermal gradient is expected. This
data reduction technique has been implemented program and validated against an
analytical test case with constant heat flux.
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Whatever technique is chosen to derive heat flasnfsurface temperature measurements, the
knowledge of the thermal producfck ) is of utmost importance. As mention by Denoslet a
[6] and Dunn [7] the thermal product of the Maceramic had to be measured after the thin
film gauges were fired on, since the gauge firingcpss may cause diffusion of platinum into
the substrate which alters the ceramic’s origihalmal characteristics. For this a technique
suggested by Dunn [7] was implemented with which ¢gfauge is subjected to a pulse of

known constant heat flux. The surface temperatareb® measured from which the thermal
product is then determined.

5. Numerical mode

The computational domain of the CFD analysis wgzesentative of the experimental
geometry and its pressure and mass flow boundamngitons were implemented. The

geometric configuration of the model and its bougdaonditions are displayed in figure 2
and the near hole mesh configuration in figure 3.

L

Figure2. Geometrical representation of numerical domain.
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The standard H- turbulence model was implemented. A preliminarysméedependence
study of the given channel was done where uncgigaitike y sensitivity were adhered to.
The following boundary conditions were implemented:

* Mass flow inlet.
» Pressure outlet applied on the bleed and chantiet.ou
» Constant wall temperature

The fluid was modelled as compressible, althoughntiaximum Mach number value in the
channel was just below 0.3.

6. Results

To validate the experimental channel, initial tegs&e done without suction and the acquired
heat transfer values were compared with an emplyricalculated Nusselt value for the given
Reynolds number of 2.5x10The experimentally obtained Nusselt number wakiwb % of
the empirically estimated value of 59 [8], withiret7 % error estimate.

The results displayed in figure 4 are a comparisetween the current experimental results
and the results obtained by Byerley et al. [3]dd@0° suction hole at a suction ratio of 5 and
temperature ratio of 1.3. The original detaileculessof Byerley were represented as contour
plots. To compare the two data sets, Byerley’'s amantenhancement distributions were

processed by taking line averages, having the sadth as obtained by the thin film gauges

used in the current study. Figure 4 indicates ecdaent factors downstream of the suction
hole, with the x-axis representing the distance msiveam of the hole divided by the bleed
hole diameter. As can be seen the results’ problapare fairly well downstream although

near the hole an increase of 14 % was noted.

Figure 5 displays a comparison between the CFQtisaland the experimental results in this
study. As can be seen heat transfer near the boperedicted fairly accurately, although
divergence further downstream can clearly be sé&bis can be attributed to the fact that
downstream enhancement, caused by vortex downwasims to be fairly poorly predicted
by the current mesh.
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Figure4. Enhancement factors downstream of the ble¢ Figyre 5. Comparison between experimental and numerical
hole. enhancement factors.

378



7. Conclusion

Heat transfer enhancement near a film cooling ks examined with experimental and
numerical methods. Initial validation runs on thettbed provided results which were within
5 % of the empirically predicted values for fullgwkloped flow through a square channel.
Various bleed hole angles, wall temperatures argdshole-channel ratios were tested at
suction ratios varying from 0 to 5. The experiméetzhancement profile downstream of the
hole showed a good comparison between the preyicnisiained results at lower wall
temperature ratios. An increase in enhancemetiieimegion of 10-15 % was noted near the
suction hole edge.

Enhancement predicted near the suction hole with €mpared well with the experimental
results at higher suction ratios, although diveogefurther downstream was noted. Initial
results indicate that the vortex formation dowratneinduced by suction, is poorly predicted
by the current mesh and turbulence model.
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