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ABSTRACT

This paper is an experimental investigation offtlme cooling performance over a flat plate usingrisient liquid
crystal measurements.Cylindrical hole with straighgle injection was used.Experiments were conduatedifferent
blowing ratio (M=0.5 to 1.5) and different coolirghannel Reynolds number (R¢=10000, to Rg,~40000). All
Experiments were conducted at constant hot gas didynnumber and constant pressure ratio and.Filwlingp
Performance h (heat transfer coefficient) an¢hdiabatic film cooling effectiveness are detemirusing the transient
liquid crystal method combined with a numerical ressgion method to solve for the two unknowns). Témults are

discussed and compared to previously publishechtitee.
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NOMENCLATURES

Abbreviations

CHSA Cylindrical hole straight angle
ETA Program for results calculations
ILS Integral length scale

LFE Laminar Flow Element
PROTEIN Program for video color analysis
RTD Resistance Thermometer Device
TLC Thermochromics liquid crystal
VFEM vortex flow meter

Latin Letters

D Cooling hole diameter

Dh Hydraulic diameter

DR Density ratio

h Convective Heat Transfer

| Momentum Flux Ratio,
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Greek Letters

ar
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Subscripts

0
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st

Thermal Conductivity
Cooling hole length
Blowing ratio,

Mass flow rate
Reynolds number
Time

Wall heat flux
Stream-wise coordinate
Lateral coordinate

Direction normal to the surface

Hole inclination angle

Rib angle

Hole compound angle
Boundary layer thickness
Film cooling effective-ness
Time step

wall thickness

Density of plate

Without film cooling
Adiabatic wall
Cooling channel
Hot gas channel
Initial

Film-cooling air jet
Static

Wall
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INTRODUCTION

In a modern gas turbine, the Turbine inlet tempeeahas increased to more than 1200° C in the midfithe
last century, so the cooling of gas turbine bladas become necessary. Film cooling is a most éféeend reliable
method to avoid burning of highly loaded gas tuebblades Early work on film cooling has first baamestigated by
[1].[2], and [3] also resumed work on cooling haleape. A review of calculation methods for the hemtsfer in film
cooling systems in comparison with experimentalitess outlined in [4]. The quality of the cooling characterized by
two parameters, the heat transfer coefficient hhenouter surface, and the film cooling effectivengaw. Research on
film cooling focuses mainly on influencing paramsteas Influencing parameters on the hot outerasar{e.g.5, Red,
geometry), Cooling hole geometry (e.g.L/d, holepeh)aThe approaching flow from the internal coolat@annel (e.g.Rg,
M, Flow pattern), and measurement technique.THevViahg brief literature reviews both the film cowndj performance and
Transient liquid crystal measurement techniquetaye investigated the vortex structure of the jatsa cross flow
experimentally.The interaction of the coolant jedacross flow results in the formation of a pair aafunter-rotating
vortices, or kidney vortices. The rotation is subht hot air is forced down beneath the jet to llede wall and the
vortices tend to lift the jet of the surface.Theraduction of a counter-rotating vortex pair weakehis effect by
cancellation [6]. The coolant flow pattern for aoting hole geometry L/d<5 has an important effefjt[8] Showed a
significant influence of the cooling channel difenton the film cooling performance.Further studads[9] and [10]
proved the influence of the coolant flow patterntbe film cooling.[11] Proposed a patent for cogliflow guidance,

structure, reducing the vortex production.[12] Istigated the flow physics of straight film coolihgles numerically.
TRANSIENT MEASUREMENT TECHNIQUE

The transient measurement technique has been giedvenbeneficial for heat transfer measurementsgst can
be performed quickly and simultaneously and pravigery accurate results. The reaction of the wathperature is
examined for a change in the fluid temperaturethigrpurpose, starting from an equilibrium statewhich the complete
measuring system is at a constant homogeneous itetupe a sudden increase in temperature inittagesnainstream, so
that a temperature difference between the fluid thedwall is formed. As a result of the temperatiiféerence, there is
heat flow caused by the fluid in the wall throughieh the wall temperature slowly adjusts the fltethperature.This

method was proposed by [13]

Figure 1 shows the temperature distribution inwzdl and the temporal course for various heat feasswhen
using the transient liquid crystal method. In thee of a pure heat transfer experiment without édraling is now the heat
transfer coefficient in the region observed fronufier's theorem experience, assuming one-dimerisiead conduction
and constant physical properties are determineagusie boundary conditions and assuming a semi#afivall results

the following equation.

In a film cooling experiment comes as a furtheralgle the supplied through the holes cooling atteat] It is a
three-temperature problem with the mainstream teatpee Th, cooling air temperature Tc and wall terapure Tw. In
order defined by the cooling air induced local d®mf the main stream temperature into accountathiabatic wall
temperature is introduced. In the film cooling gaieis used as a reference temperature insteatheofmainstream

temperature. In order to change the above equation

Tw=Ti _ 4 o’t 't
Taw—Tj =1 €Xp [kpC] erfc [\/k_pcil 1
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Using the definition of adiabatic film cooling effiveness

Th-T
n — ~h~ aw 2
aw Th=Tc

Resulting

T, —T, = [1 exp —] erfc [ J_” ~n)Th = T+, Te] 3

Unknown quantities in the equation, in additionthe temperatures during the test are measured,tbalywo
characteristic parametexsandnsy,.

DEDUCTION OF THE FILM COOLING EFFECTIVENESS AND HEAT TRANSFER COEFFICIENT

For determining the unknowns in the equation (3pmdnaw two more equations are needed. There are two
different measurements at the same aero thermodgabiynsettings necessary [13]. To calculate h, gad using the
measured data and the material constants of thiredeguantities, there are several ways to achibige [13] proposes
attempts before using thermochromics liquid crgs(@LC) were two indications are measured. Theseha achievement
of the green and blue color. Another possibilitytascarry out two experiments with a variation b&tmain current
temperature.[14] And [15] propose two attempts befohen varying the cooling air temperature. Thst #xperiment is
performed with Tc < Th and the second atT@h. [16] Investigated the influence of the vaoatiof the cooling air
temperature on the film cooling effectiveness.Wiith variation of the cooling air temperature eitther blowing ratio, the
impulse or velocity ratio was kept constant.Thet laggeement was found in a constant blowing ratie idea was taken
up by [17] and implemented in a regression methadnfiultiple tests.Since a "two-experimental” or dtimdication
method" according to submissions of high measurémears for h (up to 10%) anghw (up to 20%) is possible, propose

a method with 5 attempts.

This means, of five experiments, five-time variatiof the cooling air temperature is deduced a védudn, and
naw.The nonlinear system of equations with five ¢igna and two unknowns is first linearized and tlsetved using a

regression method. Thereby, the measurement dré@nd 10% can be reduced.

The linearization and determination of the unknowna be done for example, with a Gauss-Newton rdetho
Since the multi-test procedure is quite time-consgm[18] undertook further studies in order to ued the number of
attempts.With constant main stream temperaturebéowling ratio they have conducted eight tests tiewtint cooling air
temperatures and in each case determined from Ve gequired parameters.In this case, the reguatie method of [17]
presented a when a cooling air temperature justeat® calibration temperature of the liquid crissend was selected far
above the hot gas temperature.Thus, in a calibra¢imperature of the liquid crystals, the tempeestuvere TTLC = 3&
and a main current temperature Th =G642C and T, = T, = 75C determined to be optimal.In this case, the result
[17] with the same accuracy is confirmed by [19g¥rror could be reduced fog, E 36C and T, = 86:C.

EXPERIMENTAL SETUP

The test rig consists of a rectangular channel Isitimg the outer surface of the turbine blade and a
perpendicularly arranged square channel repregeatininternal blade cooling passage. Five anglad dboling holes

introduce the coolant from the internal passage tiné main flow (Figure 2). The dimensions of thamnels and further
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geometrical data can be found below (Table 1). @ennels are both operated in sucking mode beingemted to a
vacuum pump. Both channels are equipped with tweegato adjust pressure and mass flow independ@Vitlg-screen

heaters ensure the transient heating of the haamgisoolant flow to the desired temperatures wikkgs than one second.

They are designed to ensure a uniform and steadypemture distribution throughout the transient
experiment.The hot gas channel heater is fitteth Wit serial mounted screens supplied by a 27 kwuecent flow. The
coolant channel has three serial mounted screethsammaximum power input of 3 kW.To produce unifoboundary
layer conditions in the hot gas channel a trip wsrpositioned at before the row of holes. The $estion starts at the row
of holes and continues to in stream-wise directitigure 3 provides a detailed view of the arrang@noé the cylindrical

holes and some definition of variables.

The Reynolds number of the hot gas channel is uhated from the total and static pressure usingtet Ribe.
The Reynolds number refers to the coolant hole eiam(i.e.d=5 mm).The pressure tabs from the tsbeell as the one
from the coolant channel (see Figure 1) were cdedeto a different pressure measurement device ENSA. 3000,

Scanivalve Corporation).

The temperatures were measured using K-Type themapdes (Omega, 5SRTC-TT-KI-40-2M) combined with a
data acquisition unit (Agilent 34970A) at a freqogrof 0.104Hz.One of the thermocouple is positiomethe middle of
the hot gas channel 20d ahead of the cooling taaidsone in the middle of the coolant channel pmsiil underneath the

row of holes (Figure 1).

The coolant channel mass flow and the Reynolds eumiere determined using laminar flow elements (LFE
The Reynolds number refers to the hydraulic diametehe channel.By positioning one LFE before amé after the
cooling holes, the jet mass flow and thus the bhgwand momentum ratio could be deduced.The bottotheohot gas
Perspex channel is fully covered with black paital{crest Black Backing BB-G1) to intensify the ¢x@st. Narrow band
liquid crystals are applied to the surface usinga@brush system (Hallcrest TLC R38C1W).Before ingrthe tests the
liquid crystals were calibrated and a respectivaperature of 38.1° C. The change of the liquid tadysolor is then
digitally recorded using a CCD camera (Sony DXCBICCD Color Camera 1/3”) combined with a 15 mmslen
(Fujinon 3CCD, 15 mm) at a spatial resolution 06 %7720 and a frame rate of 25Hz.

TEST PROCEDURE

As discussed previously, for each test setup fexperiments at different coolant temperatures arfopmed. At
each temperature the Reynolds number of the cooliagnel and the blowing ratio need to be readjussing the valves.
As mentioned before, the lowest coolant temperatas roughly set at the calibration level of theCTas suggested by
[18]. The highest temperature was framed by theahehof having at least four seconds test durattomihimize errors
induced by the temporal resolution.The two remanimere conducted at coolant temperatures in betwhere

boundaries.

A transient test is initiated by switching on tleotwire-screen heater.Simultaneously the CCD-carstnds to
record images of the TLC coated surface of the gestion. The temporal temperature pattern is dexbfor the data
acquisition unit as well as the flow conditionsy(#], I, pc/ph). All experiments conducted for tkisidy are conducted at
constant hot gas channel Reynolds number.For eztaip,sfour experiments are carried out (CHSA1 toSBH). Flow

parameters are listed in Table 2.
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After the completion of all experiments the recatdédeos are analyzed for the lap time of TLC cliagdrom
the color-less to green at every pixel in the viwilomain.This and the records of, and the iniéaiperature can be then

used to solve Equation 3 using a Gauss-Newton rdéthcombination with a linear regression as disedsabove
RESULTS AND DISCUSSIONS

Figure 4 shows the comparison of the adiabatic fiboling effectiveness with comparative experimesith
similar operating parameters.The main differenceveen the experiments is that the cooling holetheéncomparative
experiments are fed from a plenum.Compared with £H& good agreement is downstream from a valug@fx5. In
the region close to the hole there are high deniati This can be explained with the highest measemé uncertainty of
all experiments in the region close to the holeti@nother hand, may be responsible for the altehege of the cooling air
supply. The film cooling effectiveness in CHSA4 suinom an x / D > 5 with a constant distance betbe determined
values in comparative studies.Overall, one cantlsatythe results of the present experiments wégatk} different from
the literature data, the differences may be dubdaincertainty of the different experimental sstuped. In Figure 4.b the
results of heat transfer coefficient are shown. Gilmves yield qualitatively similar trends to thengparative experimental
data.Quantitatively, a difference of about 20% iespnt.The trends are reproduced correctly in aVes.For these

reasons, a comparison with literature data is &ichit

The Figures (5, 6, and 7) show the local distrituidf the heat transfer coefficient for smooth aaphir channel
as contour plots, span-wise, and stream-wise bligians at different cooling air Reynolds numbessliated in table
5.4.Figures Shows in all cases relatively widelyfeding distributions.In CHSA-1, the heat transfisr increased
immediately downstream of the hole by more than tiwes.Further downstream it is reduced, and apprately remain
the same until the end of the considered areaddiitian, at a distance x/D = 15 downstream the jhitlere is a visible
divergent area of increased heat transfer (marked a Figure 5.1).This is due to turbulence brawdsich are formed
from the cooling air stream and run divergent freach other.[22] Also was reported on this phenomei@r high
cooling air Reynolds number (CHSA-4S) there isighslelevation on the heat transfer coefficientrnsg hole in the
range (0 < x/D < 8), then the influence of the aoplair jets is no longer visible.Compared to CHE&there is a clear
reduction and a modified surface distribution other entire measurement range.These observatiormoafiemed by the
exposure of the span wise and stream wise plote. AVerage plots comparison of the all cases isiooefl these
observations (Figure 8). CHSA-1S shows an elevatiioectly behind the drill hole, the downstream dases evenly.
Overall, a more extensive distribution is obseryadtontrast, in the CHSA-4S it can be seen a gtreduction of the heat

transfer coefficient along the center line of tlodels.

The local distribution of the adiabatic film codlireffectiveness of different cooling air Reynoldsmber is
shown in Figures,, and.The cooling jets are adjacard the film cooling effectiveness decreases edfiately after the
hole monotonically.The local distributions showdweinantly symmetrically disposed adjacent cooliirgets. There are
hardly any differences apparent in the comparisbrihe individual holes. Also, the beam is not detiéel by the
right-angle flow in the cooling channel after thatlet from the hole.CHSA- shows a higher adiabéitim cooling

effectiveness directly downstream of the hole mrgion 0 < x/D < 15.
CONCLUSIONS

Experimental investigation is performed to investig film cooling performance with transient liquitdystal
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technique. Experiments are performed at differknt £onditions of cooling air and the results shbe following:-

Liquid crystal transient method is an effectivehigique for measuring film cooling performance

The present experimental results of film coolingf@enance for CHSA are compared and well confirrbgdhe

results from previous researches.
For CHSA, the increase in the cooling air Reynaldmber has a drop in the heat transfer coeffigiesult

For CHSA, uniform film cooling effectiveness in thaeral direction through the different holes iaintained

axis-symmetric for all flow rates.

In the adiabatic film cooling effectiveness, there@ monotonic increase in all rib configurations &ll Blowing

Ratio.

The increase in the Blowing Ratio leads to an iaseeof heat transfer to the surface.In the regéar to the hole
exit, however, the beam tends to replace at alkidened Blowing Ratios.This effect becomes morerisé with
increasing Blowing Ratio.Consequently, for low Blag Ratios partially near the hole there is a higheat
transfer coefficient and at further downstreametisra lower heat transfer coefficient.

Similarly, the results of the adiabatic film cogjireffectiveness showed their dependency on the iBpw

Ratio.An increase in the Blowing Ratio does notessarily lead to increased efficiency.

For Blowing Ratios (M> 1.5) there is an area formed between the holewhich increased heat transfer
coefficient and adiabatic film cooling effectivesesvhereas these values decreased along the hsl€lexarea
formed between the holes is explained by the faat the adjacent kidney vortices formed from theliog air

jets enhanced transport cooling air from both dioes on the surfaces between the holes.
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Figure 2: Geometry of the (CHSA) Film Cooling Hole

afi@iaset.us

www.iaset.us



46

Ehab Radwan, M F Abdraboo & M G Hegazy

s - — - -

Figure 3: Heat Transfer Contour Plots for M=0.5 andDifferent Repy, ..

Figure 4: Adiabatic Film Cooling Effectiveness Conbur Plots for M=0.5 and Different Reyy ¢
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