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A novel transient measurement technique has been developed for determining the heat

J. von Wolfersdorf transfer characteristics in the presence of film cooling (heat transfer coefficient and adia-
. batic film-cooling effectiveness). The method is based on a transient heater foil technique,
B. Welgand where a non-homogeneous surface heat flux is applied to the test surface. A regression
analysis of multiple transient liquid crystal experiments is used to obtain the heat transfer
Institut fiir Thermodynamik der Luft- und characteristics. The method introduced here has the advantage that the (often not known)
Raumfahrt, heat flux distribution at the surface is not needed for the analysis of the measured data.
Universitat Stuttgart, The method is used to study the influence of several heater foil configurations on a flat
70569 Stuttgart, Germany plate with film cooling, elucidating the effect of different thermal boundary conditions on

film-cooling performance. The obtained data is also compared to results presented in
literature and good agreement is foundOl: 10.1115/1.15785Q1

1 Introduction mance(adiabatic film-cooling effectiveness and increase in film

Efficient cooling methods are required in modern gas turbinceOOIIng heat transfer coefﬁmet)te!ther by tW.O separate experi-
ents, or by a number of transient experiments. Two separate

designs due to excessive high turbine inlet temperatures int :
duced by the demand of high specific power and high cycle e Hieady-state experiments were performed by Lutum eftall

ciency. Although the high temperature capabilities of the applie$%éﬂ$;%a3§ir']n ger?et;tr:rn?;ﬁr t%%eéf(;%;r:]tt ?gri tgrgltz]rgc;ﬂcljn?hév?rsée
materials were improved over the last years, the thermal and str & 9 ' P

environment are beyond the limit alloys can presently achieve. }ij M temperature being equal. The adiabatic film-cooling effec-

order to protect the turbine blades from melting, the blades neéyleness was additionally measured by using an adiabatic wall and

extensive cooling. Usually a combination of internal convectiv 3/ blovxilng W'tht a dllffrt]arehnt tt:oo]!aqt temp%r?:]ure than l;hfe free q
cooling and external film cooling is employed. The cooling de3! €aM temperature. The heater loil covered the region betore an

signs of these parts have to be highly efficient because a Iarggrer the injection holes with some unheated region around the
cooling mass flow rate degrades the thermal efficiency of the th&2!eS- Regression analysis on multiple transient liquid crystal
modynamic cycle of the gas turbine. This is especially true for tf@éasurements using rapidly changing free stream temperature,
application of film cooling where a protective film of cold air isgenerally performed by the rapid insertion of a preconditioned
spread around the blade and large cooling mass flows are requif8@de! or by using heater grids in the main flow, or various coolant
Because of the importance of film cooling for turbine blade ddéémperatures were reported by Refdsl] and Dui et al.[15].
sign, this subject has been studied extensively over the past 35T{@nsient heater-foil techniques with liquid crystal thermography
(Goldstein[1,2], Leontiev[3]). Most of the studies concentrate onWere applied for heat transfer investigations by von Wolfersdorf
flat plate configurations with film injection through slots, cylindri-et al.[16] and Turnbull et al[17]. Since no film-cooling holes
cal or shaped holeSinha et al[4], Forth et al[5]). When film Wwere considered, the full surface under investigation was covered
cooling is considered on airfoil type flow#to et al.[6], Takeishi with the heated layer. In case of film cooling, transient measure-
et al. [7], Drost [8]), numerical methods and correlations havéents using heater foils were applied for slots by Farmer et al.
been developed to predict the adiabatic film-cooling effectivenelsk8] and for a row of holes by Seager et El9], the heater-foil
and the increase in heat transfer coefficients. A large numberhging then applied in the area behind the holes.
parameters influence the film cooling process such as cooling holé'he aforementioned different heater-foil arrangements cause
geometry, blowing and momentum flux ratio of the coolant andifferent thermal boundary conditions for the film cooling situa-
main stream turbulence effects. Several models can be foundtign. Therefore, a new transient heater foil method was introduced
literature (Crawford et al.[9], Weigand et al[10], Garg[11]), by Vogel et al.[20], which is able to determine the film-cooling
albeit only for specific applications. In order to further develop theffectiveness and the heat transfer augmentation simultaneously
cooling schemes for gas turbine blades, high quality experimenesden for nonuniform heat flux situatioris.g., film-cooling holes
data and the corresponding analytical and numerical methods aré¢he heater fojl using multiple transient experiments and regres-
required. sion analysis. The applicability of this method was shown for one
Transient and steady-state heat transfer and film cooling effditm cooling experiments on a flat plate with cylindrical holes and
tiveness measurements using thermochromic liquid cryStalS)  two heater-configurations with longitudinal and transverse electri-
are very popular to obtain detailed full field surface informatiogal current supply.
(Ireland et al[12]). For film cooling measurements several tech- The objective of the present paper is to introduce a new tran-
niques have been applied to determine the film cooling perfastent heater foil method for liquid crystal experiments on film
cooled surfaces. An analytical model and its numerical resolution
_ContlritéutedTby bt_he InteJn:tional Gas étéflr;:s?s;gzte;ﬂc:} rtagense/rlt;gtg: dtgg] InTtare first derived. The experimental setup is then described as much
et e -, 0 s e e KT o S0 megsurement enors analyss, Furhermore e presen paper
revised manuscript received October 29, 2002. Paper No. 2002-GT-30552. Revidtiddies the influence of four different heater-foil configurations
Chair: E. Benvenuti. and therefore different thermal boundary conditions on the film
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Main flow aT(xt) FPT(X,1) _k )
Tig Ug r T g @)
The heater-foil is supposed to be infinitely thin compared.tlis
effect is thus taken into account in the boundary conditions and

0 '9 not in the heat conduction equation itself. This same assumption
' allows the plate to be considered as homogenous.
The initial condition ¢=0) is given by
T(x,00=Tp (2
To whereas the boundary condition at the plate surface() is
Tie(t) q(t) obtained using an energy balance
G g o . dT(0})
X Aw(t) = —k— ——h(Tou(t) = T(O1) 3
e . . .
t0=0 time =0  time whereT,,(t) stands for the adiabatic wall temperature. This value
can be replaced by the adiabatic film-cooling effectiveness, which
Fig. 1 Schema of the solid plane plate with the heater-foil, the is defined by
coolant injection, cooling holes, the main gas flow, and some
relevant physical quantities = Taw(t)_Trg )
th(t)_Ttg

] ) o o whereT, andT,4 are determined using the flow conditions of the
cooling performance. This point is of major importance for thehain stream of gas. Furthermore, it is assumed that the plate can
transfer of experimental data in literature to actual film coolinge treated as half-infinit&/ogel et al.[21]), i.e., the measurement
configurations in gas turbines. time is so short that a heat pulse generated at the upper surface

(x=0) will not reach the lower onexE §). This can be ex-

2 Theoretical Investigation of the Measurement Tech- Pressed by the condition

nique T(x—o,t)=Ty (5)
2.1 Model. Figure 1 gives an overview of the considered0lVing Eq.(4) for T,,(t) and substituting it into Eq(3) yields

model. A coolant fluid is injected into the main flow of gas over a aT(0}t)

flat plate. The latter is covered by a thin heater foil.tAtO, the guw(t)=—k +h(T(04) —T,g) +hn(Tg—Ti(t)) (6)

plate is suddenly exposed to a heat flux through the foil, causing a X

temperature change in the wall of the plate. The evolution of the Equation (1) can be solved analytically under the conditions
temperature field in the plate is assumed to be one-dimensiogiden by Eqs.(2), (5), and(6) using the Laplace transform tech-
and the heat diffusion conduction equation in the plate in theque as described by Carslaw et [#@2]. With T* (x,t) =T(x,t)
absence of heat sources can be written as —Ty, the following transformed quantities are obtained:

s -
T*(X,8)=cexp — ;x

aT*(0s) . h
Gu(s)= —kT+hT*(0,s)+

)
h 77:rtc( s)

( 77Ttg+T0_Trg)
S

whereo is an integration constant. In order to determine the lattenhere G stands for the known gain with respect to an unknown

the following assumptions are made:tat0 a step in the surface reference heat flug. Under the assumptions of Eq8) and (9),

heat flux is generated by the heater-foil and at the same timetha system of Eq(7) has the following solution:

coolant gas is injected at a constant blowing ratio and with a given

temperature evolution in time as defined in the following: R

The coolant temperature is a function of time since the cooling T*(x,s)=

fluid is transferred from the plenum chamber to the test section,

this transfer being accompanied by a heat loss. The temperature s

rise of the coolant is assumed to follow an expression as: ex;{ —x)
a ¢, ﬁd)

— 4
s—b 2 > s
Vs h+k\/;

wherea, b, ¢, andd are constants fitted to the experimental profile The inverse Laplace transform of the foregoing expression

Gaq Nh( 7l-l-tg'i'TO_Trg)
S

(10)

+h77(
Te(t)=aexpbt)+ct+dyt (8)

of Ti:(t). The surface heat flux follows a step function: evaluated ak=0 yields for the wall temperature distribution
Tu(tH)=A+nB+qC 11
u(t=0)=0 W(=A+7B+q (11)

gw(t>0)=Gq ©) where
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A=To+(Tig—To)(1—exp B2)erfe B))

) h| aexpbt) aa )
B=—T(1—expperfaB))+ - = exp(p°)erfd B)
k 2 h kb
K
1
h| ¢ (B dym (=B
“ k| | ew B -2 — ——rpz | @R pderfap) - 2, ——
r= =
G
C= F(l—exnﬁz)erfdﬁ)) 12)
with 82=a(h/k)? t+bt and:
.
ierfo(— Jot) + ierfo( Jbt)
h h when b=0
K Va++b K Va—+b
= 13
o 2\/; h \/_ [—b V=Bt ) (13)
h\? KveraN— 0 expt)dt when b<0
E a+b
\
I
When considering the case of no film coolifige., =0) and a i KB
constant heat flux, the foregoing equations reduce to the expres- fl_c*'&* (Tc—Al >|§ &
sion given by von Wolfersdorf et al16]. Je IB|12
2.2 Regression. All parameters in Eq(11) are assumed to £=0:>q(h): &2 where
be knowna priori or measured except fdn, z, andq. These
unknown quantities are determined below by a nonlinear least- . (C|B).
square regression using the transient experimental data. The latter o=C———B (18)
includes temperature-time data pairs which are given by the coat- B3

ing of narrow-band liquid crystals applied on the plate and can be

written as [T c.t| ¢)|{L; wherei indexes theN=3 independent Equations(17) and (18) are inserted into Eq(15), yielding an
experiments such that error function dependent solely updn This one-dimensional
i i . minimization may be done by classical methods of numerical
Tu(tic)=Tie, Vi=1..N (14) analysis(Isaacson et a[.23]) such as the bisection rule. Once the

The foregoing holds locally since the valuegi inhomogeneous ©Ptimal value ofh is determined, the remaining unknowns are
across the surface of the plate as it depends upon the influenc€@nPuted using Eqs18) and(17), respectively.
the cooling holes and upon the possible variation in thickness of
the heater-foil. FON=3, Eq.(14) yields exactly a solution triplet,
if the latter exists. However, fal>3, the problem is overdefined
and an optimal solution, if it exists, has to be sought. This solution
should fit best all theN equations together, without necessarily3 validation Experiments
satisfying each of them exactly. The foregoing problem thus re-
duces to minimizing the following error function: 3.1 Test Facility. Experiments are carried out in an open
low speed wind tunnel with a square cross section of 100 mm
X100 mm and a total length of 1500 mm. In order to have good
optical access and low thermal conductivity, the walls of the chan-
o nel are made out of 15-mm-thick Perspex. The air flow is gener-
where each component of a vector corresponds to a distinct @xad by two electrical fans mounted in serie followed by a settling
periment and whergx||*=(x|x), (., being the Euclidean scalar chamber and a convergent nozzle as represented in Fig. 2.
product forke RN. The foregoing expression is minimal when:  The flat plate test section is mounted into the bottom wall of the
channel at 10 hydraulic diameters from the square channel inlet.
ﬁszO:a—szo ‘9_8:0 ‘9_8:0 (16) The test section, 250 mm in length and a wall thicknesss of
g 9q ' dh =25 mm, covers the complete width of the chan@i€l0 mmn)j. At
the start of the test plate a small step is installed in order to
guarantee a turbulent boundary layer of the main gas flow on the
test section. The latter consists of a flat plate film-cooled by a row
' of five cylindrical holes ofD=5e—3 m diameter. This row of
holes is located at 20 hole diameters from the end of the plate. The
five holes are centered in the transversglan-wise direction of
17) the squared channel with a pitch BfD=3.5. The axis of the

1. R 1 . R Lo
o= 5ITultio) - Tucl?=5 A+ nB+aC-Tocl?  (15)

which is a necessary but nonsufficient condition.
In the context of Eq(11), the above three-parameter optimiza:

tion process may be reduced to a one-parameter one. Fontisis

expressed as a function of the two remaining unknowns as

d T.c—qC—AlB
_8:0:>77(h,q): M
an

”é“z holes is aligned to the channel flow direction with an exit angle of
30° to the surface of the flat plate. The ratio between the length of
Subsequently) is determined with respect toas follows: the holeL4 and its diameteD is Ly/D>3.
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~cep applied on the heater foil. A thermocouple mountedth a 3M
Nozzle Camern S Kapton tape on top of these layers is used for the hue-
‘ Sources temperature calibration of the liquid crystals. Cold light sources
directed by optical fibers are used for the illumination of the test
section. Hue value variations on the surface are recorded during
the transient experiment by a 25 Hz color CCD camera mounted
C";":“m'g:r perpendicular to the test section and viewing through the upper
channel wall. At any position on the plate, the time needed
from the beginning of the transient experiment to reach a specific
Mass Flow Supply surface temperatur€,_c is obtained by performing a data reduc-
Hedler Tube X tion of the hue video sequend®ogel et al.[24]). An LED,
mounted close to the test section and used to determine the begin-

Coomr Rl ning of the transient experiment on the video sequences, is trig-
gered by the activation of the power supply connected to the

Fig. 2 Schematic drawing of the test facility and the devices heater-foil. The same trigger signal is also used to activate the
present around the test section bypass vane, hence synchronizing the coolant flow injection with

the surface heat flux generation.

3.2 Test Cases for Validation. Experiments are performed

. .Th(f’ pl_enum chamber, _cont_ain_ing the coolant and allowing iFﬁ the above wind tunnel with an exit flow velocity of abdut,
injection into the test section, is fixed to the bottom part of the test55 /s and a total gas temperature of abibyt= 296 K. Air is
section. Coolant is supplied to the plenum chamber by an orifigeay a5 coolant and the film-cooling blowing ratio is set to BR
located on the lateral right-hand side relative to the main floW g 3 “The jnitial temperature of the test section is in the same

direction in the channel. The coolant blowing ratio is adjusted an nge as the total gas temperature and a specific hue value of the
measured by a graduated glass flow meter. The temperature ofﬁ frow-band liquid crystals is calibrated fof .=309.2 K. The

coolant is adjusted by an electrical heater tube mounted dowlyo)ant is preconditioned with temperatures varying from 298 to

stream of the glass flow meter. A by-pass vane mounted at the &3z« " The variable amount of heat flux applied during te

of the heater tube allows the preconditioning of the coolant fIO\Lly(,ijient experiments is chosen in order to have a time event
before its injection into the plenum chamber where a therM@eie ction neither too short,(->2 s) because of the rapid evolu-
couple measures the coolant temperature during the experimeqis, of T,, at the beginning of the transient test, nor too long

hA nickel-chrfome t}e?}ter-foil of 2Qum _:_r;:ckfn(?ls§ is glued odnto t, <1200 s) in order to respect the half-infinite assumption. Nu-
the upper surface of the test section. The foll s connected 10 Qyrica| simulations of the temporal evolution ®, were per-

electrical power supply through copper cables and bus bars. Thefa, o in order to assess the range,ef for the experiments. For
mocouples mounted slightly under the upper surface of the plaigey fiat plate configuration, a total of nine experiment (
(for the sake of electrical insulation with the heater)faihd on its  _ gy"5re performed, consisting of three different heat flux ratios
lower surface are used to monitor the homogeneity of the initighined with three different coolant temperature precondition-
§urface temperature and to verify the half infinite model assumm-g_ Four different heater-foil configurations as shown in Fig. 3
tion. . are investigated.
A black coating layefHallcrest BB-G1 followed by a thermo-

chromic narrow band liquid crystals layefHallcrest BM/ Case 1: Longitudinal Electrical Current. One pair of bus bars
R36C1W and a varnish protection layéHallcrest AQB-2 are is connected perpendicular to the flow direction forcing a global

Case 1: Longitudinai Electrical Current Case 2: Transversat Electricat Current

20D

bus bar

Case 3: L & D Electrical Current Case 4: Downstream Transversat Electrical Current

20D

Main Flow

s

- msasirad

Power Supply

bus bar bus bar

Fig. 3 Film-cooled flat plate heater-foils and bus bars configurations
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longitudinal electrical current in the foil. This configuration gen- Since the measurement technique proposed in this paper is de-
erates a nonhomogeneous heat flux distribution with higher valuesoped for heater-foil experiments with an unknown surface heat
in between the holes as a consequence of the reduced conducfibbe distribution g, the first two cases provide a good illustration
surface(conservation of electric charge of its usefulness and general applicability, while the last two cases

. . allow to determine the influence of the heater foil on the film-
Case 2: Transversal Electrical Current.One pair of bus bars cooling measurements.

is connected parallel to the flow direction forcing a global trans-
versal electrical current in the foil. This configuration also gener-

ates a nonhomogeneous heat flux distribution with lower values in
between the holes. 4 Measurement Errors

Case 3: Upstream and Downstream Transversal Electrical Cur- The approach used here for the measurement error analysis is

rent. Two pairs of bus bars are connected parallel to the flowrr]g'la;:g E)hbeta(i)rr:: ddffgg'zeg br{zgligﬁ zagzﬂi'sgs g:géﬁiqé d” revi-
direction forcing a global transversal electrical current in twandd 9 y p

foils, one upstream and the other downstream of the row of co usly and have accordingly the dependendigs. (15), (17), and

ing holes. This configuration generates two homogeneous h §)) as

fluxes, the latter being however different. h=h(Tic tic.Tig.Tig . To. Tie.G).  a=q(h), »=n(h,q)

Case 4: Downstream Transversal Electrical Curren©One pair (19)
of bus bars is connected parallel to the flow direction forcing ka the following, the absolute errdxx; of the foregoing variables
global transversal electrical current in the foil downstream of thie considered identical across the different experiments. The fol-
row of cooling holes, generating thus a homogeneous heat fluxowing absolute errors can then be computed:

i AT 2+ o At 2+ o AT 2+ o AT i
% EE LC EE LC ﬁg tg ﬁg rg
Ah=
=t o[ g [t ) (e
aq \/ ag  \% [an \?
Aq—%AhAn— (EAh + EAq (20)
A centered scheme is used to approximate the foregoing partial derivatives as
If F(Xq, o XFAX), LX) = F(Xg, L X AX, X)) _~f(xj) o1
ax; 2A%; - 2Ax (1)

wherex;, j=1...J, are the variables of a functidnThe discretization step of the numerical scheme for a given variable is assumed
to be identical to the absolute error of this variable and the following is then obtained:

N
1 - - ~ - - - -~
Ah=3 \/.21 [h(TLo)?+h(tLe)?+h(Tig) >+ N(Tg) 2+ M(Tp)?+h(T) >+ (GH?] (22)
[
Subsequently, the errors fgrand » become combination of three different coolant gas variations with three

different heat flux ratios. This combination of experiments is used
1 1 - _ for the four test cases presented in this paper.

Aq= §|Q(h)| An=3 Vi) Z+7(a)? (23) In addition to the measurement errors, the initial temperature,
the liquid crystal temperature, the coolant gas preconditioning lev-
els, and the applied heat fluxes have to be chosen in accordance

Lth the expected values df, », andq. This may be assessed
ysing numerical simulations of the temporal evolutionTgf in

{ger to have acceptabte: values during the experiments. In-

Arelative error of 1% on the heat flux rat®is considered. For
every temperature measurement, an absolute error of 0.1 K
taken into account. The time detection of the transient liquid cry

tal signal is based on an absolute error of 0.04 s correspondin . e 4 )
one frame of the video sequence. The error analysis is then ba: 88d' a too-fast_ transient liquid crystal signal leads to higher er-
ors due to a limited time resolution fdj., and a too-slow

upon a total of nine tests resulting from a combination of threk ; ; . S
typical coolant gas variationg,., combined with three typical heat transient S|gnal_s Ie_ads also to hlgh_er errors as the half-infinite
flux ratios G. model assumption is no longer satisfied.

For the representative resuti£ 100 W/nfK 1, =0.15, and
q=1500 W/nt) of the four experimental cases introduced previ: . .
ously, this leads to a maximum relative error0i5% onh, of 5 Results and Discussion
<3% on 5 and of <5% on g. For these conditions, an error The results shown in the present chapter focus on the effect of
analysis on the number of experiments taken into account for téferent wall boundary condition&ee Fig. 3 on the film cooling
regression shows that there may be an optimum number of coolpetformance on a flat plate. It can be seen that for cases 1 and 2,
gas variations(Fig. 4). In all cases the errors decrease witlihe heat flux distribution at the wall and therefore the wall bound-
an increasing number of experiments, albeit to different levedsy condition for the film cooling process is different. This is
depending on the number of coolant gas variations used. Teeused by the different connection of the power supply to the
optimum appears to be for nine experiments issued from haater foil.
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Relative emrors on the # of experiments used for regression
at: h=100 WnfK], M=0.15, q=1500 WinT]

Am%

‘oG @rmimmg

.............. 4+ Combination with one coolant gas temperature evolution

...... =--..-. Combination with two coclant gas temperature evolutions
——eo— Combination with three coolant gas temperature evolutions
e COMbination with four coolant gas temperature evolutions

Fig. 4 Relative error evolution with the increase of the number of experiments used for the regression
analysis

The reference heat flug obtained by the regression is pre-to zero in between the holes and increases in their longitudinal
sented in its non-dimensional forgYq in Fig. 5. The effective prolongation. This corresponds to the expected result when con-
surface heat flux generation applied during each experiiént sidering the local surface resistance of the foil and the path of the
then the product of| by its gain factorG'. For case 1, the local electrical current. The surface heat flux distributions in these two
surface heat flux tends to increase in between the holes and dases have been compared to numerical simulations done using a
creases in the longitudinal prolongation of the holes. The oppositeethod described by Wiedner et g26]. It is only based on the
is true for case 2 where the local surface heat flux is low or closeater-foil geometry with constant boundary conditions applied on

Case 1: Measurements Case 1: Numerical Simulation

Fig. 5 From measurements derived (left) and calculated (right ) dimensionless reference heat flux
distribution for cases 1 and 2
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Fig. 6 Spatial distributions of heat transfer coefficients and adiabatic film cooling effectiveness

the bus bars location in order to simulate the electrical curremo. after the film cooling holes. This results in much higher heat
The resulting simulated heat flux distribution values are algeansfer coefficients after the row of holes than in case 1. In case
shown in Fig. 5 and present excellent agreement with the expe3i-the area between the film-cooling holes is not heated. Also this
mental values. Hence, they validate the regression approachcehfiguration shows differences in the heat transfer coefficient
multiple transient heater-foil experiments and the development @mpared to case 1, the differences being mainly restricted to a
the new measurement technique described in the foregoing femar-hole area of about two to four hole diameters. This can be
garding the heat flux determination. Notice that with this measurgxplained by the fact that the disruption in heat flux from the
ment technique, the heat flux losdetectrical wiring, lateral con- syrface to the flow changes only locally the thermal boundary
duction are automatically accounted for without an explici{ayer thickness for case 3. By relating the heat transfer coefficient
knowledge of them. These losses have been determined by assgSgs value without blowing, it seems that smaller differences are
ing the difference between the power given by the power sUploé)\‘esent between the individual cases, the biggest differences ap-
and the surface heat yielding a difference-625%. About 15% nearing again between case 4 and the other cases. Focusing finally
are due to the electrical wiring and 10% to lateral conductiogy, the distribution of the adiabatic film-cooling effectiveness, one

effects. - P
. . o sees that only very small differences between the individual cases
Figure 6 shows the spatial distribution of the heat transfer c 2n be obser>\l/ed y

efficient and the film-cooling effectiveness for the four heater foil " - nearly all design work for film-cooled gas turbine blades,

configurations. Additionally the figure shows the heat transfer Cozo, 1 averaged values of the heat transfer coefficients and the
efficient ratioh/hy, where the reference heat transfer coeffluer}

hy is based on the value without blowing. If one focuses on tf} rg r?sc::;g ghzf\f/eeCttl)\fer:\efaieegf 6}51\\//:21/ 'gsz?gat?]ter?;eét;:e&gf I:r,e a
distribution of the heat transfer coefficients, one might se y 9 9

changes in the heat transfer distribution because of the chanﬁé ) S
thermal boundary conditions between the individual cases. If t ig. 7. If one focu;es on the distribution of the hga}t transfer
near hole region is not taken into accotas there might be some coefficients, it is obvious tha}t Fhe heat transfer coefficients from
heat conduction effects for 2<z/D<1), the difference between ¢25€ 4 show the largest deviation to all other cases. For the latter,
the heat transfer coefficients of case 1 and case 2 is quite sniafi change in thermal boundary conditions on the heat transfer
and can be generally neglected. This can be explained by the fa@gfficients might be neglected. This is an important outcome of
that the only difference for these two configurations is the diffefl® present study, because there are several film-cooling studies
ent application of the power supply in order to produce the surfakBown in literature which have used wall boundary conditions
heat flux distribution, yielding a slight change in the thermagimilar to case 3. However, the results for the heat transfer coef-
boundary layer. However, both configurations lead to the sarfieients for case 4 show that care has to be taken in selecting
starting point of the thermal boundary layer. Therefore, the totappropriate thermal wall boundary conditions for film-cooling ex-
difference in heat transfer coefficient for a turbulent flowing fluigheriments. On the other hand, the lateral film-cooling effective-
with a Prandtl number of around ofi&ir) should not be too large. ness values show quite a good agreement for all different wall
In contrast to these two cases, bigger differences in the heat trapgendary conditions. Additionally, Fig. 7 shows for the film cool-
fer coefficients can be seen by comparing case 1 with case 3img effectiveness also values from a correlation given by Baldauf
case 4. In case 4, the start of the thermal boundary layer is delagdl. [27] based on a large set of experimental data. As can be

wn in the individual plots of Fig. 6, the results being displayed
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a,b,c,d = experimental interpolation parametef, s -,
Ks %, Ks™ 1?3
BR = blowing rate p.Uc)/(pgUg), ()
c, = specific heat at constant pressuidkg 'K 1)
D = hole diameter(m)
G = gain factor or heat flux ratio
h = convective heat transfer coefficiefity m 2K %)
hy = convective heat transfer coefficient without coolant
: injection, (W m™2K™})
D] T S T S S k = thermal conductivity of the platéWW m 1K1
g 2 4 up B 8 10 Ly = hole length(m)
N = no. of experiments
P = pitch hole,(m)
q = reference wall heat flux\WW m~?)
q = average reference wall heat fluxy m—)
d, = wall heat flux,(W m~?)
r = index of summation
s = Laplace variable corresponding to(s™%)
T = temperature(K)
t = time, (9
U = flow velocity, ms™?)
x = axial coordinate(m)
y = pitchwise coordinate(m)
o B z = spanwise coordinatém)
0 2 4 p © 8 10 a = thermal diffusivity,(m*s %)
5 = plate thickness(m)
e = error function
; n = adiabatic film-cooling effectiveness
100 Fi p = mass density of platékg m~>)
80 Superscript
i i = index of experiment
= 80 by —— Caset Subscripts
[Hi --s--Ca82
40 ——e-— Case3 0 = initial condition
o R < Cased aw = adiabatic wall
20t ¢ = for coolant gas
0 i . L . . L g = for main gas
0 P 4 ) [ 10 LC = liquid crystals
2o rg = main gas recovery condition
tc = coolant gas total conditions

Nomenclature

1

Fig. 7 Lateral-averaged values of the heat transfer coefficient
and the adiabatic film-cooling effectiveness (derived from the

tg = main gas total conditions
data given in Fig. 6 ) w

= wall (x=0)
Abbreviations

C = charge-coupled device
seen, the results obtained here are in good agreement with thosegD = light emitting diode
found in literature, further validating the present measurement
method.
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