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Abstract 
The leading edge region of a first stage stator vane experiences high 

heat transfer rates especially near the endwall making it very important 

to get a better understanding of the formation of the leading edge vortex. 

In order to improve numerical predictions of the complex endwall flow, 

benchmark quality experimental data are required. To this purpose, this 

study documents the endwall heat transfer and static pressure coefficient 

distribution of a modem stator vane for two different exit Reynolds num-

bers (Re. = 6 x 105  and 1.2 x 106). In addition, laser Doppler velocime-

ter measurements of all three components of the mean and fluctuating 

velocities are presented for the stagnation plane in the leading edge re-

gion. Results indicate that the endwall heat transfer, pressure distribu-

tion and flowfield characteristics change with Reynolds number. The 

endwall pressure distributions show that lower pressure coefficients oc-

cur at the higher Reynolds number due to secondary flows. The stronger 

secondary flows cause enhanced heat transfer near the trailing edge of 

the vane at the higher Reynolds number. On the other hand the mean 

velocity, turbulent kinetic energy and vorticity results indicate that lead-

ing edge vortex is stronger and more turbulent at the lower Reynolds 

number. The Reynolds number also has an effect on the location of the 

separation point which moves closer to the stator vane at the lower 

Reynolds number. 

Introduction 

Increasing exiting combustor temperatures for future gas turbine de-

signs lends itself to high heat load demands on downstream turbine vanes. 

One of the regions having the highest heat transfer is where the leading 

edge of the vane meets the endwall. As the endwall boundary layer ap-

proaches the stagnation location of the protruding turbine vane, it expe-

riences an increase in pressure causing a stronger deceleration for the 

higher speed fluid than the lower speed fluid in the boundary layer. As a 

result of these differences in the deceleration, a transverse pressure gra-

dient occurs along the vane causing the higher speed fluid to turn toward 

• Present address is Pratt & Whitney, 400 Main Street, 

MS 169-02, East Hartford, CT 06108 

the endwall plate. Subsequently, the formation of a horseshoe vortex 

occurs just upstream of the turbine vane. One of the legs of the horse-

shoe vortex wraps around the pressure side of the vane and the other 

around the suction side of the vane. 

There have been quite a few studies documenting endwall charac-

teristics for rotors, but fewer stator vane studies, which typically have 

less of a turning angle and higher flow accelerations than rotors where 

both effects are believed to influence the secondary flows. Based on 

previously repotted studies, there is still a need for a better understand-

ing of the endwall flow particularly in the leading edge region where the 

leading edge horseshoe vortex is formed and its relationship with sec-

ondary flows in the passage. Before computational efforts can expect to 

simulate the complex flowfield in the vane passage, it is imperative that 

the leading edge horseshoe vortex can be correctly predicted. This study 

involves quantifying the surface heat transfer as well as the horseshoe 

vortex that occurs in the leading edge endwall region of a modern tur-

bine vane geometry. Highly-resolved surface heat transfer measurements, 

made through the use of an infra-red camera, will be reported for two 

different Reynolds numbers. In addition to surface heat transfer mea-

surements, flow field measurements of the leading edge vortex, and a 

comparison of measured and CFD predicted endwall static pressure will 

be discussed. 

Past Studies 

As mentioned earlier, many of the endwall investigations presented in 

the open literature have used airfoil geometries that have high turning 

angles being more representative of rotor geometries. Sieverding (1985) 

presents a summary of endwall flowfield models for rotor passages in-

cluding one of the first models as presented by Langston, et al. (1977). All 

of these studies imply the formation of the horseshoe vortex at the leading 

edge-endwall intersection with a pressure-side leg and suction-side leg. 

Since the blade curvature is an important effect in setting up the sec-

ondary flows, it is difficult applying these same results to a stator vane 

having a smaller turning angle. This fact is illustrated by Bailey (1980) 

in which he compared vane flowfield measurements by Marchal and 
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Sieverding (1977) to rotor flowfield measurements by Langston, et al. 
(1977). This comparison was made near the exits of the vane and rotor 

passages which showed that the extent of the passage vortex was much 

greater for the vane than for the rotor. In addition, while the passage 
vortex was centered halfway between the suction and pressure surface 

for the vane, it was located nearer to the suction surface in the rotor. 
Bailey himself presented flowfield measurements for the endwall of a 

turbine vane in which his results concurred with Marchal and 
Sierverding's (1977), but was complicated by the fact that his test facil-

ity did not simulate the leading edge vortex. 
Graziani, et al.(1980) who used the same rotor geometry as Langston, 

et al. (1977) compared differences between a boundary layer that was 
thick (15% of the span) and thin (2% of the span) at the same inlet 
Reynolds numbers. One could, however, consider these two cases to be 
a high Re, for the thick boundary layer and a low Re„ for the thin bound-
ary layer where 0 is the momentum thickness. This is in contrast to the 
results that will be discussed for our paper (in Table 2) whereby the higher 

Re, occurs for the thinner boundary layer. This difference in the rela-
tions between thick and thin boundary layers and momentum thicknesses 
occurs because of how the experiments were conducted. While we main-

tained the same upstream endwall plate length and only changed the 
fmestream velocity to vary the Reynolds number, Graziani, et al. (1980) main-
tained the same inlet velocity and shortened their upstream aidwall length. 

Graziani, et al. (1980) showed for their surface streakline visualization 
at the low Re, case (thin boundary layer) there was less cross-over of the • 
ink traces toward the suction side of the airfoil. Although the traces on 
the blade indicated that for both Re„ cases there was a movement of the 

traces towards the midspan of the blade, the high Re, case had traces that 
crawled further toward the midspan of the blade as compared with the 
low Res  case. As stated by Graziani, et al. (1980) both of these results 

indicate that for the higher Re, the passage vortex occupies more of the 
passage in this region which would then subject the suction side of the 
adjacent airfoil to be affected greater by secondary flow effects. The 
Stanton numbers are also consistent with this in that the contours for the 
high Re„ case was more affected by the path of the vortex. Their endwall 
static pressure measurements, however, indicate lower pressure coeffi-
cients for the low Re, case whereby a lower pressure coefficient would 
be more consistent with a lift-off of the passage vortex. This can be 
explained, however, by the fact that Graziani, et al. (1980) maintained  

the same inlet velocity and changed the boundary layer by changing the 
approach plate length. In this case, the actual mass flowrate going through 
the passage would be more for the thinner boundary layer case and one 
would expect a larger decrease in the static pressure. 

Although the previous data indicates a stronger passage vortex at higher 
Reynolds number, the data of GrazianLet al. (1980) was presented for a 

rotor. Boyle and Russell (1990) performed experiments for a large 
Reynolds number range for a stator vane geometry. At low Reynolds 
numbers, they found that Stanton number contours closely followed the 

inviscid streamlines from the pressure side to the suction side of the 
airfoil while at higher Reynolds numbers the surface heat transfer corre-
lates closely with the freestream velocity and thereby looks more similar 

to the static pressure contours. 
Because the leading edge-endwall location typically has high heat trans-

fer, particular attention has been paid to that region. On the endwall, one 
of the regions having the highest heat transfer coefficient is near where 
the airfoil leading edge meets the endwall. In relating information from 

the flow visualization to the heat transfer data, Gaugler and Russell (1984) 
combined two studies, their own and that of York, et al. (1984), for a 
large scale turbine vane in which they found the peak Stanton number to 
coincide with the region having the most intense vortex action. They 
also found near the suction surface a secondary peak in Stanton number, 
which coincided with the region where the endwall separation line con-
tacts the suction surface at the point where the flow started to climb the 

suction surface. 
Comparisons made by Boyle and Russell (1990) for endwall leading 

edge heat transfer for various Reynolds numbers and approach plate 

lengths indicated that heat transfer augmentations was higher at lower 
Reynolds numbers. Based on their heat transfer measurements for the 
thick and thin boundary layer cases, Graziani, et al. (1980) postulated 
that the boundary layer separation due to the horseshoe vortex for the 
thinner inlet boundary layer was closer to the airfoil than for the thicker 

inlet boundary layer. In comparing two independent studies where the 
momentum thickness was the same, including the studies of Goldstein 
and Spores (1988) and Graziani, et al. (1980), the Stanton number val-
ues and trends in the leading edge region were similar even though the 
Reynolds number was four times greater for Graziani et al. These re-
sults would indicate that for a rotor there is only a weak dependence on 

Reynolds number. 

Nomenclature 	  

z' 

z• 

thsa 
899  

to 

5ubscripts 

avg = 
in 
ex 
rms 	= 

C 	= 
= 

D 	= 
H 	= 

R 	= 
Rç = 
ReD  = 
Re„ 

St 	= 
u, u 	= 

= 

v, v 	= 
w, w =  

true chord of stator vane 
pressure coefficient, 5 = (p - p s) / 1/2pIP5  
diameter of vane leading edge, 2R 

shape factor, 8' / 8 
turbulent kinetic energy, k = 1/2 (u 2,,,, + 	+ 	) 

static pressure 
radius of vane leading edge 
Reynolds number defined as Rea  = C U , / v 
Reynolds number defined as Re, = 2 R U1  / v 

Reynolds number defined as Re, = U .  9 / v 

distance along streamline 
half-span height of stator vane 

Stanton number defined as St = h / pCp U s  

strearnwise mean and fluctuating velocities 
mean velocity in wall coordinates, U+ = U/ ,  
averaged inlet velocity over two vane pitches 
pitchwise mean and fluctuating velocities 

spanwise mean and fluctuating velocities 

streamwise distance from stagnation point 
pitchwise distance from stagnation point 

17 spanwise distance measured from endwall surf  re  

spanwise distance in inner coordinates, z+ = z IvX, /v 

boundary layer thickness 
displacement thickness 
momentum thickness 
dissipation 
density 
viscosity 	 au aw 
vorticity in the pitchwise direction, to ,  = 	— 

wall shear stress 

average 
inlet 
exit 
root mean square 

w/P 
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Fig. 1 View of the corner turbine vane test section. 

2.45 ni 

The only study in which the leading edge vortex has been measured is 

that presented by Pierce and Harsh (1988) who used a streamlined cylin-

der normal to a flat plate where the Re, = 1.7x10 3 , based on the inlet 

velocity, and having a boundary layer thickness-to-cylinder diameter ratio 

of 89„/D = 0.63. These results indicated a single vortex where the center 

of that vortex is located approximately 08D upstream of the cylinder 

Heat transfer data reported by Goldstein and Spores (1988), however, 

had two peaks that near the leading edge indicated the presence of a 

corner vortex, causing an intense spike in the mass transfer coefficients, 

and the presence of the horseshoe vortex, causing a slight rise in the 

mass transfer coefficients. The flowfield data of Pierce and Harsh (1988) 

indicate only a single vortex but, as pointed out by Pierce and Harsh, this 

may be due to the resolution of the grid. In addition, because the data 

was acquired with a pilot probe, there was no information regarding the 

turbulence field associated with the horseshoe vortex region itself. 

Based on past studies there is a clear need to further investigate the heat 

transfer characteristics of the endwall of a commercial stator vane. Al-

though there has been a link between flowfteld visualization and surface 

heat transfer measurements, a link between measured flowfields and mea-

sured heat transfer is still needed. In particular, it is clear that the formation 

of the leading edge horseshoe vortex still needs to be understood and that 

there is still a need to provide benchmark data for computational studies. 

Experimental Design 

A modern stator vane, scaled up by a factor of nine, was placed in a 

large-scale wind tunnel for this study. The construction and the develop-

ment of the scaled-up stator turbine vane and the test section has been 

documented by Bangen, et al. (1997). Some modifications were made 

to the facility described in the above mentioned study and these will be 

addressed in this paper. The wind tunnel used in this study is a large 

recirculating wind tunnel which contains a square test section and a cor-

ner test section. Figure 1 shows the corner test section which contains a 

scaled-up central turbine vane and two leading edges, representing the 

two adjacent vanes, which are attached to flexible side walls. The adja-

cent leading edges were included to insure that the passage vortex was 

correctly simulated in these experiments. The side wall boundary layers 

were removed by an adjustable bleed on one side and a suction box on 

the other to insure that the stagnation point was positioned correctly on 

the outer leading edges. This allowed for a periodic flow in both pas-

sages around the central airfoil. A heat flux plate was placed on the 

bottom endwall while various lids were placed on the top endwall de-

pending upon the type of measurements that were needed, as will be 

described later. The flow was prevented from going from the pressure to 

the suction sides under the vane by applying a sealant at the base of the 

vane. A description of the turbine vane itself is given by Table 1. 

The major modification to the test section of Banger( et.al . for this 

study was the use of both the top and bottom endwalls. The heat transfer 

measurements were made on the bottom endwall while the static pres-

sure and flowfield measurements were made on the top endwall. For this 

reason it was important to match the inlet boundary layer for the top and 

bottom endwalls. Boundary layer growth was controlled using splitter 

plates of length 2.45 m (or 4.1 vane chords) installed upstream of the test 

section inside the diffuser. The flow approaching the stator vane telt 

section is decelerated by the diffuser only in the lateral direction while 

the distance across the span of the turbine vane is held fixed from the 

start of the splitter plates to the turbine vane. The splitter plates allow 

flow from the top and the bottom of the diffuser to be diverted which is 

then redirected into the wind tunnel downstream of the stator vane test 

section. This diverted airflow was controlled using valves to insure that 

the same boundary layer conditions are met on both the top and bottom 

walls. The flow was tripped at the start of the splitter plates to obtain 

fully turbulent boundary layers at the inlet to the stator vane test section. 

. The endwall heat transfer and flowfield was investigated for two Reynolds 

numbers of Re = 6 x 10' and 1.2 x 106. 

Table 1. Geometrical and Flow Conditions for Stator Vane 

Actual chord length 6.60 cm 
Scaling factor 9 

Scaled-up chord length 59.4 cm 

Pitch/chord 0.77 

Span/chord 0.93 

Exit Reynolds number 1.2x10° 

Flow inlet angle 

Flow exit angle 78' 

Approach length/chord 4.1 

Inlet Boundary Laver and Strealcline Visualization 

Inlet boundary layer measurements using the laser Doppler velocime-

ter were done one chord upstream of the stator vane test section on the 

top and bottom endwalls. These are shown in Figure 2a for both the high 

and low Reynolds number cases and the corresponding boundary layer 

parameters are listed in Table 2. Note that the incident turbulence level 

upstream of the vane was 0.9%. The results show that there is very good 

agreement between the boundary layers on the top and bottom endwalls. 

The ratio of boundary layer thickness to half-span height is 8 91S = 0.21 

and 899/S = 0.18 for the low and high Reynolds number cases respec-

tively. The shape factors for these boundary layers are higher than those 

predicted by a zero-pressure gradient correlation, but this is expected as 

the boundary layers experience an adverse pressure gradient in the dif-

fuser section of the wind tunnel. The decrease in boundary layer thick-

ness as the Reynolds number is increased between the two cases can be 

predicted based on a flat plate turbulent boundary layer correlation to be 

an decrease of 87%, which is consistent with the data presented in Table 

2. Note that for these endwall studies the Reynolds number, based on 

the incident velocity and chord length are different by a factor of two, 

but the boundary layer thickness itself is only a factor of 15% different. 

Figure 2b shows the surface stnakline patterns on the endwall for the 

high Reynolds number case, Ren  = 1.2x106- These strealclines were ob-

tained by painting a mixture of black paint, kerosene, and machine oil on 

shelf paper that was placed on the endwall. After the mixture was painted 

on the endwall, the wind tunnel was turned on and after about two hours 

a steady state pattern was achieved. This pattern is very similar to those 
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Fig. 2a Inlet boundary layers measured one chord upstream for 

two Reynolds numbers on top and bottom endwalls. 
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Fig. 2b Endwall strealdine visualization for Re n  = 1.2 x 106. 

Table 2. Inlet Boundary Layer Characteristics 

Re _= 6 x 10' Re = l.2 x10' 
Top Bottom Top Bottom 

(cm) 5.8 5.8 5.0 4.8 
* (cm) 1.20 1.21 1.06 0.92 
(mm) 7.8 7.9 7.1 6.2 

1.55 1.52 1.50 1.48 
es  1870 1900 3340 2960 
(m/s) 333 3.70 7.33 7.45 

previously reported in the literature. A saddle point is clearly seen up-
stream of the stagnation location of the vane. The separation line is also 
clearly seen starting from the suction side of the vane and intersecting 
with the adjacent vane. This separation line occurs at a streamwise dis-
tance upstream of the stagnation location that is rJR = -0.76 for Rç = 
1.2x106  and slightly closer to the vane at x/R = -0.69 for Re e. = 5x705  
(not shown here). This location of the separation line occurs at a posi-
tion consistent with where the flowtield measurements indicate a reverse 
flow direction (as will be discussed later in the text for Figures 9a and 9b). 

Static Pressure Measurements 
As mentioned earlier, a different top endwall was designed and installed 

for the static pressure measurements. Static pressure taps were made using 
brass tubes with an inside diameter of 0.79 mm. These taps were 9.5 nun 
long which resulted in a length-td-diameter ratio of 12. The measuring end 
of the tube was chamfered using a 82 .  countersink. These parameters were 
chosen to give the most accurate static pressure measurements based on  

60 - 

50 - 

40- 

30- 

20- 

10- 

Y(cm) 0- 

-10- 

-20- 

-30- 
• 

-40- 

50 	• 
-40 -30 -20 -10 0 	10 20 30 40 

x(cm) 

Fig. 3 Schematic of pressure tap locations and viewing ports for 

the infra-red camera measurements. 

the recommendations of Mattingly (1996). The pressure taps were con-
nected using flexible vinyl hose to two scanivalves (Scanivalve W06021 
1P-24T Fluid Switch Wafer) which were connected to two differential pres-
sure transducers (Omega PX 653) with pressure ranges of 0- 0.5 and 0 - 
2.0 inches of water. Voltage data from the pressure transducers were ac-
quired using a National Instruments A/D board (AT-M10-16E-2) and con-
trolled using National Instrument's LabVEEW, software. 

A total of 93 pressure taps were installed for the endwall static pressure 
measurements and are shown in Figure 3. The locations of these taps were 
determined using CFI) predictions of the endw all pressure coefficient, Cp, 
distribution. The CFD solution was sampled at selected locations and the 

static pressure contours were plotted using just those locations. Pressure 

locations were added till the pressure gradients were resolved sufficiently 
and the contours looked smooth. This resulted in a highly non-uniform 
distribution of the pressure taps as can be seen clearly in Figure 3. For 
these pressure measurements 5,000 samples were acquired at every loca-
tion at a sampling frequency of 1 kHz The uncertainty in the pressure 
measurements from repeatability and run-to-run variations was estimated 
to be ± 0.05 Cp. The total uncertainty in the pressure coefficient results includ-
ing a 1% uncertainty in the inlet velocity was estimated to be ± 025 Cp. 

Heat Transfer Measurements 
Heat transfer measurements were made on the bottom endwall of the 

test section. A constant heat flux plate, manufactured by Electrofilm 
Manufacturing, was designed to surround the styrofoam stator vane. The 
heater itself consists of a 50 gm thick copper layer on top of a 75 gm 
thick kapton layer within which 25 gm thick inconel heating elements 
were embedded in a serpentine pattern. The heater was then attached to 
the bottom endwall using double-sided tape. The total area of the heat 
flux plate was 0.549 m 2. Using a variac, the heat flux was varied be-
tween 400 and 800 W/m 2  for the two Reynolds numbers investigated in 
this study. The bottom endwall was made of 1.9 cm thick plywood and 

insulated below by a 2.54 cm thick R-5 extruded styrofoam. Lateral 
conduction in the copper layer was estimated to be less than 1% when 

considering the spot size over which the infra-red camera averages the 
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surface temperatures. On the top surface of the heater, where measure-

ments were made, four E-type ribbon thermocouples were placed using 

electrically insulating epoxy for calibration of the infra-red camera. The 

top surface of the heater plate and the thermocouples were painted black. 

The freestrearn temperature for these cases was nominally 21*C. 

An infra-red camera (Inframetrics Model 760) was used to collect the 

surface temperature information from the constant heat flux plate on the 

bottom endwall. The camera was calibrated insitu using a thermocouple 

placed on the heater surface. The correct plate emissivity and back-

ground temperature was determined over the required measurement tem-

perature range thereby giving a linear relationship between the thermo-

couple reading and infra-red camera measurement. For these measure-

ments, the top endwall was replaced with one which had 13 viewing 

ports that were 11.43 cm in diameter, whereby either a lexan insert or a 

crystal flouride window were placed. These viewing ports are shown in 

Figure 3. The crystal flouride window has characteristics of being 98% 

transmissive over the 8 to 12 tun wavelength range, which is the operat-

ing range of the camera. The crystal fluoride window was moved to each 

of the 13 viewing ports and an image was recorded. Each image was an 

average of 16 images and, based on an uncertainty analysis, it was deter-

mined that five of these I6-averaged images were enough to get a good 

average of the endwall temperatures. Some of the images from the 13 

viewing ports spatially overlapped and, in those cases, the temperatures 

were averaged to get a final temperature for those endwall positions. 

The camera was operated at its maximum viewing area of 21.5 cm x 

16 cm which it digitized onto 255 x 206 pixels. The spot size over which 

the infrared camera performed a spatial integration was 0.37 cm or. for 

comparison with the dimensions in terms of vane chords, was 0.0062 C. 

Small positioning crosses were placed on the endwall to identify where 

each of the pictures were taken. Temperature data from the camera were 

processed using ThermoMonitor Lite software, manufactured by 

Thermoteknix Systems Ltd, which gave the temperature data at each 

pixel. For each picture, the positioning crosses were used to scale and 

transform data at each pixel to its corresponding position on the endwall. 

A processing routine was written in-house to assemble all of the pictures 

into one complete picture of the endwall temperature distribution. 

The input heat flux was corrected for radiation losses, which amounted 

to between 4 - 23 % of the input power, and conduction losses, which 

amounted to 1.7 -3.5 % of the input power. No correction was necessary 

regarding heat losses from conduction to the turbine vane itself because 

the vane was constructed using styrofoam (Bangert, et a).. 1997). Using 

the measured temperatures and the remaining convective heat flux, the 

heat transfer coefficients were computed and put in terms of a Stanton 

number based on the inlet velocity of 3.2 m/s for Rea  = 6x105  and 6.4 mis 

for Re. 1.2x ICA. The uncertainty in the Stanton number for a tempera-

ture difference of 5°C is ±3.5% and 3% for the low and high Reynolds 

number cases, respectively. This uncertainty was dictated by the uncer-

tainty in measuring the temperature and therefore is highest at the lowest 

temperature difference (5°C). 

flowfield Measurements 

All three components of velocity were measured using a two-compo-

nent LDV on the stagnation plane to quantify the leading edge vortex at 

the two different Reynolds numbers. Since this is a plane of symmetry, 

V. the pitchwise velocity component was nominally zero. This compo-

nent, however, was measured such that a total turbulent kinetic energy 

approaching the vane could be computed. The two-component back-

scatter fiberoptic LDV system used in this study consists of a 5 W Co-

herent laser used in conjunction with a TSI model 9201 Colorburst beam  

separator. Velocity data were processed using TSI model WA 755 Digi-

tal Burst Correlator controlled using TSI's FIND software. Two different fo-

cusing lenses (350 mm and 750 mm) were used for these measurements. The 

350 mm focusing lens was used to make measurements of the streamwise and 

pitchwise components through the top endwall. The spanwise component was 

measured from the side using the 750 mm focusing lens. 

The velocity measurement plane was over a region 7.6 cm x 7.6 cm 

in area. Velocity profiles were measured at 15 streamwise locations with 

14 points each in the spanwise direction for a total of 210 measurement 

locations. Distance between the profiles in the streamwise direction was 

kept fixed at 0.0085C while the measurement locations in the spanwise 

direction were concentrated near the endwall to discern the leading edge 

vortex. At each measurement location for each component of velocity 

10,000 data points were used to compute the mean and turbulence quan-

tities. The data were corrected for velocity bias effects by applying the 

residence.  time weighting. Uncertainties in the mean velocity is esti-

mated to be ±1% while the precision uncertainties, based on a 95% con-

fidence interval, for the rms of the velocity fluctuations were 3.0% in the 

highly turbulent regions. 

Results 

Results for the two Reynolds numbers investigated in this study are 

presented first in terms of pressure coefficient and Stanton number con-

tours on the endwall. Next, the flowfield results on the stagnation plane 

are presented in terms of mean velocity vectors and contours of the turbu-

lent kinetic energy and vorticity. 

Endwall Static Pressure 

Before the endwall static pressure results are discussed it is useful to 

study the pressure distribution along the mid-span of the vane. This 

allows us to separate the effect of secondary flows from the bulk motion. 

Figure 4a gives the static pressure measurements, in terms of the pres-

sure coefficient for the low and high Reynolds number cases at a spanwise 

location that is 40% up from the bottom endwall. The results have been 

presented as normalized distance along the vane surface, with the pres-

sure side on the left and the suction side on the right. The strong accel-

eration on the suction side of the vane is clear from the rapidly decreas-

ing value of Cp through s/C = 0.3. The flow continues to accelerate at a 

smaller rate until s/C = 0.5 after which the velocity stays relatively con-

stant with Cp — -27. Note that there are slightly lower values of Cp for 

the high Reynolds number case. The flow slows down slightly beyond 

sIC = 1 near the trailing edge of the vane. Unlike the suction side of the 

vane, flow on the pressure side of the vane accelerates monotonically. 

The pressure coefficient results for Re a= 6x105  and I .2x I CP on the endwall 

are shown in Figures 4b and 4c. Note that the measurements indicate good 

periodicity between the two passages surrounding the airfoil. On the 

endwall, the largest difference between the two Reynolds numbers is a 

larger low pressure region on the endwall for the high Reynolds number 

case where there is a contour level of Cp = -27.5 as compared with the low 

Reynolds number case where there is just a small region having a mini-

mum value of Cp = -2.5. This is due to the secondary flow which is much 

stronger at the high Reynolds number case. As the secondary flow sepa-

rates from the endwall, one would expect a low pressure region to occur 

resulting in a lower Cp value. This was also evident beyond s/C = 0.5, 

on the suction side of the vane at the midspan as discussed already. 

Surface oil visualization studies along the vane span and in the pas-

sage endwall were done for this turbine vane at both the high and low 

Reynolds numbers. There were two primary differences between the low 

and high Reynolds number cases. First, the boundary layer separation 
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Fig. 4a Static pressure distribution at the vane midspan. 

point moved further upstream from the stagnation point for the higher 
Reynolds number case, as discussed earlier. Second and probably the 

most interesting result was the fact that at the high Reynolds number, oil 
from the endwall was carried up onto the suction side of the vane sur-
face, starting at approximately s/C = 0.5. The location at which the paint/ 
oil mixture was found on the vane occurs where the decrease in the static 
pressure levels off The oil/paint mixture propagated to a spanwise posi-
don of z/S = 0.14. In contrast, there was no oil/paint mixture that propa-
gated onto the vane for the low Reynolds number case. These results 
are consistent with the fact that there was a larger low pressure region on 
the endwall for the higher Reynolds number case. 

In order to benchmark the above experimental results CFD predic-
tions of the endwall pressure distribution were done using FLUENT/ 
UNS for Rea  = lx10 . As mentioned earlier, these CFD predictions 
were also used to design the static pressure endwall with the pressure 
taps. As these simulations are not the focus of this study, only a brief 
description is given here. The computational domain modeled just one 

passage with the suction side and pressure side of the vane as boundary 
walls. This along with periodic boundaries at the stagnation plane and 
the trailing edge made the domain periodic in the pitch wise direction. 
An inlet boundary layer thickness of 5 cm was used for these simula-

tions and inlet velocity, k and e profiles were generated using the bound-
ary layer code TEXSTAN (Crawford, 1986). An outflow boundary con-

dition was imposed after the trailing edge of the domain and a symmetry 
boundary condition was applied at the mid-span height. Some of these 
boundary conditions are identified in Figure 44:1 which shows the pres-

sure coefficient contours on the endwall. The comparison for the high 
Reynolds number show that there is a good agreement between the pre-

dicted and measured Cp values. The location and peak value of Cp, 
agree quite well. The contours do not agree near the trailing edge of the 
vane because the flexible wall was not simulated in order to make the 
domain periodic. This was necessary to limit the number of cells which 
was 360,000 for these simulations. These CFD calculations served as a 
good benchmark for our measurements. 

Endwall Heat Transfer 
The heat transfer results in terms of Stanton numbers based on inlet 

velocity for the two Reynolds numbers are given in Figures 5a and 5b. 
In the region upstream of the vanes, the Stanton numbers are higher for 
the lower Reynolds number, which can be expected from a turbulent 
boundary layer prediction. In both cases, there is a high heat transfer 

Outflow 

Fig. 4b,c,d 

O5 	01.75 	
1 	  

-0 25 	I; 	0.15 	o's 
x/C 

rJC 
Pressure coefficient contours on the endwall measured for Re. = 6x10 6  (left) and for Re. = 12x106  (middle) and 
computed for Re. = 1x106  (right). 
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Fig. 6 Pitchwise averaged Stanton numbers in the 

passage. 
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0.75 - 

OS 

0.2$ 

y/C 0 
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-0.75 -  

0.1 	0.2 	0.3 	0.4 	0.5 
x/C 

region that occurs between the stagnation point and the reattachment of 
the flow on the suction side of the airfoil. This is the area which experi-

ences very high acceleration as described earlier. As the flow moves 
through the passage, it is apparent that the location of the peak Stanton 
numbers are being swept from the outer pressure surface towards the suc-
tion side of the central vane. But in the case of the high Reynolds number, 
the peak local Stanton number occurs at the suction surface-endwall inter-
section whereas for the low Reynolds number the peak occurred slightly 
thither into the passage and away from the suction surface of the vane. This is 
consistent with the fact that at the high Reynolds minter there is a higher trans-
verse pressure gradient across the passage causing a stronger secondary flow. 

The heat transfer distribution near the trailing edge of the central vane 
is also affected by the flexible tailboard which simulates the pressure 
side of the adjacent vane because this wall extends beyond where the 
trailing edge of an adjacent vane would end. Since the goal of this facil-

ity was to match engine Reynolds numbers and allow detailed boundary 
layer measurements on the central vane, the facility was designed to have 

the smallest number of vanes in order to scale up as much as possible. The flow 
in the front pan of the vane passage is not affected by the tailboard and this can 
be seen clearly from the good periodicity of the Stanton number and pressure 
coefficient contours between the two vane passages. Beim more flowfield 
measurements am made inside the vane passage, the effect of the tailboard on 
the central vane will be quantified using CFD simulations. 

Figure 6 shows the pitchwise-averaged Stanton numbers for the two 
Reynolds number cases. As expected there is a higher average at the 
lower Reynolds number. Using flat plate turbulent boundary layer cor-
relations, one would predict a 15% increase in the Stanton number based 
on the change in Reynolds number. These results, however, indicate a 
larger 25% increase for the lower Reynolds number case. This may be 
due to an unheated starting length effect which would give slightly larger 
differences for the two Reynolds number cases. Both the low and high 
Reyno ds number cases, however, show the same trend with just a shift 
until x/C = 0.35 whereby there is a strong increase for the high Reynolds  

number case. One plausible explanation for the strong increase is be-
cause this is approximately the location where the flow separated off of 

the endwall, which would be caused by the passage vortex. This loca-
tion is consistent with the location at which the oil/kerosene mixture was 
being brought up onto the base of the turbine vane. 

Figures 7a and 7b investigate the endwall upstream stagnation region 
of the vane. Figure 7a shows the Stanton numbers along a line parallel 
with the flow direction directly in front of the stagnation position. This 
line corresponds to the surface that is affected by the flowfield plane that 
was measured upstream of the stagnation, which will be discussed in the 
next section. Figure 7b indicate that for both cases, the Stanton number 

starts to increase dramatically upstream of the stagnation between x/12 = 
-1.6 and -1.7 (equivalent to &UR = 1.6 in Figure 7a). As will be shown 
in the flowfield measurements, this location corresponds to a position 
upstream of the boundary layer separation point. 

Figure 7b gives the augmentation of the heat transfer caused by the 
leading edge of the turbine vane for the two different Reynolds numbers 

as compared with those results presented by Boyle and Russell (1990), 
Hinckel and Nagamatsu (1986) and Ireland and Jones (1986). This aug-
mentation is calculated using the Stanton numbers approaching the stag-
nation position of the vane divided by the Stanton numbers on the mid-
pitch line. Our data indicate that there is no effect of the Reynolds num-
ber on the augmentation. Only very close to the stagnation location is 
there a large discrepancy between our data and that of Ireland and Jones 

(1986) who used a cylinder as opposed to an airfoil. Although there is 
some scatter in the data, the agreement further away from the stagnation 
position is fairly good. Data from Goldstein and Spores(1988) indicated 
two peaks for their mass transfer Stanton numbers approaching their ro-
tor blade leading edge. They attributed the peak further away from the 
blade to the leading edge horseshoe vortex, which is similar to the peak 

shown in Figure 7b, and the peak closest to the blade stagnation to a 
corner vortex. Our flowfield measurements, which are discussed in the 
next section, did not show a corner vortex in our measurement plane 

-025 	10 	0.25 	03 	0.75 	-025 	0 	0.25 
	

03 
x/C 	 xic 

Fig. 5a, b Stanton contours for Re. = 6x10 5  (left) and 1.2x101(right). 
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-e-  Rea  = 1.2 x 106  

Airfoil data 

X Re 2=29,000 (Re.. = 6 x 105) , 	
o 

+ Re2=58,000 (Re. = 1.2 x 106) 	0 

• Re,=37.000, Boyle & Russell, short inlet ° 

• Re2=58.000, Boyle & Russell, short inlet A  

• Re2=37,000, Boyle & Russell, long inlet 

• Re2=54,000, Boyle & Russell, long inlet 
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Cylinder data 

Re2=70,000, Hiackel & Nagamatsu 

Re2=20.000, Hincicel & Nagamatsu 

Re2=28,000. Ireland & Jones 

Re2=34.000, Ireland & Jones 

-0.5 
	

0 

Fig. 7b Comparison of augmentation on the endwall at the 
stagnation line (St) normalized by midpitch value (St 	) 
with that given in the literature. 

which is consistent with the heat transfer measurements. That is to say, 
there may be a corner vortex but, if so, it is very small. This also indi-
cates that the existence of a large corner vortex seems to be geometry 
dependent. 

LearlinadgelaoLfighlv 
As mentioned earlier, all three components of velocity were measured 

on the stagnation plane at the leading edge region of the stator vane. 
Figure 8a and 8b show the L.1-W vectors in this plane. Note that the 
streamwise distance has been normalized by the vane radius (R) while 
the spanwise has been normalized using the vane half-span (S). In each 
figure, the velocity vectors have been scaled by the respective inlet ve-
locity. It is clear from these results that the density of the measurement 
locations is sufficient to document the leading edge vortex flowfield. 
For both Reynolds numbers, the inlet boundary layer separates as it ap-
proaches the stator vane and rolls up into a vortex motion which is ac- 

10 

9 

8 

7 
St 

(x105) 6  

5 

4 

3 

0.1 
/5.x/R  

Fig. 7a Stanton numbers upstream of turbine vane stagnation point 

companied by a downward movement of freestrearn fluid. The amount 
of this downward movement of fluid towards the endwall increases as 
the flow approaches the stator vane. As the gases away from the endwall 

are usually hotter in an actual turbine, this downwash would bring hot 

fluid in contact with the endwall and explains why the endwall-leading 
edge junction is a critical area from a design perspective. 

Although the overall flow features are quite similar there are key dif-
ferences between the two Reynolds number cases. At the high Reynolds 
number, the vortex is not as pronounced and does not extend as far into 
the span (z-direction) as compared with the low Reynolds number. For 
the low Reynolds number case the vectors indicate a more complete roll 

up of the leading edge vortex. This may be the consequence of the larger 
momentum that the flow carries at the high Reynolds number that the 
vortex motion is unable to overcome. Another difference is the location 
of the separation point which is closer to the stator vane for the low 
Reynolds number case. This can be seen in more detail by focusing on 
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Fig. 8a,b Mean velocity vectors on the stagnation plane for 
= 6x105  (top) and 1.2x105  (bottom). 
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Fig. 9a,b Streamwise velocity profiles at the stagnation 

plane for Re. = 6z103  (top) and 1.2x10' (bottom). 

0.20 V 

A 

0.16- 

0.04- 

A 

A 

1 

0 

0.00 
-1.20 -1.00 -0.80 -0.60 - 0.40 -0.20 0.00 

rJR 

the streamwise velocity profiles as shown in Figures 9a and 9b. In order 
to see the separation better only the region near the wall (z/S <0.15) has 
been plotted. Note that zero velocity lines associated with each profile 
are indicated as dashed vertical lines in these figures. Away from the 
wall, the velocity profiles flatten out as they approach the stator vane. 
Near the wall, the reverse flow becomes stronger going away from the 

stator vane and then decreases till the separation point is reached. This 
happens at about x/R - 0.82 at low Reynolds number and at x/R = -0.99 
for the high Reynolds number. These profiles also identify the strong 

velocity gradients that mainly exist near the core of the leading edge 
vortex. The lower Reynolds number case shows larger velocity gradi-

ents especially near the core of the vortex. The velocity gradients are 

much smaller near the stator vane and upstream of the separation point. 
These gradients dictate the amount of turbulent kinetic energy in the 
flowfield and is discussed below. 

Velocity fluctuations for all three components were combined to cal-

culate the turbulent kinetic energy for the two Reynolds number cases. 
These results normalized by the inlet velocity are shown in Figures I Oa 
and 10b. Both contours show maximum values centered about the core 
of the leading edge vortex. As the vortex core was formed closer to the 

stator vane for the low Reynolds number case, the peak k values are also 
closer to the stator vane as compared to the high Reynolds number case. 
In the streamwist direction, the turbulent kinetic energy levels decrease 
as one goes closer to the stator vane or further upstream. This is consis-
tent with the location of the high velocity gradients as discussed above. 
The peak value of k is higher for the lower Reynolds number case because of a 
more complete roll up and the presence of stronger velocity gradients. 

Figures I la-c and I2a-c give contours of the rms levels of each of the 
fluctuating velocity components for the low and high Reynolds number 
cases normalized by the inlet velocity. In general, the peak values for all 

of the fluctuations occur at the same location which is at the center of 
the vortex core. For both the low and high Reynolds number cases, the  

uJU, and vems/US  have similar contour patterns and have nominally the 
same levels. However, the vertical fluctuations, w ra/Us, are noticeably 
larger for the low Reynolds number as compared with the high Reynolds 
number. In addition, at the low Reynolds number the contours are asym-
metrically skewed with higher gradients closer to the turbine vane. These 
higher levels can be attributed to the fact that for the low Reynolds num-
ber there is a complete turning of the vortex whereby there is a stronger 
vertical motion. The large gradients in the w ../U.  contours occur at the 
upstream edge of the vortex. 

Another measure of the strength of the leading edge vortex can be ob-

tained from the vorticity magnitude. By using a three-point second-or-
der accurate differencing scheme for unequally spaced data the vorticity 

component normal to the stagnation plane, to ,  was calculated. The re-
sults normalized using the vane chord and inlet velocity are shown in 
Figures 13a and 13b. The peak values for the vorticity magnitude is the 

same at both Reynolds numbers but for the vortex at low Reynolds num-
ber it is spread over a bigger region. This indicates a slightly stronger 
vortex motion at the low Reynolds number and is consistent with the 
results discussed earlier. 
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Fig 10a,b Turbulent kinetic energy (Idll e )at the stagnation 

plane for Re a  = 6x105  (top) and 1.210' (bottom). 
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Fig. 11a,b,c. Normalized fluctuating velocities at the stagnation plane for Re a  = 6x105 . 
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Fig. 12a,b,c. Normalized fluctuating velocities at the stagnation plane for Re m  = 1.2x105 . 
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Fig. 13a,b. Normalized vorticity on the stagnation plane for Rea  = 6x105 (left) and 1.2x105 (right). 
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Conclusions 

This study has focused on determining the effects of Reynolds num-

bers on the static pressure and surface heat transfer distributions as well 

as the leading edge vortex for a modern, scaled-up turbine vane geom-

etry. The test facility included a central airfoil with two leading edges 

representing the adjacent airfoils such that the passage vortex would be 

correctly simulated. All of the data, including endwall oil streakline 

visualizations, indicated that for the higher Reynolds number the pas-

sage vortex lifted off of the endwall onto the turbine vane thereby de-

creasing the endwall static pressure and causing a different surface heat 

transfer pattern. The heat transfer pattern was such that the peak Stanton 

number occurred at the suction surface for the high Reynolds number 

case as opposed to occurring more towards the center of the passage for 

the low Reynolds number case. The increase in the average Stanton 

numbers for the two Reynolds numbers could not be predicted using a 

flat plate turbulent boundary layer correlation. The peak heat transfer 

augmentation that occurred on the endwall nearest the stagnation position 

of the leading edge was a maximum of two times the heat transfer that 

occurred in the mid-span of the passage. 

In the leading edge region, there were some clear differences in the 

flowfield characteristics of the leading edge vortices for the two differ-

ent Reynolds numbers. While the separation of the boundary layer oc-

curred slightly further upstream of the stagnation position for the higher 

Reynolds number, the vortex itself did not have a complete rotation for 

the higher Reynolds number. The lack of a complete rotation was attrib-

uted to the fact that at the higher Reynolds number there were too many 

inertial effects to overcome such that the upturn was not evident. Higher 

turbulent kinetic energy levels and a larger vorticity region were all con-

sistent with the fact that the lower Reynolds number case had a stronger 

upturning vortex than the higher Reynolds number case. 
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