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Summary 

An experimental study was made to obtain quantitative 
information on heat transfer, flow, and pressure distribution in 
abranched duct test section that had several significant features 
of an internal cooling passage of a turbine blade. The objective 
of this study was to generate a set of experimental data that 
could be used for validation of computer codes that would be 
used to model internal cooling. 

Surface heat transfer coefficients and entrance flow condi- 
tions were measured at nominal entrance Reynolds numbers of 
45 000,335 000, and 726 000. Heat transfer data were obtained 
by using a steady-state technique in which an Inconel heater 
sheet is attached to the surface and coated with liquid crystals. 
Visual and quantitative flow-field data from particle image 
velocimetry measurements for a plane at midchannel height for 
a Reynolds number of 45 000 were also obtained. The flow was 
seeded with polystyrene particles and illuminated by a laser 
light sheet. Pressure distribution measurements were made 
both on the surface with discrete holes and in the flow field with 
a total pressure probe. The flow-field measurements yielded 
flow-field velocities at selected locations. A relatively new 
method, pressure sensitive paint, was also used to measure 
surface pressure distribution. The pressure paint data obtained 
at Reynolds numbers of 335 000 and 726 000 compared well 
with the more standard method of measuring pressures by using 
discrete holes. 

Introduction 

A continuing objective in gas turbine technology is higher 
engine efficiency. One method of obtaining higher efficiency is 

the use of higher engine operating temperatures. Higher turbine 
inlet temperatures often require the use of internal cooling in the 
blades and vanes to maintain surface temperatures that the 
material can withstand for sustained periods of time. Thus, 
effective design of internal cooling passages is important and 
requires an understanding of the flow and temperature patterns. 
Good designs are also facilitated by the availability of depend- 
able, validated computer codes, which are used to model the 
designs. 

In recent years, there have been several attempts to numeri- 
cally model internal flow and heat transfer by computer codes 
(refs. 1 and 2). Reference 1 points out that it is the combination 
of a complete experimental data base and accurate, efficient 
analytical tools that will ultimately shorten design times and 
optimize future turbines. Reference 3 further emphasizes the 
importance of coordination and cooperation between experi- 
mental and computational researchers in aeropropulsion sys- 
tems. Reference 4 reports on a code prediction for a rotating 
square duct which was verified by experimental data. 

For this report, an experimental study was performed to 
obtain quantitative visual information on flow and heat transfer 
in atest section which simulated the internal passage of acooled 
radial turbine blade as described in reference 5. The objective 
of this study was to generate a set of experimental heat transfer, 
flow-field, and pressure data which could be used for validation 
of internal cooling computer codes. 

Three nominal entrance Reynolds numbers, based on entrance 
hydraulic diameter, were investigated: 45 000, 335 000, and 
726 000. Entrance velocity profiles and free-stream turbulence 
intensity were measured to establish upstream boundary condi- 
tions for computational purposes. Surface heat transfer coeffi- 
cients were measured with a steady-state liquid crystal technique. 
Quantitative visual flow-field measurements by using particle 

*Retired. 
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TABLE I.—AVAILABLE EXPERIMENTAL DATA 
[Reynolds number based on entrance hydraulic diameter.] 

Experimental data 
(technique used to obtain) 

Reynolds number, Re 

45 000 335 000 726 000 

Midchannel velocity vectors 
(flow visualization) 

X     

Surface heat transfer on channel floor 
(liquid crystal) 

X X X 

Cross-section velocity vectors at 
5 axial stations (5-hole probe) (ref. 7) 

X X X 

Surface static pressure (discrete pressure 
measurements) 

X X X 

Static pressures on channel floor (pressure 
sensitive paint) 

  X X 

Entrance free-stream turbulence intensities 
(hot-wire anemometry) (ref. 8) 

X X X 

image velocimetry were also obtained for a plane at 
midchannel height. Surface static pressure distributions from 
discrete hole measurements were determined as well as full 
flow-field total pressures, which yielded flow-field velocities 
that could be compared with the particle image velocimetry 
results. A relatively new method, pressure sensitive paint, was 
also used to measure surface pressure distribution. These 
results compared well with the results obtained by using 
discrete holes at Reynolds numbers of 335 000 and 726 000. 

Computational results that used a commercially available 
code for the same configuration were reported in reference 6. 
This code was used to calculate flow-field velocities and 
surface heat transfer coefficients at Reynolds numbers match- 
ing some of the experimental results. 

This report is intended to give the reader a brief summary of 
the results obtained. Not all of the results are presented; the 
reader is welcome to contact any of the authors for more 
information or to obtain additional data. Note also that limita- 
tions of some of the equipment prevented the acquisition of data 
at all three Reynolds numbers for each data set, that is, flow 
visualization data could only be obtained at Re = 45 000, and 
pressure paint data only at Re = 335 000 and 726 000. Table I 
shows the data available. 

Pr Prandtl number 

Q heat rate, W 

Re Reynolds number based on entr 
diameter 

r recovery factor 

T temperature, °C 

u~ free-stream velocity, m/sec 

u streamwise component of velocity 

u+ dimensionless velocity 

w 

horizontal component of velocity perpendicular to 
tunnel direction 

vertical component of velocity perpendicular to 
tunnel direction 

y transverse distance, cm 

y+ dimensionless distance from floor 

Q/A heat flux 

8 boundary layer thickness, cm 

V kinematic viscosity, m2/sec 

P density, g/cm3 

T
w wall shear stress, N/m2 

Subscr ipts: 

electrical heat input 

Nomenclature entrance test section ei 

A              heated area, m2 L loss 

D              hydraulic diameter, m LC liquid crystal 

d              distance between interruptions in streaklines R recovery 

E              voltage s static 

h               heat transfer coefficient, W/(m2 - °K) t total 

P              pressure, N/m2 theor theoretical 
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Apparatus 

Figure 1 is a schematic of the overall test facility. Room 
temperature air was drawn through the tunnel by a vacuum 
exhaust system. The two-piece test section (fig. 2), was made 
of clear acrylic plastic and had a passage height of 5.08 cm. The 
width of the entrance section was 15.24 cm. The main test 
section was divided by a partition into two passages 12.7 cm 
wide, with the partition ending at the end of the test section. One 
passage was unobstructed and the other passage contained 
three rows of 0.95-cm-diameter pins in a staggered array. The 
pins were spaced 2.54 cm apart laterally, and the rows were 
spaced 2.54 cm apart. This configuration captures the signifi- 
cant features of the cooled radial turbine blade shown in figure 3 
(from ref. 1), namely, the flow split created by a partition, the 
sharp corner, and cylindrical pins for turbulence generation. 
Entrance velocities were measured by using the differential 
between a wall static pressure tap and a total pressure probe 
at the entrance. Pressure, temperature, and flow data were 
recorded by commercial data acquisition systems. Photographic 
data were taken with one or more video cameras. 

For the heat transfer tests, a 0.025-mm-thick Inconel sheet 
with a known uniform electrical resistance was attached to the 
floor of both the entrance and main test sections with a double 
coated adhesive material. Each Inconel sheet had copper bus 

bars spot-welded to it. The sheets were coated with black 
lacquer, then spray painted with thermochromic liquid crystals. 
A cross section of the test surface is shown in figure 4. A 
2.5-cm-thick foam insulation prevented heat loss through the 
floor. For the heat transfer tests, the cylindrical pins were made 
of copper in order to simulate an actual blade where the surface 
heat is transferred to the pins. The unheated section of the tunnel 
upstream of the heated test surface was 60.96 cm long. 

The test section for the flow visualization tests was identical 
in configuration to the heat transfer test section but without the 
liquid crystal-heater sheets and without the foam insulation. 
The pins for this model were made of clear acrylic plastic instead 
of copper. This allowed a laser light sheet to partially pass 
through the pins to illuminate the flow field. 

The test section for the discrete hole pressure distribution 
tests was also identical in configuration to the heat transfer test 
section but with 57 pressure taps in the floor and the side walls 
at strategic locations. Both surface static pressures and flow 
field static and total pressures were measured at the locations 
shown in figure 5. The flow field was measured with a five-hole 
probe as shown in figure 6; the probe was constructed from five 
tubes of a 5.08-mm (0.02-in.) nominal diameter. In addition to 
total pressures, this probe was capable of determining direction 
of flow as well. All pressures were recorded with a computer- 
controlled, automated, electronic pressure recording system. 

TV cameras r^ 

sir 
Inconel-liquid-crystal layer 
on surface (heat-transfer tests)—. 

Static pressure tap 

Total pressure probe— --tr^-T 

4r Sfr 

Vacuum 
exhaust 

Inlet air 

Clear plastic 
entrance test 
section 

\— Clear plastic 
branched duct 
main test section 
with cylinder 
array 

N— Sheet of laser light (for 
flow-visualization tests 
only) 

Figure 1.—Branched duct tunnel. (Only one camera used for flow-visualization tests.) 
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- 45.7 

Note: Passage height is 5.08 

-Static pressure tap 

o     o,-—0.95-cm- 
0 „ ° ,   diameter pins 
o ° o j_ =>       12.7 
0 o ° 2.54 

■4  

2.54 
-Total pressure probe 

Entrance section Main section 

Figure 2.—Test section. (All dimensions given in centimeters.) 

Cooling 
inlet air 

Baffle 

=>/ °°        ^i 

Turbine — <t — ■ —  - 

Figure 3.—Cooled radial turbine blade (ref. 1). 

/—Liquid crystals 

i— Black lacquer 

3/ /—0.025-mm 
inconel sheet 

Adhesive sheet 

,\ t'J <   \   / i   , 

£jN—Copper bus bar 

y—Insulation 

Figure 4.—Cross section of test surface. 

Procedure 

Liquid Crystal Calibration 

Liquid crystals, by virtue of their property of changing color 
with temperature, provide a means of measuring surface tem- 
perature and visualizing thermal patterns at any desired loca- 
tion. The liquid crystal layer was calibrated for color-temperature 
correspondence by using a thermocouple attached to each 
heated Inconel sheet. A dark blue color corresponded to the 

highest temperature, and blue, green, yellow, and reddish- 
brown corresponded to decreasing levels of temperature. The 
yellow color occurred over the narrowest temperature band of 
0.06 °C and was, therefore, the color used for temperature 
measurement. Varying the electrical heat input to the sheet 
under flow conditions enabled the yellow color location to be 
changed. The liquid crystal was calibrated by positioning the 
yellow color at the same location as the thermocouple. The 
yellow color was calibrated at 37.8 °C. 
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Station 

Station 
number 

Distance from 
beginning of 
test section, 

x (cm) 

© 6.35 

@ 40.01 

@ 54.61 

® 60.96 

© 69.22 

© 100.33 

® ® © 

5-hole total 
pressure probe 
in sliding top 
lid 

© 

Main 

-Floor static 
pressure tap 

- Cylindrical pin 

"Sidewall static 
pressure tap 

Figure 5.—Discrete hole pressure measurement locations. 

Figure 6.—Five-hole total pressure probe. 

Experimental Measurements 

Entrance Velocity Profile and Turbulence Intensity.— 
Velocity profiles were measured near the upstream end of 
the entrance test section (station 1) by using a surface static 
pressure tap and a vertically traversable boundary layer total 

pressure probe located near the horizontal center of the channel. 
The probe was moved in small increments from the floor 
surface to a location just above the midchannel height position. 
It was not possible to measure the profiles at higher positions 
because of restrictions imposed by the equipment. Since the 
entrance passage geometry was symmetrical about the 
midchannel height position, it was assumed that the velocity 
profile was symmetrical. Free-stream turbulence intensity was 
also measured at this location with hot-wire anemometry. All 
the measurements were made at nominal entrance Reynolds 
numbers of 45 000, 335 000, and 726 000, corresponding 
roughly to velocities of 9, 67, and 155 m/sec, respectively. 

Heat Transfer.—Heat transfer tests were performed at three 
nominal entrance Reynolds numbers of Re = 45 000,335 000, 
and 726 000. The operating procedure was initiated by bringing 
the tunnel to the velocity necessary to produce the desired 
Reynolds number. Electric power was then supplied to both 
entrance and main test section Inconel sheets at a matching heat 
flux (Q/A). This raised the temperature of the liquid crystal to 
the point at which color patterns appeared. The location of the 
yellow color lines was varied over the surface by changing the 
power input while the free-stream velocity remained the same. 
Sufficient time was given between data recordings to allow 
thermal equilibrium to occur. Typically about 15 min was 
allowed. Data were taken by four charged couple device (CCD) 
color video cameras mounted well above the test section. One 
camera viewed the entire entrance section, and another camera 
viewed the entire main test section. The other two cameras were 
positioned to give closeup views of the cylindrical pin area. The 
data were recorded on S-VHS video tape. A photograph of the 
test section under flow conditions is shown in figure 7. The 
color-temperature patterns on the surface can be clearly seen. 

NASA TP-3646 



T^^^^k-«»- , 

T«l                                          '       1^ **£f- jM^Äfe'-'-'jp'^^ij^K^^BHS^f*8*^'^^*^^. 

w^*J                ESP! ^>^^m 
W^T^                1p? r"""^ -»***1l5i C 

«*r |       -'^""^£2 "?,."'      j»-^"^ 
^^ 

^i^jfll 
; ■      ) 

m^k^.M^^^mtmmäH 7 

^.      ■/ 

■   -V"                                                                                                                                                                                                                                                                                          N 
■ > 

/ 

4".     '      E :-92-679l 
^^^^^ 

Figure 7.—Test section under flow conditions (Reentrance = 45 00°)- 

Surface heat transfer coefficients were calculated as 

h = {Qe-QL) 

The local heat transfer coefficient h was calculated at the 
location of the calibrated color band (an isotherm which in this 
case also represents a uniform heat transfer coefficient). The 
heat energy Qe supplied to the heater sheet was calculated from 
the measured voltage across the sheet and the current through 
a shunt resistor in series with the sheet. The heat loss QL was the 
calculated radiation from the surface. The insulation under the 
test cell floor prevented backside heat loss. Other heat losses 
were estimated to be negligible. The area A was the measured 
area of the Inconel heater sheet. The temperature of the test 
surface TLC was the calibrated liquid crystal temperature. The 
recovery temperature TR of the entrance free-stream air was 
calculated as 

-Ts + r{Tt-Ts) 

where Tg and Tt are the static and total air temperatures 
respectively, and r is the recovery factor, defined as Pr1/3. 

The heat transfer video data reduction was done with a 
personal computer equipped with a commercial video frame 
grabbing board. A computer program was written to manually 
digitize (trace) the yellow color bands from a video image 
grabbed from the video tape. The digitized locations along with 
the measurements of surface heat flux, air temperature, and 
free-stream velocity allowed the calculation of heat transfer 
coefficients. 

Particle Flow Visualization.—Particle flow visualization 
tests were performed only at an entrance Reynolds number of 
45 000. In these tests the flow was seeded with 1-um polysty- 
rene spheres which followed the flow field. These particles 
were suspended in a heated water-ethyl alcohol mixture and 
sprayed into the flow stream with a spray nozzle. By the time 
the mixture reached the test section, much of the liquid had 
evaporated. The particles were illuminated by a 7-W argon-ion 
laser. The laser beam, through a series of mirrors and lenses, 
was focused to a sheet of light approximately 2-mm thick. The 
result was a thin, illuminated, horizontal slice of the flow field 
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at midchannel height. A single black and white CCD video 
camera was used to record the flow onto S-VHS video tape. The 
trajectories of the particles were shown as streak lines on each 
video frame. In order to measure the velocity of the flow field, 
a light chopper was placed in the path of the laser beam. This 
chopper consisted of a rotating disk with holes spaced such that 
the light was periodically blocked. The maximum frequency of 
light chopping obtainable with this device was 3000 Hz. The 
instantaneous velocity of the particles was represented by the 
distance between interruptions in the streak lines on any one 
video frame as illustrated in figure 8. Similarly, the acceleration 
of the particles was represented by the change in the distance 
between interruptions in the streaks. Because of the high 
magnification required to see the particle traces, only one small 
area could be viewed at one time. A CAD software package was 
used to combine the data from approximately 300 individual 
frames so that all of the information could be presented in one 
composite picture. 

The flow-field work is an extension of work done in conjunc- 
tion with the University of Akron, where the procedure and the 
computerized data reduction method was initiated. Details of 
this method are given in reference 9. This present report 
includes enhanced data reduction and a much larger extension 
of the flow field such that it can be compared with the heat 
transfer results. The region of the test section that was mapped 
by using this technique was greatly increased to include an area 
from 8.9 cm upstream of the front row of pins to 3.8 cm 
downstream of the last row of pins. 

Pressure Distribution Measurements.—Discrete, surface 
static pressure measurements were made at six different longi- 
tudinal stations as shown in figure 5. At three of these stations 
(1,3, and 6 as indicated in fig. 5), five-hole total pressure probes 
were mounted on sliding lids, allowing full flow-field pressure 
measurements. Total pressure measurements were also made at 

.Velocity = f^ 

stations 2 and 5 but only at midchannel height (horizontally) 
and in the center of the channel (vertically). 

The automated electronic pressure recording system was 
calibrated immediately before eachtestandperiodicallythrough- 
outthe test automatically. The system was programmed such that 
for each data location, 240 scans were recorded and averaged 
over 30 sec. 

Pressure-Sensitive Paint.—In the pressure-sensitive paint 
method, the test surface was coated with a special paint which, 
after photo-excitation, emits light of varying intensity depend- 
ing on the airpressure. The pressure-sensitive paint is an oxygen 
quenched, photoluminescent compound mixed with an oxygen 
permeable binder. The paint was excited with a filtered ultra- 
violet or blue light source that emits no light in the lumines- 
cence band. A very high resolution CCD black and white video 
camera viewed the model through a filter which removed all 
light except that which was emitted by the paint. The intensity 
of the emitted light is inversely proportional to the partial 
pressure of oxygen (and therefore air pressure). The distribu- 
tion of pressure was computed from the distribution of light 
intensity (brighter points in image correspond to lower pres- 
sure). A video image processing system recorded the intensity 
in the images, and a personal-computer-based software pro- 
gram produced the static pressure maps. An explanation of the 
data reduction process is given in references 10 and 11. 

Uncertainty Analysis 

An uncertainty analysis was performed on the calculation of 
the experimental measurements based on the method described 
in references 12 and 13. The general results are shown in 
table II. 

Included in the flow visualization and heat transfer uncer- 
tainties are errors largely dependent upon the accuracy of the 
operator during the digitizing process, for example reading the 
exact location of the isotherms. The high uncertainty for data at 
the low Reynolds number is due to the lower accuracy of 

Distance between 
interruptions in 
streaklines, d 

Figure 8.—Instantaneous velocity from 1/30-sec 
video frame, which uses 3000-Hz light chopper. 

TABLE H.—UNCERTAINTY ANALYSIS RESULTS 
[Reynolds number based on entrance hydraulic diameter.] 

Experimental data 
(technique used to obtain) 

Uncertainty, percent, based on 
Reynolds number (Re)— 

45 000 335 000 726000 

Midchannel velocity vectors 
(flow visualization) 

8     

Surface heat transfer on channel 
floor (liquid crystal) 

14 4 4 

Cross-section velocity vectors at 
5 axial stations (5-hole probe) 

11 3 3 

Surface static pressure (discrete 
pressure measurements) 

0.13 0.17 0.30 

Static pressures on channel floor 
(pressure-sensitive paint) 

  054 0.74 

Entrance free-stream turbulence 
intensities (hot-wire anemometry) 

16 3 2 
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measuring very small pressure differentials and low heat set- 
tings. The pressure measurement system had an accuracy of 
±0.10 percent of the entire range of the transducers. The heater 
voltage and shunt measurements had fixed uncertainties of 
+0.04 V and ±0.2 A, respectively. 

Results And Discussion 
Entrance Velocity Profiles and Turbulence Intensity 

Velocity profiles at the entrance are shown in figure 9. As 
can be seen, fully developed channel flow had not occurred; as 
expected, there was a slight decrease in boundary layer thick- 
ness as velocity was increased. The boundary layer thickness, 
defined as the point where the velocity is 99 percent of the 
free-stream value, was 1.55 cm at Re = 45 000, 1.40 cm at 
Re = 335 000, and 0.94 cm at Re = 726 000. 

The velocity profile data were also plotted logarithmically in 
terms of dimensionless coordinates and are shown in figure 10. 
This plot shows how the boundary layer compared with turbu- 
lent boundary layers normally encountered in turbine flow. 
Included in the figure is the calculated theoretical line for afully 
turbulent boundary layer. The equations used were taken from 
reference 14. The experimental data matches the theoretical 
line fairly well. 

The results of free-stream turbulence intensity measure- 
ments at midchannel height were 2.8 percent at a Reynolds 
number of 45 000,1.2 percent at aReynolds number of 335 000, 
and 2.9 percent at a Reynolds number of 726 000. 

Heat Transfer Measurements 

Quantitative heat transfer coefficients on the floor of the test 
section were mapped for the three different entrance Reynolds 
numbers. A typical example of the results is shown in figure 11. 
Figures 11(a) to (c) reproduce actual video screen photographs 
of the surface at the lowest Reynolds number of 45 000 and at 
three of the various electrical energy inputs. Also shown are 
closeup views of the color-temperature patterns around the 
pins.Figure 12(a) shows the corresponding map of heat transfer 
coefficients calculated from these isotherms, and figure 12(b) 
is a closeup of the area around the pins. Similar heat transfer 
maps are shown in figures 13 and 14 for Reynolds numbers of 
335 000 and 726 000, respectively. 

In general, the heat transfer patterns were similar for all 
Reynolds numbers. The heat transfer in the entrance region 
decreases going downstream. Areas of low heat transfer can be 
seen in the corner of the main test section where the flow is 
recirculating. The lowest values of heat transfer occurred in this 
region at all three flow conditions. In the unobstructed passage 
(no pins) there is a similarity in the pattern of the heat transfer 
at all three flow conditions with a high heat transfer coefficient 
coming off the partition leading edge, probably produced by the 
accelerating flow and high turbulence created in this area. 
Generally the value of heat transfer coefficients decreases as 
flow progresses downstream. Close to the partition, the coeffi- 
cient values are smaller, probably because of a flow separation 
in this area. Looking at the closeup views of the pin region, the 
cooling effectiveness of the pins is evident by the color patterns 
immediately downstream of the pins and the corresponding 

x 
X 

-x  
X 

X 
X 
X 

X 

-X- 

X~T~ 

8 

L 
40 60 

o 
X 
□ 
8 

Re = 45 000 
Re = 335 000 
Re = 726 000 
Boundary-layer 

thickness 

a □ □ 
-D- 

D a n 
□ 
D 
D 
D 

D 
D 

Midchannel 

I 1} 
80        100        120 

Velocity, m/sec 
140 160 180 

_l 
200 

Figure 9.—Entrance velocity profiles. 

NASA TP-3646 



high values of heat transfer coefficients. Further downstream of 
the pins, the heat transfer coefficients decrease. It should be 
noted that at some locations, the experimental contours were 
actually broadbands and not thin lines, indicating very gradual 
surface temperature gradients. 

Particle Flow-Field Measurements 

Particle image flow-field measurements were made at an 
entrance velocity of 9.14 m/sec, which corresponded to the 
lowest Reynolds number of 45 000. Attempts were made to 
obtain results at the higher Reynolds numbers, but these 
attempts were unsuccessful with the equipment which was 
available. As the velocity of the flow field was increased, it was 
more difficult to detect individual particle traces on the video 
screen. The maximum measurable particle velocity was further 
limited by the maximum frequency at which the light chopper 
could operate, which was 3000 Hz. As previously shown in 
figure 8, the velocity was determined by the distance between 
interruptions in the streaks shown in any one video frame. At 
higher velocities, streaks would appear in a single frame with 
either one interruption or no interruptions at all, making it 
impossible to determine the velocities or accelerations. 

Figure 15(a) is a video picture of the particles as they flowed 
between a pin and the partition leading edge. Figure 15(b) shows 
the data after it was processed into velocity vectors. The 
magnitude of the velocity is indicated by the length of the 
arrows. 

Figure 16 is a composite view of about 300 video frames 
giving an overall view of the flow field in the area investigated. 

Velocity vector diagrams similar to the one shown in figure 15(b) 
can be generated anywhere within this area from the data 
collected in this study. Figure 16 reveals a few features which 
help explain some of the heat transfer results. Immediately 
downstream of the pins, a turbulent area appears which corre- 
sponds to the high heat transfer area seen in the maps. In the 
unobstructed passage where the flow comes off the partition, 
there seems to be a region of turbulent flow bordered by an area 
of smooth accelerated flow. This corresponds to the high values 
of heat transfer seen on the heat transfer maps. In the recircu- 
lation corner of the main test section, the flow-mapping at first 
glance appears to indicate a highly turbulent, high-velocity 
area; however, actual observation of the flow showed this area 
to have very slow, three-dimensional flow, making it difficult 
to properly visualize the flow in a thin slice of light. This slow 
flow region would explain the low heat transfer and high 
surface temperatures indicated in the heat transfer tests. A 
comparison of the particle image velocity measurements with 
flow field velocities is made at the end of the next section. 

Pressure Distribution Measurements 

Figure 17 shows surface pressure measurements for the 
cross-section stations (looking upstream) indicated in figure 5 
at the maximum Reynolds number of 726 000. As expected, the 
low surface pressure areas correspond with the high velocity 
areas. For example, the low pressure measurements shown in 
the right side of figure 17(b) at station 3 (-15 cm) reflect the 
accelerating flow approaching the open passage of the test 
section. 
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Figure 11.—Surface color-temperature patterns (Reentrance = 45 00°)- (a) Low neat input, main section, 
(b) Medium heat input, (c) High heat input. 
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Entrance section 

Flow 

(b) Closeup of pin area 

Figure 11.—Continued, (b) Medium heat input. 
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Figure 11.—Concluded, (c) High heat input. 
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Separation region 

Recirculation 
region 

(a) 

(b) 
Figure 12.—Experimental heat transfer coefficients (Reentrance = 45 000). (Coefficients given in W/(m2-K.) (a) Entire test 

section, (b) Closeup of pin area. 

NASA TP-3646 13 



Separation region 

Recirculation 
region 

(a) 

Figure 13.—Experimental heat transfer coefficients (Reentrance = 335 000). (Coefficients given in W/m2-K.) (a) Entire test 
surface, (b) Cioseup of area. 
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Separation region 

(b) 

Figure 14.—Experimental heat transfer coefficients (Reentrance = 726 °°n)- (Coefficients given in W/m2-K.) (a) Entire test 
surface, (b) Closeup of area. 
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C-92-47741 

Partition 

Figure 15.—Particle trajectories (Reentrance = 45 000)- <a)Video 

picture, (b) Velocity vector diagram. 
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Figure 16.—Composite of digitized video data showing streamlines (300 video frames combined (Reentrance = 45 000). 
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The flow-field pressure measurements yielded quantitative 
velocity results. These results are shown in figure 18 for the 
maximum Reynolds number of 726 000 at the flow split area, 
station 3. Figure 18(a) is a map of the streamwise component 
u of velocity (in the direction of the tunnel) at station 3. The 
other two components of velocity, v and w (perpendicular to the 
tunnel direction) were also obtained. The resultants of these 
two components are shown in figure 18(b). The magnitude and 
direction of the resultants are indicated by the length and 
direction of the vectors shown in the figure. It can be seen that 
the highest velocities occurred in the accelerated flow region 
approaching the open passage area (-15 cm). The absence of 
flow-field data in the recirculation region (~ 18 cm) was due to 
the very small pressure differentials in this region. 

Mass flow-rate splits in the main test section were also 
determined. Of the total mass flow, 55 percent passed through 
the unobstructed branch, and 45 percentpassed through the pin- 
side branch. At the exit plane of the test section, the average 
total pressure was 96.7 kPa for the pin side and 96.6 kPa for the 
no-pins side at Re of 335 000; and 87.0 kPa for the pin side and 
85.1 kPa for no-pins side at Re = 726 000. 

In order to make a comparison between flow-field velocities 
measured by the total pressure probe and velocities measured 
by particle imaging, flow-field measurements were made at 
station 3 at midchannel height for an inlet Reynolds number of 
45 000 at selected intervals across the channel. Velocities cal- 
culated from the probe data are shown in figure 19(a). 
Figure 19(b) shows velocities calculated from flow visualiza- 
tion at station 3 near the partition centerline. The velocities 
from these two methods compare reasonably well. Since flow 
visualization data could not be obtained at the higher flow rates, 
this is the only such comparison which could be made. 

Pressure-Sensitive Paint Results 

Figure 20 is a computer-generated map showing surface 
static pressures in the main test section, upstream (fig. 20(a)) 
and downstream (fig. 20(b)). The data shown were obtained at 
an entrance Re = 726 000. The color bars indicate the magni- 
tude of the pressures. The map shows higher pressures up- 
stream of the pins than downstream of the pins. It shows yet 
lower pressures in the unobstructed (no-pins) passage next to 
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Figure 18.—Flow-field velocities at station 3 using total pressure probe (looking upstream; Reen^rance = 726 000). 
(a) Velocity, u-component. (b) Velocity, v + w resultant. 

18 NASA TP-3646 



the center partition where the velocity was shown to be high. In 
the downstream area of the unobstructed passage, the pressure 
is shown to increase as flow progressed. In the downstream area 
behind the pins, there is very little variation in the pressure. 

The data yielded by the pressure sensitive paint (PSP) method 
showed good agreement with the data obtained at an entrance 
Reynolds number of 726 000 with the discrete hole method. This 
can be seen by comparing the results shown in figure 17 (dis- 
crete hole) with figure 20 (PSP). Figure 17(b) shows surface 
static pressures at station 3 in the flow split area. Floor static 
pressures are about 86 500 N/m2 near the side wall on the pin 
side, decreasing slightly to 82 000 N/m2 in front of the partition. 
This is also what figure 20 shows. On the unobstructed (no- 
pins) side, figure 17(b) shows the pressure decreasing from about 
82 000 to about 77 000 N/m2, again agreeing with figure 20. 
Comparisons made at other stations between figure 17 and the 
PSP data show similar favorable results. 

The pressure sensitive paint method has the following 
advantages over the standard discrete hole method: 

(1) It is completely nonintrusive. 
(2) The data is obtained much more quickly. 
(3) Measurements can be made at any desired location on 

the test surface instead of only where holes are located. 

One disadvantage of the PSP method is the relative difficulty in 
obtaining data when extremely small pressure differentials are 
involved; however, the present study shows that pressure 
differential measurements as low as 345 N/m2 (0.05 psi) are 
certainly possible. 
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technique (Reentrance = 726 000). (a) Flow split region, (b) Downstream end of 
test section. 
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Concluding Remarks 

The experimental investigation revealed the physical condi- 
tions which exist during flow through atest section having some 
of the significant features of an internal passage of a cooled 
turbine blade. Three benchmark sets of data were produced, 
which are now available for internal cooling code validation: 
heat transfer, flow field, and pressure distribution. Areas of 
high and low heat transfer were identified, and quantitative heat 
transfer data were obtained over arange of flow conditions. The 
cooling effectiveness of the cylindrical pins was demonstrated. 
Areas of recirculating and separating flows and their effect on 
surface temperature patterns were evident. The experimental 
flow visualization data generally supported the heat transfer 
data in terms of explaining some of the temperature patterns. 
Surface pressure results obtained by using the relatively new 
pressure sensitive paint (PSP) method compared well with the 
results obtained with the more conventional discrete hole 
method of measuring surface pressure. The PSP method proved 
very promising for future use in measuring surface pressures. 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135, August, 1996 
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