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Abstract-Experiments are performed to determine the heat transfer, pressure drop, and mass flow rate in 
a pin fin channel with short or long ejection holes on one of the channel sidewalls. The test section consists 
of eight copper segments that are individually heated to maintain an isothermal boundary wall condition. 
The segmentally averaged Nusselt numbers are determined. The heat transfer in the pin fin channel with 
sidewall ejection flow is about 25530% lower than that with the straight flow. The length of the sidewall 
ejection holes does not significantly alter the heat transfer in the pin fin channel for the lengths of the 

ejection holes considered. 

INTRODUCTION 

A HIGHER turbine inlet temperature is necessary to 
improve the thermal efficiency of a gas turbine engine. 

Modern gas turbines operate at inlet temperatures 
way above the melting point of high temperature 
alloys. Hence, the blades need to be internally cooled. 
It is important that the maximum blade temperatures 
do not exceed the permissible level. This study focuses 
on internal pin fin cooling channels at the trailing edge 
of turbine blades. Figure 1 is a cutaway view of an 

advanced gas turbine blade. The cooling air enters the 
pin fin channel at the base of the airfoil. Most of the 
cooling air exits the pin fin channel through small 

ejection holes along the edge of the airfoil. A small 
quantity of air exits through bleed holes at the channel 
tip (radial direction). The pin fins promote flow tur- 
bulence and enhance heat transfer. 

Pin fins in turbine internal cooling passages com- 
monly have height-to-diameter ratios, H/D, between 
0.5 and 4.0 because of the size of modern gas turbine 
blades and manufacturing constraints. VanFossen [1] 

studied heat transfer for several staggered con- 
figurations with 0.5 < H/D < 2.0. All arrays had four 
rows of pins in the streamwise direction. Heat transfer 
rates were averaged over the four-row array. The over- 
all heat transfer coefficients were lower than those for 
channels with long tubes. VanFossen claimed that the 
pins had a 35% higher heat transfer coefficient than 
the endwalls. Brigham and VanFossen [2] investigated 

the effect of pin height on array averaged heat transfer. 
The results show that the array averaged heat transfer 
is not affected for H/D < 3. For H/D > 3, the heat 
transfer increases significantly with an increase in H/D. 

Metzger et al. [3] studied the local row-by-row heat 
transfer variation in a staggered pin fin array for 
X/D = 1.5 and 2.5, S/D = 2.5, and H/D = 1 .O. Heat 
transfer increased in the first few rows, reached a peak 
value and then slowly decreased to a fully developed 
value. Metzger and Haley [4] found that streamwise 

spacing effected the location of the row where the 
peak heat transfer occurred. They related the local 
maximum and subsequent decrease in heat transfer 
with turbulence intensities. The measured turbulence 

intensities showed a similar peak and decrease in the 
turbulence level. Simoneau and VanFossen [5] 
measured the turbulence intensities in a six-row pin 

fin channel with H/D = 3.01 for a staggered array. 
The results showed that a peak turbulence intensity 
occurred at the third to fourth row followed by 
decreasing turbulence to the sixth row. This is con- 
sistent with Metzger and Haley’s observations. Arm- 
strong and Winstanley 161 summarized prior works on 
Row and heat transfer in pin fin channels for turbine 
cooling applications. 

Endwall heat transfer in a pin fin array was 

measured with the naphthalene mass transfer technique 
[7]. Two smooth duct entrances with lengths of 4 and 
21 hydraulic diameters determined how the entrance 
condition affects the endwall heat transfer. There was 
no dependence on entrance after the second row. It 
was shown that the overall heat transfer for a pin fin 

channel with lateral (trailing edge) ejection holes was 
lower than that for a channel with no ejection holes 
[8]. The overall heat transfer and friction factor in a 
pin fin channel with long or short trailing edge ejection 
holes was experimentally determined [9]. The overall 
heat transfer increased when the trailing edge ejection 
holes were configured to radially force the cooling air 
downstream before exiting through the trailing edge 
ejection holes or the tip bleed holes. When the trailing 
edge ejection holes were long, the overall heat transfer 
was higher than that in the corresponding short ejec- 
tion holes. The increase in the overall heat transfer 
was accompanied by an increase in the overall press- 
ure drop. Saxena [lo] studied local heat/mass transfer 
and pressure drop distributions in a staggered pin fin 
channel (S/D = X/D = 2.5 and H/D = 1) with trail- 
ing edge ejection holes for L/d = 2 and 20. His results 
showed that the heat/mass transfer coefficients are 
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NOMENCLATURE 

A surface area of heat transfer in the pin fin n number of segments in the pin fin channel 
channel segments or ejection hole 

AL surface area of heat transfer in the long P mlet inlet pressure 
ejection segments AXI1 exit pressure 

Aj cross-sectional area of the ejection P” local pressure in the nth segment of the 
segment channel 

A Ill,” minimum flow cross-sectional area in the 4ll power input to the nth segment in the 
pin fin channel main channel 

Cr’ specific heat of air qL” power input to the nth ejection 
d diameter of ejection holes segment 

.P 

diameter of pins Re, Reynolds number based on the diameter 
overall friction factor of the pin and the maximum velocity 

f* local friction factor in the nth segment of Red Reynolds number based on the diameter 
the channel of the ejection hole 

h, heat transfer coefficient in the nth s pin spacing in the spanwise direction 
segment of the channel T,, bulk temperature of air at the outlet of 

h b heat transfer coefficient in the nth the nth segment 
segment of the long ejection holes Tim average temperature of air at the inlet of 

H height of pins the nth long ejection segment or at the 
L length of ejection holes outlet of the nth short ejection segment 
LMTD log mean temperature difference &O average temperature of air at the outlet 
ri2 total mass flow rate of air of the nth long ejection segment 

mj” rate of mass tlow through the nth ejection T 5,,1 average wall temperature of the nth 
segment segment in the main channel 

+, rate of mass flow in the channel at the T w.n average wall temperature of the nth 

outlet of the nth segment segment in the long ejection segment 

% rate of mass flow in the radial direction T,, bulk temperature of air at the center of 
at the center of the nth segment the nth segment 

N number of pin rows in the pin fin channel X pin spacing in the radial flow 

WI Nusselt number based on the diameter of direction. 

the pins 

N&i Nusselt number based on the diameter of Greek symbol 
the ejection holes P density of air. 

high immediately upstream of a pin and in the wake 
region downstream of a pin. The friction factor 

increased with an increase in the length of the trailing 
edge ejection holes and when there were fewer ejection 

holes. 

AIR EXITS 
THROUGH RADIAL 
EJECTION HOLES 

RIB-ROUGHENED 
MULTIPASS 
COOLING 
CHANNEL 

PIN FIN 
COOLING 
CHANNEL 

AIR EXITS 
THROUGH 
TRAILING EDGE 
EJECTION HOLES 

FIG. 1. Cutaway view of a modern internally cooled gas 
turbine blade. 

This study determines the effect of varying the 
length of the trailing edge ejection holes on the region- 

ally averaged heat transfer coefficient and pressure 
drop distributions in the pin fin channel. The local 
radial mass flow rate in the pin fin channel and local 
mass flow rate in the trailing edge ejection holes are 

determined for different total mass flow rates. The test 
section, which is a rectangular pin fin channel, models 
the trailing edge of a turbine blade and has small 
lateral ejection holes on one side. The straight tlow 
through the channel simulates the radial flow in a 
turbine. Heat transfer experiments are conducted by 
maintaining an isothermal boundary wall condition. 
Regionally averaged heat transfer coefficients are 
determined. Heat transfer and pressure drop exper- 
iments are conducted for the following test section 
configurations : 

Case 1 : straight flow through a pin fin channel with 
no trailing edge ejection flow and a wide open radial 
exit; 

Case 2: flow through a pin fin channel with 64, 
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short, trailing edge ejection holes (L/d = 2) and five 

radial exit holes ; 
Case 3: flow through a pin fin channel with 64, 

long, trailing edge ejection holes (L/d = 20) and five 
radial exit holes. 

For each of the above cases, the flow Reynolds num- 
ber (based on the pin diameter and maximum flow 
velocity in the pin fin channel) equals approximately 
10000, 20000, 30000, and 50000. Additional infor- 
mation related to this study can be found in ref. [l I}. 

EXPERIMENTAL APPARATUS 

Figure 2 shows the schematic of the test rig, which 
consists of a gate valve, a calibrated orifice meter, a 
plenum, an entrance section, and the test section. The 
air supply is from an air compressor with filters and 
regulators. The air flow rate is measured with the ori- 
fice flow meter constructed to ASME specifications. 

Figure 3(a) shows the top view of the pin fin channel 
for the straight flow case. The test section is a rect- 
angular channel, 50.8 cm (20 in.) long; the cross 
section measures 9.525 cm (3.75 in.) wide and I.27 cm 
(0.5 in.) high and has an aspect ratio of 7.5 : 1. The test 
section, made entirely of copper, has eight segments. 
Each segment has two pin rows. The first row has 
three and the second has two pins. The pin spacing 
in both the streamwise and spanwise directions is 
equal to 2.5 times the diameter of the pins, while 
the height of the pins is equal to their diameter, i.e. 
X/D = S]D = 2.5 and H/D = 1.0. Each segment is 
insulated from its neighbor by balsa wood insulation 
of 0.1588 cm (0.0625 in.). All segments are aligned 
and glued together with epoxy. Proper contact is 

AIR FROM 
COMPRESSOR 

* 

) VALVE 

+ 

n 
TEST SECTION 

ENTRANCE SECTION 

FIG. 2. Schematic of the test rig. 

ensured at the joints by applying longitudinal 
pressure. Checks are made for air leakage in the test 
section when the segments are glued together. 

Each segment has four parts-the top wall, bottom 
wall, and two sidewalls. The pins are press fitted on 
the top and bottom walls. The pins have a height of 
2.54 cm (1 in.). The top and bottom walls are 6.19 cm 
(2.44 in.) long, 10.80 cm (4.25 in.) wide and 0.64 cm 
(0.25 in.) thick. The two sidewalls are 6.19 cm (2.44 
in.) long, 2.54 cm (1 in.) high and 0.64 cm (0.25 in.) 
thick. The two sidewalls are bonded to the top and 
bottom walls with conductive glue. Each complete 
insulated segment measures 6.35 cm (2.5 in.) long (in 
the flow direction), 10.80 cm (4.25 in.) wide (in the 
spanwise direction) and 2.54 cm (1 in.) thick. Figures 
3(b) and (c) show the top view of the ejection hole 
configuration for the short and long ejection hole 
cases, respectively. One channel sidewall has eight 
segments. Each segment has eight ejection holes of 
0.3 18 cm (0.125 in.) diameter at equal intervals. Since 
there are no ejection holes for the straight flow case, 
Fig. 3(a), this sidewall is a solid flat surface with no 
holes. The pressure taps, one for each segment, are on 
the other sidewall in line with the second row of two 
pins in each segment. An additional pressure tap and 
thermocouple measure the inlet pressure and air tem- 
perature at the end of the entrance section. Two 
thermocouples measure the temperature of the top 
wall and one thermocouple measures the temperature 
of the bottom wall in each segment. The locations of 
the thermocouples and pressure taps for the straight 
flow and short and long ejection hole cases are 
given in Figs. 3(a)-(c), respectively. In each segment, 
heaters are bonded to the top and bottom walls with 
epoxy. The two heaters are connected in parallel. Each 
pair of heaters is connected to the power supply 
through a transformer. This arrangement enables an 
isothermal boundary wall condition, where the trans- 
formers are adjusted so the wall temperature in all 
segments is about 5444°C (130°F). The downstream 
end of the test section has an endwall with five ejection 
holes for cases 2 and 3. The endwall is glued to the 
eighth segment, except for the straight flow case, 
where the endwall is removed. The whole test section 
is enclosed by insulation to minimize heat loss to the 
surroundings. 

All pressure taps are connected through a pressure 
selector switch to an inclined tube water manometer 
or a U-tube water or mercury manometer, depending 
on the range. The inclined manometer has a range of 
27.9 cm (11 in.) of water and a resolution of 0.254 
mm (0.01 in.) ; the U-tube manometer has a range of 
91.4 cm (36.0 in.) of water. A mercury barometer 
measures the laboratory’s atmospheric pressure. 

DATA REDUCTION 

The equations for reducing the experimental data 
are given in this section. The definitions of the overall 
friction factor and the local friction factor. and the 
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D = DIAMETER OF PINS . THERMOCOUPLES AT TOP WALL 

X = 2.5 D 0 THERMOCOUPLES AT BOTTOM WALL 

s = 2.3 D I PRESSURE TAP 

FIG. 3. Schematic of the top view of the pin fin channel : (a) for straight flow+ase 1 ; (b) for short ejection 
hole flow--case 2 ; (c) for long ejection hole flow--case 3. 

methods to calculate the local mass flow rates in the 
radial and ejection holes follow those given in refs. 

I&91. 

Friction fuctor and mussJiow r&es 
The total pressure drop across the test section and 

the local pressure in the test section with respect to the 
exit pressure are normalized by the dynamic pressure 
based on u,,, The overall friction factor is 

.f _ Pinlct -PC01 2(P,“,,, -P,x,JPAL 

: P4,X~ rn?N~~-- (1) 

The local friction factor in the nth segment of the 
channel is 

The estimated rate of mass flow through the nth ejec- 

tion segment is 

+$I = C,A$P(P,,-P,x,,)l IL2 (3) 

where C, is the discharge coefficient and A, the how 
cross-sectional area of the ejection segment. Each seg- 
ment has eight holes except the last segment, which 
has 13. The sum of the rates of mass flow through all 
eight segments (69 ejection holes) is equal to the rate 
of total mass flow through the pin fin channel, r+t. If 
the value of C, does not change significantly from 
one ejection segment to another. it can be shown that 

The ratio of the local radial flow rate to the total 

mass flow rate is then 

where L%,,,/ti is the sum of the rates of mass flow 
through the ejection segments upstream of the seg- 
ment at which the value of &,/+I is to be calculated. 

The main channel average mass flow in any segment 
is the average of the inlet and outlet mass flow in that 
segment. For the nth segment, it is 

The Reynolds number in the pin fin channel based on 
the pin diameter and maximum velocity is 

The characteristic length in the Reynolds number is 
the hydraulic diameter of the channel for the plain 
channel flow case. In equations (l)-(7), the properties 
of the flowing air are evaluated at the arithmetic aver- 
age of the segment and bulk temperature. 

Heat transfer coejicients 
For the straight flow case, the calculations for Nus- 

selt numbers follow from Metzger et ul. [3]. Figure 
4(a) depicts the location of the variables used in deter- 
mining the segmental Nusselt number by applying 
energy balance for each segment. The bulk tem- 
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perature at the outlet of each segment is calculated 
based on the inlet tem~rature of air at the entrance 
of the segment and the total power supplied to heat 
the top and bottom walls. From energy balance, the 
bulk temperature at the outlet of the nth segment is 

Based on inlet and outlet temperatures of air in each 
segment, a reference temperature ( Fa), corresponding 
to the center of each segment, is obtained as the arith- 
metic average of the inlet and outlet temperature of 
the cooling air. For the nth segment, it is obtained as 

The heat transfer coefficient is 

where A is the segmental area exposed to flow (i.e. 
pins, endwalls, and sidewalls). The Nusselt number 
based on the pin diameter is 

(11) 

For convenience, NuD is used instead of Nuo,_. 
For the second case (short ejection holes on one of 

FIG. 4. Schematic for 

the channel sidewalls), the mass flow through the main 
channel of the test section varies because of the ejec- 
tion of the mass flow through the ejection holes. The 
mass flow through the nth ejection segment is cal- 
culated from equation (4) and the mass flow through 
the nth main channel from equation (6). Figure 4(b) 
outlines the location of the variables used in deter- 
mining the segmental Nusselt number by applying 
energy balance for each segment. The bulk tem- 
perature at the outlet of each segment is 

T, = T,_,+&-. 
mxnCp 

(12) 

The average temperature of air at the outlet of any 
ejection segment (Tj,) is measured by positioning a 
thermocouple at the outlet of each ejection hole and 
measuring the average temperature of the exiting air. 
The mass flow in each segment splits and becomes 
either radial flow or sidewall ejection Row. A dummy 
variable (T,,) is defined to obtain a common bulk 
temperature based on the two streams. For the nth 
segment it is 

&Tn+tiz,,Tj, 
T,, = ___-- 

ti”_, 

The reference temperature (p”) for the nth segment is 

ii 
n 

;= r,-,+Tw, 
2 . (14) 

(cl Tin T”. 

energy balance on any segment : (a) case l;(b)case2;(c) ease 3. 
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The heat transfer area (A) in each segment, besides 
the channel area exposed to flow, includes the eight 
short ejection holes exposed to flow and the outer 
sidewall area from which heat is convected by the 
exiting trailing edge ejection flow. The Nusselt number 
averaged over each segment is obtained from equa- 
tions (10) and (11). 

For the third case with long ejection holes, besides 

determining the segmental Nusselt numbers in the 
main channel as described for the short ejection hole 
case, the sequential Nusselt numbers in the long ejec- 
tion hole segments are determined. With the average 
outlet temperature of air at the ejection holes mea- 

sured (T,,,), the average temperature of air at the inlet 

of the ejection holes (7;,) can be determined from 
energy balance. Figure 4(c) outlines the location of the 

variables used in determining the segmental Nusselt 
number by applying energy balance. For each ejection 
hole segment, the average inlet temperature is deter- 
mined from knowledge of the average outlet tem- 

perature from 

The log mean temperature difference for the nth ejec- 

tion hole segment is calculated by 

The Nusselt numbers are determined for the long 
ejection segments with the log mean temperature 
difference 

(17) 

where A, is the flow area of the long ejection segments 

NM,, = +-“_ 

For convenience, Nu, is used instead of NM,,. 

Uncertainty in data reduction 
The pressure drop across the orifice in the flow 

meter fluctuated no more than 2.0% during any of 
the test runs. It has been concluded, accounting for 
variations of other parameters, that the uncertainty 

in the calculation of the mass flow rate is not more 
than 3.8%. The uncertainties in determining flow area 
(A) and diameter of pin (D) are estimated to be about 
0.8%. The uncertainty in velocity is 4.08%. Applying 
the Kline and McClintock theory [ 121, the maximum 
uncertainty in the calculated Reynolds number and 
friction factor is about 4.2 and 6.3%, respectively. The 
power input to the heater with the common 110 V AC 
supply had a fluctuation of 1.4%. The inlet tem- 
perature of the air varied by no more than 0.4%. 
Hence, for any Reynolds number, the bulk tem- 
perature varied by no more than 4.1%. The uncer- 

tainty in the wall temperature is estimated to be about 
0.8%. The calculated Nusselt number has an uncer- 
tainty of 4.6% for any Reynolds number. 

RESULTS AND DISCUSSIONS 

Heat transfer results 
Figure 5 compares the variation of the overall Nus- 

selt number with the Reynolds number on a log-log 

scale for the straight flow case with that of Metzger 
et al. [3] and Lau et al. [9]. An increase in Reynolds 
numbers results in an increase in Nusselt numbers. 
The data fall almost on a straight line. Metzger et al’s 
Nusselt numbers seem to be higher at higher Reynolds 

numbers when compared to case 1, probably because 
the geometry of the test section in the present inves- 

tigation is very different from that of Metzger 

et al. Although the staggered pin arrangement of 
X/D = S/D = 2.5 and H/D = 1.0 is the same in all 
three studies, the test section of Metzger et al. had ten 

rows with ten pins in each row and a 25 : 1 flow cross 
section. The test section in the present investigation 
has 16 rows of three and two pins alternately arranged 
and a flow cross section of 7.5 : 1. The test section of 
ref. [9] had 15 rows of three pins and a flow cross 
section of 8.75 : 1. It appears that for the same pin 
configuration, varying the number of pins per row and 
the number of rows in the flow direction significantly 
affects the heat transfer characteristics of the air flow 
in a pin fin channel. The low overall heat transfer 
coefficient in the present study is probably because of 
the smaller flow cross section as compared to Metzger 

et al. [3]. The data from the present study agrees 
with that of ref. [9] because of comparable channel 
geometry and an almost equal number of pin rows. 
The best fit equation for case 1 is 

Nu = 0 298ReO.“’ I) . u (19) 

Figure 5 shows the variation of overall Nusselt 
numbers with Reynolds numbers for the three cases 

studied. For all three cases, the Nusselt number 
increases by increasing the Reynolds number. When 
plotted on a log-log scale, the data fall almost on a 
straight line. For all cases studied, the heat transfer is 

lowest for the long ejection hole case. The Nusselt 
numbers in the pin fin channel with the long ejection 
holes are lower than the short ejection holes by 5- 
10%. Compared with the straight flow case, the Nus- 

selt numbers in the pin fin channel with the long 
ejection holes are 30% lower. 

Figure 6 compares row-averaged Nusselt number 
for the straight flow case with that of Metzger et al. 
[3] for the four Reynolds numbers studied. Metzger 
et al. had ten rows with ten pins in each row and 
determined Nusselt numbers averaged over every row. 
The present study determined Nusselt numbers aver- 
aged over two rows of pins. Hence Metzger et al’s 
results were corrected. The corrected Nusselt numbers 
for the corresponding Reynolds numbers were 
obtained as the arithmetic average of Nusselt numbers 
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130- A CASE 1 - SHOIU’ EJECTION 
a CASE 3 - LONG EJECTION 

100. 

FIG. 5. Variation of overall Nusselt number with Reynolds number: comparison for straight flow and 
comparison for cases 1-3. 

over every two rows. Metzger et al.3 results show an 
increase in Nusselt numbers over the first few rows 
and then a gradual decrease to a fully developed value. 
The inlet impingement increases the heat transfer in 
the first few rows and brings the Nusselt number to a 
fully developed vaiue in the third or fourth row. The 
results of the present study for all Reynolds numbers 
studied are: an increase in Nusselt numbers over the 
first two segments, remaining almost constant over 
the next three segments, and a gradual increase from 
the sixth to the eighth segment. The trend of the data 
from the sixth to the eighth segment was unexpected. 
Metzger et al. had ten rows of pins while in this study 

240 

200 

160 
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80 

40 

there are 16 rows of pins. The trends in both studies 
are similar, i.e. corresponding to ten rows of pins, 
until the fifth segment. No physical explanation can 
be given for the observed change in trend. 

Figure 7(a) shows the variation of Nusselt number 
for case 2, i.e. with short ejection holes (L/c# = 2) 
for Reynolds numbers of 10 000,20 000, 30 000, and 
50 000. The general trend of the data is an increase in 
Nusselt number in the first two segments, followed 
by a sharp decrease until the seventh segment. The 
Nusselt numbers are greater in the eighth segment 
than in the seventh segment for all Reynolds numbers. 
This is because of air impingement against the par- 
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FIG. 6. Comparison of local Nusselt number for straight flow-case 1. 
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FIG. 7. Comparison between the measured and predicted 
local Nusselt number : (a) case 2 ; (b) case 3. 

tially blocked radial exit, heat loss by convection, and 
radiation to the environment. The air exiting the test 

section in the radial direction escapes through the tip 
bleed holes and the impingement on the radial exit 
wall results in higher heat transfer in the eighth 
segment. The decrease in Nusselt numbers in the 

In applications where the trailing edge cooling of 
turbine blades is employed, it is common practice to 

radial direction is large because of a decreasing radial 

predict the Nusselt number distribution in the pin fin 
channel with the trailing edge ejection hole by the 

mass flow caused by ejection of mass through one of 

predetermined Nusselt number distribution in the pin 
fin channel with the straight flow only for the same pin 

the channel sidewalls. It is evident from Fig. 7(a) 

fin array. This is done by determining the Reynolds 
number at the desired X/D location for the trailing 

that the increase in Reynolds numbers results in an 

edge ejection cases (from Fig. 11) and the cor- 
responding Nusselt number from Fig. 5 or the best 

increase in Nusselt numbers. 

fit equation (19) for case 1. Figure 7(a) shows the 
predicted Nusselt numbers. The increase in the Nus- 
selt number in the first and eighth segment cannot be 

predicted by equation (19) since the effect of impinge- 
ment on the pins and radial exit wall is not yet quan- 
tifiable. However, the decrease in the Nusselt number 
in the radial direction can be predicted because of its 
predominant dependence on the Reynolds number. 
For Reynolds numbers of 10000, 20000, and 30000 
the agreement between the experimentally determined 
and predicted Nusselt numbers is within a maximum 
10% in the second, third, fourth, fifth, and sixth seg- 

ments. For a Reynolds number of 50000, the agree- 
ment between the data and predicted values is poor. 

Figure 8(a) shows the variation of Nusselt number 

in the long ejection segments (L/d = 20) for case 3. 
The general trend is a gradual decrease in Nusselt 
numbers with increasing radial distance because the 

ejection mass flow through the long ejection segments 
decreases along X/D. Figure 8(b) shows the variation 

Figure 7(b) shows the variation of the Nusselt num- 

ber in the radial direction for case 3, i.e. with long 

of Nusselt numbers for the long ejection segments in 

trailing edge ejection holes (L/d = 20) for the four 
Reynolds numbers studied. The general trend of the 

case 3 with Reynolds numbers on a log-log scale. Since 

data is an increase in the Nusselt number over the first 
two segments followed by a sharp decrease until the 

the flow through the long ejection segments is in the 

eighth segment. An increase in Reynolds numbers 
results in an increase in Nusselt numbers. In this study 

turbulent region, a comparison can be made with the 

the heat input to heat the long trailing edge segments 
was determined separately. It is possible to predict the 

long tube correlation as 

Nusselt number variation in the channel based on the 

prediction model as outlined in the preceding 
discussion. The agreement between the experimentally 
determined and predicted values is good for all Rey- 
nolds numbers. The predicted and experimentally 
determined Nusselt numbers in the second, third, 

fourth, fifth, and sixth segments are within a 
maximum of 10% of each other. The predicted Nus- 
selt number in the first segment is higher than the 
experimental value by at least 11, 5, and 2.5% for 
Reynolds numbers of 10 000, 20 000 and 30 000, and 
50 000, respectively. The experimentally determined 
Nusselt number in the eighth segment is higher than 

that predicted by at least 15 and 27% for Reynolds 
numbers of 10 000,20 000,30 000, and 50 000. 

NU d = 0.023Re0.8 Pr0.4. (20) 

All the data fall on a straight line. It is evident that 
the heat transfer in the long ejection segments agrees 
well with the long tube correlation defined by equation 

(20). 

Friction factor and mass flow rate 
Figure 9 shows the variation of overall friction fac- 

tors with Reynolds numbers of 10 000,20 000,30 000, 
and 50000. With an increase in Reynolds numbers, 
the overall friction factor clearly decreases. The over- 
all friction factor has a steeper slope than that of 
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FIG. 8. (a) Variation of local Nusselt number in the long 
ejection hole segments. (b) Comparison of overall Nusselt 

number with correlation. 

refs. [3, 91, possibly because of the difference in the 
geometry of the test sections and the arrangement of 
the pins in the channel. The pressure drop data for 
the straight flow agrees well with that of Saxena [lo] 
because the geometry of the test section and pin fin 
arrangement are the same in both studies. Figure 9 
also shows the relation between the overall friction 
factor and Reynolds number for the three cases 
studied. The long ejection segments create the largest 
pressure drop in the pin fin channel. Hence, the fric- 
tion factor is the highest. The slope of the overall 
friction factor for the straight flow case is large, result- 
ing in a sharp decrease in friction factor with increase 
in Reynolds numbers. 

Figure IO(a) shows the results of local friction fac- 
tor (normalized local pressure drop) for the straight 
flow case of the present study for the four Reynolds 
numbers studied. The local friction factor decreases 
linearly with increasing distance from the channel 
entrance. An increase in Reynolds numbers causes a 
decrease in the local friction factor. Figure 10(b) 
shows the variation of the local friction factor in the 
radial direction for the short and long ejection seg- 
ments. The increased pressure drop as a result of flow 
resistance in the long ejection segments is evident. 

Figure I 1 (a) shows the variation of the ratio of the 
ejection mass flow rate to the total mass flow rate 
along X/D for the short and long ejection segments for 
the four Reynolds numbers considered. The general 
trend is a slow decrease in ejection mass flow along 
X,D. The negative slope near the entrance becomes 
less negative at the radial exit. The ejection mass flow 
for the short ejection case is higher at the entrance 
and lower at the exit for any Reynolds number when 
compared with the long ejection case. There seems to 
be no significant effect of Reynolds numbers on the 
normalized ejection hole mass flow rate for the short 
and long ejection hole cases. Figure 11 (b) shows the 
variation of the ratio of the radial mass flow rate to 
the total mass flow rate in the radial direction. Because 
of ejection of mass flow through the ejection holes, 
the radial mass flow rate decreases monotonically with 
increasing distance from the channel entrance. About 
10% of the flow exits through the tip bleed holes. 
There seems to be little difference in the radial mass 
flow rate between the short and long ejection cases for 
any Reynolds number, which explains why the overall 
Nusselt number in the pin fin channel with short and 
long ejection cases is about the same as in Fig. 5. 

CONCLUDING REMARKS 

An experimental investigation of turbulent heat 
transfer in a pin fin channel, with and without lateral 
ejection holes, studied the effects of varying the Rey- 
nolds number, lengths of the lateral ejection holes on 
the overall pressure drop, local pressure drop, ejection 
hole mass flow rate, radial mass flow rate, and the 
segmentally averaged Nusselt number. Results were 
obtained for a staggered pin fin array with 
X/D = S/r> = 2.5 and H/D = 1 .O for Reynolds num- 
bers of 10000, 20000, 30 000, and 50000. The con- 
clusions are : 

(1) The channel cross section and number of pins 
in the flow direction can significantly affect the overall 
heat transfer and pressure drop in a pin fin channel 
with straight fiow only. 

(2) The segmentally averaged heat transfer in the 
straight flow case shows an increase in the first two 
segments, followed by a gradual decrease to a fully 
developed value. However, the segmentally averaged 
heat transfer in the case with ejection flow shows 
an increase in the first two segments then steadily 
decreases toward the end of the channel. An increase 
in the Reynolds number causes an increase in the 
Nusselt number for all the cases studied. The seg- 
mentally averaged heat transfer in the straight flow 
case is always higher than in the case with lateral 
ejection flow. The heat transfer in the pin fin channel 
with the lateral ejection flow is not significantly affec- 
ted by the length of the ejection holes. 

(3) A theoretical model predicted the heat transfer 
distribution in the pin fin channel with short or long 
ejection holes. The predicted Nusselt numbers agreed 
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FIG. 11. (a) Comparison of the normalized ejection mass 
flow rate for the two ejection cases. (b) Comparison of the 
normalized radial mass flow rate for the two ejection cases. 
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(4) For the case with long ejection holes, the heat 
transfer in the long ejection segments is comparable 
with the fully developed pipe flow value for all Rey- 
nolds numbers studied. 
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TRANSFERT THERMIQUE AMELIORE DANS UN CANAL AVEC PICOTS ET EVENTS 
DEJECTION COURTS OU LONGS 

R&sum&Des experiences sont conduites pour determiner le transfert thermique, la perte de pression et le 
debit-masse dans un canal avec picots et events dejection courts ou longs sur un des cot&s du canal. La 
section d’essai consiste en huit segments de cuivre qui sont chauffes individuellement pour maintenir une 
condition de paroi isotherme. Les nombres de Nusselt moyennis par segment sont determines. Le transfert 
thermique dans le canal avec ejection parietale est inferieur de 25530% au cas de l’ecoulement droit. La 
longueur des trous dejection pa&tale n’altere pas significativement le transfert thermique dans le canal 

avec picots pour les longueurs considirees de trou dejection. 

VERBESSERUNG DES WARMEUBERGANGS IN EINEM NADELRIPPENKANAL MIT 
KURZEN ODER LANGEN AUSTRITTS~FFNUNGEN 

Zusammenfaasung-Es wird der Wlrmeiibergang, der Druckverlust und der Massenstrom in einem Nadel- 
rippenkanal mit kurzen oder langen Austrittsijffnungen an einer der Kanalseitenwande experimentell 
untersucht. Die MeDstrecke besteht aus acht Kupfersegmenten, die zur Erzielung einer isothermen Rand- 
bedingung an der Wand getrennt geheizt werden kiinnen. Die mittlere Nusselt-Zahl ftir die Segmente 
wird bestimmt. Der Wlrmeilbergang in dem Nadelrippenkanal wird durch eine seitliche Zustriimung urn 
ungefahr 25-30% erniedrigt. Die Lange der Austrittsoffnungen wirkt sich im betrachteten Bereich nicht 

wesentlich auf den Wlrmetibergang im Nadelrippenkanal aus. 
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MHTEHCMWf~RPOBAHHbI~ TEWIOI’IEPEHOC B KAHAJIE C LWOJIbYATbIM 
OPEIiPEHMEM M OTBEPCTHRMEI AJI5l WKEKL&iM 

.klHOTWlS-3KCIlepHMeHTWIbHOOI"l~~eJmoTCn TennOnepeHoC,nepenan AaBneHHff H WSCOBaiil paCXOLl 

8 KaHaJie C WrOnbtlaTbIM Ope6peHHeM tIpSi HaJlW’fNH OTSepCT& Pa3JiiiYHbiX pEt3MepOB Ha OXHOii R3 

S~IC~BL~X cTopoH. 3~~ep~Me~~bH~~ yracToK CSTOHT U3 mcbm bsemmx um.sewroe, pa3xesHo 

HarpesaeMMx nnn nomep~amm ~30Tept.imec~oro rpaemeoro ycnomix Ha cTeme. Onpcvienmxc~ 
wicna kiyCCeJIbTa,ocpenHeHHbie no cerMeHTaM.npoHH~aehtocTb 60~0~0ti CTeHm yMeHbmaeT KOS#H- 

UAeHT TennonepeHoca B UccnenyeMoM KaHaJIe npuMepH0 Ha 2530%. B paccMaTpesaeMMx cnyqanx 

pa3M~p6oKOBblXOTB~~BiiH~BbI3bIB~eTCyUleCTBeHHO~OI13MeHeHUIITe~~O~e~HOC~ BK~HELJICCWTOJI~- 

SaTbIM opfz6pemieM. 


