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Abstract—An experimental investigation has been conducted to study, for turbulent air flow through a
pin fin channel with ejection holes, the effects of varying the ejection hole configuration on the distribution
of the regionally-averaged heat transfer and the overall pressure drop. The channel models the internal cooling
passages near the trailing edges of rotor or stator blades in modern gas turbine engines. When air exits
through ejection holes, the segmental heat transfer decreases much faster with increasing distance from the
channel entrance and the overall channel pressure drop is lower than in the straight-flow-only case.
Increasing the number of ejection holes and increasing the size of the ejection holes lower the distribution
of the segmental heat transfer and the overall pressure drop.

INTRODUCTION

PiN FIN channels can be found in the blades of some
modern gas turbine engines. Air from the engine com-
pressor is forced to flow through an internal pin fin
channel to cool the tail region of a blade. Some of the
cooling air exits the pin fin channel through small
ejection holes along the trailing edge of the blade
and the rest through the blade tip. To maximize the
efficiency of a gas turbine engine and to ensure its
safe operation, a designer needs to have extensive
knowledge of the heat transfer and friction character-
istics of flow through such pin fin channels.

Turbulent heat transfer in pin fin channels has been
studied by a number of researchers, for instance,
Brown et al. [1], VanFossen [2], Brigham and Van-
Fossen {3], Metzger and Haley [4], Metzger et al. [5,
6], and Lau et al. [7]. Lau et al. [8, 9] conducted
experiments to demonstrate that, when there was flow
exiting a pin fin channel through ejection holes, the
gradually decreasing mass flow in the channel and
the turning of the air stream in the channel affected
significantly the overall heat transfer from the pin
fin channel. They presented overall heat transfer and
pressure drop results for various channel and ejection
hole/slot geometries, and a wide range of Reynolds
numbers,

The objective of the present investigation is to study
the effects of varying the configuration of the ejection
holes and the flow rate on the regionally-averaged
heat transfer distribution for the flow of cooling air
through pin fin channels in turbine blades. The pin fin
cooling passages are modeled as a rectangular pin fin
channel of eight segments with ejection holes in one
of the side walls. The straight-flow exit of the channel
is either wide open or blocked. The distribution of
the segmental heat transfer coefficient and the overall
pressure drop across the pin fin channel are obtained
for various ejection hole configurations and for a

range of Reynolds numbers typical of air flow in pin
fin cooling passages in turbine blades.

EXPERIMENTAL APPARATUS

The test section for the present experimental inves-
tigation is an 8.75: 1 rectangular channel with a flow
cross-section of 55.6 mm (2.19 in.) by 6.35 mm (0.25
in.). Thirty-two rows of three short pins 6.35 mm (0.25
in.) in diameter are staggered in the channel with
spacings of 13.7 mm (0.541 in.) and 15.9 mm (0.625
in.) in the straight-flow and the ejection-flow direc-
tions, respectively. Therefore, H/D =10, X/D=
2.165, S/D =2.50, and lines joining the centers of the
pins form an array of equilateral triangles.

The test section consists of eight identical segments
(Fig. 1). The top and bottom walls of each segment
are 6.35 mm (0.25 in.) thick aluminum plates that
measure 54.2 mm (2.1351in.) long and 61.9 mm (2.438
in.) wide. The pins are 19.1 mm (0.75 in.) long alumi-
num rods and are pressed into a staggered array of
holes in the two principal walls. The eight segments
are joined together end to end with silicone rubber
adhesive. A 0.76 mm (0.030 in.) thick rubber gasket
serves to minimize heat conduction between adjacent
segments. Thus, the total length of the test section is
0.44 m (17.32 in.).

The two side walls of the test channel are machined
from acrylic rectangular bars. Each has a 6.35 mm
(0.25 in.) by 3.18 mm (0.125 in.) longitudinal rib that
serves to align the eight aluminum segments. One of
the side walls is 6.35 mm (0.25 in.) thick and 19.05
mm (0.75 in.) high and is attached to the aluminum
segments permanently with small cap screws and sili-
cone rubber adhesive. The other side wall is 25.4 mm
(1.0 in.) thick and 19.05 mm (0.75 in.) high and is
attached to the test channel segments with silicone
rubber adhesive only.
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NOMENCLATURE
A total heat transfer area, including all Gross rate of heat loss through insulation from

aluminum surfaces exposed to air flow
in a channel segment [m?]

AL arca of minimum flow cross-section in

pin fin channel [m?]

specific heat of air at average bulk

temperature [J kg™ 'K~ "]

d diameter of ejection holes [m]

D diameter of pins [m]

I overall friction factor, equation {4)

H height of pins [m]

k thermal conductivity of air at average
bulk temperature [Wm~™ 'K ']

L length of ejection holes [m]
m total mass flow rate of air [kgs™ ']
7 segment number, n = | and 8 for the first

and the last channel segments from
the channel entrance, respectively

N number of pin rows in 1est channel,
- N =32
Nu,  segmental Nusselt number in straight-

flow-only case, equation (1)

Nup, segmental Nusselt number based on Ty
] in ejection-flow cases, equation (5)

Nup, segmental Nusselt number based on 7,

in ejection-flow cases, equation (6)

Nuyp, segmental Nusselt number based on T,
in ejection-flow cases, equation {7)

Ap.  overall pressure drop across test channel
[INm~7|

Geona €t rate of heat gain by conduction for
a channel segment [W]

Gin power input to a channel segment [W]

4 channel segment [W]
G net rate of heat transfer from a channel
segment to flowing air [W]

Rer,  Reynolds number, equation (3)

S pin spacing in ejection-flow direction [m} |

7. average bulk temperature of air in a |
channel segment [K)

. bulk temperature of air at test channel
inlet K]

Tw;  bulk temperature of air at inlet of a

channel segment [K]
Tho bulk temperature of air at straight-flow
cxit of test channel [K]

Tre:  bulk temperature of air at straight-flow
exit of a channel segment [K1,
cquation (2}

T. average temperature of cjection
airstream for a channel segment [K]

7. average wall temperature for a channel
segment [K]

e velocity of air at minimum flow cross-
section in test channel f[ms ']

X distance from channel entrance in
straight-flow direction [m]

X pin spacing in straight-flow direction
{m].

Greek symbols

I dynamic viscosity of air at average bulk
temperature [Nsm' %]

p density of air at average bulk

temperature [kgm " %],

For each set of experiments with ejection flow, the
thicker of the two side walls is replaced with a side
wall that has an array of 63, 32 or 16 equally-spaced
ejection holes. These ejection holes are 3.18 mm (0.125
in.} or 6.35 mm (0.25 in.) in diameter and their centers
are located half-way between the top and the bottom
walls. In the 32 ejection-hole case, the center of each
hole is aligned with the centers of the three pins in a

Table 1. Ejection hole configurations

pin row. Since the length of the ejection holes is also
the sum of the thickness of the side wall and the height
of the longitudinal rib, the length-to-diameter ratio of
the ejection holes, L/d, is either 4.5 or 9.0. Table 1
gives the configurations of the ¢jection holes in all of
the cases studied. In two of the cases, the straight-flow
exit of the test channel is blocked to force alt of the
cooling air to flow through the ¢jection holes. Figurce

Ejection hole

Ejection hole

Exit configuration

Ejection-flow

diameter length-to- Straight-flow
Test case (mm/in.) diameter ratio exit exit
1 — Open
2a 3.18/0.125 9.0 Open 63 holes
2b 3.18/0.125 9.0 Blocked 63 holes
3a 3.18/0.125 9.0 Open 32 holes
3b 3.18/0.125 9.0 Blocked 32 holes
4 3.18/0.125 9.0 Open 16 holes
5 6.35/0.250 4.5 Open 32 holes
6 6.35/0.250 4.5 Open 16 holes
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Acrylic Side Wall
with Ejection Holes
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FiG. 1. Schematic of a channel segment.

2 shows the test channel with three typical ejection
hole configurations.

Each of the top and bottom walls of the test channel
is heated uniformly by passing electrical current
through seven parallel, longitudinal strips of 0.025
mm (0.001 in.) thick stainless steel foil (see Fig. 1).
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FiG. 2. Schematic of test channel with three typical ejection
hole configurations,

Air In
Case 1
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Each strip is 6.35 mm (0.25 in.) wide and adjacent
strips are separated from each other by a 1.59 mm
(0.0625 in.) wide gap. The strips are sandwiched
between the exterior surface of each channel wall and
2 6.35mm (0.25 in.) thick Teflon plate. Silicone rubber
adhesive holds the heater strips onto the Teflon plate.
A fine-grid fiberglass mesh and silicone rubber
adhesive insulate the strips electrically from the alumi-
num wall. The strips are connected in series electrically
with bus bars attached to the two ends of the Teflon
plate with small screws.

The test section is fabricated with precision. All
of its dimensions are accurate to within +0.05 mm
(+0.002 in.).

During an experiment, clean, dry air is supplied
from a building compressor. Before entering the test
section, the air passes through a storage tank, a drier,
a flow regulator, two control valves, an orifice flow
meter, a settling chamber, and an entrance section
(Fig. 3). Air exits the test flow loop into the air-
conditioned laboratory.

The entrance section is constructed of 12.7 mm
(0.50 in.) thick acrylic plates. It has the same flow
cross-section as that of the test channel and is 25.4 cm
(10.0 in.) long to ensure that the flow is hydro-
dynamically fully developed at the inlet of the test
channel. The upstream end of the entrance channel is
attached permanently to the settling chamber with
acrylic glue.

The downstream end of the entrance channel is
mated to the upstream end of the test channel with
two acrylic flanges that are held together with six
bolts. The two flanges are attached permanently to
the downstream end of the entrance channel and the
upstream end of the test channel, respectively, with
epoxy and small flat-head machine screws. An O-ring
gasket and vacuum grease prevent air leakage between
the flanges during an experiment.

The downstream half of the entrance section and
the test section are insulated with at least four inches
of fiberglass and Styrofoam insulation on all sides. At
the straight-flow and gjection-flow exits, the Styro-
foam insulation is cut to provide two short diverging
channels for the air to leave the test section and for

AR
Entrance Air OQut
Section

F1G. 3. Schematic of test flow loop.
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maintaining the test channel exits at atmospheric pres-
sure.

INSTRUMENTATION

The wall temperatures are measured with 80 30-
gage copper—constantan thermocouples with Teflon
insulation—ten thermocouples for cach channel seg-
ment (see Fig. 1). The thermocouple junctions are
installed in small deep holes that are drilled into the
top and bottom walls of cach segment or drilled into
the pins. To ensure good contact between cach
thermocouple junction and a channel wall or a pin,
the thermocouple is held in place with epoxy in a
shallow groove on the outside surfacc of the wall,
forcing the thermocouple junction against the bottom
of the hole. The botiom portion of the hole is then
filled with a silver-based paint. After the paint dries,
the top of the hole and the groove are filled with epoxy
to hold the thermocouple wire securely in place. An
ohmmeter is uscd to check for good contact between
the thermocouple junction and the channel wall or the
pin.

The inlet air temperature is measured with two
thermocouples whose junctions protrude into the air-

strecam in the entrance section. The temperatures of

the air at the straight-flow exit and at the ¢jection
holes are measured with a thermocouple probe. The
temperatures on the outside surface of one of the
Teflon heater-strip support plates are measured
with eight thermocouples—one at each test section
segment. The temperature on the outside surface of
the insulation is measured with two thermocouples.
The temperatures on the Teflon plate and on the out-
side surface of the insulation are for the estimation of
heat loss through the insulation during an experiment.

The outputs of all 93 thermocouples are recorded
with a data logger. With the thermocouple probe,
many more additional air temperature readings (up
to 63 ejection-flow temperature readings and ten
straight-exit-flow temperature readings) are recorded.

The total power input to the heater strips is con-
trolled with a variable transformer. The voltage drop
across the heater strips and the current through the
heater strips are mcasured with two Si-digit TRMS
multimeters.

The rate of mass flow through the test section is
measured with a calibrated 6.35 cm (2.5 in.) orifice
flow meter with a 45 -tapered, 2.54 cm (1.0 in.) orifice
and flange taps. The pressure drop across the orifice
and the pressurc upstream of the orifice with respect
to the atmospheric pressurc are measured with an oil
manometer and a mercury manometer, respectively.

Sixteen static pressure taps arc installed along
the acrylic side wall with no ¢jection hole, which is
attached to the channel segments permanently. An
additional static pressure tap is installed in the top
wall of the entrance section near the test section inlet.
The overall pressure drop across the test section and
the local pressures with respect to the atmospheric
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pressure are measured with one of several oil or mer-
cury manometers, or a micromanometer, depending
on the measurement range.

EXPERIMENTAL PROCEDURE

For each ejection hole configuration studied, at
least six experiments are conducted with the Reynolds
number ranging between 6000 and 40 000. Before initi-
ating cach set of experiments, the test apparatus is
checked for possible air leakage (with a solution of
soap and water), consistency of the total electrical
resistance of the heater strips. and continuity of all
thermocouple wires.

A typical experiment lasts 3 h. After compressed air
is allowed to flow through the test section at a pre-
determined rate, electrical current is passed through
the heater strips. Power input to the heater strips
is set to maintain a desired difference between the
temperature of the inlet air and the average wall tem-
perature at the last channel segment. The system
attains a steady state in about 2 h. During that time,
the pressure drop across the orifice is monitored
periodically and the flow regulator (or one of the
control valves) is adjusted whenever it is necessary to
maintain the air flow rate constant. The power input
to the heater strips is raised or lowered whenever the
last channel segment attains a temperature lower than
or higher than the desired temperature.

After the system attains a steady state, the atmo-
spheric pressure, the pressure drop across the orifice.
the gage pressures upstream of the orifice and at the
taps on the test section are recorded. A printout of all
the thermocouple readings is then obtained and the
power input to the heaters recorded. Ten sample tem-
peratures of the air at the straight-flow exit are re-
corded with the tip of the thermocouple probe (that
is, the thermocouple junction) positioned near the
straight-flow exit of the test channel. In the straight-
flow-only case, the average of the temperatures is used
to check the calculated air bulk temperature at the
straight-flow exit.

In the cases with ejection flow, the temperature of
the air at the exit of each ejection hole is measured
with the tip of the thermocouple probe positioned just
outside the cjection hole. Because of the relatively
small size of the ejection hole and the acrylic side
wall, the temperature does not vary significantly in
the cjection airstream and only one reading of the
temperature at each ejection hole is recorded.

In a calibration experiment, the inlet air tem-
perature is measured with the two thermocouples
whose junctions protrude into the airstream in the
entrance section while the air flow rate is raised and
lowered alternately within a range corresponding to
6000 < Re, < 40000. Since there is no measurable
variation in the indicated inlet air temperature when
the air flow rate is varied between the flow rate limits.
the indicated temperature gives the static or true tem-
perature of the inlet airstream.
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REDUCTION OF DATA

In the straight-flow-only case (case 1), the region-
ally-averaged Nusselt number for each channel
segment, or the segmental Nusselt number, is cal-
culated from

— G/ A L (D
Nito = {<Tw~fb>}(%)

_{Kfim-—éloss+qmd)/41}(9> 0
- (T,-T) k)

The rate of heat input, §;,, is the total power input to
the heater strips (the product of the measured voltage
drop across the heater strips and the current through
the strips) divided by eight. The rate of heat loss
through the fiberglass and Styrofoam insulation, ¢,
is calculated with the measured temperatures on the
outside surface of one of the Teflon heater-support
plates and on the outside surface of the insulation,
assuming one-dimensional heat conduction in the
insulation.

The rate of net heat gain by conduction along the
channel walls in the straight-flow direction, §.ong, 1S
the difference between the rate of heat conduction
from the channel segment immediately downstream
and the rate of heat conduction to the segment
immediately upstream. The calculation of heat con-
duction between adjacent segments assumes one-
dimensional heat conduction, uses the average of the
three wall temperatures nearest the rubber gaskets in
each segment, and takes into account the thermal
resistances in series associated with the aluminum
walls and the rubber gaskets.

The total heat transfer area, A, includes the exposed
surface areas of the top wall, the bottom wall, and
the pins, but not the side walls. The average wall
temperature is the average of the ten measured wall
temperatures for each segment. The average bulk tem-
perature is the average of the local bulk temperatures
at the inlet and exit of the segment, T\;,and T, ,. The
exit bulk temperature is calculated from the inlet bulk
temperature based on an energy balance :

qnex
Thoi = This .
bo.i bif + f1e (2)

4

For all straight-flow-only test runs, the calculated
bulk temperature at the exit of the test channel, T,
(that is, at the exit of the last segment), is comparable
to the average of the ten measured air temperature
samples at the exit.

The Reynolds number is defined in terms of the pin
diameter and the air velocity at the minimum flow
cross-section in the pin fin channel :

Pty D D

Rep = — = . 3
° i Apin 1 ®)

The total pressure drop across the test section and
the local pressures in the test section with respect
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to the atmospheric pressure are normalized by the
dynamic pressure based on #,,,. The former is defined
as the overall friction factor. Thus

Aptotal - ZAptotalp (Amin>2

punN N m

©)

f:

where N = 32 is the number of pin rows in the test
section.

In all of the above equations, the properties of the
flowing air are evaluated at the average of the bulk
temperatures at the inlet and the exit of the test
channel.

In all cases with ejection flow, the rate of mass flow
in the test channel decreases with increasing distance
from the channel entrance. The flowing air turns in
the channel to exit through the ejection holes. Since
the rate of mass flow through each segment decreases
and its variation is not known, an average bulk tem-
perature for each segment cannot be determined based
on an energy balance. Three Nusselt numbers are
defined as follows:

e (Goe/4) (D
i = { 20 }() ®
= (Gree/4) (D
Nitor = {w——ﬁ}(z) ©
NT (qnet/A) D
o= {5 ) o

In equation (5), the segmental Nusselt number is
defined in terms of the difference between the average
wall temperature and the bulk temperature of the
air entering the test channel. The segmental Nusselt
number in equation (6) is in terms of an average bulk
temperature that is calculated with the assumption
that the rate of mass flow through the test channel is
constant. The segmental Nusselt number in equation
(7) is based on the average of the measured tem-
peratures of the air flow through ejection holes at a
channel segment.

In the ejection-flow cases, the Reynolds number
and the total pressure drop are both based on the rate
of total mass flow at the channel entrance as given in
equations (3) and (4). The properties of the flowing
air are evaluated at the average of the bulk tem-
peratures at the inlet and the straight-flow exit of the
test channel. In the cases with a blocked straight-flow
exit, the properties of the flowing air are evaluated at
the average of the bulk temperature at the inlet and

the temperature of the airstream at the last ejection
hole.

EXPERIMENTAL UNCERTAINTIES

The factory-calibrated orifice flow meter is rated at
+ 1.0% accuracy. The largest variation of the pressure
drop across the orifice, which occurs during low
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Reynolds number (Re,, ~ 6000) runs, is never more
than +5%. Even if the uncertainty of the measured
pressure drop across the orifice is conservatively esti-
mated to be + 5%, the uncertainty of the rate of total
mass flow through the test section is less than 4 3.5%.
Based on the tolerance of 0.05 mm (0.002 in.) for all
the dimensions of the test section, the uncertainties of
An and D arc cstimated to be +1.3 and +0.8%,
respectively. Using equation (3), an estimated uncer-
tainty of +2.0% for the dynamic viscosity of air,
and the uncertainty estimation method of Kline and
McClintock [10], the maximum uncertainty of the
calculated Reynolds number is +4.3%.

The percentage variations of the voltage drop
across the heater strips and the current through the
heat strips are negligibly small for all experiments.
The power input to a channel segment, however. may
deviate from one-eighth of the total power input due
to the small non-uniformity of the cross-sections of
the heater strips. Errors may also be introduced when
the rate of heat loss through the insulation is estimated
assuming onc-dimensional heat conduction, although
the ratc of heat loss through the insulation is at most
8.0% of the power input for a channcl segment. Hecat
conduction along the wall is relatively small except
when there is a large temperature difference between
two adjacent segments. The net heat gain or loss by
conduction is significant at the first and the last scg-
ments.

The uncertainty of the rate of net heat transfer to
the airstream in a channel segment is estimated to
be about +35.0%. Using a conservatively estimated
uncertainty of +5.0% for the wall/air temperature
differences results in an uncertainty of +7.5% in the
calculated segmental Nusselt numbers.

Similarly, with a maximum variation of the overall
pressure drop of +3% during an experiment, the
normalized overall pressure drop has an uncertainty
of +6.4%.

PRESENTATION OF RESULTS

Heat transfer results—straight-flow case
In Fig. 4, the segmental Nusselt number dis-
tributions for straight flow through the test channel
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FiG. 4. Distributions of segmental Nusselt number, case [~
straight flow only.
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(case 1) are given. The data are based on 15 tesi
runs with Rep, = 5955, 6190, 6224, 8732, §908. 12949.
13079, 19118, 19505, 20 341, 30368, 30483, 40 552.
40604, and 40689. A different total power input is
uscd in cach of the test runs with approximately the
same Reynolds number. The total power input in a
test run may be as high as twice that in another test
run at approximately the same Reynolds number.
Since the results show that Nuj, as a function of Rey,
and x/ X is independent of the total power input, Nu,,
is plotted versus x/X for six nominal values of Rey,
only in Fig. 4.

Figure 4 shows that the segmental Nussclt number
decreases slightly with increasing distance from the
channel entrance. The data for the 15 test runs fall on
six well-spaced straight lines corresponding to the six
nominal Reynolds numbers. For Rep, = 6000, the
value of Nup of the last channel segment 1s about
17.3% lower than that of the first segment. For
Rep, ~ 40000, the decrease is about 7.3%. The trends
of the results are consistent with those for straight
flow through pin fin channels in published work {5].
The reported initial increase in the row-averaged
Nusselt number over the first two to four pin rows is
not observed, however, since the Nussclt number is
averaged over each segment with four pin rows in this
study.

In Fig. 5. the variations of the segmental Nusselt
number for the first and the last channel segments
with the Reynolds number are given on a log-log plot.
The data fall on two slightly converging straight lincs.
In Fig. 5, the overall average Nusselt number-Reynolds
number results from Metzger and Haley [4] and Lau
et al. [9] arc also shown. The results of the present
investigation compare very well with those from the
previous studies, considering that the lest scction
geometries and test conditions (pin spacings. channel
aspect ratio, channel length, etc.) arc quite different
in the three studies.

Since Nuy, for the first and the last channel segments
can be expressed as power functions of Rey,. lcast
squares curve fit straight lines arc obtained and arc
shown in Fig. 5. The equations for the two lines arc

200

30

6 10 20 30 40

Re, x 107

FiG. 5. Nuy as a function of Rep, for first and last channel
segments, case 1—straight flow only.
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(Nup),-; = 0.0893Rel7"
(Nup),.s = 0.0438Rel"° ®)

where n is the segment number, with n=1 and 8
for the first and the last segments from the channel
entrance, respectively. It can be shown that all Nup
data can be correlated as follows:

Nup

B {(@D)n:g}‘"m w7
(Nup)oer D)z '

Combining equations (8) and (9) results in the fol-
lowing equation that can be used to predict Nup, for
a given channel segment as a function of Rep:

Nup, = 0.0989(0.903)" Re(§: 01+ 000859,

&)

(10

Equation (10) correlates the Nup data from all 15
straight-flow-only test runs with a maximum devi-
ation of 8.3% (deviation based on the average of the
corresponding experimentally-determined and pre-
dicted values). Ninety-three percent of the NztD data
are within 1 5.7% of the corresponding value of Nup
predicted with equation (10) and 98% of the Nup, data
are within +6.4%.

Heat transfer results—ejection-flow cases

Figures 6-12 present the distributions of the three
segmental Nusselt numbers defined in equations (5)—
(7) for the various ejection-flow cases. In each of the
figures, Num, Num and Nup, are plotted as functions
of x/X for six Reynolds numbers: Rep = 6000, 9000,
12000, 19000, 30000, and 40000. The three Nusselt
numbers are defined, respectively, in terms of the inlet
bulk temperature, the average of the bulk temper-
atures at the inlet and straight-flow exit of each chan-
nel segment assuming constant mass flow rate (that
is, no ejection flow), and the average of the air tem-
peratures at the ejection-hole exits at each channel
segment.

With some of the air flow inside each channel seg-
ment turning to exit through the ejection holes, there
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are significant variations of the temperature, velocity.
and rate of mass flow of the air in both the straight-
flow and ejection-flow directions (in addition to the
variations of these parameters as a result of the air
flowing around the pin fins). An average bulk tem-
perature for each channel segment cannot be accu-
rately predicted without detailed data on the local
distributions of the air temperature and velocily in a
channel segment and at the ejection holes.

Figures 6-12 show that all three segmental Nusseh
numbers decrease with increasing x/X. For a given
Rey,, the Nuy,, distribution is always higher than the
Nu,, distribution, which, in turn, s always higher
than the Nuy,, distribution. The difference among the
three Nusselt number distributions is due to the use
of different reference bulk temperatures in defining
the three Nusselt numbers. It will be shown shortly
that, at any given x/X, the measured air temperature
at an cjection hole exit is always higher than the bulk
temperature that is calculated assuming no ejection
flow. Obviously, the latter bulk temperaturc should
always be higher than the inlet buik temperature.

In each of the ejection-flow cases, the Nusselt num-
ber distributions are higher for larger values of the
Reynolds number. The Nusselt numbers at the first
channel segment are generally about the same as that
for straight flow with the same Reynolds number.
However, the distributions in the ejection-flow cases
drop with increasing x/X much faster than those n
the straight-flow cases, especially when the Reynolds
number is small. In case 2a, Nuy, decreases by 94.5,
88.2, and 84.7% between the first channel scgment
and the last channel segment for Re), = 6048, 18 546.
and 41216, respectively. The percentage decrcase in
any of the Nusselt numbers with increasing x, X is
always larger at lower Reynolds numbers.

The decrease in the Nusselt number distributions
with increasing distance from the channel entrance is
the result of the gradual decrease of the mass flow 1n
the channel as air exits through the cjection holes.
When the Reynolds number is large. the inertia of the
flowing air pushes more air further downstream in the
straight-flow direction, resulting in a generally smaller
drop in the Nusselt numbers. It is intercsting 10 note
that therc is a larger drop in the local static pressure
(relative to the atmospheric pressure and non-dimen-
sionalized with respect to the dynamic pressurc based
on u,,.) in the pin fin channel with increasing /X
near the channel entrance when Rey, is small than
when Rey, is large. The larger relative pressure drop
indicates that a larger portion of flowing air exits the
channel through the gjection holes ncar the channel
entrance when Rey, is small.

Blocking the straight-flow exit does not significantly
affect the Nusselt numbers at the channel segments
near the channel entrance but lowers the Nusselt num-
bers at the downstream channel segments (see Figs.
6-9). The Nusselt numbers at the last three channel
segments in the ejection-flow cases with a blocked
straight-flow exit (cases 2b and 3b) generally drop
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faster with increasing x/X than those in corresponding
cases with an open straight-flow exit (cases 2a and
3a).

With a blocked straight-flow exit, all of the air is
forced to exit through the ejection holes. The local
pressure near a blocked straight-flow exit is higher
than that near an open straight-flow exit. The higher
local pressure in the pin fin channel forces more air to

ha aiantinn halag
exit the ejection holes and leaves less air to cool the

pin fin channel. In the open straight-flow exit cases,
the local pressure near the channel exit is almost the
same as the atmospheric pressure. As a result of the
small pressure drop across the ejection holes near the
channel exit, there is almost no air flowing through
the last several ejection holes.

Comparing Figs 6, 8, and 10 reveals that there is a
smaller drop in the Nusselt numbers with increasing
x/X as the number of ejection holes is decreased. Fin-
ally, comparing the Nusselt numbers in the cor-
responding cases with 3.18 mm (0.125 in.) and 6.35
mm (0.25 in.) ejection holes (Figs. 8 and 10-12) shows
that the drop in the Nusselt numbers with increasing
x/X is much larger in the cases with larger ejection
holes. The segmental Nusselt number distributions
are strongly dependent on the rate of mass flow in the
pin fin channel. With a larger number of ejection holes
or an increase in the size of the ejection holes, there is
less resistance for the cooling air to exit through the
gjection holes, resulting in a larger drop in the air
mass flow rate in the pin fin channel and less effective
cooling of the channel.

Qverall pressure drop

Figure 13 gives the overall pressure drop for the
straight-flow-only case and the various ejection-flow
cases studied. The overall friction factor, defined in
equation (4), is plotted as a function of Rey, in a log—
log plot. The results in all cases fall on straight lines
with small negative slopes—that is, f decreases slightly
with increasing Rep, and f'is a power function of Rep,.
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FiG. 13. Overall friction factor, all cases.
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The overall pressure drop across the pin fin channel
is by far the largest in the straight-flow-only case, with
the value of f ranging from 0.36 to 0.25. The results
for the ejection-flow cases show that increasing the
number of ejection holes or the size of the holes
reduces the overall channel pressure drop. Blocking
the straight-flow exit (in cases 2b and 3b), however,
increases the overall channel pressure drop slightly.

Temperature distributions
In Fig. 14, sample wall and bulk temperature dis-
tributions are shown for four test runs:

(a) in the straight-flow-only case (case 1, Rep=
191i8);

(b) in the case with ejection flow through 63 3.18
mm (0.125 in.) holes and an open straight-flow exit
(case 2a, Rep = 28 880);

(c) in the case with ejection flow through 63 3.18
0.125in.) holesand 2 blocked straight-flow exit

mm (0.125 ked straight-flo

(case 2b, Rep = 29342); and

(d) in the case with ejection flow through 32 3.18
mm (0.125 in.) holes and an open straight-flow exit
(case 3a, Rep = 18773).

The average of the ten measured temperatures in the
walls of each of the eight channel segments is given
along with the largest and the smallest of the measured
temperatures. The bulk temperature at the straight-
flow exit of each channel segment is calculated with
equation (2).

In the cases with ejection flow, the bulk temperature
distribution is obtained by setting the mass flow rate
in the test channel constant, that is, by assuming no
mass flow through the ejection holes. Therefore, the
calculated bulk temperatures in the ejection-flow cases
are not the actual mean temperatures of air at the
straight-flow exits of the channel segments.
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Figure 14 shows that, in the straight-flow-only casc.
both the average wall temperature and the bulk tem-
perature increasc linearly with increasing distance
from the channel entrance. In a given channel seg-
ment, the local wall temperature is slightly lower at
an upstream measurement station than at a down-
stream station, and the temperatures in the pins arc
generally lower than those in the walls. The varnation
of the values of the ten wall temperatures in a channel
segment. however, is relatively small compared to the
average wall temperature-bulk temperature differ-
ence.

The bulk temperature distribution is not exactly a
straight line since the net heat input to the flowing air
varies slightly from segment to segment. Although
the average wall temperature and bulk temperature
distributions shown appear to have the same slope,
the two distributions diverge slightly with increasing
/X for most test runs,

The average of the measured air temperatures af
the channel exit compares very well with the calculated
exit bulk temperature. In all straight-flow-only runs,
the average of the measured temperatures of the
exiling air is slightly higher than the calculated exit
bulk temperature. The average of the measured
air temperatures at the channel exit is not used in
any calculation since it is not the exact exit bulk
temperature.

In the ejection-fiow cases, the slope of the average
wall temperature distribution increases with increas-
ing distance from the channel entrance. With approxi-
matcly the same amount of heat input to the airstream
from cach channcl segment, the high average wall
temperature near the straight-flow exit indicates that
the channel walls are cooled less effectively there. This
1s the result of the decreasing air flow rate in the
straight-flow direction, as air exits the channel through
the ejection holces.

The measured air temperature at the exit of an
cjection hole generally increases with increasing ©'X.
The ¢jection airstream temperature distribution devi-
ates from the average wall temperature distribution
more when the straight-flow exit is open than when it
is blocked. The air temperatures at the first several
ejection holes near the channel entrance do not differ
significantly from the inlet bulk temperature. There-
fore, the relatively high velocitics of the air flow
through the ejection holes do not appear to affect
the mecasurements of the static temperatures of the
¢jection airstream.

There is a small drop in the cjection airstream tem-
perature at the last several cjection holes near the
straight-flow exit in all runs with the straight-flow exit
open. Since the local pressure in the pin fin channel is
about the same as the atmospheric pressure near the
straight-flow exit. therc is almost no air flow through
the last several cjection holes. The lower airstream
temperatures at the exits of these cjection holes may
be caused by the mixing of the air exiting the upsirecam
cicction holes und the room air.

Lau el al

CONCLUDING REMARKS

Experiments have been conducted to study the heat
transfer and friction characteristics of wurbulent air
flow through a pin fin channel with ¢jection holes. The
following conclusions arc drawn.

(1) When air exits through ¢jection holes, the heat
transfer in the segments decreases much faster with
increasing distance from the channel entrance than in
the straight-flow-only case. The reduction in the
mass flow ratc in the pin fin channel lowers the heat
transfer.

(2} Increasing the number of ¢jection holes and
increasing the size of the ¢jection holes reduce the
chanuel heat transfer and the overall channel pressure
drop.

(3) In all cjection-flow cases, the distribution of the
scgmental heat transter drops faster when Rey, is small
than when Rey, is large.

{4y With no straighi-flow exit, the channel heat
transter distribution drops faster with increasing dis-
tance from the channel cntrance. Blocking the
straight-flow exit also increases the overall channel
pressure drop slightly.

{5) For straight flow through a pin fin channel
the segmental Nusselt number decreases slightly with
increasing distance {rom the channel cntrance. The
Nusselt number can be predicted with a simple power
function of the form Nuy, = f(Rey,, n}, where # is the
segment number.

(6) The overall channel pressure drop is much
higher in the straight-flow-only case than in any gjec-
tion-flow case.
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TRANSFERT THERMIQUE SEGMENTAIRE DANS UN CANAL AVEC PICOTS ET
TROUS D’EJECTION

Résumé—On étudie expérimentalement, pour ’écoulement turbulent d’air 4 travers un canal avec picots
et trous d’éjection, les effets de la variation de la configuration des trous d’éjection sur la distribution du
transfert thermique localement moyenné et la perte de pression globale. Le canal modélise les passages de
refroidissement interne prés du bord de fuite des ailettes de rotor et stator dans les turbines 4 gaz. Quand
Pair sort par les trous d’éjection, le transfert de chaleur segmentaire diminue plus vite quand augmente la
distance a I'entrée du canal et la perte de pression globale est plus faible que dans le cas de I"écoulement
rectiligne. L’accroissement du nombre de trous d’éjection et de leur taille s’accompagne d’une diminution
de la distribution du transfert thermique segmentaire et de la perte de pression globale.

WARMEUBERGANG IN EINEM NADELRIPPENKANAL MIT AUSBLASEOFFNUNGEN

Zusammenfassung—In der vorliegenden Arbeit wird bei turbulenter Luftstromung durch einen Nadel-
rippenkanal mit Ausblaseffnungen der EinfluBl der Anordnung dieser Offnungen auf die Verteilung der
regional gemittelten Wirmeiibergangskoeffizienten und den Gesamtdruckabfall experimentell untersucht.
Mit Hilfe dieses Kanals werden die inneren Kithlkanile nahe der Abstrémkante von Rotor- oder Stator-
schaufeln in modernen Gasturbinen nachgebildet. Wenn durch die Ausblasedffnungen Luft austritt, ver-
mindert sich der segmentgemittelte Wirmeiibergang bei zunehmendem Abstand vom Kanaleintritt viel
schneller und der Gesamtdruckabfall im Kanal ist geringer als im Fall der ungestérten Durchstromung.
Mit zunehmender Anzahl und zunehmendem Durchmesser der Ausblasedfinungen vermindern sich die
Verteilung der segmentgemittelten Wirmeiibergangskoeffizienten und der Gesamtdruckverlust.

TETUVIONTEPEHOC B CET'MEHTAX KAHAJIA C UI'OJILYATBLIM OPEEPEHUEM,
HUMEIOHIEI'O OTBEPCTHUA AJ1S BJAVBA

AHBOTaIHA—IKCTIEPHMEHTAILHO HCCIIEN0BAIOCH TYPGYIIEHTHOE TeueHH e BO3AYXa N0 KaHANy ¢ MroJibua-
THIM OpeOpenMeM, HMEIOLIEMY OTBEPCTHA [JIS BAYBa. PacCMATpPHBAIOCHL TAKKe BIMSHHE M3MEHEHHS
KOH(UTYpaLMH OTBEPCTHH Ha PACHPENENCHHE OCPEAHEHHOTO MO YHACTKAM TEIUIONEPEHOCA M CyMMap-
HL nepenaj pasneHus. Mccnenmyemuit Kamad MoOJENMpOBaJl KAHANBl BHYTPEHHETO OXIAXICHHA Y
3ajHell KDOMKKM JIONACTeH pPOTOpa WM CTATOPA B COBPEMEHHBIX [ABHTaTeNfX ra3oBeIX TyGmn. Korma
BO3ZYX BEIXO/HJI 4epe3 OTBEPCTHA, TEMUIONEPEHOC B CETMEHTAX KAHAIA YMEHbLIANCS HAMHOIO GhicTpeii ¢
YBEJIHYCHHCM PAacCTORHHUS OT BXOZA B KaHAJ M CyMMAapHbifi Mepenaj AaBieHAs B KaHajle 6bL1 MeHbLE,
HEM B CITYMae TOJIBKO HPAMOrO TeYeHMs. YBelTWueHHe KONMYECTBA OTBEPCTHR [N BAYBA M MX pasmepa
APHBOJAJC K BHIPABHHBAHHIO TCIUIONEPEHOCA B CETMEHTAX KAHANA M YMEHBIUCHHIO CYMMAPHOTO Hepe-
maga AaBieHAS.



