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ABSTRACT
Experiments are conducted to determine the log-mean averaged
Nusselt number and overall pressure-drop coefficient in a pin fin
trapezoidal duct that models the cooling passages in modem gas
turbine blades. The effects of pin arrangement (in-line and staggered).
flow Reynolds number (6.000 5 Re 5 40.000) and ratio of lateral tototal flow rate (0 5 E 5 1.0) are examined. The results of smooth
trapezoidal ducts without pin arrays are also obtained for comparison.
It is found that. for the single-outlet-flow duct. the log-mean averaged
Nusselt number in the pin-fin trapezoidal duct with lateral outlet is
insensitive to the pin arrangement. which is higher than that in straightoutlet-flow duct with the corresponding pin array. As for the
trapezoidal ducts having both outlets, the log-mean averaged Nusselt
number has a local minimum value at about e = 0.3. After about e
0.8. the log-mean averaged Nusselt number is nearly independent on
the pin configuration. Moreover, the staggered pin array pays more
pressure-drop penalty as compared with the in-line pin array in the
straight-outlet-flow duct: however, in the lateral-outlet-flow duct. the
in-line and staggered pin arrays yield almost the same overall pressure
drop.
-
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•
•
H,
Hz

total mass flux (kg/m 2-s]
mass flux in the lateral duct (kg/m-s]
height of the longer side wall of the trapezoidal duct [m]
height of the short side wall of the trapezoidal duct [m]
pressure-drop coefficient. 2 _I P/(G2/ p )
air thermal conductivity [W/m-K]
trapezoidal duct length along streamwise direction. [m]
fin length (or height) [m]

•
kJ,

Ni,

log-mean averaged Nusselt number. Qc•Del(A• They

Ni,,
log-mean averaged Nusselt number for the developing smooth
trapezoidal duct
Pr
Prandtl number
Al'
pressure drop across the test section (kPal
net convective heat from the test section to the coolan [W]
Oe
Qe

electrical power dissipated by the foil heater [W]

Qi

total heat losses from the test section [W]

Re

Reynolds number. GeDe I hi
longitude spacing between the pins [m]
transverse spacing between the pins [m]
air bulk mean temperature at the test section inlet [K]
bulk mean temperature of air at the lateral exit [K]
average bulk mean temperature of air at the test section exits

ST

NOMENCLATURE
total heat transfer area, including the end walls and the pin
surfaces (rn 2]
cross sectional area at the test section inlet [m 2]
.4,.
cross section area at lateral outlet 1m]
Ai
aspect ratio the rectangular duct
AR
specific heat at constant pressure (U/kg-K]
equivalent hydraulic diameter at the trapezoidal duct inlet. i.e..
De
4.44/(2I114-H,+H; )(m]
pin diameter [m]
Darcy friction factor

TN
TN

Th,
[K]
Th,

_

T h.
,a Th
•

bulk mean temperature of air at the straight exit [K]
average temperature on the end wall [K]
log-mean temperature difference. Eq. (3) [K]
width of the heated plate. Fig. 3 [m]

Greek Symbols
•

ratio of lateral-to-total flow rate, i.e.. GO/ Gk.
air density [kg/m3 ]
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HEAT TRANSFER AND PRESSURE DROP IN PIN-FIN TRAPEZOIDAL DUCTS

1.1

viscosity of the air [kg/s-m 2J

Subscripts
bulk mean
cross section or convection
lateral or loss

INTRODUCTION
It is well known that the gas turbine thermal efficiency can be
improved by increasing the turbine inlet gas temperature. which
unavoidably will increase the heat load to the turbine components.
Therefore. highly sophisticated internal and external cooling techniques
for turbine blades have been developed over the years in order to
maintain an acceptable safety requirement below the extreme operating
conditions. This study focuses on the internal cooling channels at the
trailing edge of turbine blade. Figure 1 shows a crosscut view of an
advanced gas turbine blade. In the trailing edge region of blade.
aerodynamic considerations demand a small wedge angle for the blade
profile. As a result. the internal cooling passages become so narrow that
the choice of the cooling method is limited. Pin fins are one
augmentation device that can be used to increase heat transfer in this
region. The pin fins of circular cross section span the distance between
the suction and pressure surfaces that form the endwalls of the cooling
passage. Some of the coolant from the blade base exits through bleed
slots at the blade tip: the remainder passes through the pin-fin channel
and then is ejected from the slots along the trailing edge of the airfoil.
Heat from the hot gas stream is convected from not only the endwalls
but also the pin-fin surfaces. Also, the pin fins promote turbulence that
enhances heat transfer.
VanFossen (1982) measured the overall heat transfer coefficients
in large aspect-ratio rectangular ducts (AR = 10. and 20) with staggered
arrays of short pin fins (0.5 < lid < 2.0). Heat transfer rates were
averaged over the four-row pin array. It was found that the overall heat
transfer coefficients for short pins were lower than those for long pin
fins
= 8.0). Then, by using the same flow path as that in VanFossen
(1982). Brigham and VanFossen (1984) investigated the effects of the
pin row number in streamwise direction and pin length (height) on the
array-averaged heat transfer. Results showed that the array-averaged
heat transfer coefficients for the eight-row configuration were slightly
higher than those for the four-row configuration. In addition, for an lid
less than 2. the array-averaged heat transfer was not affected by the pin
length: while, as lid > 2. the heat transfer increased significantly with
an increase of /id.
Metzger et al. (1982) studied experimentally the local heat transfer
variation in a rectangular duct (AR =10) with staggered short pin array
(hd = 1.0). Results showed that the local heat transfer increased in the
first few rows, reached a peak value and then slowly decreased to a
fully developed value. The overall heat transfer correlations were also
developed in their work in terms of the Reynolds number for two pin
configurations (i.e.. Syd = .1L/d = 2.5. and Srld = 2.5. and Sud = 1.5).
Later. Metzger and Haley (1982) conducted experiments to examine the
effect of replacing the thermally active (copper) pins with the thermally

(in-line and staggered). ratios of lateral-to-total flow rate e 1.0).
and Reynolds numbers (6.000
airfoil application.

Re6 40.000) typical of gas turbine

EXPERIMENTAL APPARATUS
Figure 2 shows schematically the layout of experimental apparatus
and the detailed construction of the test section. Air from the laboratory
room flows through a honeycomb straightener. a bell-mouth inlet, the
entrance (unheated) section, and then into the test section.
Subsequently. a part of air is drawn laterally by a 3 hp blower: the
remainder traverses the test section, then exits through the straight
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smooth or straight
wall

non-active (wooden) pins on the heat transfer in rectangular ducts (AR
=10) with a staggered pin array. It was found that the stretunwise
development of the row-averaged Nusselt number . in these two kinds of
pins showed the same rapidly increasing then gradually decreasing
trend. The overall heat transfer in the copper-pin case was higher than
that in the wooden-pin case at high Reynolds numbers but was lower at
low Reynolds numbers. Metzger et al. (1984) further experimentally
investigated the effect of varying the orientation of flattened pins with
respect to the main flow direction on the heat transfer and pressure
drops in pin-fin rectangular channels. They found that, by varying the
orientation of the pin-fin array. it was possible to increase the heat
transfer and, in the mean time. reduce the pressure drop. Moreover, the
use of flattened pins increased the heat transfer slightly but doubled the
pressure loss.
Lau et al. (1987) employed the naphthalene sublimation technique
to measure the distributions of local endwall heat transfer coefficient in
rectangular channels (AR= 10) with in-line and staggered pin-fin arrays.
The effects of Reynolds number, pin configuration. and entrance length
on the local endwall heat transfer coefficient distribution were
examined. Overall, and row-averaged Nusselt numbers were compared
well with the previous published data (Metzger et al.. 1982). Lau et al.
(1989) further experimentally studied the overall heat transfer and
friction factor in pin-fin rectangular channels (AR = 10) with lateral
ejection. It was found that the overall heat transfer for a rectangular .
pin-fin channel with lateral ejection was lower than that for a
rectangular channel with no ejection holes.
As noted in the above discussion, the available data concerning the
pin-fin heat transfer in open literature is mostly for rectangular
channels with or without lateral ejection. As detailed by the external
shape of the blade trailing edges (Fig. 1). however, the cooling cavities
in this region often have • very a narrow trapezoidal shape with
characteristically small passage aspect ratios. In this circumstance, the
pin fins spanning the distance between two principal walls of the
trapezoidal passage have different lengths. The heat transfer and
friction characteristics in such a kind of channel. especially with lateral
outlet flow, should be different from those in rectangular channels.
However, to the author's best knowledge. the related studies so far have
not considered the overall heat transfer and pressure-drop
characteristics in pin-fin trapezoidal ducts. Therefore, the present study
experimentally investigates the overall heat transfer and pressure drop
in pin-fin trapezoidal ducts with straight and / or lateral outlets. During
this work, the log-mean averaged heat transfer and overall pressure
drop across the pin-fin duct are obtained for various pin configurations

outlet. and is finally pulled downstream by another blower (5 hp). Both
streams exit to the outside of building via an exhaust system. The
Lateral and straight flow rates are controlled by varying the motor speed
of the blowers via PWM (Pulse Wave Modulation) inverters. and are
measured by the rotameters (with an accuracy of 5 %) situated at the
downstream of the lateral and straight exits.
The test section is a wide symmetric trapezoidal duct with a array
of various-length pin fins that models the pin-fin cooling passage in a

and the remaining three are inserted with in-line pins, cases D. F. and H.
As for the duct outlet conditions. cases C to D have a single duct exit,
while cases G and H have both exits in the straight and lateral
directions. The ratio of lateral-to-total flow rate in cases C nad H varies
from 0.2 to 0.8. Detailed configurations of the investigated pin-fin
channels and associated parameters varied are provided by Fig. 3 (b) as
well as Table I.

DATA REDUCTION AND UNCERTAINTY
Heat Transfer Coefficient
The log-mean averaged heat transfer coefficient of the pin-fin
channel is presented customarily in terms of the Nusselt number and is
defined
= 0,•De1(.4. TI„,*kf)

(1)

where a is the net heat transfer rate from the test section to the coolant,
and is calculated by subtracting the heat loss from the supplied
electrical power. i.e.. 0, =Qt -01. The electrical power generated from
the foil heater is determined from the measured heater resistance and
the current through the heater. It is also checked by measuring voltage
drop across the heater. The total heat loss can be estimated by the
following equation:
(2)

Ql = Ohl 4" Qil

represents the conduction loss from the backside of the heated plate
to the environment. 031. the lateral conduction loss through the two
adiabatic side plates to the environment, and Q. the axial conduction
loss through upstream and downstream ends of the heated plates. By
using one-dimensional heat conduction analysis, they are estimated to
be less than 6.0. 3.0. and 3.0 percents. respectively. To confirm energy
conservation during the experiment, the total net heat transfer rate from
the test duct to the cooling air is further checked with the cooling air
enthalpy rise along the test duct and a very good agreement is achieved.
The log-mean temperature difference. i Th., in equation (1) is in terms
Qh/

of

F... Tim. and Thu. i.e..
7.. 4)-(7-

L

—
In

—TN)/(f.. —Teo)

(3)

The inlet bulk mean air temperature. Tb,. is measured by a
thermocouple positioned at the test-section entrance, typically about

Tw

25-27'C. The wall temperature.
. is an averaged value of the 14
thermocouple readings on the heated plate, and is read directly from the
hybrid recorder. Note that since the end wall is made of highly
conductive aluminum. the 14 thermocouples measure the average wall
temperature rather than the local wall temperature. Therefore, in all test
runs, the uniformity of the wall temperature is very well, with a
maximum variation less than 2.2'C. To further check the temperature
uniformity of the entire end wall, an additional thermocouple is

3

Downloaded from http://asmedigitalcollection.asme.org/GT/proceedings-pdf/GT1998/78651/V004T09A019/2411149/v004t09a019-98-gt-110.pdf by guest on 04 December 2022

gas turbine blade. As shown in Fig. 2. the upper and lower walls (i.e..
the endwalls) of the test section are heat transfer surfaces: while the left
(long) side wall is adiabatic. The right (short) side wall of the test
section is either blocked or open depending the test conditions. The
heat transfer surface having area of 160 by 160 rnm 2 (W )< L, Fig. 3
(a)) is constructed of a 5-mm thick aluminum plate associated with a
0.18 mm-thick foil heater. The foil heater is flatly and uniformly
adhered on the backside surface of the aluminum plate by using thermal
epoxy to ensure good contact. The heated aluminum plate is then
mounted flush on a 10-mm thick bakelite holder. The longer (left)
channel side wall of 40-mm in height (lib Fig. 3(a)) is machined from a
10-mm thick bakelite plate which is held in place by bolts extending
through two principal walls and bakelite material. The blockages for
the straight and lateral exits are made of balsa wood. These blockages
are not attached permanently to the test section. Rather, they are
screwed in place from the top and bottom channel walls. The assembly
is sealed from air leakage with petrolatum sealant. All outer surfaces of
the test section are well surrounded by the glassfiber to prevent the
possible heat losses. Twenty-five (5 by 5) aluminum pins with diameter
of 12 nun (cf) are well fitted between two heated walls with thermal
epoxy in a required arrangement. The aluminum pins adopted are
because of their high conductivity and machinability. The length of the
aluminum pins varies from 1.3 6 l/d S 3.6 depending the location
within the trapezoidal duct. The pin spacings both in the longitude (SL)
and in the transverse (ST) directions are fixed 30 mm (Fig. 3(a)). Note
that the thickness of epoxy used at each of the above-mentioned
interfaces is less than 0.12 mm. The heat transfer flux to the portion of
plate under the pin is reduced by less than 2%; thus the thermal
resistance of the epoxy is negligible (Hwang. 1997).
As shown in Fig. 2. fourteen copper-constantan thermocouples are
distributed over the heated plate for wall temperature measurements.
The junction-beads of thermocouple (about 0.15-mm in diameter) are
carefully embedded in the wall, and then ground flat to ensure that they
are flush with the surface. Additional seven thermocouples (one at the
duct inlet, three at the straight outlet, and three at the lateral outlet.
respectively) are used to measure the air temperature. All temperature
signals are first sent to a hybrid recorder (YOKOGAWA. DAI00) for
pre-processing, and then are transmitted to a Pentium computer via a
Multi-I/O interface for the calculation of the nondimensional parameter.
As shown in Fig. 2. the entrance and two exits of the test section are
respectively installed three pressure taps for the static-pressure-drop
measurement. They are connected to a micro-differential transducer and
a conditioner to amplifier the pressure signals which are subsequently
transferred to a digital readout.
A total of eight trapezoidal ducts are tested in the present work.
Two of them are smooth. cases A. and B: three are inserted with
staggered pins (not an equilateral triangular array). cases C. E. and G:

instrumented in the region near the remote corner where the heat
transfer coefficients are expected to be localized. This temperature
reading. however, is only 0.8 °C higher than the above average wall

enhancement. is interesting in the present study: while the previous
works were devoted to pin-fin heat transfer. The Reynolds number
ranges from 6000 to 40000. which is similar to the range of interest for
the turbine cooling application (VanFossen. 1982).

temperature. Therefore. we should recognize here that, by using the
present test rig, only the average heat transfer coefficients could be
obtained. In addition, since the total heat transfer area (A. including the
end walls and the pin surfaces) is employed to determine the log-mean
average heat transfer coefficients (Eq. (1)). the pin surface temperature
should not be different too much from the end wall temperature. A
simple calculation is done to check the validity of this assumption by
using the heat transfer coefficients from a cylinder-in-crossflow
correlation by Zhukauskas (1972). It is found that the maximum

Uncertainty

investigated nondimensional parameters are as follows: Re. 6.5 %; Nu .
8.4 %: and Km. 7.6%.

deviation of the temperature between the pin surface and the end wall is
less than 3 %. The typical difference between the averaged wall
temperature and the inlet air temperature is fixed 30±- 2°C by adjusting
the power input the heater. The common outlet bulk-mean air
temperature based on the two streams. TA, is evaluated as

Thu = (i- )Tbs + e

RESULTS AND DISCUSSION
Log-Mean Averaged Heat Transfer Coefficient

Smooth Duct It is important to validate the present experimental
procedure and results by comparing the present data with previous
works. Figure 4 shows the comparison of overall heat transfer between
the present smooth-trapezoidal-duct results and a correlation (dashed
line. McAdam. 1954) of length-mean heat transfer for developing
turbulent pipe flow. The circular and triangular symbols here pertain to
the results of cases A and B. respectively (i.e.. ducts with straight exit
and lateral exit respectively). Since the present trapezoidal test section
has only about 3.7 times the duct hydraulic diameter in streamwise
distance, the entrance-length effect on the overall heat transfer in this
finite-length test section should be significant. To make the comparison
fairly. the correlation selected in Fig. 4. which was modified from the
Dims-Boelter equation (Dims and Bolter. 1930), has considered the
entrance-length effect. It is observed from this figure that, within the
range of Reynolds number investigated, the agreement between the
modified correlation and the present experimental data of case A is very
good. This good agreement gives confidence that the present
measurement technique and the data analysis are working well. Further
observing Fig. 4 has that the log-mean averaged Nusselt number for
case B is higher than that for case A. The higher heat transfer for the
lateral-outlet-flow duct may be attributed to the acceleration of coolant
through the convergent lateral exit and. partly. the significant flow
turning effects.

(4)

where e is the ratio of lateral-to-total flow rate. TA, and Thi are the bulk
mean temperatures of the exiting air, and are respectively measured by
three thermocouples positioned at the straight and lateral outlets of the
test section. Also, by using an energy balance, the common outlet bulk
mean air temperature can be readily calculated as Tm,„ = TA, + OckGC.O.
It is found that the agreement of The obtained from these two methods is
very good. typically within approximately 5 percent in discrepancy.

Pressure-Drop Coefficient
The pressure drop across the finite-length duct of trapezoidal cross
section can be made dimensionless as
= 2 LI P4G2/ p)

(5)

This non-dimensional pressure-drop parameter can be represented
by multiplying the Darcy friction factor by the dimensionless length

Line. i.e..
f • (L / De)

(6)

Effect of Outlet flow Direction.

Figures 5 7 show the overall
heat transfer in the present trapezoidal ducts with pin arrays. Attention
is first focused on Fig. 5 for the results that ducts have a single exit (i.e..
cases C to F). In this figure. the log-mean averaged Nusselt numbers
are shown as a function of Reynolds number. The corresponding
smooth-walled results are also included for comparison. The symbols
represent the actual experiments and the solid lines passing through
these symbols are curve fits of the forms
-

The pressure-drop coefficient obtained is based on adiabatic conditions
(i.e. test without heating).

Reynolds number
The Reynolds number used herein is based on the average velocity.
i.e..

Re = G•De I p

-

(7)
Nu = a Re°

where De is the equivalent hydraulic of the trapezoidal duct i.e..
441(21F+11,4-H2).This reduction is similar to that in VanFossen (1982).

(8)

where the values of a and b are listed in Table 3. The maximum
deviation between the equation above and the experimental data shown
in Fig. 5 is less than 5 percent. From Fig. 5 and Table 3, the log-mean
averaged Nusselt number in the pin-fin trapezoidal duct increases with
increasing the Reynolds number. In the trapezoidal duct with straight

but is different from that in Mezeger et al. (1982) and Kumaran et al.
(1991). in which the Reynolds number is based on the pin diameter and
the maximum velocity in the duct. This is not peculiar because the
overall heat transfer in trapezoidal ducts, either with or without pin-fin

4
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The individual contributions to the uncertainties of the
nondimensional parameters for each of the measured physical
properties are summarized in Table 2. By using the estimation method
of Kline and McClintock (1953). the maximum uncertainties of the

mean averaged heat transfer coefficient in the trapezoidal duct with
staggered pin array has a local minimum at approximately e ° 0.3.
However, for the in-line pin array. the rate of decrease in the log-mean
averaged Nusselt number in the low
range is not as much significant
as that for the staggered pin array. This is because the in-line pin
configuration looks like a staggered pin configuration relative to the
turning flow, which positively enhances the log-mean averaged heat
transfer. Consequently. the decrease in overall heat transfer due to the
reduction in the throughflow velocity mentioned above is somewhat
compensated by this effect. Mother notable feature is that at high
lateral flow conditions, say e g 0.8. the log-mean averaged Nusselt
number seems to be unaffected by the pin arrangement. The previous
results in a rectangular pin-fin duct by Lau et al. (1989) are shown by a
data band in this figure for comparison. Their data showed that the logmean averaged Nusselt number is decreased monotonically with the
increase in the ratio of lateral-to-total flow rate from e = 0 to 1.0. The
disagreement in the e dependence of the log-mean averaged Nusselt
number between the present and previous data may be due to the
difference in the cross-sectional area of the test duct investigated.
Further investigation is need to examine in detail the effect of e on the
heat transfer characteristics in ducts of different cross sections.

outlet flow, the staggered pin arrangement (case C) has higher overall
heat transfer than the in-line pin arrangement (case D). Physically. heat
transfer enhancement is favored by the more tortuous flow of a
staggered arrangement (Incropera and DeWitt. 1994). As for the lateraloutlet-flow ducts (cases E and F). interestedly, the log-mean averaged
heat transfer coefficient is insensitive to the pin arrangements
investigated. This is very reasonable because, in these two cases, the
main flow has to turn to the lateral exit totally: in such a way. the pin
array for case F appears to be a staggered fashion to the turning flow.
Therefore, with respect to the turning main flow, the pin arrangements
for cases E and F do not differ from each other too much. It is further
observed from this figure that, for both the staggered and the in-line
fashions, the lateral-outlet-flow ducts (cases E and F) perform the better
heat transfer coefficients than the corresponding straight-outlet-flow
ducts (cases C and D). In comparison of the smooth-duct results with
straight outlet flow (centerline), the enhancement in the overall heat
transfer is up to about 120. 70. 160 and 160 percent for cases C. a E.
and F. respectively, in the range of Reynolds number investigated.
It is worthwhile to make a comparison of the log-mean averaged
heat transfer coefficients in the present pin-fin trapezoidal duct and
those in previous pin-fin rectangular ducts. The dashed line shown in
Fig. 5 is the VanFossen correlation (VanFossen. 1982) for a straightoutlet-flow channel with staggered pin array. His data were obtained in
a rectangular test section with four tows of copper and wooden short
pins ( lid = 0.5. and 2.0): while the present data of case C are obtained
in a trapezoidal duct with five rows of aluminum pins of an averaged
pin length lid a 2.0. Figure 5 shows that the present data of case C
compare well with his correlation.
Effect of Lateral Flow Rate Ratio.
The overall heat transfer in
the trapezoidal ducts with straight as well as lateral exits (i.e.. both
exits are open) is shown in Figs. 6. and 7. respectively, for the
staggered (case G) and in-line (case H) pin arrangements. Experimental
data for the.ratios of lateral-to-total flow rate ( E ) from 0.2 to 0.8 are
shown in these figures. For convenience, the results that pin-fin ducts
have only a single exit (cases C to F. dashed lines) are also plotted on
these figures. It is found in Figs. 6 and 7 that the log-mean averaged
Nusselt number for the small lateral flow rates (e 0.2 and 0.4) is
lower than that without lateral outlet flow (cases C and D). But at high

e

Smooth Duct

Figure 9 shows the overall pressure-drop coefficient
of the present smooth trapezoidal ducts as a function of Reynolds
number. Firstly. the present pressure-drop results for the trapezoidal
duct with straight outlet flow (case A) are compared with the previous
correlation (Petukhov. 1970) for the smooth pipe flow, and a good
agreement is achieved. This comparison confirms again the reliability
of the present data and the validation of the present experimental
procedure. As for the trapezoidal duct with lateral exit (case B).
physically. the flow in this situation is largely similar to that the fluid
flows though a 90 deg sharp bend. Therefore, the previous results of
pressure drop across a 90-deg miter with uniform cross section at duct
entrance and exit (Munson. et al.. 1994) is plotted for comparison. It is
observed from this figure that the overall pressure-drop coefficients for
case B are significantly higher than those in the straight-outlet-flow
duct (case A). but lower than those across the 90-deg miter. This may
be because case B results in the separated region of the flow near the
concave corner formed between the longer side wall and the blocked
straight exit and the swirling secondary flow that occurs due to the
imbalance of the centripetal forces as a result of the curvature of the
duct centerline. The reason for the later fact may be explained as that in
the present trapezoidal duct the convergence in the flow cross-sectional
area from the duct entrance to the lateral exit reduces the pressure
drops.

lateral-flow conditions, say e a 0.8. the Nu is higher than that without
lateral outlet flow (cases C and D). The explanation of this fact is as
follows. When both the straight exit and the lateral exit are open. the
fluid either flows straight downstream or turns laterally: therefore the
apparent cross-sectional area for the throughflow is higher than that
with a single exit only. The increase in the duct cross-sectional area
reduces the averaged throughflow velocity, hence overall heat transfer.
However, further increasing the lateral flow rate ( e a 0.6 or 0.8) adds
the effect of flow acceleration through the convergent lateral exit as
well as the flow turning effect that in turn, augments the overall heat
transfer.

Pin-Fin Duct
The pressure drops across the present trapezoidal
ducts with staggered and in-line pin arrays are shown in Fig. 10 as a
function of Reynolds number. In this figure. the previous experimental
results (Lau et al.. 1989) for the straight-outlet-flow duct are also
plotted for comparison. The results of Lau et al. (1989) were obtained
from a 15:1 rectangular channel with 33 pins. The pin length-todiameter ratio and pin spacing-to-diameter ratio were fixed at lid = 1.0
and SL/d = Syd a 2.5. respectively. The Reynolds number was
developed in terms of the pin diameter and the maximum flow velocity
in the duct in their work. Accordingly. the data of Lau et al. (1989)

For clarity, the effect of the ratio of lateral-to-total flow rate on the
log-mean averaged Nusselt number in trapezoidal ducts are further
shown in Fig. 8 for a fixed Reynolds number of Re = 20.000. Results of
the single-outlet ducts. i.e.. cases C to F. are also provided for
extrapolation. The symbols are actual experiments and the solid lines
passing through these symbols are curve-fitting results. Both the
staggered and the in-line pin configurations reveal a general trend.
namely, the log-mean averaged Nusselt number starts with a decrease
with increasing e . then sharply increases with increasing e after about
g 0.4. and finally approaches a maximum value at e = 1.0. The log-

5
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Pressure Drops

pressure-drop coefficients.

shown in Fig. 10 have been recast for the common basis. It is seen that
the present data of case C (circular symbols) are higher than Laus data.
This may be attributed to the taller pins employed in the present work.
Qualitatively. the data of the present and previous works reveal that the
overall pressure-drop coefficients are nearly independent on the
Reynolds number and stay almost at a constant value as the Reynolds
number varies. Similar trends were observed by several investigators
(Metzger et al.. 1982: Lau et al.. 1989).
It is further shown in Fig. 10 that the pin-fin trapezoidal ducts with
lateral exit (cases E and F) have much higher pressure-drop coefficients
than those with straight exit (cases C. and D). Comparing to the results
of the smooth duct with a straight outlet flow (case A). the pressuredrop coefficients are about 12 to 15-fold. and 3 to 5-fold. respectively.
for the trapezoidal duct with lateral exit (cases E. and F) and that with
straight exit (cases C and D). As for the effect of pin arrangement the
staggered pin array pays more pressure-drop penalties than the in-line
pin array in the trapezoidal duct with straight exit. In the trapezoidal
duct with lateral exit however, the in-line and staggered pin arrays
have almost the same overall pressure-drop coefficients.
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Table 1 Test section configuration

Case
A

Straight Exit
OPEN
BLOCKED
OPEN
OPEN
BLOCKED
BLOCKED
OPEN
OPEN

Lateral
Exit
BLOCKED
OPEN
BLOCKED
BLOCKED
OPEN
OPEN
OPEN
OPEN

Coefficients and exponents of heat transfer
correlation
Nu im a Re

CASE

0
1.0
0
0
1.0
1.0
0.2-0.8
0.2-0.8

a
. 0.188
0.118

C
D
E
F

0.662
0.690
0.651
0.636

0.254

0.288

Table 2 Typical nondimensional interval for the relevant
variables
Variables

Uncertainty

Air density. p
Specific heat of air. cp
Dynamic viscosity of air.
Air thermal conductivity. 4
Equivalent duct hydraulic diameter. De
Air mass flax. G
Log-mean temperature difference. a Tm,
Net heat flux. Q,.
Pressure difference. LIP

-± 1.3%
± 3.0%
± 2.9%
1.5%
± 0.5%
5.4%
± 3.0%
± 7.6%
± 5.1%

PIN-Fitt TRAPEZOIDAL
CHANNEL

RIBBED RECTANGULAR
CHANNELS
RIMED TRIANGULAR

CHANNEL

Figure 1 Cross-sectional view of the modem internally
cooled turbine blade.
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Figure 2 Sketch of the experimental apparatus, and the construction of the test section.
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B
C
13
E
F
G
H

Number
of Pins
0
SMOOTH
0
SMOOTH
5x5
STAGGERED
5X 5
EN LINE
STAGGERED
5x5
IN LINE
5x5
5X$
STAGGERED
5X5
IN LINE
Pin
Arrangement

Table 3

W

L

SL

Sr

H1

H2

d

160 160 30

30

48

12

12

SMOOTH TRAPEZOIDAL DUCT

200

0 CASE A (STRAIGHT DOT)
CASE B (1ATERAL DOT)

100 7

A e

A4

a

...sr

„zi--

Nu so

4.„-•(

a,- .cr \

.

MODIFIED DI1TUS-6OELTER
EQUATION FOR ENTRANCE EFFECT
=0.023Rects Pr" 11.11 4, Dert
42
5I (McAdam 1954)
,
.

10

5

50

Rex10-3
Figure 4 Comparison of average heat transfer of the present
smooth trapezoidal duct and the previous correlation.

500
Figure 3 (a) Dimensions of the pin-fin trapezoidal duct
investigated.
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Figure 5 Reynolds number dependence of log-mean
averaged Nusselt number for cases C to F.
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Figure 3 (b) Schematic of top view of pin-fin channels from
cases A to H.

Figure 6 Reynolds number dependence of log-mean
avenged Nusselt number for case G.
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(Petukhov. 1970)

0.05

,

50

5

10

.

Rex10-3

50

Rex10r 3

Figure 7 Reynolds number dependence of log-mean
averaged Nusselt number for case H.

Figure 9 Comparison of overall friction coefficient present
smooth trapezoidal ducts with previous correlation.

10.0
180 - Lau et al (1989)
33 STAGGERED PINS
- lidal 0, Re=20000±102

5.0

180

2.0
CASE C

Nu

"N.

0
V

Reu20.000
X CASE G
0 CASE H

100 •

0.2

IN-LINE PIN ARRAY

0.1

1

0

0.2

&

KL 1.0
0.5

CASED

ACASEE
0 CASE F

cx,

STAGGERED PIN ARRAY

120 • N

80

0 CASE C
V CASE D

0.4

0.8

0.8

LATERAL FLOW RATE RATIO.

1.0

E

0 0 0 0 0 :
o v -v._ V

----- Lau et 41.09891
STAGGERED FIN ARRAY. I/8=1.0
33 FINS. STRAIGHT FLOW

5

50

10
Re x10-3

Figure 8 Effect of the ratio of lateral-to-total flow rate on
log-mean avenged Nusselt number for staggered and in-line
pin arrays.

Figure 10 Reynolds number dependence of overall
pressure-drop coefficient of the present pin-fin trapezoidal
ducts for cases C to F.
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