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Local Endwall Heat/Mass-Transfer Distributions
in Pin Fin Channels

S. C. Lau,* Y. S. Kim,t and J. C. Han$
Texas A &M University, College Station, Texas

Naphthalene sublimination experiments were conducted to study the effects of the pin configuration, the pin
length-to-diameter ratio, and the entrance length on local endwall heat/mass transfer in a channel with short pin
fins (pin length-to-diameter ratios of 0.5 and 1.0). The detailed distributions of the local endwall heat/mass-transfer
coefficient were obtained for staggered and aligned arrays of pin fins, for the spanwise pin spacing-to-diameter
ratio of 2.5, and for streamwise pin spacing-to-diameter ratios of 1.25 and 2.5. The Reynolds numbers were kept at
about 3.3 X 104. Overall- and row-averaged Nusselt numbers compared very well with those from previous
heat-transfer studies.

Nomenclature
D = diameter of the pins
D = diffusion coefficient of naphthalene
hm = local mass-transfer coefficient, Eq. (1)
L = length of pins
Le = entrance length
m" = local mass transfer per unit surface area

per unit time
Nu = Nusselt number
ReD = flow Reynolds number, Eq. (3)
S = distance between adjacent pins on a pin row

in the spanwise direction
Sc = Schmidt number, Eq. (2)
Sh = Sherwood number, Eq. (2)
/ = duration of a test run
wmax = average flow velocity evaluated

at the minimum flow cross section, which is normal
to the main flow direction

x = streamwise coordinate
X = distance between pins on adjacent rows

in the streamwise direction
z = spanwise coordinate
A^ = change of the elevation at a measurement point
v = kinetic viscosity of pure air
ph = bulk naphthalene vapor density
ps == density of solid naphthalene
pw = naphthalene vapor density at a measurement point

Introduction

P IN fins have been used in the internal cooling channels at
the trailing edge of gas turbine blades to increase the heat

transfer to the cooling air (Fig. 1). The pins in these cooling
channels are relatively short (0.5 < L/D < 4) due to the shapes
of the blades and the various constraints commonly encoun-
tered during the blade manufacturing processes. Unlike the
cross-flow heat exchangers (L/D > 8, for which the endwall
heat transfer is negligible) and the plate-fin-and-tube compact
heat exchangers (L/D < 0.25, in which the tube heat transfer
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is relatively small), the heat transfer from both the pins and
the endwalls in the trailing-edge cooling channels of gas
turbine blades contributes to the overall heat transfer to the
cooling air. Although extensive heat-transfer studies have been
conducted on channels with very long and very short pins,1'2
the available experimental data cannot be interpolated to
obtain the heat transfer in channels with pin fins of inter-
mediate length-to-diameter ratios, which is of interest here.

VanFossen3 studied the effect of the length-to-diameter
ratio on the heat transfer from the pin and endwall surfaces in
a channel with a four-row staggered array of short pin fins
(L/D = 0.5 and 2). He found that the overall heat-transfer
coefficients were lower than the data available in the literature
for longer pins (L/D > 8), but were about two times higher
than those for a plain channel with no pins. Brigham and
VanFossen4 conducted similar experiments with staggered
arrays (four and eight rows) of slightly longer pin fins (L/D
= 4), and found that the overall heat-transfer coefficients were
higher than those for shorter pin fins (L/D = 0.5 and 2).
Based on their results as well as those available in the litera-
ture, they concluded that, for short pin fins (L/D< 2), the
heat transfer was a function of the Reynolds number only,
whereas the heat transfer for longer pin fins (L/D > 2) was a
function of both the length-to-diameter ratio and the
Reynolds number.

Metzger et al.5 investigated the heat transfer for channels
with staggered arrays (S/D = 2.5, X/D = 2.5 and 1.25) of
short pin fins (L/D = 1). The test section was made of 10
pin-row segments. Each individually heated segment consisted
of two copper bars joined together with one row of copper
pins, and was separated from the adjacent segments with
plastic spacers. They found that, for all of the cases studied,
the spanwise-averaged heat transfer increased in the stream-
wise direction until it reached its maximum value at about the
third to the fifth row, then decreased gradually through the
rest of the array. In Ref. 6, Metzger and Haley studied
the effect on the pin fin channel heat transfer of replacing the
copper (conducting) pins in the test section of Ref. 5 with
wooden (nonconducting) pins. They found that the stream-
wise variation of the row-averaged heat transfer in the non-
conducting pin case was similar to that in the conducting pin
case. The overall heat transfer in the wooden pin case was
lower than the previous case at high Reynolds numbers, and
was higher at low Reynolds numbers. By measuring the local
heat transfer from the pin surface and by hot-wire measure-
ments, Metzger and Haley also demonstrated that the average
pin Nusselt number and the turbulence intensity displayed
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Fig. 1 Cutaway view of a typical modern internally cooled gas turbine
blade.

similar increasing then decreasing trends as that of the stream-
wise distribution of the spanwise-averaged heat-transfer coeffi-
cient.

Simoneau and VanFossen7 conducted experiments to mea-
sure the heat transfer from a heated pin fin (L/D = 3) that
was placed at various locations in staggered and in-line arrays
of identical unheated pins in a rectangular channel. The
spanwise turbulence intensity profiles immediately upstream
of the row containing the heated pin were also measured.
They reported that both the heat transfer from the pin and the
average turbulence intensity for the staggered arrays increased
then decreased with increasing number of rows of pins up-
stream of the heated pin. The results were consistent with
those reported in Refs. 5 and 6.

In Refs. 3-6, the average heat-transfer coefficients in short
pin fin channels were determined. However, the distributions
of the local heat-transfer coefficient on the pin and endwall
surfaces were not studied.

Saboya and Sparrow8'9 measured the local heat/mass-
transfer coefficients on the endwalls of one- and two-row pin
fin channels via the naphthalene sublimination technique.
Although their results, which were for pin fins of a very small
length-to-diameter ratio (L/D = 0.193) and for low Reynolds
numbers, may not be applied to the turbine blade pin fin
channels, the mass-transfer technique they used provided a
means to study local surface heat transfer in complicated
internal flow situations. In Ref. 10, naphthalene sublimination
experiments were carried out to study the effect of the flow
Reynolds number on the local Sherwood number in a pin fin
channel. The experimental results were presented for a
staggered array (S/D = X/D = 2.5) of pin fins. The length-
to-diameter ratio was kept at 1.0 and the Reynolds number
range was from 0.9 to 3.3 X 104.

The present investigation is devoted to study, via the naph-
thalene sublimination technique, the effects of the pin con-
figuration, the pin length-to-diameter ratio, and the entrance
length on the local endwall heat/mass transfer in a pin fin
channel, which resembles the cooling passage at the trailing
edge of a typical gas turbine blade. The flow Reynolds num-
ber is maintained at about 3.3 X 104 to facilitate the compari-
son of data. To establish the reliability of the results of the
present study, the local endwall mass-transfer data are aver-
aged by rows as well as over the entire test channel endwall.
The average data are then compared with results by Metzger
et al.5'6
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Fig. 2 Schematic of test channel (not to scale).
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Fig. 3 Configurations of pin fin arrays: a) case 1; b) case 2.

Test Apparatus and Procedure
The experimental apparatus will now be described. The

open flow loop was the same as previously employed in Ref.
10. The main component of the flow loop was a 0.26-m-long
rectangular channel with a flow cross section of 9.53 cm X 6.35
mm. The bottom wall and the sidewalls of the channel were
made of aluminum. As illustrated in Fig. 2, the test section
was a 9.73-cm-long section of the channel with an array of
6.35-mm-long pin fins attached onto the bottom wall in either
a staggered or an aligned fashion. While the top wall of the
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channel was acrylic, the top wall of the test section was a
naphthalene cassette.

The naphthalene cassette was a hollowed-out, 12.70-mm-
thick, aluminum block with a 9.53-cm-square, flat, naph-
thalene surface, which was as smooth and as flat as the highly
polished stainless-steel plate against which it was cast. The
naphthalene surface was surrounded by two 6.35-mm-wide
opposite edges and two other opposite edges 1.02 mm wide.
When the cassette was installed on the test section, the two
wide edges rested against the top of the sidewalls. The raised
edges of the channel sidewalls and the top wall of the rest of
the channel prevented any lateral movement of the naph-
thalene cassette once installed. Two large binder clips were
used to hold the naphthalene cassette in place.

The pins were made from either 6.35 or 12.70-mm aluminum
rods, depending on the height-to-diameter ratio being studied.
The use of metallic pins instead of naphthalene pins should
not affect the local endwall mass-transfer coefficient distribu-
tion directly, since the local endwall mass-transfer coefficient
is dependent only on the pin configuration and the flow
conditions. The pins were arranged in one of the four con-
figurations as given in Table 1, in which the various cases
studied in the present investigation are listed. Two typical
configurations of the pin fin array (those of cases 1 and 2) are
shown in Fig. 3. In case 1, there were five alternate spanwise
rows of six pins and five pins in the array, while in case 2
there were nine pin rows (in both cases, the last pin row was
not counted). The endwall heat/mass-transfer data were ob-
tained at discrete points. These points formed a regular grid in
a rectangular region near the middle of the pin fin array, as
shown in Fig. 3. It should be pointed out that the aligned
array of case 3 was achieved with the removal of alternate pin
rows from the array of case 2 and that there were only three
rows of pins (two rows of three pins and one row of two pins)
in the array of case 4.

Air leakage between the top of the pins and the naph-
thalene surface during test runs was prevented by 0.64-mm-
thick rubber gaskets installed on top of the pins.

The test section was 13.34 cm and 2.54 cm (equivalent to 21
and 4 times the pin diameter) from the two ends of the
channel, as shown in Fig. 2. Two large acrylic flanges, which
were of the same dimensions, were attached to the two ends of
the flow channel, respectively. This was to provide an abrupt
contraction entrance to the flow channel and enable the
attachment of the flow channel onto the settling chamber. By
attaching the respective flanges onto the settling chamber, the
study of the entrance length effect on the local endwall
heat/mass transfer in the test section was made possible.

In each experiment, the distribution of the local mass-trans-
fer coefficient was obtained by measuring the elevations at
discrete points on the naphthalene surface before and after air
was circulated through the test section. The elevation mea-
surements were made with a Starrett Model 812 electronic
depth gage that had an accuracy of 0.0001 mm. The depth
gage consisted of an electronic unit with digital readouts and a
sensing head. The sensing head was mounted on a fixed dial
gage stand overhanging the coordinate table on which the
naphthalene cassette was affixed. In order to ensure that
elevation measurements were made at the same points on the

Table 1 Pin configurations, entrance lengths, and Reynolds numbers
for various cases studied

Case
1
2
3
4
5

X/D

2.5
1.25
2.5
2.5
2.5

S/D
2.5
2.5
2.5
2.5
2.5

L/D

1.0
1.0
1.0
0.5
1.0

Pin
arrangement

Staggered
Staggered
Aligned
Staggered
Staggered

Le/D
21
21
21
21
4

ReD
X104

3.3
3.0
3.3
3.4
3.3

naphthalene surface before and after each experiment, the
naphthalene cassette had to be mounted on the coordinate
table at exactly the same position before and after each
experiment. This was accomplished through the construction
of an aluminum fixture with a slot that had the same dimen-
sions as the naphthalene cassette. The fixture was bolted down
onto the coordinate table. Therefore, it was possible to place
the cassette at exactly the same position with respect to the
coordinate table once the cassette was installed in the slot.

Before and after each experiment, the elevations at 300
points (or 600 points—6 points in the spanwise direction, 50
or 100 points in the streamwise direction) were measured in a
region on the naphthalene surface, as shown in Fig. 3. In
addition, elevation measurements were made on the two op-
posite, thin, aluminum frames. These measurements provided
reference points to correct for the slight tilting of the naph-
thalene plate with respect to the coordinate table surface. A
computer program was written to determine the elevation at
each measurement point with respect to the elevations at the
aforementioned reference points. Thus, the actual change of
the elevation at each measurement point during the experi-
ment could be calculated.

Prior to each test run, a naphthalene plate was prepared
from fresh crystalline naphthalene. The naphthalene plate was
then kept in a sealed plastic bag in the air-conditioned labora-
tory for a period of at least 12 h, so that it would attain the
temperature of the laboratory, which was always maintained
at 21.1 °C ± 0.6°C. Other preparatory steps included warming
up the blowers and presetting the valves to obtain the desired
flow rate. Before the initial elevation measurements were
made, the naphthalene plate was installed on the test section
for 5-10 min. This procedure was necessary to ensure that the
surface contour calculation did not include any deformation
of the naphthalene surface caused by pressure exerted by the
pins on the naphthalene surface.

During the test run, the pressure drop across the orifice
plate, the static pressure upstream of the orifice plate, the
temperature of the air flowing through the test section, and
the atmospheric pressure were measured and recorded periodi-
cally. The duration of the test run was recorded with a
stopwatch.

Supplementary experiments were also performed to de-
termine the effect of natural convection during the elevation
measurements and to establish that the procedures followed in
the present investigation produced results comparable to pre-
viously published results.

Data Reduction
The local mass-transfer coefficient at each of the 300 (600

for some test runs) measurement points was determined from
the measured change of the elevation at the point (Aj), the
duration of the experiment (t), the density of solid naph-
thalene (pj, and the difference between the naphthalene vapor
density at the measurement point (pw) and the bulk naph-
thalene vapor density (pb).

- ph) pw-pb)t] (1)

The bulk naphthalene vapor density (the cumulative mass
of naphthalene in the airstream divided by the air volumetric
flow rate) and the naphthalene vapor density at the measure-
ment point were calculated as in Refs. 8 and 9. Because of the
relatively short test section and the high airflow rates used in
the present investigation, the bulk naphthalene vapor density
was very small compared with the naphthalene vapor density
at the wall. The values of ph never exceeded 0.5% of p^.
Therefore, although the use of metallic pins instead of naph-
thalene pins lowered the cumulative mass of naphthalene
in the airstream, the effect of using metallic pins on the cal-
culation of the local endwall mass-transfer coefficient was
negligible.
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The local Sherwood number was denned as the product of
the local mass-transfer coefficient and the pin diameter di-
vided by the diffusion coefficient of naphthalene. The diffu-
sion coefficient was calculated by dividing \the kinematic
viscosity of pure air by the Schmidt number of naphthalene.

Sh-hmD/b-hmD/(v/Sc) (2)

The flow Reynolds number was based on the maximum air
velocity, the pin diameter, and the kinematic viscosity of air.

The velocity in the preceding equation was evaluated by
dividing the volumetric flow rate by the area of the minimum
flow cross section, which was normal to the main flow direc-
tion.

By using the maximum uncertainties for (pw — pb), p5, A7,
and t of 6, 2, 4, and 3%, respectively, and the uncertainty
estimation method of Kline and McClintock,11 it was found
that the maximum uncertainty for the calculated local
Sherwood numbers was less than 8%.

Results and Discussion
The experimental results will now be presented. In pre-

liminary tests, the axial distributions of the local Sherwood
number along the centerline of the test-section channel with
no pin installed were determined for Reynolds numbers (based
on the hydraulic diameter of the channel) of 1.0 and 3.0 X 104.
Both the long and the short entrance cases (Le/D = 21 and 4)
were examined. The fully developed Sherwood numbers for all
four cases agreed with the corresponding values given in Ref.
12 to within 3%. For the long duct entrance cases, the local
Sherwood number decreased monotonically to the asymptotic
fully developed value with increasing axial distance, while for
the short entrance cases the local Sherwood number increased
sharply near the entrance, reached a maximum very rapidly,
and then decreased to the fully developed value.

The streamwise distributions of the local Sherwood number
for the various cases studied are plotted for values of z/S
varying from 0 to 0.5 in Figs. 4, 6, 8, 10, and 11. In each
figure, there are six ordinate scales—one for each of the
distribution curves. The relative positions of the zeros of these
scales correspond to the order in which the distribution curves
are displayed. Below each set of graphs, a sketch indicates the
streamwise as well as the spanwise coordinates, x and z.
Furthermore, the sketch shows the pin configuration corre-
sponding to the experimental data being plotted and the
locations of the pins. In addition, typical two-dimensional
distributions of the local Sherwood number for selected cases
studied are given in Figs. 5, 7, and 9. Based on these results,
the effects of the pin configuration, the pin height-to-diameter
ratio, and the entrance length on the local endwall heat/mass
transfer will be discussed.

Pin Configuration Effect
Experimental results for cases 1-3 are presented in Figs.

4-9. The pin configurations for the three cases were given in
Table 1. The pin fins were staggered in cases 1 and 2, while
they were aligned in case 3. In the first case, the local
Sherwood number was determined at 300 points—6 and 50
points in the spanwise and the streamwise directions, respec-
tively. In the latter two cases, twice as many points as in case
1 were measured—100 points—along the main flow direction.
In case 2, the Reynolds number was 3.0 XlO 4 , which was
slightly lower than the Reynolds numbers of about 3.3 X 104

in the other two cases.
Attention will first be given to Fig. 4. It can be seen that,

near the leading edge of the test section, the local Sherwood
number decreases with increasing streamwise distance as the
concentration boundary layer grows. The Sherwood number
then increases as the flow encounters the pins on the first and

second rows. The axial distributions of the Sherwood number
between the pins on the second and fifth rows are nearly
periodic, that is, the corresponding segments of the distribu-
tions have similar shapes. In general, the mass transfer is high
immediately upstream of a pin and in the wake region down-
stream of a pin. The results are consistent with Goldstein and
Kami's13 description of a horseshoe vortex system near the
base of a cylinder in crossflow.

Figure 5 shows the two-dimensional Sherwood number
distribution for case 1 in a typical region between x/X= 2.5
and 3.5. It can be seen that there is a rapid rise of the
Sherwood number upstream of a pin. The Sherwood number
is generally large upstream of a pin as well as in a relatively
large wake region downstream of a pin.

Fig. 4 Streamwise Sherwood number distribution, case 1.

z/S = 0.0 0.1 0.2 0.3 0.4 0.5

x/X = 2 . 5

Flow
Direction

x/X = 3.0

x/X = 3.5

171-174-212-
I I I

165-173-217-
I I I

160-172-214-316
I i I I I

159-172-209-266-235-224
I i I I I I

162-175-201-237-231-227
I I i I I I

171-181-195-217-219-219
I I I I I I

182-192-191-197-207-209
I I I I I I

290-237-197-189-190-198
I I I I I I

-286-188-194-191
I I I

-199-172-184
I I I

-209-164-175

Fig. 5 Typical two-dimensional Sherwood number distribution, case 1.
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The local Sherwood numbers in case 2, as shown in Fig. 6,
are generally higher than those in case 1. Between the leading
edge and the pins on the first and second rows, the streamwise
Sherwood number distributions show the same trend of de-
creasing and then increasing in the main flow direction as in
case 1. A close examination of the distributions for various
z/S reveals that, with increasing x/X, the Sherwood number
decreases along z/S = 0.1 faster than it does along z/S = 0.
The initial drop of the Sherwood number near the leading
edge along z/S = 0.2 is even larger than that along z/S = 0.1.
Immediately upstream of the pin on the second row, the
Sherwood number increases very rapidly along z/S = 0 and
0.1, less so along z/S = 0.2.

Between the leading edge and the pin on the first row, the
Sherwood number along z/S = 0.3 decreases and then in-
creases more gradually than it does along z/S = 0.4 and 0.5.
Similar trends can be observed in Fig. 4, although they are not
as consistent as those in Fig. 6. This is partly because the local
Sherwood number was measured at only half as many points
in the former case.

In Fig. 6, a peak in the Sherwood number distribution along
z/S = 0.2 is evident at x/X = 0.8. Near the next two pins, the
distribution curves behave rather erratically. Downstream of
the fourth pin, the local Sherwood number distributions ap-
pear to have attained their periodic profiles. In Fig. 4, the
existence of the first pin distorts the U shape of the distribu-
tion curve along z/S = 02 slightly at x/X=l.Q. The distri-
bution curves in case 1 require only a short axial distance
(x/X) for the development of the periodic profiles.

The two-dimensional Sherwood number distribution for
case 2, as given in Fig. 7, shows the higher local mass transfer
with a decrease in X/D from 2.5 to 1.25. As in Fig. 5, the
local mass transfer in case 2 is high upstream of a pin and in
the wake region downstream of a pin.

Next, the distributions of the local Sherwood number for an
aligned array of pin fins (case 3) will be examined. In Fig. 8,
the decrease in the Sherwood number near the leading edge is

again caused by the growth of the concentration boundary
layer. After the Sherwood numbers along z/S = Q and 0.1
reach their minimum values at x/X= 0.8, they increase with
increasing x/X9 and then level off gradually. Downstream of
x/X = 2.0, the Sherwood number appears to be independent
of the streamwise coordinate. The difference between these
distributions and the axial heat/mass-transfer distribution for
flow in a plain rectangular channel may be caused by the
increase in the flow velocity due to the flow blockage and the
high turbulence level in the pin fin channel. Unlike the axial
Sherwood number distributions along z/S = 0 and 0.1, the
distribution along z/S = 0.2 has approximately periodic peaks,
which are believed to be caused by the secondary flow induced
by the nearby pins.

z/S = 0.5 0.4 0.3 0.2 0.1 0.0

x/X = 8.0

Flow
Direction

250-255-
237-249-
226-242-
229-237-
259-249-

x/X = 9 . 0

x/X = 10.0

242-255-
256-259-
261-258-
256-252-
238-241-

•232-
•240-
•241-
•241-
•241-263-
•246-249-
•261-236-258-258

-223-256-271
-220-254-272
-216-250-260
-220-239-244
-229-230-232
-235-228-233
-238-232-239

•244-234-256-27^
229-228-
•218-239-
•209-
•204-
•211-
223-

Fig. 7 Typical two-dimensional Sherwood number distribution, case 2.

X

^=r̂ ii R — n —

Fig. 6 Streamwise Sherwood number distribution, case 2. Fig. 8 Streamwise Sherwood number distribution, case 3.
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Table 2 Spanwise-averaged Sherwood numbers and Nusselt numbers
of Cases 1 and 2

Re
Case 1
= 3.3 X 104

Row

Case 2
ReD = 3.0 X 104

Sh 1
I
2
3
4
5
6
7
8
9

Average

166.6
194.6
202.3
197.8
202.5

192.8

100.1
117.0
121.6
118.9
121.7

115.9

169.9
239.0
262.4
257.7
253.7
245.7
240.1
242.6
242.1
239.2

102.1
143.6
157.7
154.9
152.5
147.7
144.3
145.8
145.5
143.8

z/S = 0.5 0.4 0.3 0.2 0.1 0.0

x/X = 4.0 241-243-244-225-187-172
236-239-237-225-188-174
250-240-236-221-189-174

Flow 278-264-240-219-191-174
Direction 318-282-253-221-188-174

-289-225-187-173
-329-226-185-172

-229-185-169
-229-187-169
-230-189-167
-226-189-167
-223-189-167
-221-189-167
-220-185-169

-300-221-185-172
-282-219-184-172

230-252-272-219-182-172
249-256-262-221-181-172
243-254-257-221-180-173
240-248-249-221-182-172

x/X = 5.0 234-241-243-220-183-172

Fig. 9 Typical two-dimensional Sherwood number distribution, case 3.

x/X = 4.5

Fig. 10 Streamwise Sherwood number distributions, cases 1 and 4.

Fig. 11 Streamwise Sherwood number distributions, cases 1 and 5.

In comparing the corresponding distributions along z/S =
0.3, 0.4, and 0.5 in Figs. 6 and 8, the most noticeable dif-
ference is the absence of peaks in the distribution along
z/S = 0.3 for x/D > 1.5 in the latter case.

The two-dimensional Sherwood number distribution for
case 3 is shown in Fig. 9. The almost constant Sherwood
number distributions along z/S = 0, 0.1, and 0.2 are evident.
The Sherwood numbers along z/S = 0 are smaller than those
along z/S = 0.1, which, in turn, are smaller than those along
z/S = 0.2. The Sherwood numbers are again very large up-
stream of a pin, but are slightly smaller than those in the two
previous cases in the wake downstream of a pin.
Pin Length-to-Diameter Ratio Effect

The effect of the pin length-to-diameter ratio on the local
heat/mass transfer is illustrated in Fig. 10, in which the
Sherwood number distributions for both L/D = 1.0 (case 1)
and 0.5 (case 4) are plotted. Examination of Fig. 10 reveals
that all segments of the distributions in the two cases are very
similar. The distributions along z/S = 0, 0.1, and 0.2 in case 4
are always higher than those in case 1. The reverse is true for
the distributions along z/S = 0.3, 0.4, and 0.5.

It must be pointed out that, in case 4, there are only three
rows of pins (three alternate rows of three and two pins) in the
array. It was necessary to limit the number of pins in the array
so that the same S/D and X/D ratios of 2.5 were maintained
for direct comparison of results and the same test channel
could be used to conduct the experiments. As a result, the
spanwise-averaged flow velocity varies significantly from row
to row. For instance, the average velocity at x/X =1.5 is
about 82% of that at x/X= 0.5 due to the different amount of
blockage to the flow at the two axial locations. The lower
velocity at the second pin row may have caused the local
Sherwood number distributions between x/X= 1.0 and 2.0 to
have lower values than those in case 1.
Entrance Length Effect

Figure 11 demonstrates the effect of the length of the
entrance duct on the heat/mass transfer in a pin fin channel.
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In Fig. 11, the black circular symbols and the open circular
symbols are for Le/D = 4 (the short entrance case) and 21
(the long entrance case), respectively. Near the leading edge,
the Sherwood number distributions for Le/D = 4 are con-
sistently higher than those for Le/D = 21, due to the thinner
hydrodynamic boundary layer in the former case. Down-
stream of the third pin, the two Sherwood number distribu-
tions are essentially the same. Therefore, the effect of the
entrance length on the heat/mass-transfer coefficient is limited
to the first two rows of pins in a pin fin channel.
Average Sherwood Number

In order to compare the present local heat/mass-transfer
results with the available average heat-transfer data, the span-

wise-averaged Sherwood numbers by rows were determined
using two sets of the local Sherwood number data—those of
cases 1 and 2. The average Nusselt numbers were then calcu-
lated using Eq. (16) of Ref. 8. The exponent m in the equation
was set equal to 0.4.

The results, which are given in Table 2, show that the
spanwise-averaged Nusselt numbers in case 2 (X/D = 1.25)
are generally higher than those in case 1 (X/D = 2.5). The
axial development of the Nusselt numbers for the two cases
are shown in Fig. 12, where the heat-transfer data from Ref. 5
are also included for comparison. From Fig. 12a, it is evident
that the present data of case 1 for X/D = 2.5, ReD = 3.3 X 104,
and nonconducting pins compare very well with those from
Ref. 5 for the same X/D, ReD = 3.79 and 2.49 X 104, and
conducting pins. In Fig. 12b, the increasing then decreasing
trend of the present data of case 2 is consistent with those of
Ref. 5.

The overall Nusselt numbers for cases 1 and 2 are shown in
Fig. 13, where the overall Nusselt numbers (over 10 pin rows)
as functions of the flow Reynolds number from Ref. 6 for
conducting and nonconducting pins and for X/D = 1.5 and
2.5 are also plotted. Again, the present data of cases 1 and 2
agree with the heat-transfer data very well. From Ref. 6, the
overall Nusselt number for a channel with X/D = 1.5 and 10
rows of nonconducting pins is approximately 131 (ReD = 3.0
XlO4 , read from Fig. 4 of Ref. 6). The overall Nusselt
number for case 2 (nine pin rows, X/D = 1.25) in the present
study is 143.8. The 10% increase in heat transfer is believed to
be the result of the smaller X/D ratio used in the present
study. The average Nusselt number of 115.9 for case 1 (five
pin rows, X/D = 2.5) in the present study is within 4% of the
corresponding average Nusselt number of about 121 read
from Fig. 5 of Ref. 6. Despite the fact that the Nusselt
number was for five pin rows in case 1 and was averaged over
10 pin rows in Ref. 6, the two overall Nusselt number values
are very nearly the same because of the relatively flat and
increasing-then-decreasing profiles of the row-averaged
Nusselt number distribution curves.

Concluding Remarks
The effects of the pin configuration, the pin length-to-diam-

eter ratio, and the entrance length on the local endwall
heat/mass transfer in a channel with short pin fins have been
studied. Experimental results were obtained for staggered and
aligned arrays of pin fins with L/D = 0.5 and 1.0, for S/D =
2.5, and for X/D = 1.25 and 2.5. The Reynolds numbers were
kept at about 3.3 X104. It was found that reducing the
streamwise pin spacing in a staggered array increases the
endwall heat/mass transfer. The local Sherwood number dis-
tributions for a staggered array and for an aligned array are
very different from that for a plain channel with no pin fin
and from each other. The effect of the entrance length on the
endwall heat/mass transfer in a channel with a staggered
array of pin fins is limited to the small region near the leading
edge. The spanwise-averaged and overall data compare very
well with previously published data.
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