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HEAT TRANSFER COEFFICIENTS FOR STAGGERED

ARRAYS OF SHORT PIN FINS
by G. James VanFossen

National Aeronautics and Space Administration

Lewis Research (Center

Cleveland, Ohio

NOMENCLATURE

Ny average flow area in test section, V/L

Ay cross sectionsl area of a pin, «0§/4

Ay endwall area defined by equation (11)

0 characteristic length of test section

Do pin diameter

" height of plain channel

N average heat transfer coefficient in pin
fin test section

het ¢ effective heat transfer coefficient as
detined by equation (6)

ﬁb average heat transfer coefficient on pin
surface

R; average heat transfer ceoefficient on
endwall surface

Ka thermal conductivity of air evaluateg at T,

Kp therma! conductivity of pin material

I length of heated portion of test section in

flow direction

pin half length used in equation (Y)

Nu

Pr

Qloss

Re

fin parameter defised by equation {i3)
number of pin rows in flow direction

number of pins in a row transverse to flow
direction

Nusseit number, hD'/k,

pin perimeter, =0,

Prandt1 number of air

heat dissipated in electric heater

heat lost to surroundings from test section

recovery factor
Reynolds number, (w/R)D'/u

total neat transfer surface area
surface area of heaters

ambient air temperature
adiavatic wall temperature

reference temperature defined by equa-
twon (5)

dair static temperature
endwall temperature

overall neat transfer coefficient for heat
loss from test section to surroundings

open volume in test section

widtn of plain channel



N mass flow rate

X ratio of heat transfer coefficient_on pin
surface to that on the endwall, hy/hy

Xg ratio of pin height to pin diameter

X7 ratio of pin spacing to pin diameter

) pin angle of inclination measured from
normal to endwall

u viscosity of air

INTRODUCTION

In designing the cooling configuration for a
turbine blade, many heat transfer augmentation
schemes are available; film cooling, internal im-
pingement, boundary layer trip strips, and various
types of fins are a few of the popular ones. In the
trailing edge region, however, aerodynamic cer-
siderations demand a small wedge angle for the blade
profile. As a result the internal passages become
s0 narrow that the choice of cooling scheme is
Timited. Pin fins are one augmentation device that
can be used to increase heat transfer in this re-
gion, Pin fins at tne trailing edge alse serve a
structural purpose by holding the suction ana pres-
sure surtaces of the blade together, The pin fans
of interest here are circular cylinders that Span
the distance between the suction and pressure sur-
faces whizh form the enawalls of the cocling pas-
sage. Heat from the hot gas stream passes through
the endwalls and 1s conducted along the pins and
convected to the cooiing air. Heat is also con-
vected to the cooling air trom the endwalls between
the pins,

Que mainly to limits in casting technology, pin
fins cannot be reliably made much smaller than about
I millimeter (0.04 1n.) in diameter. This means
that n the narrow traviing edge ot most turbine
blades tne pins may be relatively “snort" (less than
about four diameters in length)., In some cases, the
addition of pins to the cooling passace may actually
cover up more wall surface area than ey add n pin
surface area; thus, the terms fin or extendged sur-
face do not really apply 10 the literal sense. Une
of the main furctions of tnhe pins in the turbine
cooling application 1s to increase the ievel of tur-
bulence in the cooling flow rather tnan ada heat
transter surface area.

There are no data for short pan tins of the
type used in turbine blade cooling available n the
literature, Data for both in-line and staggered
arrays of pin fins are given in references i to 5.
The data 1n these references were taken by people
interested 1n nigh etficiency, compact neat ex-
changers, To keep heat transfer effectiveness high,
the contigurations they tested all contained rela-
tively long pins; the shortest were four diameters
in length, These pins are long compared to those
used 1n many cooled turbine blades. In reterences 4
and 5, both staggered and in-line arrays of pin fins
were investigated but the pins did not extend en-
tirely across the passage.

Heat exchangers usually contain many rows of
pins in the streamwise direction, The flow and heat
transfer are said to be "fully developed" for more
than adout er1gnt rows of pins; that 1s, the heat
transter coefficient changes rapialy in the first
few rows and then remains relatively constant 1n the
downstream direction. Thus the average heat trans-

ro

fer coefficient for the case of only a few rows will
be different than that for “fully developed" flow.
Due to the limited space available, the turbine
blade cooling application does not allow a large
number of rows to be used, ana again one can see
that another type of data is required by the turbine
blade designer.

Another possible source of heat transfer data
is the extensive literature on heat transfer to tube
banks. Examples of these are found in references 1,
6, and 7. Tube banks resemble long pin fins., There
are two major differences, however, between the pin
fins of interest here and tube banks. One differ-
ence is that no endwalls are present for tube banks;
a large portion of the neat transfer is known to be
through the endwalls for the turbine cooling appli-
cation. The other difference is in the boundary
conditions, For the turbine application or for com-
pact heat exchanger application, heat is conducted
along the pin anu is convected trom both endwall and
pin surfaces; this results in a significant tempera-
ture gradgient along the pin, Tube banks usually
have fluid flowing in the tubes; heat is conducted
thrcugh the tube wall and is then convected from the
tube surface. The tube walls are thus nearly 150-
thermal 1n the direction of the tube axis. The ap-
plication of tube bank data to turbine Dlade cooling
is therefore questionable.

The objective of this study was to obtain heat
transfer data for staggered arrays of short pin fins
in oraer to determine if data available in the
literature can be applied to turbine blade cooling.
Heat transfer coefficients on both the pins and the
endwalls were obtained for four pin fin surfaces.
Two different mode) geometries were used in the pre-
sent study. The 'arger model ha¢ 0.635-cent imeter-
(0.25-1n.-) diameter pins which were spaceg four
drameters apart in an equilateral triangular array.
The pins for this model were two adiameters long.
Three variations of this model were tested; one had
copper pins that were perpendicular to the endwalls,
another nad wooden pins that were perpendicular to
the endwalls and the third had copper pins that were
inclined to the endwills, The smaller test section
had copper pins that were 0.3175 centimeter (0.125
in.) in diameter and spaced two diameters apart; the
pin height of the smaller model was 0.5 diameter.
ALl pin fin configurations tested had four rows of
pins in the flow direction. Two plain channel (no
pin fins) contigurations were also tested to cneck
the accuracy of the data by comparing the heat
transfer results with an accepted correiation tor
flow 1n a duct. Reynolds numbers ranged from 300 to
nec iy 80 000 which s sufficient to cover the range
of interest for tne turbine cooling application,
Heat transfer data are presentea as Nusselt number
versus Reynolds number. The wooden pins were used
to determine the ratio of heat convectea from the
pins to heat convected from the endwalls, The in-
clincy pins were tested to determine 1f they would
increase the heat transfer rate over that ot per-
pendizular pins, The pin fin heat transfer data
from the present study were compared to data for
longer pins and an existing correlation that con-
tains terms to account for the range ot pin lengths
ana pin spacings of interest n turbine cooling,

APPARATUS

A layout of the rig used in the pin fin experi-
ments 1s shown 1 Fig, 1. Room air enters the test
section through a constant acceleration inlet,
passes through one of two turbine tlow meters,

i
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through the flow control valves and exits to the
building altitude exhaust system, Temperatures were
measured with Chromel-Alumel thermocouples refer-
enced to a 339K (150° F) oven. Pressures were mea-
sured with a microprocessor-controllea pressure
scanning system similar to the one described in
reference 8. Volumetric flow rates were measured
with turbine-type flow meters; mass flows were cal-
culated by multiplying volumetric flow rates by the
density of the air at the exit of the turbine

meter. Density was calculatea from the perfect gas
law for air using the measured temperature and pres-
sure at the turbine meter exit. All data were con-
verted to engineering units and recorgea with the
laboratory data acquisition system (ref. 9).

Fig. 2 shows the test section assembly used for
the large plain channel and large pin fin models.
The inlet bellmouth was covered with 150 grit sili-
con carbide sandpaper and had a 0.51%-centimeter-
(0.0025-1n,-) diameter trip wire to ensure turbulent
flow in the test section. Immeuiately downstream of
the inlet there were three thermmocouples to read the
inlet air total temperature. Three thermocouples
measured the outlet total temperature. OQuring the
tests, the whole assmebly was wrapped with a thick
blanket of fiberglass insulation to minimize heat
loss.

TEST SPECIMENS

Fig. 3 shows the geometry for the perpendicular
pin fin test sections, The dimensions and pin spac-
ings are given in Table 1. Fig. 4 shows the con-
struction ot the r.ow channel for the large pin tin
model. The endwalls that formea the top and bottom
of the tlow channel were constructed of 0.035-
centimeter (0.25-1n.) copper plate. The pins were
inserted into holes drilled 1n each plate and soft
soldered 1n place. The solder formed very small
fillets between tne plate and pins, Pins cast into
a turbine blade will probadbly have much larger
fillets. No attempt was made to simulate these
larger fillets. The sides of the flow channel were
macnined from a cloth-reinforced phenolic plastic.
The sides were held 1n place by bolts wirich extended
through the copper plates ana phenolic material,

The assembly was sealed from air leakage with a
silicone rubber sealant,

Thermocouples to measure the endwall tempera-
ture were nserted into holes driiled in the edge of
eacnh plate, The themmocouples can be seen at tne
right of Fig. 4. Five tnermocouples were used
each plate, Commercieily available metal foil elec-
tric heaters encased in a polymide base film were
attached to the endwalls with a pressure sensitive
adhesive. The heater leads can be seen at the lert
siage of Fig. 4.

The test section with wooden nins was made with
0.635-centmeter (0.25-1n.) copper plates as ena-
walls with bircn dowels epoxied between the enawalls
to form the pins, Tne endwalls were not drilled to
accommodate the wooden pins, A slightly larger
fillet was formed between the pins and the endwalls
by the epoxy than was formed by the solaer used on
the copper pins,

The inclined pin tin test section was con-
structed 1n a fasmon s lar to that of the other
models with copper pins but the pins were inclined
to the endwalls, The angle of inclination was
arbitrarily selected as 30" from a normal to the
surface of the endwalls, This angle 1s measurea in
a plane perpendicular to the flow direction and
alternates between positive and negative with suc-

cessive rows in the streanwise direction, Fig. 5 is
a photograph of the inclined pin test section. The
pins were set in a staggerea array at the endwalls
(not an equilateral triangular array) but because
successive rows cross at mid-span they give the
appearance of an in-line array when viewed in the
streamwise direction.

The small pin fin test section was constructed
in a fashion similar to the large test section with
the exception of the pin spacing and pin lengths,
Dimensions for this test section are also given in
Table I. Only one thermocouple was installed in
each top and bottom endwall plates due to size
limitation,

In both the large and small pin fin test sec-
tions there were four rows of pins in the streamwise
direction. In both models the number of pins in
each of the four row alternated between four and
five. The first row contained five, the second
four, and so on,

Fig. o shows the geometry of the plain channel
test specimens, Two different size plain channels
(corresponding to the two sizes of pin fin test sec-
tions) were tested, The dimensions of the plain
channels are given in Table 11. Construction was
the same as the pin fin models but the pins were
left out.

TEST PROCEDURE

Heat Loss Calibration

Before any heat transter data coula be ana-
lyzed, the heat 10ss to the surrcundings had to be
measured. To accomplish this, a series of calibra-
tion runs were made with no airfiow througn the test
section, The flow channel was sealed off to mini-
mize natural convection during these tests. Heater
power was set at a level that would produce approxi-
mately the plate temperature of interest. The rig
was tnen allowed to come to equilibrium which
usually took 12 to 14 hours, When a steady plate
temperature was reached, power level, plate tempera-
ture and ambient air temperature were measured so
chat an overall loss heat transfer coefficient could
be calculatec,

Data Runs

etore a data run was made, the electric
heaters were used to bring the enawall plate tem-
perature up to the desired value with no airflow
through the test section, Plate temperatures were
set at an average 21 K (38" F) above amuient air
temperature, Tnis value was high encugh to allow
qood accuracy in the measured temperature ditference
between plate anu air and low enough to minimize
thermal property variations in the test section.
Once the insulation reached approximate equ:!librium,
the air fiow was set to the desired value, Heater
power was then adjusted to maintain the plate tem-
perature. When 1t was certain that equilhbrium was
attained, five samples of all the aata channels were
recoroed for processing,

DATA ANALYSIS

This section cescribes how the heat transfer
and flow data were reduced to dwmensionless torm,

Heat Loss
The overall loss heat transfer coefticient U
1s defined as




:

Q
U= los. (1)

h'w ™ 'a
This overall loss coefficient was calculateu for a
range of endwall plate to air temperature aiffer-
ences. A typical plot of the loss coefficient ver-
sus endwall plate-to-air temperature difference is
shown in Fig. 7. The loss coefficient is a weak
function of temperature difference. Once the plate
and air temperature are known, Fig. 7 and equation
(1) can be used to calculate the heat loss from the
test section for the purpose of data analysis.

Reynolds Number
The Reynolds number for all test sections was

calculated from the following equation:

Re-m (2)

u

The characteristic length D' was defired as

. 4V :
D' = T (3)
Note that for the plain channel this reduces to the

classical definition of hydraulic diameter for a
closed channel, The average flow area is cefined by

LI (4)

The viscosity was evaluated at tne Eckert reference
temperature (ref. 10)

2R 2
Tr = 0.5 !h +0.28 Ts +0.22 wa (5)
Heat Transfer Coefficients
The effective heat transfer coefticient for all
test sections was calculated from

h . Q- Q)45 (6)
eff Shilw - Iaw]

The adiabatic wall temperatures used in equations
(5) and (6) were caiculated from the following equa-
twon:

IdN - IS * v(Tt - Ts) (7)
where r is the recovery factor. The total ana
static temperatures, Ty ana Tg, respectively,

were determned by solving the one-dimensional
momentum and enerqy equations for the pressures and
temperatures in the channel, From tests conducted
with no heat flow at high test section Mach numbers
1t was determinea that the best value of recovery
factor was

ravPF (&)

The cross-sectional area used for the pin fin por-
tion of the flow model was the minimum free flow
area. This value gave the best adiabatic wall tem-
perature ana pressure drop results.

Equation (b) gives the heat transfer coeffi-
cient which includes the effects of pin efficiency.
To find the average heat transfer coefficients on
the pin and endwall surface, tne heat lost by @

plain surface with a heat transfer coefficient of
hefs was equated to the heat lost by the pin
ffnned surface. The resulting transcendental equa-
tion is then

cos 0) - Megs = 0

. (1 i A'b )' VPXFukpAp unn( i

w cos o I;
(9)
For each hgs¢ measured, equation (9) was solved
for the rooi h, by the Newton-Raphson iteration
technique. In equation (9), Ap is the cross-
sectional area of a pin defined by
LA
Ap =70, (10)

A, 1s the area of the endwall associated with one
half pin

A= F (x9,)2 (1)

P is tne perimeter of the pin

P = 0, (12)

The fin parameter m 1s given by

LUN (13
m.
V&5,

where X 1is the ratio of heat transfer coefficient
on the pin surface to that on the endwall surface.

Nusse It Number
e Nusselt number was calculatea from the
average heat transfer coefficient as

i o E“‘—‘ (14)

where h s the heat transfer coefficient on the
pin and endwall surfaces (X « 1.0 in eq. (9)). The
thermal conductivity of air was evaluated at the
reference temperature defined hy equation (5).

Thermal Properties

The viscosity and thermal conductivity of air
were determined from curve fits of data given in
reference 1l. The thermal conductivity of the
copper used was 3.46 W/cm+K (200 Btu/hreft:"F),
The thermal conductivity used for the wooden pins
was 0.0035 W/emK (0.2 Btu/nreft-"F).

RESULTS AND DISCLSSION

Fig. 8 is a com.2rison of poth the large and
small plain cnannel heat transfer results with a
correlation for turbulent heat transfer in a duct,
The correlation has been moaified for entrance
length effects. The correlation is from refer-
ence 12 ana the entrance length correction was taken
from reference 13, The modified correlation used was

ey

T TRCTT —eY



0.2 70275
Nu « 0.023 ReD*8 vr"3{1.11 [ Re ] (15)
(L/0*)”

For Reynolds numbers above o000, the agreement be-
tween the modified correlation and the experimental
data is very good. This good agreement gave con-
fidence that the measurement technique and the data
analysis were working well. Below Reynolds numbers
of 6000, the agreement is not good. Data tor the
large and small models are not consistent, This
disagreement is thought to be due to differences in
the inlets of the two models, The large model had
sandpaper and a trip wire at the inlet while the
small model did not. In any case, only data in the
turbulent range is of interest here because, with
pin fins in place, the flow in the test section
cannot be laminar and, therefore, inlet treatment is
not thought to te important.

It should be noted that two levels of maximum
Mach number were obtained in the tests. In the
large models (both plain channel and pin fin) the
highest Mach number reached was about 0.3, wnile in
the sma'l models the flow was choked at the highest
Reynolds ‘'umber. From Fig. 8 the agreement at high
Reynolds numbers for both models indicates that Mach
number 1s not a significant parameter if the data
are analyzed as indicated in the previous section.

Fig. 9 is a plot of the short pin fin heat
transfer results along with those from other pin fin
references. The plain channel data are also re-
plotted on this figure for comparison purposes. The
meaning of tho letters used for plotting symbols can
be found 1n Table I. When examining the figure,
three things become obvious; one 1s that data from
all four contigurations tested fall on a single
correlating liite when the Reynolds and Nusselt num-
bers are defined as explained in the Data Analysis
Section, A least-squares curve fit of all the short
pin fin data is
Nu = 0.153 Reo'bs5 (lo)
The reader is cautioned that this good correlation
of data may be fortuitous as only two different geo-
metries were tested. Another conclusion that can be
drawn from the figure is that the heat transfer data
for short pins are lower than for data foung i1n the
literature tor longer pins. Tne third conclusion 1s
that short pin fin heat transter is about a factor
of twc higher than that for a plain channel witn no
fins,

The results shown 1n Fig. Y were all obtained
using equation (Y) with X set equal to 1 to deter-
mine F, the average nheat transfer coetticient on
the pin and endwall surface. This was done to
facilitate comparison with data from the literature
where 1t was assumed that X « 1. Data from tne
test section with wooden pins was used to obtain an
estimate of the actual value of X, If equation (Y)
is applied to the large copper and wooden pin test
sections, two independent equations result, The
geometries of these two test sections were the same,
the only difference was the tnermal conductivity of
the pins. Exnerimental data for hggs from botn
the large copper and the wood pin test sections were
curve fit as a function of Reynolds number. At any
*iven Reynolds number the heat transfer coefficient

w Was assumed to be the same for both copper and
wo0d test sections because their geometry was iden-
tical. For each of a series of Reynolds numbers
that covered the range of data, the best value of
h, was found by minimizing the difference between

the curve fit of experimental data and the value of
hefs calculated from equation (9) for both copper
and wooden pins, Fig. 10(a) shows a comparison of
cclculated and measured hggs using X = 1.0 for
both the copper and wooden pin test sections. From
this figure it can be concluded that X = 1.0 is not
the correct value.

The best value of X ftor the range of Reynolds
numbers of interest was estimated using the method
of least squares. Fig. 10(b) shows the comparison
between measured and calculated values of hgg¢
using the best estimate X = 1.345%, Agreement be-
tween calculated and measured values is much bet-
ter. It can be concluded from this analysis that
the average heat transfer coefficient on the pin
surface is about 35 percent larger than that on the
endwalls.

In an effort to increase the average heat
transfer coefficient on the pin surface, the in-
clined pins described previously were tested. It
was hoped that the wake shed from a row of inclined
pins would be stretched across the next aownstream
row of pins inclined at the opposite angle and thus
be intensified. Inclined pins were found, instead,
to give the same average heat transfer coefficient
as the perpendicular pins. However, the effective
heat transfer can be increased by inclining the pins
because of the added pin surface area, Fig. 1l
shows the calculated benefit of inclining the pins.
The ordinate is the ratio of calculated effective
heat transfer coefficient for inclined pins to that
for pins perpendicular to the endwalls, The effec-
tive heat transfer coefficients were obtaines from
equation (9) using equations (14) and (16) to find
the average heat transfer coefficient T. For these
calculations X was set equal to unmity. Pin ther-
mal conductivity was set to 0.26 W/cm'K
(15 Btu/hr+ft+"F); this value is representative
of the thermal conductivity of the nickel-based
superalloys used in turbine blades. Pin spacing was
four pin diameters and the aistance between the end-
walls was two diameters. Effective heat transfer
coefficient is seen to increase with pin angle and
the increase is greater at tne low Reynolds num-
bers. At a Reynolds number of 500 the effective
heat transfer for pins angled at 60 1is nearly 50
percent greater than that for perpendicular pins,

A correlation of pin fin heat transfer cata
that was derived from data available in the litera-
ture for pin fins and tube banks is presented in
reference 14, The correlation contains terms to
account for pin length and spacing. Fig. 12 is a
comparison of tne neat transfer data from this study
with this correlation. It can be conclucged from the
figure that the correlation does not adequately re-
present the data for short pin fins,

SUMMARY OF RESULTS

The results of this experimental investigation
into the heat transfer characteristics of short,
staggered pin fin arrays over a Reynolds number
range from 300 to nearly 60,000 can be summarized as
follows:

1. Heat transfer for short pin fins was found
to be lower than data available in the literature
for longer pins.

¢. Heat transfer data for both pin fin con-
figurations tested in this study fell on a single
correlating line.

3. Heat transfer coefficients on the pin sur-
face were estimatea to be about 35 percent higher
than those on the endwalls.
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4, Inclined pins had the same average heat
transfer coefficient as the pins that were perpen-
dicular to the endwalls, It was shown analytically
that increasing the pin surface area by inclining
the pins can be used to increase the effective heat
transfer. This increase was the greatest at the low
Reynolds numbers.

5. Short pin fin heat transfer coefficients
were significantly higher than those for a plain
channel with no pins.

6. An existing correlation for pin fin heat
transfer which contains terms to account for the
effect of pin length does not adequately represent
heat transfer data for short pins.
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TABLE I. - PIN FIN NOMINAL GEOMETRIES

-
| & (M| |7t
P 70.635 fa (2 [5 |4 lo Copper
W Io.sas 4 |2 |5 (4 |0 l\iood
R !o.sss 4 |2 |5 |4 |30 | Copper
s 0.3175 (2 |0.5]|5 |4 |0 Copper

TABLE IT. - PLAIN CHANNEL
NOMINAL GEOMETRIE

[Protting | L, N | W,
symbo 1 cm _cm cm
L 9.576 12.70 1.270
J M 2.409 3.17% 0.1588
[ . - .

(T) THERMOCOUPLE

(P) PRESSURE TAP
PIN FIN 1-1/2" TURBINE
TEST SECTION - FLOW METER ~

- SHUTOFF VALVE

T0 BUILDING

ATMOSPHERIC EXHAUSTERS

INET = b

'I L‘ 3" FLW
! (e =l “CouthoL VALVE *

/

| 2" TURBINE ,” Y 1/2" FLOW

; FLOW METER ~ CONTROL VALVE
“CONSTANT ACCELERATION
INLET

Figure 1. - Schematic of pin fin heat transfer rig,
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Figure 6, - Plain channel geomeiry,

LB
Sf {
&t L
L=
j - l.ff.u. = 0O Q
Vo= | \
(| -~
o | 8 O - LEAST SQUARES FIT
|
I , OF DATA
]| SN I S N S
5 10 15 20 5 30 3%

TE" PERATURE DIFFERENCE, Tw= Ty K

Figur: 7, - Typical heat loss calibration curve.
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Figure 8, - Plain channel data compared to modified duct
flow correlation,
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Figure 9, - Lomparison of short pin fin data with 10Ng pin
data and plain channel data,
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Figure 11. - Calculated increase in effective heat transfer coefficient
as a function of pin angle,
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Figure 12. - Comparison of pin fin heat transfer correlation
from ref. 14 with short pin fin data,
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