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Nomenclature

nondimensional pressure-drop coefficient

duct hydraulic diameter, m

mass diffusion coefficient of naphthalene vapor in air,
m? . s7!

rib height, m

friction factor

friction factor of a fully developed turbulent flow in a
smooth pipe

passage height, m

mass transfer coefficient, m - s~
reference pressure

local pressure

rib-to-rib pitch

Reynolds number, Dju, /v
rotation number, D, 2 /u,
Schmidt number of naphthalene in air

Sherwood number, 4,,D,/ D pypn

Sherwood number of a fully developed turbulent flow
in a smooth pipe, 0.023Re%8 504

= regional-averaged Sherwood number

mean flow velocity, m - s~!

= width of the passage, m

rib width, m

streamwise distance from the rotating axis

lateral distance from the center of the channel
distance from the center toward the vertical direction
thermal performance

kinematic viscosity

density of the fluid

= angular velocity
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1. Introduction

N THIS Technical Note, we will experimentally investigate
pressure-drop characteristics in coolant passages of a rotating gas
turbine blade. The internal cooling passages usually have angled-rib
turbulators installed. It results in significant enhancement of heat
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transfer in coolant passages. Consequently, many groups [1-6] dealt
with heat transfer, fluid flow, and pressure-drop characteristics in the
case of stationary ducts with angled ribs (or, mostly, heat transfer
characteristics in rotating ducts). However, to design the internal
cooling passages of gas turbine blades, the pressure drop and thermal
performance should be examined under rotating conditions.
Therefore, the objective of this Note is to illustrate the pressure
coefficient distributions in the ducts with various rotation numbers
and rib arrangements. The pressure coefficients in the present study
and the mass transfer coefficients in the previous studies [7,8] induce
thermal performance that should be considered in the design of an
internal passage.

II. Experimental Apparatus and Procedures
A. Rotating Facility and Test Section

The experimental apparatus and procedure are the same as those
described in Kim et al. [7,8]. Present experiments are conducted with
afixed Reynolds number of 10,000 and three rotation numbers of 0.0,
0.1, and 0.2. In the test, the rotation number of 0.2 corresponds to
approximately 420 rpm.

The schematics of the test ducts with smooth, cross-ribbed, and
parallel-ribbed walls are shown in Fig. 1. The present experimental
apparatus has the duct aspect ratio W/H of 0.5 (20 mm/40 mm), the
hydraulic diameter of 26.67 mm, and the ratio of divider wall
thickness to the hydraulic diameter of 0.375. As shown in Fig. 1a, the
streamwise, lateral, and vertical direction corresponds to the x, y, and
zaxes, respectively. The rib turbulators installed in the duct have arib
angle-of-attack of 70 deg with respect to the main duct flow direction
and are attached to the leading and trailing surfaces in cross- (Fig. 1b)
and parallel-rib (Fig. 1c) arrangements. The rib cross section is
2 mm (e) x 3 mm (w) and the rib-to-rib pitch p is 7.5 times of the rib
height e. Pressure taps with a hole diameter of 0.8 mm are drilled at
each centerline on the side, leading, and trailing surfaces to measure
the pressure coefficients through the channel, as shown in Fig. 2. A
pressure sensor unit (miniature electronic pressure scanners
consisting of an array of silicon piezoresistive pressure sensors) is
used to measure the pressure differences between each tap and the
reference tap at x = —12.37 on the side wall in the first pass.

B. Data Reduction

The local pressure coefficients on the leading and trailing surfaces
are nondimensionalized by normalizing with the velocity and density
of the main flow as

C

, = (P, (C)]

)2 - Pref)/[(l/z)pul%]
The regional pressure drop is obtained from the slope calculated
by a linear curve-fitting of the local pressure-difference data on the
side wall in each region (the first pass is —12.37 < x/D,, < —2.25,
the turning region is —2.25 < x/D,, < 2.25, the upstream part of the
second pass is 2.25 < x/D,, < 5.62, and the downstream part of the
second pass is 5.62 < x/D, < 12.37) of the channel AP/AL in
which the static pressure decreases linearly. The friction factor is
calculated with the average pressure drop on the side wall as

f=AP/[4(AL/D))(1/2)puz] (@)
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b) Cross-ribbed duct

c) Parallel-ribbed duct

Fig. 1 Geometry of the ducts.
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Fig. 2 Location of pressure taps (e.g., cross-ribbed duct).

The uncertainty of the friction factor is estimated to be within
+4.7% at a 95% confidence level by using the uncertainty estimation
method of Kline and McClintock [9]. The pressure-drop results are
presented as the friction factor ratios f/f,,, where f, represents the
friction factor for a fully developed turbulent flow in a stationary
smooth circular tube. The empirical equation that closely fits the
Kérman—Nikuradse equation proposed by Petukhov [10] is
employed, as f, = 2(2.236 [n Re —4.639)72.

The thermal performance 1, obtained by considering both the heat/
mass transfer augmentation and the friction loss, is presented based
on the constant-pumping-power condition and it is expressed as the
following equation:

n= (E/S}lo)/(f/fo)]/3 3)

where Sh/Shy is the regional-averaged Sherwood number ratio for
each region. These heat/mass transfer data are obtained by the
experimental results of Kim et al. [7,8].

III. Results and Discussion

Figure 3 presents the local pressure coefficient distributions at
each location on the leading and trailing surfaces of the smooth,
cross-ribbed, and parallel-ribbed ducts. With the increment of the
rotation number, the local pressure coefficients in the smooth case
increase on the trailing surface of the first pass, but decrease on the
leading surface of the first pass and on the trailing surface of the
second pass. In particular, the values are not changed on the leading
surface of the second pass. As reported by Kim et al. [7], it is because
the separation bubble induced by duct curvature disappears quickly
in the second pass of the smooth duct with the increment of the
rotation number. In the cross-ribbed case, the pressure coefficients
also increase on the trailing surface of the first pass and on the leading
surface of the second pass. However, the values decrease on the
leading surface of the first pass and on the trailing surface of the
second pass. This is because the separation bubble soon disappears
after the turning region. In the parallel-ribbed case, the pressure
coefficients increase on the trailing surface of the first pass and on the
leading surface of the second pass. However, the values decrease on
the leading surface of the first pass and are almost the same on the
trailing surface of the second pass. The reason for having similar
values is that the rotating direction of the secondary flow by the
angled ribs is different from that of both the duct rotation and turning
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Fig. 3 Pressure coefficient distributions at various rotation numbers.

region. Therefore, the secondary flow becomes much weaker near
the trailing surface of the second pass.

For each duct, although the slope of the pressure coefficients is
dissimilar due to the different number of vortices produced by the
angled ribs, the spacing in pressure between the leading and trailing
surfaces are constant under the same rotation-number condition. It is
noted that the effects of the Coriolis force are significant compared
with both the inertia of the relative motion and viscous action, and the
difference of pressure by the Coriolis force is also a function of flow
velocity and angular velocity, as mentioned by Tritton [11].
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Fig. 4 Mean Sherwood number on leading (+) and trailing (x) surfaces
and friction factor ratios at each region.

Figure 4 displays the regional-averaged values of the Sherwood
numbers obtained by Kim et al. [7,8] and the results of the pressure-
drop experiments in the form of the friction factor ratios f/ f,, for the
stationary (Ro =0.0) and rotating (Ro=0.2) cases at
Re =10, 000.

As shown in the left side of Fig. 4a (stationary ducts), the regional-
averaged Sherwood number ratios Si/Sh, on the leading (+) and
trailing (x) surfaces are almost the same in the first pass of all ducts,
but are dissimilar after the turning region in only cross-ribbed ducts,
because of asymmetric secondary flow induced by the cross-ribbed
arrangement in the first pass. In all tested ducts, the highest values
appear in the parallel-ribbed case, due to the strong secondary flow.
In each region of the smooth duct, the heat/mass transfer is the
highest in the turning region and then the value decreases gradually
after the turning region. In the ribbed ducts, however, the Sherwood
number ratios are high in all of the regions, because the heat/mass
transfer is enhanced by the angled-rib turbulators as well as the duct
turning.

In the rotating cases (Fig. 4b), the mean values have a large
discrepancy between the leading and trailing surfaces due to the
Coriolis force. In general, the values in the first pass are higher on the
trailing surface in the case of outward flow, but reverse in the second
pass in the case of inward flow. The mean values in the two ribbed
ducts are the highest in the upstream part of the second pass, butin the
turning region in only the smooth duct. This is because the secondary
flow is additionally strengthened by the angled-rib turbulators.

The right side of Fig. 4 depicts friction losses in each region for the
different rib arrangements. In the stationary cases (Fig. 4a), the
highest friction loss appears in the parallel-ribbed duct among all of
the ducts and in the turning region among all of the regions, due to the
strong vortices by rib turbulators and the turning region. In the
rotating cases (Fig. 4b), except the case with the smooth walls, the
highest friction loss appears in the upstream part of the second pass.
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Fig. 5 Thermal performance at each region.

®
€]
®

The reason is that one large asymmetric secondary flow generated
after the turning region is disturbed by the angled-rib turbulators, as
mentioned by Kim et al. [7,8]. Furthermore, the friction factor is the
highest in the parallel-ribbed duct because the parallel-rib
arrangement generates strong secondary flow and many vortices.

Figure 5 shows thermal performance in each region with the
smooth, cross-ribbed, and parallel-ribbed walls in the stationary and
rotating cases. It is estimated under the constant-pumping-power
condition, as presented in Eq. (3). In the stationary cases (Fig. 5a), the
thermal performance is the lowest in the turning region of two ribbed
ducts, but in the first pass of only the smooth duct. For the rib
arrangements, the thermal performance with the cross ribs and
parallel ribs is about 1.5 and 1.7 times higher than that with the
smooth walls in the first pass and the downstream part of the second
pass, respectively. However, two ribbed cases are almost the same in
the turning region and the upstream part of the second pass, because
the duct turning affects the dominant force in these regions.

In the rotating cases (Figs. 5b and 5¢), in both ribbed ducts, the
lowest value appears in the upstream part of the second pass. The
values are all higher and less similar in all of the regions except the
downstream region of the second pass. It is noted that the difference
of the thermal performance is not great for the rib arrangements in the
rotating duct, even though the heat/mass transfer and pressure drop
have the differences in the local region. In the downstream part of the
second pass, the thermal performance in the cross-ribbed case is low,
because the high friction loss by the turning region is maintained
until the downstream part of the second pass.

IV. Conclusions

In the present study, the pressure drop and thermal performance
characteristics of the internal cooling passages with various rotation
numbers (Ro = 0.0, 0.1 and 0.2) and rib arrangements with a rib
angle-of-attack of 70 deg at Re = 10, 000 were investigated. From
the experimental results, the following conclusions were drawn.

As the rotation number increased, in general, the pressure
coefficients increased on the trailing surface of the first pass and on
the leading surface of the second pass. In contrary, the values
decreased on the leading surface of the first pass. However, on the
trailing surface of the second pass, the pressure coefficient decreased
only in the cross-ribbed duct, but stayed constant in the smooth and
parallel-ribbed ducts, because of the different separation bubble or
the secondary flow induced by the rib turbulators, duct rotation, and
turning region. At the same rotation number, the difference in
pressure between the leading and trailing surfaces was constant. The
highest friction loss among all of the regions appeared in the turning
region of the stationary ducts and only the rotating duct with the
smooth walls, but appeared in the upstream part of the second pass of
the rotating ribbed ducts. For the cross- and parallel-rib
arrangements, the heat/mass transfer and pressure drop were
different locally. However, the differences of the thermal
performance were not significant for the rib arrangements in the
rotating cases and the values were higher than those in the smooth
case.
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