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Abstract

The e�ect of angled rib turbulators on the heat transfer of an orthogonally rotating square duct were

experimentally investigated. The Reynolds and rotation numbers were varied in 10,000±20,000 and 0±0.08,
respectively. The leading and trailing walls were rib-roughened with angles of 908 and 608. The results showed that
the rotation induced a peripheral variation of the heat transfer and the higher heat transfer was seen using the 608
angled rib; judging from the local heat transfer variation, the skewed secondary ¯ow induced by the angled rib
seemed to result in additional heat transfer enhancement. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

In the development of high performance gas tur-

bines, e�ective blade cooling is essential because the

higher e�ciency of the turbine requires a higher inlet

gas temperature. Generally, this blade cooling is per-

formed by ®lm cooling at the external surface of the

turbine blade and also by internal forced-convection

cooling which uses winding ¯ow passages inside the

turbine blade. In the internal forced-convection cool-

ing, the real phenomena are made very complicated by

external forces: the Coriolis force and the buoyancy

force in the centrifugal acceleration ®eld. In addition

to these external forces, the e�ects induced by a 1808
sharp turn and turbulence promoters (ribs) installed on

the internal surface result in phenomena that are far

from understood [1].

When the previous studies which conducted spatial

variation measurement of local heat transfer coef-

®cients in a rib-roughened duct are reviewed, it can be

seen that various techniques have been applied to the

measurement of local heat transfer: wall temperature

measurement using hundreds of thermocouples [2],

local mass transfer measurement using a naphthalene

sublimation technique [3], and wall temperature

measurement using temperature-sensitive liquid crystal

[4±6], although every study was for a stationary con-

dition. The number of previous experimental studies

which measured spatial variation of local heat transfer

coe�cients of a rotating rib-roughened duct is limited.

Moreover, as shown in Fig. 1, the relative direction

between the main ¯ow and the buoyancy force changes

depending on the radial ¯ow direction, and, therefore,

the heat transfer characteristics must also be a�ected
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by this radial ¯ow direction; however, there has been

no previous study which examined the e�ect of the

radial ¯ow direction with the same inlet condition for
both radially inward and outward ¯ows.

In previous numerical studies, several researchers
treated turbulent ¯ow in a rotating condition: a rotat-

ing smooth duct using the k±E two equation model or

the algebraic equation model [7] and a rotating rib-

roughened duct using the k±E two equation model [8].
Although the approach using the Reynolds average

turbulence models could reproduce the heat transfer of

the blade cooling to a certain extent, the turbulence

model itself includes empirical constants and functions
which have to be optimized depending on the ¯ow

®eld. As Launder et al. [9] pointed out, it should be

noted that in order to quantitatively simulate the ¯ow

in a rotating system, the second moment closure, that
is, the Reynolds stress equation model, is a minimum

requirement.

This research is a continuation of research on heat

transfer measurement by using thermocouples in var-

ious con®gurations: stationary smooth [10] and rib-
roughened [2] ducts with a 1808 sharp turn, rotating

smooth [11] and rib-roughened [12] ducts with a 1808
sharp turn, and a rotating smooth straight duct [13].

This study deals with the heat transfer of a rotating

rib-roughened square straight duct with rib angles of
908 and 608. The rib angle of 908 is chosen as a basic

con®guration, and that of 608 is chosen because it gave

the best heat transfer performance in the previous ex-

periments [2]. Comparing the results between smooth
and rib-roughened ducts, the e�ects of the rib installa-

tion and then the rib angle on the heat transfer are

examined. In addition, experiments are performed

changing the radial ¯ow direction in inward and out-

ward ¯ows in order to investigate the e�ect of the rela-
tive direction between the buoyancy force and the

main stream.

Nomenclature

de hydraulic diameter (=14 mm)
d+ dimensionless diameter of the tripping wire (=du�/n )
Gr Grashof number �� ro 2bd4e _q=�ln2��
h heat transfer coe�cient
Nu Nusselt number (=hde/l )
Pr Prandtl number

qÇ wall heat ¯ux
r mean rotation radius (=330 mm)
Ra Rayleigh number (=GrPr )

Re Reynolds number (=Umde/n )
Ro rotation number (=ode/Um)
Tw wall temperature
Tb bulk temperature

u� friction velocity
Um mean velocity
z streamwise coordinate

Greek symbols
b coe�cient of thermal expansion
f rib angle
l thermal conductivity

n kinematic viscosity
o angular velocity

Subscripts

L local value
m duct average
w wall
0±z averaged in region of z=0±z

7±8 averaged in region of z/de=7±8
1 fully developed
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2. Experiments

Fig. 2 shows a schematic of the experimental appar-

atus. First, the radially inward ¯ow con®guration will

be explained. Air sucked by using a turbo blower (1)

was conditioned by passing through an entrance sec-

tion consisting of a honeycomb, meshes, and a con-

traction in which the cross section changed from 44�
44 mm2 to 14� 14 mm2 in a length of 35 mm. The air

from the entrance section ¯owed into a test section (3)

with a uniform velocity pro®le. The uniform velocity

pro®le was chosen as an inlet condition in order to

maintain the same inlet condition for both radially

inward and outward ¯ows in a relatively short length

at the entrance section because the total length of the

¯ow passage was limited by a short mean rotating

radius, r=330 mm. At the end of the entrance section

(15 mm upstream from the location where heating was

started), tripping wires, of which diameter was 0.8 mm

or d+=66 for a Reynolds number of 20,000, were

installed normal to the duct axis on every four walls in

order to turbulate the relaminarized ¯ow because of

the accelerating ¯ow condition at the entrance contrac-

tion. The air exiting the test section turned its ¯ow

direction by 908 and was exhausted to a stationary pip-

ing system through a hollow rotating shaft and a

rotary seal. The ¯ow rate of air was measured by using

a laminar ¯owmeter (2) and a manometer (4). The test

section made of 5 mm thick Bakelite plates was a

straight duct with a square cross section. The heat

transfer surfaces consisted of a 200 mm thick plastic

sheet (an electrically conductive surface layer of 20 mm
in thickness) pasted on four inner surfaces. In order to

thermally insulate the test section, the outer surface of

the test section was covered by insulation materials. By

passing an electric current through the conductive

layer of the plastic sheet, a uniform heat ¯ux condition

was obtained. The wall temperatures were measured

by using K-type thermocouples with a diameter of

50 mm. After a steady condition was attained in both

the ¯ow and temperature ®elds, an electronic circuit on

the rotating system connected a selected thermocouple

line to a microcomputer (6) via a mercury slip ring (5).

The connected thermocouple line was switched as the

system rotated. At one measurement location, 50 data

points were measured and used to give an average

value. When the radially outward ¯ow was examined,

Fig. 1. E�ects of Coriolis and centrifugal forces on the ¯ow in

an orthogonally rotating duct.

Fig. 2. Experimental apparatus schematic.
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Fig. 3. Test section schematic.

Fig. 4. Location of thermocouples on the heating walls.
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the test section was installed reversely on the rotating
stage, and the turbo blower was used to blow in the

air.
Fig. 3 shows a schematic of the test section. The test

section with a square cross section is a ®ve times scale-

up model of a straight section of a cooling ¯ow
passage in a real gas turbine blade: the side length was
14 mm which was equal to a hydraulic diameter, de,

and the streamwise length was 140 mm. Turbulence
promoters (ribs) were installed symmetrically with a
streamwise pitch of de on the two opposite heating sur-

faces, that is, the leading and trailing surfaces. There
remained a small gap of 0.5 mm between the smooth
side wall and the rib edge in the rib installation. The
rib which was made of Bakelite had a square cross sec-

tion with side length of 1.4 mm which is equivalent to
116 when normalized by using an inner scale, n/u�, for
a Reynolds number of 20,000. This rib con®guration

of the rib height-to-hydraulic diameter ratio, 0.1, and
the rib pitch-to-hydraulic diameter ratio, 1.0, was
chosen to be within the previously observed optimal

values of the rib arrangement [14,15]. As shown in Fig.
4, the thermocouples were installed with a transverse
pitch of 3.5 mm (3) points) and a streamwise pitch of

3.5 mm on the leading and trailing walls; on the side
(right and left) walls, the thermocouples were installed
only at the transverse center with a streamwise pitch of
7.0 mm. The total number of the thermocouples used

for the wall temperature measurement was 252,
although the thermocouples located beneath the ribs
were excluded in the data analysis.

The experiments were performed with and without
rib installation and for radially inward and outward
¯ow con®gurations. The Reynolds number, Re, the ro-

tation number, Ro, and the Rayleigh number, Ra, are
de®ned as follows:

Re � Umde

v
, �1�

Ro � ode

Um

, �2�

Ra � ro 2bd4e _qPr

lv2
�� GrPr�: �3�

In this study, the Reynolds number de®ned by using
the mean velocity, Um, and the hydraulic diameter, de,

was varied in Re=10,000, 15,000, and 20,000, the ro-
tation number Ro=0±0.08, and the Rayleigh number
Ra=1.8 � 107±8.8 � 107; maximum values were

expressed with dimension as Um=22 m/s and a ro-
tation speed of 600 rpm.
The Nusselt number was calculated as follows:

Nu � hde

l
� _qde

l�Tw ÿ Tb� : �4�

The properties were calculated by using the ®lm tem-
peratures.
In order to estimate the heat loss from the outer sur-

face of the test section, the outer surface temperatures
were measured at the transverse center by using ther-
mocouples installed with a streamwise pitch of 21 mm

(7 points) on the outer surface of each wall. Using the
outer surface temperatures and the interpolated heat-
transfer-surface temperature corresponding to the
outer surface measurement location, the estimated heat

loss was calculated with the assumption of one-dimen-
sional heat conduction in the test section wall. This
heat loss was less than 5% of the heat input for the

case of Re=20,000. The averaged Nusselt number was
calculated by using the integral average temperature
di�erence on the surface area in question. The Nusselt

number in the ®gure of this study was normalized by
using the following values for the fully developed tur-
bulent pipe ¯ow [16]:

Nu1 � 0:022Re0:8Pr0:5: �5�

The measurement uncertainty [17] was estimated for
the representative value of Nu/Nu1=2 to have about

25% with a con®dence level of 95%.

3. Results and discussion

3.1. Case of a smooth duct (without ribs)

Fig. 5 shows the streamwise variation of the trans-
versely averaged Nusselt number, Nuw, of the inward
¯ow case. The horizontal axis is a dimensionless

Fig. 5. Streamwise variation of transversely averaged Nusselt

number (inward ¯ow, Re=15,000, Ro=0.052 (600 rpm),

Ra=8.8�107).
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streamwise location, z/de, and the broken line in the

®gure shows the peripherally averaged Nusselt number

of the stationary case. When the plotted data are com-

pared with the stationary result of the broken line in

the downstream region, the Nusselt numbers on the

leading and trailing walls show higher and lower

values, respectively. This heat transfer variation is con-

sidered to be caused by the Coriolis induced secondary

¯ow which makes the boundary layer on the pressure

(leading) side thinner and therefore the Nusselt number

higher [13]. On the other hand, the boundary layer on

the suction (trailing) side becomes thicker and there-

fore the Nusselt number lower. In the case of the

radially outward ¯ow, the direction of the Coriolis

force is reversed; therefore, the behavior of the Nusselt

numbers on the leading and trailing walls was reversed

(not shown here).

Fig. 6 shows the streamwise variation of the Nusselt

number averaged in both peripheral and streamwise

directions from the entrance to the streamwise lo-

cation, z. In the ®gure, the solid and broken lines are

for Nu0±z of the stationary case and the empirical

value of the ¯uid-dynamically and thermally develop-

ing turbulent pipe ¯ow [18], respectively. For both

stationary and rotating cases, Nu0±z of this study is

higher than the empirical value shown as `Kays &

Crawford' in the ®gure because the tripping wires

introduce turbulence into the ¯ow at the entrance.

However, in the downstream region, the tendency to

approach the empirical value is seen. In the rotating

case, Nu0±z shows almost the same value as that of the

stationary case, and the di�erence in Nu0±z between

the radially inward and outward ¯ow cases is only 3%.

When the Nusselt number results are examined in the

local value, the Nusselt number gives higher and lower

values on the pressure and suction surfaces, respect-

ively. However, the peripherally averaged value does

not show a discernible di�erence from the stationary
case, because the peripheral variation in the local value
compensates for each other. In the present exper-

iments, the radial ¯ow direction did not give a discern-
ible di�erence in Nu0±z (see also Fig. 13 in section 3.4.)
possibly because of the following two reasons: the

developing ¯ow condition and the relatively small
value of the Rayleigh number (Gr/Re 2 < 0.55), which
was limited by the highest attainable temperature of

the conductive plastic sheet (about 1208). Therefore, in
the following sections, the results of the radially
inward ¯ow case will mainly be discussed unless other-
wise noted.

3.2. Case of a 908 rib-roughened duct

Fig. 7 shows the streamwise variation of the local

Fig. 6. Comparison of ¯ow direction in streamwise variation

of Nusselt number averaged in both peripheral and stream-

wise directions from the entrance to z (Re=15,000, Ro=0.052

(600 rpm), Ra=8.8� 107).

Fig. 7. Streamwise variation of local Nusselt number for 908
rib duct (q: leading, w: trailing, r: right, t: left).

Fig. 8. Peripheral variation of local Nusselt number

(Re=20,000, black and white symbols are for 908 rib and

smooth ducts, respectively; *w: stationary, Tt: Ro=0.026

(400 rpm), Ra=5.1�107, z/de=8.5).
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Nusselt number, NuL, for the 908 rib con®guration.

The dotted line in the ®gure shows the peripherally

averaged value of a rotating smooth duct. For the

leading and trailing walls, only the value at the trans-

verse center is shown. When the ribs are installed, the

heat transfer on all four walls is enhanced as compared

to the smooth duct case. On the rib-roughened leading

and trailing walls, NuL gives locally maximum values

between the consecutive ribs and shows streamwise

periodicity. Between the consecutive ribs, the ¯ow sep-

aration and its reattachment induced by the upstream

rib result in a locally maximum Nusselt number and

also a�ect the heat transfer on the side (right and left)

walls [5]. When the Nusselt number on the leading and

trailing walls are compared, the pressure (leading) sur-

face gives the higher NuL; this is similar to the smooth

duct case.

Fig. 8 shows the peripheral variation of the local

Nusselt number, NuL, at the downstream location of z/

de=8.5. The result of the rib-roughened case gives a

higher value than that of the smooth duct. For the rib-

roughened case, NuL at the transverse center is lower
than at the other two locations on the leading and
trailing walls; for the smooth duct case, however, this
tendency is only slightly observed on the trailing sur-

face. As seen in the smooth duct case, due to the e�ect
of the Coriolis force for the rotating case, NuL on the
pressure and suction surfaces increases and decreases,

respectively. On the right and left walls, the NuL also
increases because of the rotation.

3.3. Case of a 608 angled rib-roughened duct

Fig. 9 shows the streamwise variation of the local
Nusselt number at the transverse center of leading and
trailing walls. In the stationary case of Fig. 9(a), the

608 rib-roughened duct gives a local maximum value at
the mid-point between the consecutive ribs and this
situation repeats in the streamwise direction. NuL of

Fig. 10. Variation of local Nusselt number between two con-

secutive ribs at z/de=7±8 (black and white symbols are for

leading and trailing walls, respectively; Qq: left side, *w:

center, Rr: right side).

Fig. 9. Streamwise variation of local Nusselt number at trans-

verse center (q: 608 leading, w: 608 trailing, r: 908 leading,

t: 908 trailing).
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the 608 rib-roughened duct is larger than that of the

908 rib-roughened duct. In the stationary 908 rib case,

the periodicity becomes steady at around z/de=2±3; on

the other hand, in the stationary 608 rib case, NuL
gradually increases in the streamwise direction. This

gradual change can be due to an additional secondary
¯ow induced by the angled rib along which the velocity

component is induced [4]. As shown in Fig. 9(b), the

higher value on the pressure (leading) surface than the

suction (trailing) surface is the same as the situation of

the smooth duct and the 908 rib-roughened duct.

When the duct rotates, the ¯ow development behavior

becomes more complicated because of two factors
which induce the secondary ¯ow: the angled rib and

the Coriolis force.

Fig. 10 shows the variation of the local Nusselt
number on the leading and trailing walls between two

consecutive ribs at z/de=7±8. It should be noted that

in the schematic drawing of the ®gure the rib angle

seems larger because the horizontal and vertical scales

are not matched in the drawing. In the stationary case

of Fig. 10(a), NuL of the right side is the largest and
followed by that of the center and then the left side.

When compared between these data at three di�erent

transverse locations, the location of the local maximum

moves to a downstream location and can be listed

starting from the upstream location in the same order

as the above-mentioned level of NuL: the right side,

the center, and the left side. The ¯uid near the rib-
roughened wall tends to ¯ow along the angled rib

direction, and, therefore, the rib-angle induced ¯ow

component must appear. The left side corresponds to

the downstream location from the viewpoint of this

rib-angle induced secondary ¯ow; thus, NuL of the left

side becomes the smallest in Fig. 10(a) [4]. In the rotat-
ing case of Fig. 10(b), due to the Coriolis induced sec-

ondary ¯ow, NuL on the leading and trailing walls

increases and decreases, respectively; however, the

qualitative tendency is similar to that of the stationary
case.

3.4. Comparison in wall-averaged and duct-averaged

values

Fig. 11 shows the relation between the wall-averaged

Nusselt number, Nuwm, and the rotation number, Ro.
Here, Nuwm is averaged on each wall in both trans-
verse and streamwise directions from the entrance to
the exit of the test section. According to the increase in

Ro, Nuwm on the leading and trailing walls increases
and decreases, respectively, as a consequence of the
similar tendency seen in the local Nusselt numbers.

Fig. 12 shows the result of the wall-averaged Nusselt
number, Nuw7±8, at the downstream region of z/de=7±

Fig. 11. E�ects of rib angle and Coriolis force on wall-aver-

aged Nusselt numbers (black and white symbols are for 908
and 608 cases, respectively; Qq: leading, *w: right, Rr:

trailing, Tt: left).

Fig. 12. E�ects of rib angle and Coriolis force on wall-aver-

aged Nusselt numbers at downstream region, z/de=7±8 (sym-

bols, wQq: leading and tRr: trailing, are for smooth, 908
rib, and 608 rib cases of Re=10,000, respectively; for

Re=20,000, only lines are drawn with the same line type as

that of Re=10,000).

Fig. 13. E�ect of rotation, rib angle, and radial ¯ow direction

on overall Nusselt number.
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8. In the ®gure, the plotted symbols with lines are for
Re=10,000, and the lines alone are drawn in the

region of RoE0.04 for Re=20,000. This average in the
region of z/de=7±8 aims at the approximately devel-
oped value, and the results are almost similar to that

of Fig. 11. The heat transfer enhancement is larger for
the lower Reynolds number case (Re=10,000).
Fig. 13 shows the relation between the duct-averaged

Nusselt number, Num, and the rotation number, Ro,
for Re=20,000. When the duct-averaged Nusselt num-
bers are compared among the rib con®gurations exam-

ined, Num becomes larger in the following descending
order: the 608 angled rib-roughened duct, the 908 rib-
roughened duct, and the smooth duct; the normalized
values by Nu1 for the stationary case are 1.9, 1.7, and

1.2, respectively. As explained above, in addition to
the e�ect of the ¯ow separation and its reattachment
between the ribs seen in the 908 rib case, the 608 rib

case is also a�ected by the additional secondary ¯ow
induced by the angled rib. The e�ect of the radial ¯ow
direction on the duct-averaged heat transfer is not seen

in either Re=10,000 (not shown here) or 20,000. In
Fig. 13, Num slightly increases in the larger rotation
number range, although it stays almost constant in the

rest of the range.

4. Conclusion

When the duct rotated, the secondary ¯ow induced

by the Coriolis force a�ected the heat transfer which
increased and decreased on the pressure and suction
surfaces, respectively. Consequently, the peripheral

variation of the heat transfer became larger.
Installation of the 908 rib on the opposite leading and
trailing walls enhanced the heat transfer and the local
Nusselt number showed a streamwise periodic pro®le

which had a local maximum between the consecutive
ribs. The 608 angled rib case resulted in further
enhancement of the heat transfer as compared to the

908 rib case. Judging from the local Nusselt number
pro®le, the additional secondary ¯ow induced by the
angled rib seemed to contribute to this enhancement.

Within the present experimental conditions, the
e�ect of the radial ¯ow direction on the duct-averaged
heat transfer was not observed because of the low
Rayleigh number. The e�ect of the rotation number

on the duct-averaged heat transfer was also very small
with a slight increase in the higher rotation number
range because the Coriolis induced di�erence of heat

transfer in the opposite leading and trailing walls com-
pensated for each other to give an almost constant
duct-averaged Nusselt number irrespective of the ro-

tation number change. On the contrary, the e�ect of
the rib installation on the heat transfer was very large.
In particular, the angled rib gave the best heat transfer

performance among the con®gurations examined in
this study.

Considering the enhanced heat transfer of the angled
rib and the possible further control of heat transfer by
changing the rib angle and height, the angled rib con-

®guration seems to be prospective in the forced-con-
vection cooling of gas-turbine blades.
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