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The effect of channel orientation and rib pitch-to-height ratio on the pressure drop distribution in a rib-roughened channel is
an important issue in turbine blade cooling. The present investigation is a study of the overall pressure drop distribution in a
square cross-sectioned channel, with rib turbulators, rotating about an axis normal to the free stream. The ribs are configured in
a symmetric arrangement on two opposite surfaces with a rib angle of 90◦ to the mainstream flow. The study has been conducted
for three Reynolds numbers, namely, 13 000, 17 000, and 22 000 with the rotation number varying from 0–0.38. Experiments have
been carried out for various rib pitch-to-height ratios (P/e) with a constant rib height-to-hydraulic diameter ratio (e/D) of 0.1. The
test section in which the ribs are placed on the leading and trailing surfaces is considered as the base case (orientation angle = 0◦,
Coriolis force vector normal to the ribbed surfaces). The channel is turned about its axis in steps of 15◦ to vary the orientation
angle from 0◦ to 90◦. The overall pressure drop does not change considerably under conditions of rotation for the base case.
However, for the other cases tested, it is observed that the overall pressure drop increases with an increase in the rotation number
for a given orientation angle and also increases with an increase in the orientation angle for a given rotation number. This change is
attributed to the variation in the separation zone downstream of the ribs due to the presence of the Coriolis force—local pressure
drop data is presented which supports this idea. At an orientation angle of 90◦ (ribs on the top and bottom surfaces, Coriolis force
vector normal to the smooth surfaces), the overall pressure drop is observed to be maximum during rotation. The overall pressure
drop for a case with a rib pitch-to-height ratio of 5 on both surfaces is found to be the highest among all the rib pitch-to-height
ratios covered in this study with the maximum increase in the overall pressure drop being as high as five times the corresponding
no-rotation case at the highest rotation number of 0.38 and 90◦ orientation angle.
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1. INTRODUCTION

Convection cooling is one of the cooling mechanisms em-
ployed in advanced gas turbine designs in order to in-
crease inlet pressures and temperatures so as to achieve high
thrust/weight ratios and low specific fuel consumption. Heat

This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

transfer enhancement is required on the pressure and suc-
tion surfaces of the cooling passages in order to transfer more
heat from airfoil external surfaces which are directly exposed
to the hot gas flow. Turbulence promoters (i.e., repeated ribs
with an appropriate rib angle) are often cast onto the two
opposite surfaces of the internal passages experiencing the
hot mainstream gases for heat transfer enhancement. A typ-
ical cooling passage can be modeled as a straight or a mul-
tipass square channel with two opposite rib-roughened sur-
faces.
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Geometric parameters such as rib height-to-hydraulic di-
ameter ratio (e/D), rib pitch-to-height ratio (P/e), the rib
angle, the manner in which the ribs on opposite walls are
positioned relative to one another (in-line, staggered, criss-
cross, etc.) have pronounced effects on both the pressure
drop and heat transfer characteristics. Some of these effects
have been studied by several investigators. Han et al. [1] stud-
ied the effect of rib pitch-to-height ratios (10 and 20) for rib
angles of 30◦, 45◦, 60◦, and 90◦ on the pressure drop and
the heat transfer distribution in a square duct. They reported
that the maximum pressure drops are observed at a rib pitch-
to-height ratio of 10 for all rib angles. However, for a rib
pitch-to-height ratio of 10, the maximum pressure drop is
seen for a rib angle of 60◦. Okamoto et al. [2] reported de-
tailed velocity and turbulence intensity measurements over
repeated two-dimensional square 90◦ ribs. They observed
that a rib pitch-to-height ratio of 9 is optimum for a highest
turbulence intensity and pressure loss. Therefore, a rib pitch-
to-height ratio of 10 is often the choice for obtaining high
heat transfer coefficients. Three-dimensional velocity mea-
surements of periodic fully developed main and secondary
flows in a rectangular channel with rib-roughened surfaces
on two opposite sides with an in-line arrangement for a rib
pitch-to-height ratio of 10 and a rib height-to-hydraulic di-
ameter ratio of 0.133 were carried out by Liou et al. [3]. They
found that the dividing streamline separated the core flow
from the main recirculating flow behind the rib and reat-
tached onto the wall at a distance of 3.5 times the rib height.
Maximum shear stress and turbulent kinetic energy values
were reported to occur slightly upstream of the reattachment
point (0.6e).

Han and Zhang [4] investigated the combined effects of
flow channel aspect ratio, the rib angle, the rib height, and
the sharp 180◦ bend on the distributions of the local pres-
sure drop in a stationary three-pass channel. They reported
that a rib angle of 60◦ yields the highest pressure drop. Taslim
and Wadsworth [5] studied the effect of three rib height-to-
hydraulic diameter ratios of 0.133, 0.167, and 0.25 for rib
pitch-to-height ratios of 5, 8.5, and 10 in a 90◦ ribbed square
channel on the rib heat transfer distribution. A rib pitch-to-
height ratio of 8.5 consistently produced the highest rib av-
erage heat transfer coefficients.

Rothe and Johnston [6] studied the turbulent sepa-
rated flow downstream of a backward-facing step in a two-
dimensional channel rotating about an axis normal to the
free-stream direction. They observed that the free shear layer
is stabilized on the suction surface and destabilized on the
pressure surface. On the pressure (destablized) surface, in-
creased entrainment tends to increase streamline curvature
and reduce the reattachment distance, whereas the reattach-
ment distance increases on the suction surface. This would
suggest that the pressure drop characteristics could be differ-
ent for situations where orthogonal rotation is present. John-
son et al. [7] reported that gas turbine blade internal coolant
passages are often oriented at angles that are as large as±50◦–
60◦ to the axis of rotation with the angle varying widely be-
tween the mid-chord, leading, and trailing edge regions of
the rotating airfoil. The influences of channel orientation
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Figure 1: Experimental set-up.

on the local heat transfer coefficient in a rotating two-pass
square channel with 60◦ and 90◦ ribs on the leading and trail-
ing surfaces were investigated by Parsons et al. [8]. The rib
height-to-hydraulic diameter ratio of 0.125 and the rib pitch-
to-height ratio of 10 were maintained constant. They ob-
served that the effects of the Coriolis force and cross-stream
flow reduced as the channel orientation changed from 0◦ to
45◦. Dutta and Han [9] studied heat transfer in a two-pass
square channel with rib-roughened surfaces. The ribs were
placed in a staggered half-V fashion and experiments were
conducted for three orientation angles namely 0◦, 45◦, and
90◦. They found that staggered half-V ribs show a higher heat
transfer coefficient compared to continuous ribs for both 60◦

and 90◦ ribs under conditions of rotation.
The literature survey presented above indicates that pres-

sure drop data is not available for varying rib pitch-to-height
ratios in the presence of rotation and varying channel orien-
tations. The reported influence of rotation on the separation
zone behind a backward facing step suggests that there could
be significant differences between the stationary and rotat-
ing configurations on the pressure drop in rotating channels
with ribs provided for heat transfer enhancement. The objec-
tive of this paper is to study the effect of the channel orien-
tation angle and the rib pitch-to-height ratio on the overall
pressure drop under conditions of rotation in the presence of
ribs on two opposite surfaces. Limited data on the local pres-
sure drop distribution in between the ribs is also presented
which aids in explaining the overall pressure drop behaviour.

2. EXPERIMENTAL SET-UP

A schematic diagram of the experimental set-up is shown
in Figure 1. Water is used as the working fluid and a large
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Table 1: List of configurations tested.

Case Rib angle
P/e ratio of the ribs
on the leading surface

P/e ratio of the ribs
on the trailing surface

P/e = 3, 3 90◦ 3 3

P/e = 5, 5 90◦ 5 5

P/e = 10, 10 90◦ 10 10

P/e = 10, 5 90◦ 10 5

P/e = 10, 8 90◦ 10 8

P/e = 15, 5 90◦ 15 5

P/e = 10, 10 45◦ 10 10

rectangular tank of about 2 000-litre capacity is used as a
reservoir to store water. The tank is placed nearly two me-
ters above the ground level and water is continuously sup-
plied to the tank by a pump from the main supply line. An
overflow line connected at the top of the tank ensures a con-
stant level and therefore constant flow rate to the test section.
A siphon line from the tank supplies water to the test section
through a gate valve, rotameter, and rotor seal. The gate valve
upstream of the rotameter is used to set the experimental
Reynolds number. An accurately calibrated orifice meter in
the line is also used for flowmetering and measurements are
almost identical with that of the rotameter. A commercially
available rotor seal enables the transfer of water from station-
ary piping to the rotating test section. A galvanized iron pipe
screwed on to the top of the seal has a pulley fit on it by fric-
tion which is rotated by a one HP DC motor through a belt-
driven pulley and supplies water to the test section through a
sufficiently long pipe in order to ensure fully developed flow.

The test section is 0.9 m long with a 0.03 m × 0.03 m
cross section and is fabricated by chemically bonding ma-
chined Plexiglas surfaces. Plexiglas ribs of 0.03 m length with
a 0.003× 0.003 m cross section are glued periodically on the
leading and trailing surfaces over a length of 0.35 m in the
middle of the test section. The ribs on the two surfaces are
symmetric with respect to each other. The rib pitch-to-height
ratio (P/e) is varied for a constant rib height-to-hydraulic
diameter ratio (e/D) of 0.1 for two rib angles of 90◦ and
45◦. The details of the various configurations studied are pre-
sented in Table 1 shown for the base case.

Orientation angle is the angle obtained by turning the
channel about its axis with reference to the base case.
Figure 2a shows the definition of the orientation angle. The
test section in which the ribs are placed on the leading and
trailing surfaces is the base case (orientation angle = 0◦).
The direction of the Coriolis force is normal to the leading
and trailing surfaces (ribbed walls) and parallel to the top
and bottom surfaces for the base case. The Coriolis force is
normal to the smooth surfaces and the ribbed walls are the
top and bottom surfaces for a channel orientation angle of
90◦. The channel is turned about its axis in steps of 15◦ to
obtain the experimental data.

The pressure drop in the rotating test section is measured
by a stationary U-tube differential manometer with carbon-
tetrachloride as the manometer fluid. The pressure transfer

between the taps on the rotating test section and the station-
ary manometer was achieved through a specially fabricated
pressure transfer device using two commercially available ro-
tor seals. The body force due to the centrifugal force acts both
on the fluid within the test section and the manometric limb
which is taken from the location of measurement to the axis
of rotation. Hence, the measured pressure drop does not in-
clude the variation of static pressure due to the difference in
the centrifugal force at the two pressure taps. The pressure
transfer device was checked for fluid intercommunication
between two rotor seals using water at pressures far exceed-
ing those encountered in the present study. Interchanging the
connections to the manometer for pressure measurement in
the presence of rotation showed no change indicating no bias
between the channels of the pressure transfer mechanism.
Nonrotating data was also obtained without the device and
an accurate match between these measurements and those
with the device in the absence of rotation ensured proper
working of the device.

The overall mean pressure drop is defined as the cal-
culated difference between the arithmetic average values of
pressure drop on all four surfaces (trailing surface, leading
surface, top surface, and bottom surface) at the channel en-
trance and the channel exit of the test section. The result-
ing average like this or by physically interconnecting the four
pressure taps at a given location and then measuring the pres-
sure drop was found to be identical. The overall mean pres-
sure drop is used to calculate the average friction factor given
by

f =
P2 − P1

(1/2)ρV 2
(

4(L/D)
) . (1)

P1 and P2 are the static pressures measured at a distance of 1D
upstream of the first rib and 1D downstream of the last rib,
respectively, as shown in Figure 2b. The distance “L” in the
above equation is the distance between the first and the last
tap which is 0.41 m in length. The maximum uncertainty in
the average friction factor is about 6% by the uncertainty es-
timation method of Kline and McClintock [10] at a 95% con-
fidence level. The average friction factor is normalized by the
friction factor for fully developed turbulent flow in smooth
circular tubes proposed by Blasius ( f (FD) = 0.046 Re−0.2 for
10 000 ≤ Re ≤ 100 000).
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Figure 2: (a) Three-dimensional sketch of the test section along with the definition of orientation angle. (b) Sketch showing the static
pressure tap locations.

The locations of the pressure taps for the local pressure
drop measurements are shown in Figure 2b. Three pressure
taps are located at each axial location of x/e = 2.5, 5, and 7.5
for spanwise locations of y/e = 2.5, 5, and 7.5. These mea-
surements are carried out only for a rib pitch-to-height ratio
of 10 and only one wall of the test section had ribs on it. The
data is presented as a nondimensional pressure using

CP =
Plocal − Pref

(1/2)ρV 2
. (2)

Plocal is the local pressure at a given location identified by x/e
and y/e and Pref is the reference pressure (arbitrarily chosen
to be the pressure at x/e = 2.5 for a given y/e).

3. RESULTS AND DISCUSSIONS

3.1. Friction factor ratio distribution in a stationary
channel for a rib angle of 90◦

Water is used as the working medium since very high rotation
numbers can be simulated at low rotational speeds. However,
the effects of buoyancy cannot be studied. Therefore, in the
present case, the friction factor ratio is a function of Reynolds
number and rotation number only. Figure 3 shows the fric-
tion factor ratio variations for a 90◦ ribbed channel with a
rib height-to-hydraulic diameter ratio of 0.1, and all the rib
pitch-to-height ratios (P/e) listed in Table 1 are not included
in the figure for the sake of clarity. Experiments were con-
ducted for three Reynolds numbers namely 13 000, 17 000,
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Figure 3: Variation of the friction factor ratio in a stationary 90◦

ribbed channel.

and 22 000. It can be seen that the highest friction factor ra-
tios are observed in the case of a rib pitch-to-height ratio of
10 on both opposing surfaces. The values of the friction fac-
tor ratio for the cases P/e = 10, 5, and P/e = 10, 8 are com-
parable with that of the case P/e = 10, 10. However, the fric-
tion factor ratio is low for cases P/e = 3, 3, P/e = 5, 5, and
P/e = 15, 5 when compared to that of case P/e = 10, 10. The
absence of a well-defined reattachment zone for the lower rib
pitch-to-height ratios accounts for the lower friction factors
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observed. Similar observations have been reported in the lit-
erature for rib heights of e/D = 0.063 [1] and 0.19 and 0.14
[11]. The value of the friction factor ratio for a configura-
tion of 90◦ rib angle with a rib pitch-to-height ratio of 10
reported by Han and Chandra [12] is shown in the figure,
and the comparison is seen to be very good except for the
lowest Reynolds number where there is a difference of about
12%.

3.2. Friction factor ratio distribution in a rotating
channel for a rib angle of 90◦

The effect of rotation on the friction factor ratios for various
orientation angles for rib pitch-to-height ratios of P/e = 3, 3;
P/e = 5, 5; P/e = 10, 10; P/e = 10, 5; P/e = 10, 8; and
P/e = 15, 5 is shown in Figures 4, 5, 6, 7, 8, and 9, respec-
tively. For each Reynolds number, experiments were con-
ducted for four rotation numbers ranging from 0.11–0.38.
For each configuration, the test section was turned about its
axis in steps of 15◦ from an orientation angle of 0◦ (base case
with ribs on the leading and trailing surfaces) to an orien-
tation angle of 90◦ (ribs on the top and bottom surfaces). It
can be seen that at an orientation angle of 0◦ (base case), the
friction factor ratio is nearly constant for all rotation num-
bers as compared to the corresponding stationary situation.
This is observed for all rib pitch-to-height ratios studied. It
can be seen that at any orientation angle other than 0◦, the
friction factor ratio increases with the increase in the rota-
tion number. Also, the friction factor ratio increases with the
increase in the orientation angle for a given rotation number.
This trend is observed for all rib pitch-to-height ratios cov-
ered in this study. At an orientation angle of 90◦ (ribs on the
top and bottom surfaces), the friction factor ratio is found to
be the maximum during rotation.

Figure 10 shows the influence of rib pitch-to-height ra-
tio for a rotating channel with an orientation angle of 90◦.
In general, at any orientation angle, the friction factor ratios
of rib pitch-to-height ratios of 5,5 are greater compared to
all other rib pitch-to-height ratios covered in this study and
minimum friction factor ratios are experienced in a rib pitch-
to-height ratio of 3,3 situation at any orientation angle.

Rothe and Johnston [6], in their study of backward-step
flow under conditions of rotation, explained that the change
in the separation lengths on the leading/trailing surfaces
could be due to increased/decreased entrainment within the
separation zone because of the Coriolis force-induced sec-
ondary flow structure. A similar mechanism also holds true
in the present situation; the entrainment is aided by the
Coriolis-force-generated secondary flow. This can be ob-
served from the qualitative secondary flow pattern shown in
Figure 2a for the 0◦, 90◦ and an intermediate orientation an-
gle. The influence is the weakest for the 0◦ orientation case
where the entrainment is aided on the pressure surface and
hindered on the suction surface. The effect of the increased
friction on the pressure surface is nullified by the reduced
friction on the suction surface to give a near-constant overall
friction. The reduction in the separation zone is not signifi-
cant here since only the slower-moving core flow helps in the
mechanism. On the contrary, the fast moving secondary fluid
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Figure 4: Effect of the orientation angle for 90◦ ribbed radial out-
ward flow channel for a rib pitch-to-height ratio of 3, 3.

along the edges where the fluid moves against the Coriolis
force direction (to ensure mass balance) enhances entrain-
ment considerably and the reduction in the separation zone
is considerable for the 90◦ orientation case. This is suggestive
of high local velocities within the separation zone resulting in
higher frictional drop. The data indeed indicates the highest
friction factors for the 90◦ orientation case. The decrease in
the separation zone suggests that the rib pitch-to-height ratio
can be reduced from a value of 10, and still experiences dis-
tinct separation, reattachment zones. The data also reflects
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Figure 5: Effect of the orientation angle for 90◦ ribbed radial out-
ward flow channel for a rib pitch-to-height ratio of 5, 5.

this in the form of the highest friction factor ratios for the
rib pitch-to-height ratio of 5 on the pressure surface case.
However, the data for the smaller rib pitch-to-height ratio of
3 indicates that the reduction in the separation zone is not
enough anymore for producing distinct separation and reat-
tachment zones resulting in reduced friction factors. Higher
rotation numbers could possibly result in situation where the
friction factor increases for a rib pitch-to-height ratios of 3
on the pressure surface. A better understanding of the flow
field under conditions of rotation required to explain the
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Figure 6: Effect of the orientation angle for 90◦ ribbed radial out-
ward flow channel for a rib pitch-to-height ratio of 10, 10.

phenomenon completely could be obtained by more detailed
pressure and velocity measurements between the ribs.

Figure 11 shows the effect of rotation on the channel with
a rib angle of 45◦ and a rib pitch-to-height ratio of 10 for
orientation angles of 0◦ and 90◦. The friction factor ratio de-
creases with an increase in the rotation number when the ribs
are placed on the leading and trailing surfaces for the zero
orientation angle case. This is contrary to the 90◦ rib angle
situation wherein there is no change in the friction factor
ratio with rotation. The maximum decrease in the friction
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Figure 7: Effect of the orientation angle for 90◦ ribbed radial out-
ward flow channel of a rib pitch-to-height ratio of 10, 5.

factor ratio is 30% at the highest rotation number of 0.38.
However, at an orientation angle of 90◦, the friction factor
ratio increases only by 25%. Although a complete paramet-
ric study has not been carried out for this case, the data does
suggest that the influence of rotation for the 45◦ rib case is
much smaller compared to the corresponding 90◦ rib sit-
uation. This is possibly due to the rib angle-induced cross
flow which interferes with the changes in the separation-
reattachment behavior in the presence of rotation.

30

20

10

0

f/
f

(F
D

)

0 0.1 0.2 0.3 0.4 0.5

Ro

Re = 13 000

Orientation angle = 0◦

Orientation angle = 15◦

Orientation angle = 30◦

Orientation angle = 45◦

Orientation angle = 60◦

Orientation angle = 75◦

Orientation angle = 90◦

30

20

10

0
f/
f

(F
D

)
0 0.1 0.2 0.3 0.4 0.5

Ro

Re = 17 000

Orientation angle = 0◦

Orientation angle = 15◦

Orientation angle = 30◦

Orientation angle = 45◦

Orientation angle = 60◦

Orientation angle = 75◦

Orientation angle = 90◦

30

20

10

0

f/
f

(F
D

)

0 0.1 0.2 0.3 0.4 0.5

Ro

Re = 22 000

Orientation angle = 0◦

Orientation angle = 15◦

Orientation angle = 30◦

Orientation angle = 45◦

Orientation angle = 60◦

Orientation angle = 75◦

Orientation angle = 90◦

Figure 8: Effect of the orientation angle for 90◦ ribbed radial out-
ward flow channel for a rib pitch-to-height ratio of 10, 8.

Figure 12 shows the variation of pressure in between two
successive ribs for the 0◦ orientation case for stationary and
rotating conditions. The pressure at different axial locations
for the same spanwise location showing nearly identical val-
ues for the no-rotation case is expected. The small differ-
ence in slope between the first and last two axial locations
is indicative of the existence of a separation zone in between
the ribs. The pressure distribution in between the ribs for
the situation with rotation can be noticed to be different.
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Figure 9: Effect of the orientation angle for 90◦ ribbed radial out-
ward flow channel for a rib pitch-to-height ratio of 15, 5.

An increase in the slope of the pressure distribution in the
region closer to the upstream rib, in the presence of rota-
tion, indicates a possible shift of the reattachment point to-
wards the upstream rib. Very little spanwise pressure varia-
tion is noticed. This is expected since the Coriolis induced
cross flow is normal to the ribbed wall and therefore the ef-
fect on the wall is symmetric. Figure 13 shows the pressure
distribution for an orientation angle of 90◦ for two rotation
numbers (0.23 and 0.46). The difference between the rota-
tion and the no-rotation case is very prominent. The slope
of the curve between the first two axial locations increases
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Figure 10: Effect of the rib pitch-to-height ratio for 90◦ ribbed ra-
dial outward flow channel for an orientation angle of 90◦.

significantly moving along the spanwise direction from the
suction to the pressure wall. This is clearly indicative of the
fact that the reattachment length is small close to the pressure
wall and progressively increases towards the suction wall. The
reattachment zone is no longer parallel to the rib.

4. CONCLUSIONS

The effect of orthogonal rotation and the channel orienta-
tion angle on the overall pressure drop in a rib-roughened
radial outward flow square duct for several combinations of
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Figure 11: Variation of the friction factor ratio for 45◦ ribbed radial
outward flow channel for a rib pitch-to-height ratio of 10.
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Figure 12: Effect of rotation number for 0◦ orientation at different
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rib pitch-to-height ratios has been investigated. Rib height-
to-hydraulic diameter ratio of 0.1 is maintained constant. In
a stationary channel, maximum friction factor is observed
for a test section with a rib pitch-to-height ratio of 10 on
the opposite surfaces for a rib angle of 90◦. The overall pres-
sure drop does not change significantly for the base case un-
der conditions of rotation. However, when the channel ori-
entation angle varies from 0◦ to 90◦, a monotonic increase
in the overall pressure drop is observed for a constant ro-
tation number. A continuous increase in the pressure drop
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Figure 13: Effect of rotation number for 90◦ orientation at different
“y/e” locations for a Reynolds number of 18 500.

with increasing rotation number is also observed for a con-
stant orientation angle. For a rib angle of 90◦, with an ori-
entation angle of 90◦, the increase in the friction factor ra-
tio with rotation is found to be maximum in the case of a
rib pitch-to-height ratio of 5 on two opposite surfaces out of
various rib pitch-to-height ratios covered in this study. The
minimum friction factor ratio increase is observed in the case
of a rib pitch-to-height ratio of 3 on two opposite surfaces.
The local pressure drop data presented is suggestive of a sig-
nificant change in the separation zone in between the ribs. It
appears that the separation zone is no longer parallel to the
rib surface.

For a rib angle of 45◦, at an orientation angle of zero,
the friction factor ratio decreases. However, at an orientation
angle of 90◦, the friction factor ratio increases only by 25% at
the highest rotation number.

The results of the present study indicate that the rib
pitch-to-height ratio and also the rib angle which may be
optimum based on either maximum heat transfer or heat
transfer-to-pumping power ratio consideration for station-
ary configuration may not be necessarily the same under
conditions of rotation and changing channel orientation an-
gle. Gas turbine internal cooling passages often use rib-
roughened passages where the orientation angle may vary
considerably. A single rib height-to-hydraulic diameter ra-
tio has been studied in the present work. A detailed study on
the effect of different rib height-to-hydraulic diameter ratios
on the overall mechanism would be useful. Although, the in-
crease in the friction factor indicates an increase in the heat
transfer, further experiments to determine the effect of chan-
nel orientation and the variation of the rib pitch-to-height
ratio on the heat transfer are required.
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