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Pressure Drop and Mass Transfer in Two-Pass Ribbed Channels

P. R. Chandra* and J. C. Hant
Texas A&M University, College Station, Texas

The combined effects of the sharp 180-deg turn and of the rib configuration on the pressure drop and mass
transfer characteristics in a two-pass square channel with a pair of opposite rib-roughened walls (to simulate turbine
airfoil cooling passages) were determined for a Reynolds number range of 10,000-60,000. For pressure drop
experiments, the rib height-to-hydraulic diameter ratios ¢/D were 0.063 and 0.094; the rib pitch-to-height ratios
P/e were 10 and 20; the rib angles-of-attack « were 90, 60, and 45 deg. For mass transfer experiments, the top,
bottom, inner, and outer walls of the test channel were naphthalene-coated surfaces; the e/D ratio was 0.063; the
P [e ratio was 10; the « was 90 or 60 deg. Heat transfer enhancements were compared for the first pass and for the
two-pass channel with the sharp 180-deg turn. Correlations for the fully-developed friction factors and loss

coefficients were obtained.

Nomenclature

D = channel width; also, hydraulic diameter

e =rib height

e*  =roughness Reynolds number = (e/D)Re( f/2)?

¥ = average friction factor in a channel with two
opposite ribbed walls

Joe = average friction factor in the fully developed
before-turn region

o = average friction factor in the fully developed
after-turn region

7, = fully developed smooth tube friction factor

G = air mass velocity = pv

g = conversion factor

h,  =local mass transfer coefficient

K, =loss coefficient due to sudden contraction at the
entrance

K, =loss coefficient for the sharp 180° turn

AL  =channel length for fully developed pressure drop

M =cumulative mass transferred

m =local mass transfer rate per unit area

Nu = Nusselt number = 4D /K

Nu, =fully developed smooth tube Nusselt number

AP  =pressure drop

P =rib pitch

P, = pressure at channel entrance v

P,  =pressure at axial distance from channel entrance

Pr = Prandtl number of air

Re  =Reynolds number based on channel hydraulic
diameter, GD/u

Sc¢ =Schmidt number for naphthalene

Sh  =local Sherwood number

Sh, =fully developed smooth tube Sherwood number

Sh,  =the rib-side-wall Sherwood number

Sh, = the rib-side-wall average Sherwood number

St = Stanton number = Nu/(RePr)

St =the ribbed-side-wall average Stanton number

St,  =fully developed smooth tube Stanton number

At = duration of the test run

v = air velocity
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= axial distance from channel entrance
= diffusion coefficient

= rib angle-of-attack

= bulk naphthalene vapor density

= solid naphthalene density

= local naphthalene vapor density at wall
= kinematic viscosity of pure air = u/p
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Introduction

N the design of turbine blade cooling passages, turbulence

promoters (rib turbulators) often enhance the heat transfer.
Periodic rib-turbulators are cast on two opposite walls of a
straight or a serpentine rectangular channel. In a straight
rib-roughened channel, the effects of the channel aspect ratio,
the turbulators’ configurations (such as rib height, spacing,
and angle), the flow Reynolds number on the local heat
transfer coefficient, and the pressure drop were reported by
Han et al.'™* The angled ribs enhanced heat transfer more
than the transverse ribs. Based on the law of the wall similar-
ity, correlations for the heat transfer and friction were
obtained.

In a serpentine rib-roughened channel, as shown in Fig. 1,
in addition to the rib turbulators, the effects of the sharp
180-deg turns on the local heat transfer coefficient and the
pressure drop are important. The local heat transfer co-
efficient in a two-pass square channel roughened by the
transverse ribs was reported by Boyle.> With the naphthalene
sublimination technique, the distributions of the local mass
transfer coefficient in a two-pass square channel roughened by
the transverse ribs and by the angled ribs were presented by
Han et al.® and by Chandra et al.,” respectively. After the
sharp 180-deg turn, in general, the mass transfer coefficients
were higher than those before the turn.

In Refs. 6 and 7, emphasis was on determining the com-
bined effects of the rib configuration and the sharp 180-deg
turn on the detailed distributions of the local mass transfer
coefficient in the before-turn and after-turn regions. The
average mass transfer coefficients for the entire two-pass
channel were not presented. Neither have the combined effects
of the rib configuration and the sharp 180-deg turn on the
distributions of the local and average pressure drops for the
entire two-pass square channel been reported. The following
questions remain: 1) in a two-pass channel, whether the
angled ribs enhance heat transfer better than the transverse
ribs and 2) whether the two-pass rib-roughened channel en-
hances heat transfer better than the first-pass rib-roughened
channel.



316 P. R. CHANDRA AND J. C. HAN

Rib-Roughened
Channel

Pin Fin
Channel

4
LT LLLLLL LI LY

Fig. 1 Cooling concept of a modern turbine blade.

The objective of the present study was to investigate the
combined effects of the sharp 180-deg turn and the rib
configuration on the distributions of the local pressure drop
and the mass transfer coefficient in two-pass square channels
for Reynolds numbers from 15,000-60,000. A Plexiglas two-
pass square channel was used for pressure drop measure-
ments. A separate two-pass square channel fabricated of
naphthalene-coated plates was used for mass transfer experi-
ments. The square brass ribs were attached to the top and
bottom surfaces of the two straight sections of the test
channel so that the rib turbulators on opposite walls were
parallel. The effect of the sharp 180-deg turn on the pressure
drop and mass transfer was determined. Heat transfer perfor-
mance for angled ribs and transverse ribs was compared for
the first pass and for the two-pass channel. Additional infor-
mation on the present investigation is in Chandra® and Han
and Chandra.’

Experimental Program

Mass Transfer Test Channel

Figure 2a is a schematic of the test section for mass transfer
experiments. The test section, made of aluminum, was a
two-pass channel with a 2.54-cm (1-in.) square cross section.
The gap at the tip of the divider wall (inner wall) also
measured 2.54 cm (1 in.). To simulate actual turbine cooling
passages, the length of each of the two straight sections of the
test channel was 13 times the channel hydraulic diameter, and
the thickness of the divider wall was 0.25 times the hydraulic
diameter. The inside surfaces were coated with naphthalene in
a casting process, against a highly polished stainless steel
plate. Brass ribs (without naphthalene coating) with a 0.159-
cm (0.063-in.) square cross section were glued periodically
in-line on the naphthalene-coated top and bottom surfaces of
the two straight sections of the test channel. The rib height-to-
hydraulic diameter ratio was 0.063; the rib pitch-to-height
ratio was 10; the rib angle-of-attack was 90 or 60 deg. No rib
was placed in the turn region.

Mass Transfer Data Reduction and Uncertainty

A Starrett electronic depth gage with an accuracy of
0.0001 in./0.0001 mm determined the contours of all the naph-
thalene surfaces before a test run. The naphthalene plate,
whose contour was to be measured, was mounted firmly on an
x-y coordinate table. The data were recorded with a TI
computer connected to the amplifier of the electronic depth
gage through an A/D converter. The test section was then
assembled for the mass transfer experiment. A typical run
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Fig. 2 Sketch of the test sections: a) mass transfer and b) pressure
drop.
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lasted about 30 min. After the test run, the contours of the
naphthalene surfaces were measured and recorded again.
From the corresponding before-run and after-run surface
contours, the depth change AZ at each measurement station
on the naphthalene surfaces was calculated. The mass transfer
flux at the measurement point was evaluated as

" = p, - AZ|At 1)

and the corresponding mass transfer coefficient at the same
measurement point was then determined as

hm =m"/(pw _pb) (2)

The local naphthalene vapor density p,, was calculated from
the ideal gas law in conjunction with the measured naph-
thalene surface temperature and with the vapor pressure-
temperature relationship for naphthalene developed by
Sogin.’® The bulk naphthalene vapor density (p,) was the
cumulative mass transferred from the naphthalene surfaces to
the air stream divided by the air volumetric flow rate.

The local mass transfer coefficient was converted to the
local Sherwood number as

Sh=h, -D/D=h,, - D/(v/Sc) 3)
where the Schmidt number for naphthalene was 2.5.!° The
local Sherwood number of the present study was normalized
by the Sherwood number for fully developed turbulent flow in
smooth circular tubes, correlated by McAdams as

Sh/Sh, = Sh[[0.023Re®#PrO4(Sc/Pr)®4] 4)

where the heat and mass transfer analogy,'® Nu,/Sh, = (Pr/
S¢)%*, was employed. The maximum uncertainty in the Sher-
wood number was estimated to be less than 8% by the
uncertainty estimation method of Kline and McClintock.!
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Separate tests were conducted to determine the mass losses
from the various naphthalene surfaces caused by natural
convection when the ribs were being glued on the appropriate
naphthalene surfaces and when the surface contours were
being measured. The total mass loss by natural convection
was no more than 4% of the total mass transfer during any
test run. In calculating the local Sherwood numbers, these
losses of mass from the various naphthalene surfaces were
taken into account accordingly.®

Note that the boundary conditions on the naphthalene-
coated channel walls with glued-on brass ribs (with surfaces
from which no mass is transferred) in the current mass
transfer experiments are analogous to the boundary condi-
tions on the foil-heated channel walls with glued-on Bakelite
ribs in Boyle’s heat transfer experiments.” Boyle® found that
the local heat transfer coefficients in channels with integral
foil-ribs and glued-on Bakelite ribs were within 10% of each
other. Based on Boyle’s results, the use of brass ribs instead of
naphthalene-coated ribs may result in an error of about 10%
in the local mass transfer coefficients in the present study.

Pressure Drop Test Channel

Figure 2b is a schematic of the test section for pressure
drop experiments. The internal geometry of the test section
and the construction were similar to that of the mass transfer
test section; the only difference was Plexiglas instead of alu-
minum for construction. Brass ribs were glued onto the top
and bottom surfaces of the two straight sections of the test
channel. The ribs on the top surfaces were parallel to those on
the bottom surfaces of the test channel. The rib height-to-
hydraulic diameter ratio was 0.063 or 0.094; the rib pitch-to-
height ratio was 10 or 20; the rib angle-of-attack was 90, 60,
or 45deg. No rib was placed in the turn region. In the
two-pass channel, 15 pressure taps along the outer smooth
wall and 5 along the top ribbed wall were used for the static
pressure drop measurements, as shown in Fig. 2b. The pres-
sure drop across the test section was measured by a Dywer
microtector, with an accuracy up to 0.025-mm (0.001-in.) of
water. The pressure drop of the present study was based on
the adiabatic conditions (test without heating).

Friction Factor and Loss Coefficient

During the experiments, the magnitude of the pressure drop
was almost the same on the smooth side and the ribbed side
walls. Therefore, the pressure drop and the friction factor
calculations were on the basis of the average values. The
distributions of the local pressure drop in the two-pass chan-
nel were normalized by the fluid dynamic pressure as

(P = P)/I(1/2)pV7?] (5

On the basis of the normalized pressure distribution results,
the channel was divided into four regions: the entrance region
(X/D =0-4.69), the fully developed before-turn region
(X/D = 4.69-10.94), the turn region (X/D = 10.94-18.8), and
the fully developed after-turn region (X/D = 18.8-23.8). The
following equation was used to calculate the friction factors in
the fully developed before- and after-turn regions of the
channel:

Jou (or for) = AP [{A(AL/D)G*/(2pg )} (6)

The loss coefficient caused by sudden contraction at the
entrance (X/D = 0-4.69) and the loss coefficient for the turn
region (X/D = 10.94-18.8) were calculated by the following
relation:

K, (or K)) =AP[IG?/(2pg.)] (M

The maximum uncertainty in the friction factor was estimated
to be less than 8%.
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Fig. 3 [Effect of Reynolds number on normalized pressure drop.
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Fig. 4 Effect of rib angle on normalized pressure drop.

Experimental Results and Discussion

Local Pressure Drop

The detailed raw data for all test runs are in Chandra® and
Han and Chandra.® Only the most representative results are
presented here. The local pressure drop results are presented
as the axial distributions of a dimensionless pressure drop, as
shown in Eq. (5).

Effect of Reynolds Number

Typical results to demonstrate the effect of Reynolds num-
ber on the dimensionless local pressure drop in a two-pass
square channel are shown in Fig. 3 for ¢/D = 0.063, P/e = 10,
and o = 90 deg. The results in the same channel with smooth
surfaces are included for comparison. The dimensionless pres-
sur drop has the same trend for all Reynolds number and
decreases with increasing Reynolds number. The pressure
drops sharply at the sudden contraction entrance (X/D ~0.5)
of the channel in all Reynolds numbers. The pressure
rises near X/D =2 and drops linearly until before the turn
(X/D =~ 11). The pressure then rises slightly in the vicinity of
the upstream corner of the turn (X/D ~ 11.5). There is a rapid
pressure drop in and just after the turn region (X/X ~11.5-
15). The pressure then increases slightly (X/D ~ 16). There is
a pressure drop towards the end of the second straight section
of the channel (X/D ~16-24). In the smooth channel, the
pressure drop is caused primarily by the sharp 180-deg turn.
In the ribbed channel, the pressure drop is caused by both the
sharp turn and the rib turbulators on the two straight sections
of the channel.
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Effect of Rib Configuration

Typical results to illustrate the effect of rib angle on the
dimensionless local pressure drop are in Fig. 4 for P/e = 10,
e/D =0.063, and Re = 30,000. The smooth channel results
are included for comparison. The distributions of the dimen-
sionless local pressure drop show the same trend as the
smooth channel, for all rib angles. Again, in the ribbed
channel, the pressure drop is caused by both the sharp
180-deg turn and the ribs on the two straight sections of the
channel.

Friction Factor and Loss Coefficient

The results for fully developed friction factors vs Reynolds
number for different rib configurations are shown in Fig. 5.
For the smooth channel, the friction factor in the before-turn
region is about 6% lower than that the Blasius equation; the
friction factor in the after-turn region is about 100% higher.
For the ribbed channel, the friction factor approaches an
approximately constant value as the Reynolds number in-
creases; the friction factor increases with rib size and decreases
with rib spacing; the friction factor, with a = 60 deg is higher
than any other rib angle-of-attack. Note that the friction
factor in the after-turn region is higher than the correspond-
ing before-turn region, except in cases with a =60 deg and
a =45 deg, in which f,, is lower than their respective values
for f,,.

The results for loss coefficients vs Reynolds number for
different rib configurations are shown in Fig. 6. The loss
coefficient, in general, decreases with increasing Reynolds
number. Both loss coefficients for the ribbed channel are
higher than that for the smooth channel. For P/e =10, the
contraction loss coefficient (K,), with & = 90 deg is lower than
that with « =60 deg and o = 45 deg. However, the turning
loss coefficient (K,), with a = 90 deg is higher than that with
o =60 deg and « = 45 deg.

Correlations

The two fully developed friction factors, f;, and f,,, and the
two loss coefficients, K, and K,, were correlated by a single
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Fig. 5 Fully developed friction factors vs Reynolds number.
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equation of the following form:
Folor oK. K,) = a(Re)*[(P[e) [101(e/D)/0.063](/90°)" (8)

where the coefficients a, b, ¢, m, and n are given in Table 1.
The deviations in Eq. (8) from the test data are +7%, +10%
(+8% for 95% data points), +5.5%, and +6.6%, respec-
tively, for f,,, f..» K., and K,. Note that results for the friction
factor in the before-turn region, f,,, agree with those pub-
lished in Ref. 2.

Mass Transfer Coefficient

Local Sherwood Number Ratio

The local Sherwood number ratios at two rib pitches before
the turn, in the turn, and at two rib pitches after the turn are
shown in Fig. 7 for the smooth channel and for the ribbed
channel, with P/e =10, ¢/D =0.063, and o =90 deg (and
o = 60 deg), respectively. For the smooth channel, the Sh/Sh,
ratio before the turn, in the turn, and after the turn is about
1-1.1, 1.5-2.0, and 2.0-2.5, respectively. For the ribbed chan-
nel, the local Sherwood number ratios are higher than the
corresponding smooth channel values because of turbulence
created by ribs. Before the turn, the ribbed-wall Sh/Sh, ratio
for & =90 deg is relatively uniform in the spanwise direction;
the ribbed-wall Sh/Sh, ratio for o = 60 deg decreases from the
outer wall towards the inner wall because of the secondary
flow induced by the rib axes (rib angles). After the turn, the
ribbed-wall Sh/Sh, ratio for both a =90 deg and « =60 deg
decreases from the outer to the inner wall because of the main
flow turning from the outer wall towards the inner wall.

Effect of Reynolds Number and Rib Angle

In this section, the Sherwood number ratios were based on
the average of the local Sherwood number ratios between
every two adjacent ribs. At the entrance (X/D =0.5-2.0),
before the turn (X/D =7-8 and 9-12), after the turn
(X/D =14-17 and 18-19), and at the end of the second
straight section (X /D = 24-25.5), the Sherwood number ratios
on the ribbed-wall were based on the average of 24 measure-
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Fig. 6 Loss coefficients vs Reynolds number.

Table 1 Coefficients a, b, ¢, m, and » in Eq. (8)

Region/factor a b c m nif a > 60 deg nif a <60 deg
Jor 0.0432 —0.034 —0.342 1.173 —0.865 0.105
St 0.0476 —0.032 —0.37 0.99 —0.447 0.46
K, 2.54 -0.04 —0.05 0.595 —0.435 —0.12
K, 3.25 —0.029 —-0215 042 0.75 0.32
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ment points every rib pitch (a matrix of 8 points in streamwise
direction by 3 points in spanwise direction between two
adjacent ribs, as shown in Fig. 7). At the rest of X/D ratios,
the Sherwood number ratios on the ribbed-wall were based on
the average of 3 measurement points every rib pitch (3 points
in spanwise direction at the middle of two adjacent ribs
measured from rib axes).

Typical results showing the effect of Reynolds number on
the Sherwood number ratio on the rib-side-wall are in Fig. 8
for e/D =0.063, Ple =10, and « = 90 deg. The results indi-
cate that the Sherwood number ratios have the same trends
for all Reynolds numbers and decreases with increasing
Reynolds number. In the entrance section, the Sherwood
number ratios decrease with increasing axial distance until
before the turn (X/D ~ 11.5). At X/D = 12-14, the Sherwood
number ratios are relatively low because there are no ribs in
the turn region. The Sherwood number ratios reach the peak
values after the sharp turn (X/D ~ 15) and then decrease with
further increasing axial distance towards the end of the second
section of the channel. For more uniform mass (heat) transfer
distribution, ribs should be placed in the turn region, also.

Typical results showing the effect of rib angle on the
Sherwood number ratio are in Fig. 9 for Ple =10, e/
D =0.063, and Re = 30,000. The four-sided, smooth channel
data are included for comparison. The Sherwood number
ratio on the rib-side-wall for « = 90 deg shows the same trend
as that of the smooth channel, except that the former is
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higher. The distributions of the Sherwood number ratio for
o = 60 deg behave differently from that of o« =90deg. For
o = 60 deg, in the entrance section, the Sherwood number
ratio decreases first and then slightly increases until before the
turn because of the effect of the rib angle. The Sherwood
number ratios right after the turn (X/D ~ 14-17) are lower
than those before the turn, and then increase toward the end
of the second straight section of the channel, because of the
complex influence between the rib angle and the sharp 180-
deg turn.
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Fig. 8 Effect of Reynolds number on rib-side-wall Sherwood number
ratio.
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Heat Transfer Performance Comparison

One of the performance evaluation methods was a compari-
son of the increased heat transfer on the ribbed. wall, (St,/
St )(fIf )", for the same pumping power, as discussed in
Ref. 2. Sherwood numbers of the present study were con-
verted into Nusselt numbers by the heat and mass transfer
analogy; Nusselt numbers were changed to Stanton numbers
accordingly.

Typical results of the effect of rib angle on the increased
heat transfer for the same pumping power are shown in Fig.
10 for the first pass (X/D = 4.56-11.63) and the two-pass
(X/D = 4.56-23.31) channels, respectively. The ratio of the
enhanced heat transfer to the increased friction factor de-
creases with increasing roughness Reynolds number e* (i.e.;
larger rib height or higher Reynolds number). There is higher
heat transfer enhancement with the angled ribs (o = 60 deg)
than with the transverse ribs (x = 90 deg) in the first pass of
the two-pass channel. The increase in heat transfer perfor-
mance is reduced for the two-pass channel because the friction
factors are much higher than those in the first pass, and the
heat transfer coefficients are only slightly higher than those in
the first pass, as discussed in the previous section.

Concluding Remarks

The combined effects of the rib angle and the sharp 180-deg
turn on the pressure drop and mass transfer characteristics in
a two-pass square channel have been investigated. The main
findings are:

1) The ratio of the enhanced heat transfer to the increased
pressure loss in the two-pass channel is slightly lower than
that in the first-pass channel.

2) In the first-pass channel, the enhanced heat transfer with
angled ribs is higher than that with the transverse ribs for the
same pumping power. The performance improvement of the
angled ribs is reduced in the two-pass channel.

3) Correlations for the fully developed friction factors and
the loss coefficients are obtained for the first-pass and the
two-pass channels with rib turbulators.

Note that, in real turbine cooling passages, heat is trans-
ferred from the ribs and from the exposed surfaces of the
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channel walls. The present mass transfer coefficierits were
obtained without including mass transfer from the ribs.
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