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Abstract

Detailed, three-dimensional mass (heat) transfer distributions along four active walls of a square duct containing
a sharp 180° bend are presented. The duct simulates two passes of an internal coolant channel in a gas turbine
engine with inactive (insulated) ribs mounted on two opposite walls. Mass (heat) transfer measurements, taken using
the naphthalene sublimation technique, are presented for Reynolds numbers between 5000 and 40000, for a rib-
height-to-hydraulic-diameter ratio (e¢/Dy) of 0.1 and rib-pitch-to-rib-height ratios (P/e) of 10.5 and 21. Ribbed wall
measurements show periodically developed mass transfer after three hydraulic diameters from the entrance, which
agrees well with previous studies. Mass transfer distribution on ribbed walls has more span-wise uniformity than the
smooth side-walls that experience high mass transfer rates close to the rib ends and near the corners downstream of
each rib. The effect of the bend is clearly visible in the ribbed duct following the bend. The observed local Sherwood
number distributions are explained on the basis of the secondary flow developed within the bend and possible

separation from the inner wall after the bend. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In modern gas turbine engine design, there is an
ongoing effort to increase the turbine inlet temperature
to increase thermal efficiency. In order to prevent ther-
mally induced damage to the turbine airfoils, both
external (film) and internal cooling are applied. In-
ternal cooling is achieved by air circulating in multi-
pass (serpentine) flow channels inside the body of the
blade. The heat transfer in these channels is typically
augmented by using turbulence promoters (rib turbula-
tors) that are cast into the channels. Heat transfer in
such channels with rib turbulators has been studied
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extensively. Numerous studies have been reported on
various rib types and configurations. The ones cited
below are representative studies that are most relevant
to the present paper.

Mass transfer distributions around a 180° bend in
two-pass, square, smooth and ribbed channels were
presented by Han et al. [1], who used the naphthalene
sublimation technique. Three Reynolds numbers, two
rib heights, and two rib pitches were investigated.
Their study showed a considerable bend effect with
increased mass transfer after the bend. Chyu and Wu
[2] investigated the effect of rib angle of attack in
square channels for a single Reynolds number, and
two different pitches. They found that a pitch-to-rib-
height ratio of 10 does not always yield the highest
mass transfer when the ribs are at 90 degrees. Kukreja
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Nomenclature

Dy, duct hydraulic diameter (m)
D, , binary diffusion coefficient for naphtha-
lene—air (m?/s)

e rib height (m)

hyy, local mass transfer convection coefficient
(m/s)

m” local mass flux (kg/m? s)

Nu Nusselt number

No Nusselt number for fully developed flow

P rib pitch (m)

Pr Prandtl number

Py, naphthalene vapor pressure at the wall (N/
m?)

Re test-section Reynolds number

Sh Sherwood number

Sh4 area based average Sherwood number

Shi av center-line based average Sherwood num-
ber

Shy Sherwood number for fully developed pipe
flow

Sc Schmidt number

Ty absolute wall temperature (K)

X stream-wise coordinate (m)

V,z cross-stream coordinates (m)

0 density of solid naphthalene (kg/m®)

At duration of the experiment (s)

0 local sublimation depth (m)

P naphthalene vapor density at the wall (kg/
m?)

v kinematic viscosity of air (m?/s)

Pp(x) bulk vapor density of the naphthalene (kg/
m?)

et al. [3] examined the effects of straight and V-shaped
ribs in a square channel and presented local Sherwood
number distributions for two Reynolds numbers and
three different pitches. All these studies have provided
detailed mass transfer distributions in square channels.
With the exception of Kukreja et al. [3], who concen-
trated on the V-shaped ribs, the resolution of these
measurements was in general not very high. In terms
of rib height, which is the smallest geometrical length
scale, the resolutions of Han et al. [1] were roughly 1
pts/e (denoting one point per rib height e), in the
stream-wise direction and 0.3 pts/e in the span-wise
direction. The maximum resolution in [2] was 2 pts/e,
while [3] had stream-wise resolution of 3 pts/e and
span-wise resolution of 2 pts/e. A laser holographic
interferometric technique was used by Liou and
Hwang [4,5] to obtain heat transfer measurements in
ribbed ducts. This technique is capable of measure-
ments as highly resolved as the naphthalene sublima-
tion technique. However, heat-transfer results with
high spatial resolution have not been shown by Liou
and Hwang [4,5], who reported average Nusselt num-
ber values only. Chandra et al. [6,7] have reported on
the effects of varying the number of ribbed walls and
rib angle; Han and Zhang [8] have investigated the
effect of rib-angle in a three-pass channel. These
studies have primarily focused their attention on para-
metric effects. Recently, Ekkad and Han [9] presented
detailed distributions on only one ribbed-surface using
a liquid-crystal technique. Measurements along the
other three surfaces of the channel were not reported.
It is the objective of this paper to provide highly
resolved spatial distributions of the Sherwood number
on all the four walls of ribbed, two-pass, square ducts,

for three Reynolds numbers (5000, 10,000 and 40,000
approximately) and two different values of the pitch-
to-rib-height ratio (10.5 and 21) at a single rib-to-
hydraulic-diameter ratio of 0.1. Such detailed distri-
butions, and the connections to the associated flow
behavior, have typically not been reported. Detailed
mass transfer results may reveal localized regions of
mass (heat) transfer that could be useful in the design
of future heat transfer augmentation methods and for
computational fluid-dynamic and heat-transfer code
validation.

2. Experimental facilities and methodology

A schematic of the experimental apparatus used
during this study is shown in Fig. 1. This consists of
an open air-flow loop connected to the test section and
instrumented for flow-rate, pressure and temperature
measurement of the air-stream. Compressed air was
supplied at a steady pressure through a pressure regu-
lator. Test-section pressure and flow control was
achieved by means of ball valves placed downstream
of the test section. The air leaving the test section was
directed to a fume hood via a rubber hose. Mass flow
rate was measured in the meter run using a concentric
bore orifice plate that is secured with orifice flanges.
Pressure was measured upstream of the orifice and test
section using mechanical pressure gauges that have
17.24 kPa (2.5 psi) readability. Differential pressure
was measured from the flange taps of the orifice meter
using an electronic pressure transducer with an accu-
racy of 69 Pa (0.01 psi). Free stream flow temperature
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Fig. 1. Schematic of the flow loop and test section.

was measured with a liquid-in-glass thermometer that
has a readability of 0.25°C.

The test section, which is an analog of a two-pass
coolant channel, schematically shown in Fig. 1, con-
sists of two 356 mm (14 in.) long ducts of square
cross-section (25.4 mm x 254 mm, or 1 in. x 1 in.)
connected by a 180° bend with a short radius of 16.5
mm (0.65 in.) and a long radius of 42 mm (1.65 in.).
The flow enters and leaves the test section through
conically shaped transition sections. These sections

TOP & BOTTOM PLATES

OUTER PLATE

provide for the transition from the circular cross-sec-
tion of the supply duct to the square test-section cross-
section and are quite short in length. It should be
noted that other than these transition sections, no
attempt to condition the flow is made. The flow is di-
rected outwards (towards the bend) in one duct and
inwards in the other, after going around the bend.
Heat transfer results in this study are deduced from
the naphthalene-sublimation mass transfer technique.
The naphthalene-sublimation technique requires mak-
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Fig. 2. Cross-stream section of the test section.
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ing the inner surfaces of the test section ducts out of
naphthalene. The test section, a cross-stream section of
which is shown in Fig. 2, consists of an aluminum
frame that carries eight, 305 mm (12 in.) removable
plates that form the inner walls of the test-section.
Each plate (see Fig. 2) provides a reinforced recessed
frame to accommodate casting of a naphthalene layer
for mass transfer measurements. Casting of the test-
section wall-plates was done against highly polished
stainless steel plates to provide a smooth and flat
naphthalene reference surface. Naphthalene cast into
these wall-plates is surrounded by a 508 um (0.020 in.)
metal rim. This rim supports the naphthalene and pro-
vides a solid reference for the naphthalene surface-pro-
file measurements. When the test section is assembled
for naphthalene tests only a small fraction (2%) of the
total surface area of the duct will not allow mass trans-
fer to occur.

Straight aluminum rib-turbulators 25.4 mm (1.0 in.)
long and with a 2.54 mm x 2.54 mm (0.1 in. x 0.1 in.)
square cross section (rib-side e = 0.1 in.) were placed
at equal stream-wise increments (P) on the top and
bottom plates and at 90° with respect to the flow direc-
tion for the ribbed channel studies (Fig. 3). Pins placed
through the center of each rib and extending into the
side-plates were used to anchor the ribs at each end as
shown in Fig. 2. The ribs were not coated with
naphthalene and therefore did not participate in the
mass/heat transfer process.

The naphthalene-sublimation technique requires
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Fig. 3. Schematic of ribbed duct.

detailed measurements of the naphthalene surface pro-
files for each wall-plate of the test section before and
after each test in order to calculate the local sublima-
tion rates. The surface-profile measurement system
used during this study consists of a motor-driven x—y
positioning table controlled by a personal computer.
This table consists of a Lintech M2-91212 x—y table
fitted with two American Precision stepper motor
packages and controlled by a CAMAD 2302 Twin
Axis Stepper Motor Controller. The test-section wall-
plates were firmly fastened for measurement on a thick
plate-mount made out of tooling aluminum that was
bolted on the positioning table. Dowel pins and fasten-
ers torqued to a prescribed level are provided for accu-
rate and repeatable positioning of the wall-plates on
this mount. Overhanging the naphthalene surface of
the plates is a strut holding a Lucas Schaevitz LBB
375TA-100 LVDT gage head. During the measurement
process, the LVDT is brought into contact with the
naphthalene surface, and as the table is moved, the
LVDT slides over the surface. The voltage output of
the LVDT responds to changes in the contour of the
naphthalene surface, thus providing its elevation map.
The output of the LVDT was digitized using an analog
to digital (A/D) converter (16 bit resolution and 12
kHz sampling rate) and stored in the personal compu-
ter together with the positioning information. High res-
olution maps of the naphthalene surface were achieved
on a pre-defined grid with this system. The sublimation
depth measurement uncertainty was of the order of 3.8
um (0.00015 in.) and the positioning uncertainty was
of the order of +£7.6 pm (£0.0003 in.).

The naphthalene casting process was started by
melting fresh, 99% pure naphthalene crystals in a
heavy-walled glass beaker with an electric heating el-
ement. The clean test section walls were clamped to
the polished stainless steel plates. Molten naphthalene
was quickly poured into the hollow cavity of the plate
frame to fill completely the region between the walls.
The cast plates stood for at least 8 h in a fume hood
to attain thermal equilibrium with the laboratory.

Each wall was then separated from the casting
plate, and mounted to the mounting plate for scan-
ning. After scanning, the plates were stored in an air-
tight container, saturated with naphthalene vapor, to
hinder natural sublimation until the test section is
assembled. Test section assembly was begun by first
inserting the two inner side walls and attaching the
bend. Ribs were then placed on these walls and the
two outer side walls were mounted. The alignment of
all ribs was checked before the four top and bottom
walls were assembled. After the experiment was over,
the test section was disassembled and the walls were
placed in the storage container until they were
scanned again.
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3. Data reduction

Mass flow rate in the meter run was calculated from
the measurements of temperature, pressure, and differ-
ential pressure using standard equations for concentric
bore orifice meters [10,11]. Volume flow rate through
the test section was calculated based on hydraulic di-
ameter and pressure using mass conservation.

Naphthalene sublimation depth was calculated from
the two surface profiles for each wall. Each profile was
normalized with respect to a reference plane computed
from three points scanned on the aluminum surface of
the walls. The difference between the normalized pro-
files gives the local sublimation depth.

The local mass flux m” at each location was calcu-
lated from the following expression:

" = p,d/At (1)

where p,, is the density of solid naphthalene, J is the
local sublimation depth, and At is the duration of the
experiment. Vapor pressure at the wall p,, was calcu-
lated from the following equation [12]:

log g(pw) = 4= B/Tw (@)

where 4 and B are constants (with values of 11.884
and 6713, respectively) and T, is the absolute wall
temperature. Wall vapor density p,, is then calculated
using the perfect gas law. Bulk vapor density of
naphthalene p,(x) was calculated by integrating the
mass flow rates of naphthalene from the inlet (x = 0)
to the stream-wise location (x) over the four active
walls. The sublimation data from the duct centerline
were used for this calculation. The bulk vapor density
is assumed zero at the inlet and constant through the
inactive bend.

The local mass transfer convection coefficient #,,
was then calculated as follows:

Iy = }’i’l///(pw - pb(x)) (3)

The binary diffusion coefficient D, , for naphthalene
sublimation in air was taken as the ratio of the kin-
ematic viscosity of air v to the Schmidt number for
naphthalene—air (Sc = 2.5) as follows:

Dy = v/Sc @)

The local dimensionless mass transfer rate or Sher-
wood number Sh; was then calculated by:

ShL = hmDh/Dn—a = hmDhSC/V (5)

where Dy, is the hydraulic diameter of the test section.

Comparison of heat transfer and mass transfer
results was done through the use of the heat-mass
transfer analogy [9].

Nu = Sh(Pr/Se)™* (6)

where Nu is the Nusselt number and Pr is the Prandtl
number of air. Both local and area-averaged results
were compared in this manner. The analogy is implicit
in all consequent discussions of the experimental
results where the Sherwood number is mentioned.
Area-averaging was performed over the cross stream
width of the wall and over a complete rib pitch.

Uncertainty estimates for all computed values were
computed using the second-power equation method
[13]. The estimates for these experiments are compar-
able to previously reported values for both heat trans-
fer and mass transfer studies, but are believed to be
conservative.

Volume flow rate and duct Reynolds number (Re)
uncertainties were estimated to be less than 10% for
Re > 6000. Sublimation depths in the asymptotic
region of the smooth channel studies were maintained
roughly at about 152 pm (0.006 in.) by varying the
duration of the experiment. This target depth was
selected to minimize uncertainties in both depth
measurement and changes in duct cross section area.
These uncertainties were found to be 1 and 3%, re-
spectively. The resulting experimental duration was
between 90 min for Re = 30,000 and 180 min for Re =
5000. For the ribbed channel studies the duration of
the experiments was maintained to be the same as that
for the smooth channel. Vapor density uncertainty
based on measured quantities is negligible for both
wall and bulk values. Overall uncertainty in Sherwood
number calculation was about 8% and varies slightly
with Reynolds number (< 1%).

Apart from local Sherwood numbers, two average
ones are used. One is averaged over the centerline of
the duct determined by

Shiay = <i Sh(i)) /n (7)
i1

where n is the number of points used along the center
line; the spacing between successive points is constant.
The other is averaged over the area in the regions
where measurements were carried out over the entire
surface, and is given by

Shy = (Z Sh(i)) /m ®)
i=1

m is the total number of surface points used. Typical
values of m were 840 points for an inter-rib cell with
the smallest pitch (P/e = 10.5). The spatial resolution
in the stream-wise direction was 3.8 pts/e (pts/e denot-
ing points per rib height, ¢), and 4 pts/e in the span-
wise direction.
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4. Experimental results

The results presented here consist of detailed distri-
butions of the local Sherwood numbers over four
active walls (top, bottom, outer side and inner side) in
the inlet and outlet square ducts of a two-pass module
with a 180° bend. Experiments have been carried out
for ribbed walls at Reynolds numbers of 5000, 10,000,
and 40,000, and for two inter-rib pitches, P/e = 10.5
and 21. The rib angle of attack was 90° and the rib-
height to duct-hydraulic-diameter was, e/Dy =0.1
Results presented as a function of x/Dy can be inter-
preted in terms of x/e by multiplying the x/Dy values
by 10.

It should be noted that buoyancy effects are known
to be negligible in naphthalene sublimation exper-
iments. Estimates of the Grashof number based on
Ap/p were found to be extremely small in the present
experiments.

4.1. Comparisons with previous experiments
The present measurements were compared with

three past mass-transfer based studies [1-3] as well as
two previous heat-transfer studies ([14,5]). The agree-
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Fig. 4. Comparison of present data at Re = 30,000,
e/Dy=0.1, and P/e=10.5, with those of Han et al. [1]
within a single inter-rib spacing (pitch) in the developed
region.
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Fig. 5. Comparison of average Nusselt numbers as a function
of the Reynolds number from the present study in a ribbed
channel, with e/Dy, = 0.1, and P/e = 10.5, with those of Liou
and Hwang [5].

ment between the present measurements and all of
these other studies was in general very good. Compari-
sons with representative cases are shown in Figs. 4 and
5. The comparisons with Ref. [1] for a single inter-rib
pitch and Re = 30,000 are shown in Fig. 4 in terms of
the span-wise-averaged Sherwood number scaled by
the value of the Sherwood number corresponding to
fully developed pipe flow (as given by McAdams’
equation, Shy = 0.023Re*8Sc"4). As can be seen, the
agreement is very good. The present measurements of
the average Nusselt numbers again compare very well
(Fig. 5) with those obtained by a laser holographic
interferometric technique by Liou and Hwang [5] in a
ribbed duct at various Reynolds numbers.

4.2. Results for ribbed channels

Typical results of detailed Sherwood number distri-
butions taken along the centerline of all the walls of
the ribbed inlet channel are shown in Fig. 6 for two
different pitches (P/e = 10.5 and 21) at Re = 5000, and
Fig. 7(a) (inlet duct) and (b) (outlet duct) for P/e = 21
at a Reynolds number of 39,100. It should be noted
that the ribs shown along the horizontal axis in Figs. 6
and 7 are scaled up for clarity. As shown in many pre-
vious studies, in all cases it is evident that a developed
periodic pattern sets in very quickly between successive
ribs on the ribbed walls (top and bottom) after the
entrance. Low mass transfer rates are observed im-
mediately after the rib in the recirculation region, fol-
lowed by peak mass transfer rates between 3 and 4 rib
heights (or 0.3 < x/Dy < 0.4) downstream of each rib
where the reattachment stagnation point is usually
located. The mass-transfer rate then decreases down-
stream of the reattachment point as the reattached
boundary layer grows, and then abruptly increases im-
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Fig. 6. Sherwood numbers as measured along the centerline of the inlet ribbed duct for ¢/Dy, = 0.1, Re = 5000, and (a) P/e = 10.5;

(b) P/e =21.

mediately before the next rib. This behavior is associ-
ated with the small recirculation region upstream of
the rib. The minimum mass-transfer before the rib
occurs roughly at one rib height in the neighborhood
where the upstream separation occurs while the over-
shoot is located extremely close to the upstream face
of the rib (less than 0.2 rib heights) and is associated
with a vigorous separated eddy upstream of the rib.
The apparent inconsistency in the level of the peaks
from one inter-rib cell to the other is because the peak
region is very narrow and, therefore, even with the res-
olution possible with mass transfer experiments only
one or two points fall within the peak region. Thus the
steep gradient is not well resolved and the measured
point, being at slightly different locations relative to
the peak, can see considerable Sherwood number vari-
ations from one cell to the other. The observed asym-
metry between the top and bottom walls is attributed

to entrance effects. A periodic signature corresponding
to the rib pitch is also displayed when observing the
centerline Sherwood number distribution along the
two side walls of both ducts for the case of P/e =21
in Figs. 6(b) and 7(a) and (b). This distribution is ap-
proximately 90° out of phase with that of the top and
bottom walls in the sense that the lower Sherwood
numbers on the side walls appear near the high ones
caused by the reattachment on the top and bottom
walls. The lower pitch case does not exhibit this
periodicity clearly because of the closer spacing of the
ribs which does not allow for a considerable decrease
in transport after the reattachment and before the next
rib. The highest heat/mass transfer on the smooth side
walls occurs directly above the ribs and has been
shown experimentally by Acharaya et al. [15,16] to be
associated with a peak in the streamwise turbulence
intensity. In general, the centerline distributions indi-
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cate a higher overall Sherwood number for the smaller
pitch (P/e =10.5) compared to the larger one
(P/e =21).

The effect of the bend on the mass transfer along
the side walls is clearly evident in Fig. 7. While both
inner and outer walls show enhancement, the outer
wall shows greater levels of Sherwood number due to
the bend-induced secondary flows directed from the
inner wall to the outer wall. Enhancement is also
noted along the ribbed walls following the bend, rais-
ing the Sherwood numbers to levels comparable to
those at the entrance to the inlet duct.

The general trends described above for the centerline
measurements are more clearly visible, when inspecting
the sequence of Figs. 8—11. These show the Sherwood
number distribution within two pitches in the develop-
ing region (Figs. 8(a) and 9(a)) and one pitch of the
periodically developed one (Figs. 8(b) and 9(b)) over
all the walls of both inlet and outlet ducts, for the case

(@)

of P/e =10.5, ¢/Dy, =0.1 and Re =40,000. Figs. 10
and 11 show the Sherwood number distribution within
one pitch in the developing region (Figs. 10(a) and
11(a)) and two pitches of the periodically developed
one (Figs. 10(b) and 11(b)) over all the walls of both
inlet and outlet ducts, for the case of P/e =21, ¢/Dy =
0.1 and Re = 39,100. The entrance effect with the re-
lated asymmetry is visible from Figs. 8(a) and 10(a),
on all the four walls. In particular Fig. 8(a), which
includes two ‘developing’ cells, shows that the entrance
effect is quickly diminishing because of the presence of
the ribs. It is clear from Fig. 8(b)-11(b) that the inter-
rib pattern of the Sherwood number distribution in the
developed cells of the ribbed top and bottom walls, is
fairly uniform in the span-wise direction. The top and
bottom walls primarily indicate the behavior of a sep-
arated two-dimensional shear driven flow even past
reattachment. The two-dimensional behavior implies
that the secondary flows (in the cross-stream plane) are
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Fig. 7. Sherwood numbers as measured along the centerline of (a) the inlet; and (b) the outlet; of the ribbed duct for e/Dy = 0.1,

P/e =21, and Re = 39,100.
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Sh/Shy, 0 1 2 3 3.75
(a) Developing Region (b) Developed Region
Top wall
Outer wall
Bottom wall
Inner wall
1 Top wall 0
0 1
Outer ® Inner
wall wall
1 0
1 Bottom wall 0

Upstream view of duct crossection

Fig. 8. Sherwood number distribution on the walls of the inlet ribbed duct at Re = 40,000; ¢/Dy, = 0.1, P/e = 10.5: (a) two pitches
in the developing region; (b) one pitch in the developed region.
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Sh/Sh, 0 1 2 3 3.75
(a) Developing Region
Top wall
Outer wall
Bottom wall
Inner wall 1.0 15 2.0 2.5 9.50 10.00
X/Dh X/Dh
0 Top wall 1
0 0
Outer ® Inner
wall wall
1 1
0 Bottom wall 1

Upstream view of duct crossection

Fig. 9. Sherwood number distribution on the walls of the inlet ribbed duct at Re = 40,000; e/Dy, = 0.1; P/e = 10.5: (a) two pitches
in the developing region; (b) one pitch in the developed region.
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Shsh, 0 1 2 3 3.45
(a) Developing Region (b) Developed Region

Top wall
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1 Bottom wall 0

Upstream view of duct crossection

Fig. 10. Sherwood number distribution on the walls of the inlet ribbed duct at Re = 39,100; e¢/Dy, = 0.1; P/e = 21: (a) one pitch in
the developing region; (b) two pitches in the developed region.
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Sh/Sh, 0 1 2 3 3.45

(a) Developing Region (b) Developed Region
Top wall
Outer wall
Bottom wall
Inner wall 1.00 1.50 2.00 2.50 75 80 85 9.0 95 10.0 10.5 11.0
x/Dy, x/Dy,
0 Top wall 1
0 0
Outer (9 Inner
wall wall
1 1
0 Bottom wall 1

Upstream view of duct crossection

Fig. 11. Sherwood number distribution on the walls of the inlet ribbed duct at Re = 39,100; ¢/Dy, = 0.1; P/e = 21: (a) one pitch in
the developing region; (b) two pitches in the developed region.
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presumably sustained only above the shear layer. How-
ever, the shear layer, separated flow and redeveloping
boundary layer regions are relatively unaffected by the
secondary flows due to the relatively weak nature of
the latter. Spanwise non-uniformity is only pronounced
between the reattachment region and the next rib, with
lower transport appearing close to the duct corners.
This possibly occurs because of a faster growth of the
corner, more ‘three-dimensional’ boundary layer after
reattachment. Because of the overall span-wise Sher-
wood rumber uniformity, a reasonably good estimate
of the overall Sherwood number over the inter-rib cell
can be obtained by considering the centerline distri-
bution, a practice that is very common in the litera-
ture. We have carried out comparisons of the area-
averaged and centerline-averaged Sherwood numbers
for developed inter-rib cells of the top and bottom
walls and found the latter to be consistently higher
than the former by not more than 10% which is only a
few points above experimental uncertainty. This was
so for both inlet and outlet ducts, all four Reynolds
numbers, and both pitches examined.

The pattern of the side walls is strongly non-uniform
in the span-wise direction. The flow accelerates over
the ribs and, as shown by Acharaya et al. [15,16], high
streamwise turbulence intensities are generated directly
above them. These effects lead to a high mass-transfer
field surrounding the rib. This is initiated 1.0-1.5 rib-
heights upstream of the rib, where the flow accelerates
and the turbulence intensity begins to increase, reaches
a peak directly above or just downstream of the ribs,
and then decays as it is convected and diffused down-
stream. The high values on the side wall corners are
also consistent with the secondary flows presumed
above the separated shear layer. A region of low mass
transfer on the side-walls is observed at the location of
the reattachment along the top and bottom wall that is
presumably caused by local flow deceleration. Also,
the mass transfer rates drop in the three-sided corners
where the ribs meet the side walls as expected. These
features are discernible independently of the pitch on
all side-walls for both inlet and outlet ducts and in
both the developing and developed regions (Figs. 8—
11). However, they are very clearly and nicely por-
trayed on the side-walls of the duct with the highest
pitch in Figs. 10(b) and 11(b). The effect of the pitch
on the side-wall mass transfer distribution pattern is
visible by comparison of Figs. 8—11. In the case of the
smaller pitch, the high transport regions behind the
ribs are almost continuous as opposed to those of the
large pitch that are separated by more pronounced
bands of considerably lower transport. In all cases, the
patch with the lowest mass transfer on the side-walls
coincides, in the stream-wise direction, with the region
of high mass transfer on the top and bottom walls.
The peak mass transfer in the neighborhood of the

centerline of the side walls always occurs approxi-
mately between the top and bottom ribs.

Because of the strong span-wise non-uniformity of
Sherwood number distribution on the side-walls, the
centerline Sherwood number record can grossly mis-
represent the overall mass transfer. We have compared
the area-averaged to the centerline-averaged Sherwood
numbers in the ‘developed’ inter-rib cells of the side-
walls and found the latter to be consistently lower
than the former by 25-50%.

We shall now focus our attention to the effect of the
bend. The flow in the bend is subjected to centrifugal
forces that generate a secondary flow pattern sym-
metrical about the plane perpendicular to the axis of
curvature of the bend. These secondary flows direct
fluid from the inner wall to the outer one along the
mid-regions and in the opposite direction close to the
walls. As a result, one expects higher transport rates
near the corners of the inner wall after the bend, com-
pared to those near the center where the secondary
flow stagnation point with diverging velocity is located.
The centrifugal forces also cause the velocity profile to
be skewed with higher velocities near the outlet wall
and lower near the inner with the possibility of separ-
ation if the bend is a short-radius one. Consequently,
the outer wall is expected to have higher transport
rates compared to the inner. Indeed, the side walls in
Fig. 9(a) and 11(a), for the small and large pitch re-
spectively, display a considerable asymmetry as a result
of the bend effect. Markedly higher mass transfer rates
exist near the corners of the outer wall because of the
high velocity resulting from the bend and the local
acceleration and turbulence production generated by
the presence of the ribs. So, the ribs generate a high
level of transport enhancement in this high velocity
region. The inner wall also displays high mass transfer
rates near the corners. However, the levels are con-
siderably subdued compared to the inner wall due to
the lower velocities. It should be noted that the central
region of the inner wall also displays drastically lower
mass transfer rates compared to the outer one, which
is of course consistent with the lower velocities and the
secondary low created by the bend. The outer wall
exhibits a more consistent pattern of increased trans-
port due to the overall higher velocities characteristic
of the outer side of a bend. As seen in Figs. 9(a) and
Fig. 11(a) for the small and large pitch respectively,
the effect of the bend on the top and bottom walls that
carry the ribs is not significant. This is possibly so
because the ribs disrupt the secondary flow and the
possible inner-wall separation created by the bend, the
effect of the rib presence being much stronger. The
reattachment zone is skewed towards the rib near the
outer wall with higher mass transfer rates also close to
the outer wall where the velocities are higher coming
out of the bend.
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5. Concluding remarks

Detailed, high resolution mass (heat) transfer distri-
butions along the four active walls of a square duct
containing a sharp 180° bend have been presented. The
duct simulates the first two passes of an internal cool-
ant channel in a gas turbine engine with inactive (insu-
lated) ribs. Mass transfer measurements were taken
using naphthalene sublimation that is correlated with
heat transfer using the heat—-mass transfer analogy.
Reynolds numbers ranged from 5000 to 40,000.
Ribbed duct measurements were presented for a rib-
height-to-hydraulic-diameter ratio (e/Dy) of 0.1 and
rib-pitch-to-rib-height ratio (P/e) of 10.5 and 21.

Ribbed channel measurements showed the familiar
periodically developed mass transfer after three
hydraulic diameters from the entrance, which agrees
well with previous studies. The high-resolution mass
transfer distributions between consecutive ribs indi-
cated the same separation, reattachment, development,
and recirculation regions that have been previously
observed. The mass transfer distribution on the ribbed
walls was shown to have more span-wise uniformity
than the smooth side walls that experience high mass
transfer rates close to the rib ends and near the corners
downstream of each rib. The mass transfer on these
smooth side-walls also displayed a periodic pattern dic-
tated by the rib pitch.

The effect of the bend on the local Sherwood num-
ber distributions were explained on the basis of the
secondary flow developed within the bend and possible
separation from the inner wall after the bend. The
observed detailed features of the mass transfer distri-
butions were qualitatively common to all Reynolds
numbers and both pitches studied. Comparisons of
inter-rib mass transfer distributions with three other
mass-transfer experiments, and heat transfer results
from two other studies indicated overall very good
agreement. These detailed mass transfer results
(obtained with a computer controlled acquisition sys-
tem) reveal localized regions of mass (heat) transfer
that may be useful in the design of future heat transfer
augmentation methods as well as the validation of
computational fluid dynamics and heat transfer com-
puter codes.
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