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Abstract

Particle image velocimetry (PIV) experiments have been carried out to study the correlation between the high-
Reynolds number turbulent flow and wall heat transfer characteristics in a two-pass square channel with a smooth wall
and a 90° rib-roughened wall. Detailed averaged velocity distributions and turbulent kinetic energy for both the main
and the secondary flows are given for a representative Reynolds number (Re) of 30,000. The PIV measurement results
were compared with the heat transfer experimental data of Ekkad and Han [International Journal of Heat Mass
Transfer 40 (11) (1997) 2525-2537]. The result shows that the flow impingement is the primary factor for the two-pass
square channel heat transfer enhancement rather than the flow turbulence level itself. The characteristics of the sec-
ondary flow, for example, vortex’s shape, strength, rotating-direction and positions, are closely correlated with the wall
heat transfer enhancements for both smooth and ribbed wall two-pass square channels. The rib-induced flow turbulence

increases the heat transfer mainly because of the enhanced local flow impingement near the rib.

© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Advanced gas turbine airfoils are subjected to high
heat loads that escalate cooling requirements to satisfy
the airfoil life goals. Both external and internal cooling
techniques are used; the internal cooling uses the coolant
airflow through serpentine passages inside a turbine
blade to convectively extract heat from the blade body.
The coolant air in the passage develops a complex tur-
bulent flow, in particular near the blade tip region,
where the flow abruptly changes direction by 180°.

A two-pass U-channel of a blown-up scale has been
widely used to simulate the serpentine coolant passage
near the blade tip region matching the flow Reynolds
number. Metzger et al. [1] studied forced convection in
two-pass smooth rectangular channels by varying the
divider location and the gap at the 180° turn. Han et al.
[2] studied the local heat/mass transfer distribution in
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two-pass square channels with smooth and 90° ribbed
walls. Han and Zhang [3] studied the effect of rib angle
orientation on local heat/mass transfer distribution in a
three-pass rib-roughened channel. It was observed that
the rib angle, rib orientation, and the sharp 180° turn
significantly affected the local heat/mass transfer distri-
butions. The combined effects of these parameters in-
creased or decreased the heat/mass transfer coefficients
after the sharp 180° turns. The detailed heat transfer
coefficient in the two-pass square channel was reported
using liquid crystal technique by Ekkad and Han [4].
Park and Lau [5] also investigated the sharp-turning
flows in a two-pass square channel with smooth walls
using the naphthalene mass transfer technique for a
relatively low-Reynolds number of 5500. Rau et al. [6]
studied the effect of ribs on heat transfer enhancement
and flow distribution in a straight channel. They showed
that the secondary flows, which were generated by the
ribs, effect on the local heat transfer enhancement at the
lateral walls.

Investigation of the fluid dynamics inside the 180°
turning critical regions of coolant passages is necessary
to properly understand the convection heat transfer
since the two (heat transfer and fluid dynamics) are
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Nomenclature

Dy hydraulic diameter

DVR  dynamic velocity range
DSR dynamic spatial range

d diameter of particle image

(]

Vi F-number of camera lens

/ dimension of field-of-view

M, optical magnification

N number of pixels

Nu Nusselt number

Nuy Nusselt number for a smooth and straight
circular channel

Re Reynolds number

TKE  two-dimensional turbulent kinetic energy

U, bulk mean velocity

U, V, W instantaneous velocity components

U, V, W ensemble averaged velocity components
u, v, w fluctuating velocity components

Greek symbols

At laser pulse delay

A4 grid size of evaluation window

AZ, laser light sheet thickness

¢ standard error of mean value

A laser light wavelength

a standard deviation

Oy minimum resolvable velocity in x-direction

¢ ratio of out-of-plane displacement to laser
sheet thickness

max maximum values

closely correlated as heat and momentum transfer phe-
nomena.

Tse and Stauber [7] and Liou and Chen [8] studied
the turbulent flow characteristics of a smooth channel
with a 180° sharp corner turning using two-dimensional
laser Doppler velocimetry (LDV) measurements. Study
of flow visualization in a smooth channel with a 180°
sharp corner was reported for a near laminar flow
condition (Re = 2500) by Liou and Chen [9]. They also
presented heat transfer coefficient distributions and fluid
flow field data measured by using thermocouple probes
and LDV, respectively. Liou et al. [10] reported the
thickness effect of the flow divider on the flows in a two-
pass smooth square channel with a 180° sharp turn at
the free stream Reynolds number of 12,000. They
showed that the turbulent kinetic energy and convective
mean velocity are closely related with the “‘regionally
averaged” heat transfer coefficient after the turning re-
gion. They also presented the effect of rotation on the
local heat transfer distributions and the fluid flow
around a 180° turn of a two-pass smooth square channel
at a Reynolds number of 10,000 in their more recent
work [11]. Jang et al. [12] reported on the computational
results of flow and heat transfer in two-pass channel for
Reynolds number of 30,000. Especially, they studied the
effect of the angled rib (60° inclined from the flow axis)
on the channel surface heat transfer.

Eggels et al. [13] reported on turbulent channel flow
measurement using the particle image velocimetry (PIV)
technique. The accuracy of PIV measurements for tur-
bulent channel flows was compared with pointwise
measurement techniques including much higher spatial
resolution that is temporally correlated at a fixed time.
The PIV technique also improved the spatial resolution
near the channel wall region. Schabacker et al. [14] first

reported stereoscopic PIV measurement of the flow
passage of a smooth wall U-channel. Also, they showed
the rib effects on the flow characteristics [15]. In their
both studies the near-wall region data was not suffi-
ciently presented and no attempt was made to provide a
correlative interpretation of their flow measurement
data with available heat transfer results.

The main effort of the present study has been an at-
tempt to interpret our PIV results to understand the
detailed and complex turbulent flow patterns inside a
two-pass U-channel and to physically explain the con-
vective cooling by the correlation between the main and
secondary turbulent flows and the heat transfer data
previously measured by Ekkad and Han [4], using a
liquid crystal technique.

2. Experiment
2.1. Test section

The test section geometry (Fig. 1) was adopted from
the previous heat transfer study of a U-channel [4]. Fig.
la shows a smooth wall U-channel of a 50.8 mm square
flow passage (D, = 50.8 mm), and Fig. 1b shows a rib-
roughened wall U-channel of the same dimension. The
channel cross-sectional dimension uncertainty is esti-
mated to be £0.197% or £0.225 mm.

The flow was delivered by a suction pump attached
to the channel outlet. The length from the air inlet to the
end wall (x = Xj = 0) is 22Dy, (hydraulic diameter), ac-
counting for the extended section of 10D, long attached
to the test section shown in Fig. 1. Since no smooth
converging inlet was used, the incoming flow is some-
what disturbed from an ideal plug flow and thus, the
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Fig. 1. Test sections: (a) smooth wall; and (b) 90° ribbed wall.

fully developed length must be shorter than the well-
known ideal value of the critical length of L/Dy, = 25 for
a converging inlet. Although not measured, we posi-
tively believe that the flow reached nearly the fully de-
veloped state at the measurement location.

The flow separator of Dy, /4 thickness has 90° sharp
edges providing 180° flow turning. The rib turbulators, a
total of 19 attached to only one side wall, were made of a
Plexiglas rod of 0.125Dy, x 0.125D, cross-section with
1.25Dy, intervals. Both channels were made of 12.7 mm
thick Plexiglas. The inner wall surfaces, except for the
optical access areas for the laser sheet and camera
imaging, were painted with non-gloss black (approxi-
mately 250 pum in thickness) to reduce the laser light
reflection from the glossy Plexiglas surfaces. The tested
mean flow velocity U, = 3.49, 8.73, and 16.00 m/s are
corresponding to Re = 12,000, 30,000, and 55,000, re-
spectively. This paper presents only the intermediate
case of Re = 30,000 since the three cases are qualitatively
similar [16]. The Reynolds number is calculated based
on the air density and viscosity at 20 °C and on the
length scale of Dy, and its uncertainty is estimated to be
+2.45% or Re = 30,000 £ 735.

Fig. 2 shows the side-view of a tested U-channel with
x- and z-coordinate marks for later reference in pre-
senting the measurement results.

2.2. Particle image velocimetry system
The present PIV system consists of a Spectra Physics

Model PIV-400 Nd:YAG double resonant tube laser
providing frequency-doubled (4 = 532 nm) pulsed emis-
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Fig. 2. Test section geometry for PIV measurement: (a) smooth
wall; and (b) 90° ribbed wall.

sions of 400 mJ/pulse via a Q-switching module with a
pulse duration of approximately 10 ns. The time delay
between the two successive pulses was varied from 5 to
40 ps depending on the tested flow conditions. The
seeding particles were generated by means of a Laskin
type nozzle, which blows compressed air into the midst
of corn oil forming air bubbles containing oil vapor that
condenses to tiny oil droplets as the bubbles emerge to
the oil-air interface and collapse. The mean diameter of
the oil droplets was measured to be about 1 um using the
Malvern laser diffraction droplet analyzer [17], with
specific gravity of 0.918, and refractive index of 1.464
[18]. A combination of two cylindrical lenses and a
spherical lens collimated the laser light sheet of ap-
proximately 1 mm thickness at the measurement regions.
The cooled full-frame interline-transfer 1280 x 1024 x
12 bit CCD camera was used for recording particle im-
ages. The 1280 x 1024 imager CCD chip has an 8.70
mm x 6.96 mm dimension and the size of each pixel,
d; = 6.8 x 6.8 um. The field-of-view of PIV images
was set as (/, = 114.3 mm) x (/. = 114.3 mm) for the
main flow measurement (on the xz-plane) and (/, =
50.8 mm) x (/, = [, = 50.8 mm) for the secondary flow
measurement (on the yz- and the xy-plane). A Nikon 55
mm manual lens with /# = 4.0 was attached to the CCD
camera with its magnification M, = 0.061 and 0.137 for
the main and the secondary flow measurements, re-
spectively. A commercial LaVision FlowMaster-3 soft-
ware system was used for the image recording, time
synchronization control between the laser, and the CCD
camera, and data processing.

The standard cross-correlation scheme based on FFT,
developed by LaVision, Inc., was used to process the PIV
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images to obtain the raw vector field. The scheme also
implements a multi-pass interrogation process with an
adaptive window offset algorithm to enhance the signal-
to-noise ratio. The use of the window offset also im-
proves the spatial resolution by effectively reducing the
interrogation window size [19]. The first-pass cross-cor-
relation is calculated for a 64 x 64-pixel interrogation
window by FFT without window offset, and then the
interrogation window is divided to four sub-areas of
32 x 32-pixel size for the second-pass calculation. The
estimated displacement value (integer number) obtained
from the first-pass calculation is used as the window
offset value for the second-pass calculation. The dis-
placement values of the four highest cross-correlation
peak locations, corresponding to the four interrogation
windows of the second-pass calculation, are stored for
further vector validation processes. The 32 x 32-pixel
square window corresponds to approximately 3.26 mm
square grid for the main flow, and 1.59 mm square grid
for the secondary flow in the physical plane.

The out-of-plane particle motion causes loss of par-
ticle image pairs and is the bias source in the determi-
nation of particle displacement in an interrogation
window. When choosing the pulse delay (Af) and the
laser light sheet thickness (AZ), the out-of-plane motion
should be considered in order to optimize the PIV tur-
bulent experiment. Keane and Adrian [20] suggested
one-quarter rule in deciding the optimal pulse delay
where the ratio of the out-of-plane displacement to the
laser sheet thickness must be smaller than 0.25, i.e.,
{ = |W|At/AZy < 0.25, where |W| is the velocity magni-
tude, which travels in a cross-direction to the laser light
sheet. The maximum range of the ratio { for the present
experiment is calculated to be 0.175 for the main flow
measurements on the x—z-plane (the laser sheet thickness
AZy = 1 mm, instantaneous maximum of the secondary
flow, |W|,. =8.75 m/s (Re =30,000) in the out-of-
plane direction of the main flow, and the typical pulse
delay At =20 ps), and 0.164 for the secondary flow
measurements (AZ, = 1 mm, instantaneous maximum
of the main flow, |U|,,, = 16.35 m/s, which is corre-
sponding to the out-of-plane direction for the secondary
flow, and the typical pulse delay Az= 10 ps). Note
that the main flow measurement on the mid-plane
(y = 0.5Dy) for the case of the smooth walled channel
reduces the out-of-plane displacement error because of
the flow symmetry on the mid-plane. For the secondary
flow measurements, the error is inevitable and the pulse
delay has been minimized because of the main flow
crossing the secondary flow measurement plane.

2.3. Dynamic velocity range and dynamic spatial range
Dynamic velocity range (DVR) specifies the range of

velocity variation over which measurements can be
made. The instantaneous velocity magnitude, for the

case of the smooth channel and Re = 30,000, ranges up
t0 Upax = 16.35 m/s for the main flow and 8.75 m/s for
the secondary flow, occurring near the flow impingement
region after the 180° turn. The maximum velocity ranges
remained approximately the same for the roughened
wall case. The DVR of the PIV system was estimated
using the theory developed by Adrian [21], where DVR
is defined as the ratio of the maximum velocity to the
minimum resolvable velocity, or equivalently the rms
error in the velocity measurement, i.e.,

Ul’llﬂX _ Umax

DVR = 2o _ _ max
o, oaxM; AL

(1)
where the image magnification M, = 0.061 for the main
flow, and the laser pulse interval At = 40 ps (maximum
interval used for the experiment). The rms error of the
displacement on the pixel plane o,y is asserted as 4% of
the recorded image diameter, i.e.,

oax = 0.04(d> + d?)'" (2)

where d; = 6.8 um represents the resolution of the re-
cording medium that is taken to be equivalent to the
pixel size, and d. is the diameter of the particle image
prior to being recorded on the pixel plane.

Assuming that the particle image is diffraction limited
and its image intensity is Gaussian, the diameter of the
diffracted image of the particle is expressed as [22]:

d? = M2d + [2.44(1 + M,) f*7) (3)

where the seeding particle diameter d, = 1 pm, the F-
number of the imaging lens f# =4.0, and the laser
wavelength 4 is taken as 532 nm. Thus, the recorded
image diameter (d2 + d2)"* is calculated to be 8.79 pm
occupying approximately 1 pixel. Substituting Eq. (3)
into Eq. (2) gives gay = 0.35 um, and subsequently, the
rms velocity measurement error o, = 0.146 m/s, and Eq.
(1) gives DVR = 113. Similarly, DVR can be estimated
to be 33 for the secondary flow measurement with
M, =0.137 and At = 10 ps.

Dynamic spatial range (DSR) is defined as the ratio
of the maximum resolvable scale to the minimum re-
solvable scale, i.e.,

I LM,

DSR = =
Axp max UmaxAt

)

where the CCD pixel array dimension L, = 8.70 mm,
and DSR =218 and 728 for the main flow and the
secondary flow, respectively.

2.4. Data uncertainty of PIV measurement

In order to meet the statistical requirements for the
mean and fluctuation velocity component measure-
ments, a sufficient number (V) of PIV images must be
recorded and processed. The probability distribution



S.Y. Son et al. | International Journal of Heat and Mass Transfer 45 (2002) 4809-4822 4813

Table 1
Uncertainties of ensemble averaged flow components at
Re = 30,000

Smooth wall

Ribbed wall

U +2.317 x 102U, +2.974 x 102U,
14 +2.586 x 1072U, +2.521 x 10720
w +2.152 x 102U, +3.927 x 10720,
TKE  +8.971 x 107302 +4.368 x 107202

function (PDF) of measured velocity magnitudes ap-
proaches a Gaussian when N is large, and the mean or
ensemble averaged value approaches to a true mean as N
goes to infinite. In the case of finite N-samplings of
fluctuating property, such as instantaneous velocity
vectors, their ensemble average bears an uncertainty
from the true value. The central limit theorem [23,24]
shows that the uncertainty can be approximately equal
to the standard deviation of measured values (o) divided
by V/N, i.e., the standard error of mean value, & = a/ VN.
Table 1 shows standard errors calculated from measured
data for the velocity components U,V, and W, and
turbulent kinetic energy (TKE) averaged from 1000 PIV
image data. The tabulated uncertainties are estimated at
the locations of the highest standard deviations of the
individual components, and they are equivalent to 95%
confidence interval, which is equivalent to +£1.96¢. Note
that the most uncertainties are smaller than 5%, for the
case of TKE for the rib-roughened channel.

The selection of 1000 realizations is based on the
examination of the data convergence with the number of
PIV realizations. Fig. 3 shows ensemble averaged
streamwise velocity (U/U,) and streamwise turbulence
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Fig. 3. Statistical convergence of ensemble averaged streamwise
velocity U/U, and turbulent intensity (\/u:2 /Uy) depending on
the number of PIV images taken for smooth wall at Re =
30, 000.

intensity (\/ﬁ /Uy) calculated for up to 2000 PIV real-
izations for the smooth wall U-channel flow at Re =
30,000. The three locations are selected as before-bend
(x2,01/2, (z2 + 2z3)/2), mid-bend x,/2,y1/2,(z1 + z2)/2),
and after-bend (x2,)1/2,z/2), representing the lower,
medium, and higher turbulence level regions, respec-
tively (Fig. 2). All the mean velocities and the lower
turbulent flow data, the convergence lines are quite
stable after 500 realizations. However, the data taken
at the after-bend point of the highest turbulence, fluc-
tuates until it reaches its asymptotic level of 34% near
1000 realizations. Therefore, all of the presented results
are based on the ensemble average of 1000 PIV image
pairs.

3. Results and discussion

3.1. Correlation between heat and momentum transfer for
smooth wall two-pass channels

3.1.1. Flow recirculation bubbles

Fig. 4 shows the average main flow velocities (U, W)
and the average two-dimensional turbulence kinetic en-
ergy (TKE) levels (100 x ((u? + w?)/2)/U?), which were
evaluated from 1000 PIV images taken at the mid-plane
(y =0.5Y; = 0.5Dy). The turning flow velocity magni-
tudes radially decrease with increasing radius to counter-
balance the centrifugal force considering the inviscid

U, :8.727 m/s
X —_—

Bifurcating
zone

Fig. 4. Main flow development at y = 0.5Y; = 0.5D;, with
smooth wall at Re = 30,000: (a) mean flow vector distribution
averaged for 1000 PIV images; and (b) normalized turbulent
kinetic energy (((u? +w?)/2)/U2) x 100 distribution.
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Euler momentum conservation. The sharp-tip separator
drives an abrupt redirection of the flow with pressure
reduction that induces a flow recirculation at the tip.
The shear between the reversing flow and the main flow
contributes to the local increase of TKE up to 7.2% near
the tip of the flow separator (Fig. 4b). The 180° turning
pushes the flow outward creating adverse pressure gra-
dient in the inner region and creates a larger flow re-
circulation along the separator wall in the second-pass
of the channel. The recirculation bubble extends from
x =X, — 0.2D, to x = X; + 0.4D;, and occupies 0.3Dj, at
maximum thickness. The reverse flow magnitude in the
recirculation bubble reaches as high as one-half of the
bulk mean speed, 0.5U,. Again, high values of TKE, up
to 10.3% in Fig. 4b, are shown at the recirculation
bubble boundary where the maximum reversing shear
exists between the main flow and the recirculating flow.
Note that the recirculation bubble zone on this mid-
plane does not show any reattachment back to the
separator wall, as shown in Fig. 4a. Instead, the flow is
“bifurcating”, apparently similar to a flow source point,
from the separator wall near the maximum shear point.
It is evident that to satisfy the mass continuity the flow
must be induced into the mid-plane point by way of
secondary flows from off-centered planes. This manifests
complicated three-dimensional secondary flows, existing
in the bubble area.

U, :8.727 m/s
X,

z,

Fig. 5. Main flow development at y = 0.125Y; with smooth wall
at Re = 30,000: (a) mean flow vector distribution averaged for
1000 PIV images; and (b) normalized turbulent kinetic energy
(2 +w?)/2)/U2) x 100 distribution.

Fig. 5 shows the averaged main flow velocity and
TKE distributions, which were measured at the off-
center plane (y = 0.125Dy,), close to the solid side wall
(y = 0). Compared to the mid-plane (y = 0.5Dy,) results
shown in Fig. 4, the recirculation bubble region is more
distinctive and stronger showing a clear reattachment of
the flow onto the separator wall (Fig. 5a). Evidence from
the flow field results in Figs. 4 and 5 and from additional
results, measured at several different y-planes though
not presented in the present paper, it is believed that the
stronger flow recirculation developed near the side wall
reattaches to the separator surface location off the mid-
plane and the two reattached flows from both sides
merge into the mid-plane to create the bifurcating flow,
as previously discussed in Fig. 4a. The TKE measured at
the plane closer to the side wall (Fig. 5b) shows a no-
ticeable decrease compared with that at the mid-plane.
Also, reversing shear that dramatically increases TKE in
the mid-plane (Fig. 4b) is not shown in this off-mid-
plane.

3.1.2. Flow impingement zones

Coming back to the mid-plane results shown in Fig.
4, the flow impingement onto the end wall (x = X;) be-
fore turning provides a stagnation point at z =27, +
0.6D,, (Fig. 4a). The main flow splits from this stagna-
tion point and induces a recirculation bubble near the
upper left corner. Indeed, supplemented from our ad-
ditional measurement results that are not presented, the
impinging flow also splits into the lateral y-direction and
contributes to the secondary flow formation. As the
boundary layer thickness diminishes near the stagnation
point, heat transfer enhancement is expected due to the
high temperature gradient. The TKE level is somewhat
quenched below 2.6% at the impingement zone. Another
impingement is observed near the lower left corner at
x =X, +0.18D;, and a local increase of heat transfer is
expected to occur near this impingement location. The
TKE level is again low at 1.0%, near the impingement
zone.

For the plane closer to the sidewall (Fig. 5a), the
impingement location is shifted to 0.8Dy, below the up-
per left corner, before turning, and to 0.3Dy, after
turning. Because of the presence of the side wall, the
overall TKE levels (Fig. 5b) are lowered compared with
the previous mid-plane results. The quenching of TKE
near the impingement locations is persistent and heat
transfer enhancement near the impingement is also ex-
pected.

3.1.3. Correlation with heat transfer data

Fig. 6a shows a recreation of Nu/Nu, data previ-
ously published by Ekkad and Han [4] where they
measured Nusselt number distributions on the side wall
for the same test section geometry (except for the sepa-
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rator leading edge shape), and with the identical flow
conditions, using a liquid crystal technique. Nuy =
0.023Re%3 P04 [25] represents the fully developed tur-
bulent flow Nusselt number for a smooth and straight
circular tube. The high Nusselt number regions (solid
arrows) approximately correspond to the impingement
zones shown in Figs. 4 and 5. Another observed region
of high heat transfer is located at the lower-channel wall
(block arrow), after the impingement location, where the
heat transfer increase is attributed to the large, main
flow velocity gradients occurring due to the thin
boundary layer development after the impingement
while the main flow speed is accelerating.

Fig. 6. Heat transfer coefficient (Nu/Nug) developments and
heat-fluid correlations for the smooth wall U-channel at
Re = 30,000 using the PIV data measured at y = 0.5Y;: (a) heat
transfer coefficient (Nu/Nug) distribution (recreated using the
data presented in [4]); (b) correlation distribution between mean
velocity and Nu/Nuy; and (c) correlation distribution between
TKE and Nu/Nuy.

An attempt has been made to spatially correlate the
mid-plane flow field data (Fig. 4) with the heat transfer
data (Fig. 6a) to generate a mean flow heat transfer
correlation (VU2 + W?/(VU?+W?)_ )(Nu/Nug), and
a TKE-heat transfer correlation, (TKE/TKE,.x)
(Nu/Nuy). The correlation values will be large if the
magnitudes of the two properties, mean flow—Nusselt
number or TKE-Nusselt number, are both large within
the spatially coincidental range. Also, the high correla-
tion of flow properties with heat transfer distribution
will generate the contour map of the flow-heat correla-
tion to be similar to the contour map of the heat transfer
distribution, Nu/Nuy. Thus, the mean flow-heat transfer
correlation (Fig. 6b), in comparison with Fig. 6a, shows
a fairly high level of correlation between the convection
heat transfer and the mean flow distribution. This im-
plies that the heat transfer enhancement can be largely
attributed to the mean flow characteristics, including the
local flow impingement and the high velocity gradients
occurring from a thin boundary layer growth after the
impingement. On the other hand, the TKE-heat transfer
correlation (Fig. 6¢) shows less consistent correlation
between the heat transfer characteristics and the TKE
level distribution at the mid-plane.

The similar correlation results (Fig. 7) calculated by
using the PIV data measured closer to the channel side
surface at y = 0.125Y; shows no distinctively different
characteristics compared with the correlation using the
mid-plane PIV data presented in Fig. 6. The mean flow—
heat transfer correlation shows persistently higher level
of correlation than the TKE-heat transfer correlation.
The contour discontinuity shown in the middle of
both the upper- and lower-passes in Fig. 7b is attrib-
uted to the artifacts that are resulted from “mismatch-
ing” of two PIV imaging field-of-views of approximately
2Dy, x 2Dy, in dimension. (Note that a lower magnifica-
tion or a single and bigger field-of-view was used to
record images in Fig. 6 that does not show the trace of
any mismatching.)

3.1.4. Secondary flow development

Fig. 8 shows the mean secondary flow development
of the Dean-type [26] counter-rotating vortices (the left
column) and the corresponding two-dimensional TKE
(the right column), measured at different cross-sectional
planes. The Dean-type vortex pair symmetrically devel-
ops along a curved smooth pipe or channel as the
relatively faster inner flow carries a larger centrifugal
force than the outer flow and this leads to the emer-
gence of a secondary flow directing outwards in the
center and inwards near the wall. The inset figures of
the center column show the heat transfer data, Nu/
Nuy measured along the side wall surface by Ekkad and
Han [4].

The strong vortex pair appears at the 90°-turning
plane from the incident flow direction (Fig. 8a) due to
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Fig. 7. Heat transfer coefficient (Nu/Nuy) developments and
heat-fluid correlations for the smooth wall U-channel at
Re = 30,000 using the PIV data measured at y = 0.125Y;: (a)
heat transfer coefficient (Nu/Nuy) distribution (recreated using
the data presented in [4]); (b) correlation distribution between
mean velocity and Nu/Nuy; and (c) correlation distribution
between TKE and Nu/Nuy.

the centrifugal force action, then the vortex strength
further increases with more flow turning at the 180°-
turning plane (Fig. 8b), and then diminishes in the sec-
ond-pass channel cross-sections (Fig. 8c and d). Note
that the source-like bifurcating zone (circled region)
shown at the upper middle region of Fig. 8b shows the
reverse flow of the aforementioned recirculation bubble
near the separator leading edge (Fig. 4a). In the plane
x = X, (Fig. 8c), approximately 0.5Dy, below the top (Z;)
along the symmetry line (the circled region on the center
line), the secondary flow magnitude diminishes to con-
form a ““virtual” source point. This region is adjacent to
the bifurcating zone (Fig. 4a) where the bifurcating flow

meets the main flow near the bubble boundary forming a
stagnant-like region at (x ~ X, + 0.4Dy,,y ~ Z; — 0.3Dy,).
The downward flow from the top along the symmetry
line in Fig. 8c and d is consistent with the development
of the bifurcating flow shown in Fig. 4a. Fig. 8c and d
also support the aforementioned finding in that the re-
attachment occurring off the mid-plane (block arrows)
and the two reattached flows merge into the mid-plane
to create the bifurcating flow.

3.1.5. Effect of impingement and recirculation on heat
transfer

The locations of the maximum Nusselt number agree
well with the impingement locations (solid arrows) on
the side wall (X, — X; surface for Fig. 8a, and Z; — Z,
surfaces for Fig. 8b and c¢). No distinctive maximum
Nusselt number was observed for the case of no im-
pingement shown in Fig. 8d. The maximum impinge-
ment velocity magnitudes, normalized by the bulk
mean velocity Uy, are 0.24, 0.47, and 0.29 for Fig. 8a—c,
respectively, and this can explain the main reason for
the highest Nusselt number observed for the case of
Fig. 8b.

While the flow impingement enhances the local con-
vection heat transfer, a recirculation zone usually re-
duces heat convection since the flow is trapped inside the
zone and the shear layer is formed between the separa-
tion zone and the main flow. Along the shear layer,
thermal energy is transferred primarily by conduction
[25]. The regions of noticeable reductions in the Nusselt
number, following the impingement locations, are ap-
proximately identical to the recirculation bubble loca-
tions. Also, the small-scale sudden reduction of the
Nusselt number very near the top and bottom corners,
shown in almost all the cases, are attributed to the very
tiny recirculation zones formed at the corners.

On the other hand, the large recirculation bubble
along the flow separator (Fig. 4a) does not seem to di-
rectly contribute to reducing the heat transfer (Fig. 6a).
The weaker vortex pair, shown above the Dean-type
vortex pair, in Fig. 8c indicates that the flow inside the
recirculation bubble reverses in two helical counter-ro-
tating patterns. The resulting three-dimensional reverse
flows accompanying the bifurcating flows near the flow
source point (Fig. 8b and c¢) more aggressively transfer
flow momentum across the bubble boundary without
being trapped inside, unlike the normal two-dimensional
recirculation zone. The relatively weaker vortices inside
the recirculation zone counter-rotate with the stronger
Dean-type vortices and the highest TKE levels are
shown in the shear boundary of the two pair of vortices.
This is consistent with the TKE contour plot shown in
Figs. 4b and 5b. Further downstream, the weaker vor-
tices are merged into the Dean-type vortices forming a
single pair of two larger but relatively weaker vortex
flows occupying the whole cross-section (Fig. 8d).
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Fig. 8. Secondary flow development for smooth wall at Re = 30,000, ensemble-averaged from 1000 PIV images: (a) 90°-turning plane;

(b) 180°-turning plane; (c) and (d) further downstream in the second-pass.

the data presented in [4]). The heat transfer enhance-
ment is most distinctive around the rib area. In par-

3.2. Correlation between heat and momentum transfer for

ribbed wall two-pass channels

ticular, the largest increase in the Nusselt number is

observed on the top surface of each rib, followed by a

In comparison with the smooth wall case (Fig. 6a),
the heat transfer enhancement for the ribbed surface

sudden drop immediately after the rib and a fairly rapid

recovery (solid arrows) of the Nusselt number before
facing the next rib. This repeating pattern of Nusselt

is obvious as shown by the magnitude of the heat

transfer coefficient Nu/Nuy in Fig. 9a (recreated from
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Fig. 9. Heat transfer coefficient (Nu/Nug) developments and
heat-fluid correlations for 90° ribbed wall U-channel at
Re = 30,000 using the PIV data taken at the mid-plane at
y=0.5%: (a) heat transfer coefficient (Nu/Nuy) distribution
(recreated using the data presented in [4]); (b) velocity—magni-
tude vs. Nu/Nuy correlation; and (c) TKE vs. Nu/Nu, correla-
tion.

number distribution is attributed to the main flow im-
pingement on the rib and reattachment on the channel
wall surfaces. The heat transfer increase at the upper end
wall (block arrow) can also be explained by the flow
impingement as previously discussed for the smooth wall
case.

Fig. 9b shows the correlation between the Nusselt
number distribution and the mean flow magnitude dis-
tribution in the mid-plane (y = 0.5Y;). The high corre-
lation near the top surface of each rib for the first
(upper)-pass is attributed to the flow impingement and
the resulting heat transfer enhancement. As the flow
turns, generally higher correlations are achieved and the
highest correlation point remains at the top surface of

each rib. Note that heat transfer is higher near the outer
wall than that near the inner wall (i.e., the flow separa-
tor wall) due to the strong flow impingement onto the
outer wall while the turning. The direct impingement
onto the upward-facing rib surface is reduced as the flow
repeatedly passes the ribs. Additional high correlation
points are located near the reattaching/impingement
region on the sidewall immediately after the flow sepa-
ration occurred by the protruding rib. This also shows
high correlation compared with the Nusselt number re-
sults of Fig. 9a. The TKE results measured on the mid-
plane show significantly less correlation with heat
transfer distribution (Fig. 9c).

The heat and flow measurements for the region sur-
rounding the three ribs in the second (lower)-pass are
shown in Fig. 10. Fig. 10b shows the flow measurement
for the mid-cross-section perpendicular to the rib where
the 180° turned fast flow is rapidly deflected away from
the first rib (block arrow) producing a flow separation
and recirculation bubble behind the rib. The flow reat-
taches at X, + 0.75Dy, (solid arrow) and the main flow
moves on to the second rib imposing a large shearing
flow on the top surface of the second rib (circled region).
This is believed to be the reason for the more distinctive
increase in heat transfer at the top surface of the second
rib, than the first rib, as shown in Fig. 9a. Note that the

(Ekkad and Han, 1997)
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Fig. 10. Heat transfer distribution for the second-pass of the
90° ribbed channel and flow field development at z = 0.57,
plane at Re = 30,000: (a) Nu/Nuy on the lateral wall; (b) flow
vector plot at z = 0.5Z; plane; and (c) normalized turbulent
kinetic energy, (((u2 +w?)/2)/UZ) x 100 plot.
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flow impingement to the upward-facing surface of the the recirculation zone reattaches closer to the rib, at
second rib is minimal. The flow passing the second rib is X2 +0.6D;, (solid arrow). The location of the local
less disturbed, compared with the flow onto the first rib, maximum heat transfer between the second and third
since the disturbing effect from the flow turning is di- ribs matches the reattaching impingement point. The
minished, and thus, the flow separation is weaker and turbulent kinetic energy contour (Fig. 10c) shows the
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Fig. 11. Secondary flow development for 90° ribbed wall at Re = 30, 000.
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highest level (15%) occurring around the reversing shear
layer created by the recirculating bubble and the main
stream after the first rib (circled region). The TKE dis-
tribution, however, shows less persistent correlation
with the heat transfer.

Fig. 11a shows the secondary flow on the cross-sec-
tion at the 90° turn and the heat transfer distribution
along the top surface of the rib. In comparison with Fig.
8a, the two Dean-type counter-rotating vortices are se-
verely distorted in their sizes, strengths and locations,
due to the asymmetry of the ribs attached to only one
side wall, while they maintain their counter rotating
directions. The highest heat transfer enhancement point
matches the location of the impingement near the lower
left corner (block arrow), whereas the highest TKE re-
gion is located above the mid-plane (circled region). The
plateau region of high Nusselt number is attributed to
the strong convection flow along the rib surface shown
in the flow field distribution (double arrow). Fig. 11b
shows the increasing Nusselt number, radially outward
(Z, to Zy), since the main flow velocity also radially in-
creases and more convective heat transfer is expected on
the top surface of the rib. In addition, the sharp peak in
the heat transfer near the inner wall (circled region) is
attributed to the rapid depletion of the secondary flow
after the main flow impingement onto the upward sur-
face of the rib (block arrow). No clear correlation of the
TKE distribution is observed with respect to the heat
transfer distribution. The Nusselt number further down
stream, gradually recovers the spanwise uniformity as
does the main flow. Flow vector fields shown in Fig. 11c
and d are partially missing in the vicinity of the side wall
(along Z, to Z;) because of the physical blocking by the
rib for optical access that is arranged through the end
wall with an inclination angle.

Fig. 12 shows the tendency of heat transfer en-
hancement and TKE level in terms of the region-
averaged Nusselt number and the region-averaged
two-dimensional TKE for the main flow measured in the
mid-plane. Regions were divided by the same section
size (except for region 5) as illustrated in Fig. 12a. The
summation of the regional Nusselt number of the 90°
ribbed wall shows 33.8% higher heat transfer rate than
the smooth wall, and the global TKE of the ribbed wall
channel flow is 30.3% higher than the smooth wall. The
smooth wall Nusselt number shows a sudden increase as
the flow approaches the bend region (region 4), and
continues increasing until region 6. After region 6, the
Nusselt number remains unchanged until the completion
of flow turning and then gradually decreases thereafter.
However, the corresponding region-averaged TKE (Fig.
12¢) has a gradual slope of growth from region 3 to
region 6, and then a higher slope until region 8. It is
shown that the region-averaged TKE less accurately
correlates with the region-averaged heat transfer char-
acteristics.
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Fig. 12. Effect of the 90° ribs on the Nu/Nu, and normalized
turbulent kinetic energy at Re = 30,000 using the PIV data
measured at the mid-plane: (a) regions in the test section; (b)
regionally averaged Nu/Nuy; and (c) regionally averaged tur-
bulent kinetic energy.

The Nusselt number for the ribbed surface is persis-
tently higher than the smooth wall for all regions (Fig.
12b). The Nusselt numbers for regions 4 and 6 approach
those of the smooth wall since the two regions do not
have the ribbed top surface where the maximum Nusselt
number is expected. The region-averaged TKE shows a
higher level for the ribbed channel than for the smooth
channel, except for regions 8 and 9, where the magni-
tudes are reversed. This may imply that the turbulence
enhancing effect by the flow turning on the downstream
flow is diminished more quickly for the ribbed wall
channel and a faster recovery of the flow back to the
straight ribbed-channel flow of the upstream condition
may be expected. In contrast to the TKE variation, the
Nusselt numbers in regions 8 and 9 are persistently
higher than the smooth wall and this may be attributed
to the stronger impingement induced by the stronger
secondary flows as previously discussed in Fig. 11. This
again supports our finding in that the flow impingement,
rather than the flow TKE, is more contributing to the
heat transfer enhancement of both smooth and ribbed
U-channel flows.

4. Conclusion

PIV experiments have been carried out in order to
study the detailed and localized effects of high-Reynolds
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number flow (Re = 30,000) on heat transfer enhance-
ment in a two-pass square channel with a smooth wall
and a 90° rib-roughened wall. Primary conclusions that
are achieved from the study are:

1. The flow impingement is the main factor for heat
transfer enhancement in the two-pass square channel.
The regions of flow impingement induced by the
main flows (Figs. 4-7 and 9) or secondary flows (Figs.
8 and 11) are well matched with the regions of local
heat transfer enhancement, respectively as shown in
the same sets of the figures. On the other hand, the
regions of higher flow turbulence level show weaker
correlation with heat transfer enhancement.

2. Secondary flow characteristics, such as the vortex’s
shape, strength, rotating-direction and positions, are
closely correlated with the wall heat transfer enhance-
ment for smooth and ribbed wall two-pass square
channels. The locations of high Nusselt numbers
are consistent with the locations of strong vortex flow
impingement onto the side surface.

3. For the smooth wall cases, there exist two pairs of
counter-rotating vortices in the secondary flows. A
pair of relatively weaker vortices is developed inside
the flow separation zone along the separator, and an-
other pair of stronger vortices is developed outside
the flow separation zone (Fig. 8c). These two pairs
of vortices tend to merge after the flow is reattached
to the separator (Fig. 8d). In addition, the tiny vorti-
ces developed at each corner of the cross-sectional
plane tend to locally decrease the heat transfer.

4. The 90° ribs cause the development of complicated
three-dimensional secondary flows and enhanced
flow turbulence levels. Nevertheless, the heat transfer
enhancement for the ribbed wall is more directly
identified by the locations of flow impingement on
the upward-facing surfaces of the ribs, the enhanced
shear of the main flow on the top surfaces, and the re-
attachment after the flow separation, next to the
backward-facing surfaces.
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