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ABSTRACT

Laser Doppler Velocimetry (LDV) was used to measure
the turbulent velocity field in a rib-roughened internal channel
flow. Measurements were taken in a section between two
consecutive ribs and from the centerline to the top of the test
section. Thetest section was comprised of arectangular duct with
ribs of square cross section mounted (transverse flow) on the top
and bottom channel surfaces. Fivedistributionsof ten pointseach
(more concentrated in the rough sub-layer) were measured. Data
were collected for two components of velocity, allowing
calculation of the Reynolds stress. Additionally, photos of the
particle deposition patterns were taken and compared to the
guantitative results.

NOMENCLATURE

a =50 mm, duct height
b = 150 mm, duct width
dpy probe volume width

1y probe volume length

f frequency

h half height of the channel
H rib height

M vector/array magnitude
P rib pitch

Re Reynolds number

SIN signal to noiseratio

t time

u, (U) instantaneous (mean) velocity in x-direction

u velocity fluctuation in the x-direction
v, (V) instantaneous (mean) velocity in y-direction
V' velocity fluctuation in the y-direction
v =yl@)

p wet perimeter

U, bulk velocity

Ug friction velocity

Ksg equivalent roughness

f friction factor

Greek Symbols

o fringe spacing

i dynamic viscosity

p density

T shear stress

INTRODUCTION

Thestudy of turbulent flow anditscharacteristicshasbeen
the subject of alarge number of investigationsin many fields of the
research and applications. Inthe past 20 years several researchers
contributed to the experimental study of flow and heat transfer in
rib roughened ducts. Among others there are Olsson and Sunden
(1998), Hwang and Liou (1994 and 1995), Liou et al. (1990), Liou
et a. (1995), Zhang et al. (1995), Han (1988) and Rosen and
Tragardh (1994). Different experimental techniqueswere applied
in their studies and a large selection of geometries were
investigated. Holographic Interferometry, Particle Image
Velocimetry (PIV), and Laser Doppler Velocimetry are widely
used in these investigations. The rough channel with rectangular
ribs and other rib profiles is a common subject of experimental
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works, but few of those present investigations of the Reynolds
stress.

Experimentally obtaining the Reynolds stress requires
measurement of the two velocity components of the flow in the
same position at the sametime. Inthisstudy thiswas achieved by
the use of an experimental technique called Laser Doppler
Velocimetry. Its unique feature is a non-intrusive probe that
facilitates accurate, instantaneous vel ocity measurements, which
is of particular importance for turbulent measurements.

From a theoretical point of view theories and models
were devel oped to solve the turbulent flow problem. The Navier-
Stokes system of equations for turbulent flow presents a number
of unknownsgreater than the number of equations. Closuretothis
problem may be accomplished by empirical evaluation of the
Reynolds stress.

The purpose of this study was the experimental
investigation of the Reynolds stress in the rough channel with the
LDV measuring technique. The Reynolds stress investigation
implies the obtainment of the mean velocity (both components)
and its fluctuating part.

This paper has several parts. First, the optical technique
of Laser Doppler Velocimetry (LDV) followed by the
experimental wind tunnel apparatus are described. The signal
analysisis briefly discussed and the location of the measurement
nodes is specified. The results section consists of plots of the
mean and fluctuating u and v velocity components as well as the
Reynold stress. Finally, an interesting picture of particle
deposition is shown, and conclusions are drawn.

EXPERIMENTAL APPARATUS

LDV System

A Spectra Physics model 165 argon-ion laser, operating
in the multi-wavelength mode, was used to measure the
instantaneous u- and v-velocity components of the flow (x- and
y-direction, respectively).

After collimating the laser beams, color separation was
accomplished by an equilateral prism. The green (514.5nm) and
the blue (488nm) beams were selected and the other beams were
truncated. The beams were then individually split (maintaining
polarization) using cube beam-splitters. The green beams were
passed through Bragg cells allowing frequency shifting for
directional sensitivity. Isomet model 1201-E acousto-optic
modulatorswith 221A-2 driverswere used to amplitude modul ate
the beams at 43MHz and 40MHz, respectively. This 3MHz
difference causes the fringes in the probe volume to move in a
known direction, alowing distinction between positive and
negative v-velocities. Green light (A=514.5 nm) was chosen for
the v-component (y-direction) of velocity. Thisisdueto the fact
that, since green beam hasthe strongest intensity it is better suited
for frequency shifting. This operation causes an intensity
attenuation and also a reduction in size (the Acousto Optic
Modulator apertureis of 1.56 mm only).

To make measurements as close to the top wall as
possiblethe standard 2 component configuration (withall 4 beams
symmetrical in a cross) was altered. The upper green beam was
moved to the center, therefore the 4 beams werein a T-formation
as they passed through the transmitter lens, as seen in Figure 1.

This configuration of the green beams (for measuring the v-
component) causes an angular deviation from the orthogonality of
thefringeplane. Asstatedinreference[1], the difference between
the measured vel ocity and the velocity in the normal direction can
be considered negligible.

TRANSMITTING LENS

RIB
= | -

AIR CHANNEL

PROBE VOLUMES

Figure 1: Crossing beam configuration

This configuration of the green beams, spaced 14 mm apart, were
focused into the probe volume using a 300 mm focal length
transmitter lens. Thisled to afringe spacing (3, of 11 microns
with 8 fringestotal, and a probe volume width (dg,) of 85 microns
and alength (I,) of 3.66 mm. Similarly, for the blue beams, a
beam spacing of 28 mm gave afringe spacing (8,,) of 5.2 microns
with 14 fringes total, a probe volume width of 74 microns and a
length of 1.6mm. The alignment of the four crossing beams was
confirmed using a small wire mounted on a rotating wheel.

A backscatter receiver configuration utilizing the
transmitter lens to collect and collimate the scattered light was
used. A dichroic mirror separated the green from the blue color.
These colorswerethen focused into two fiber-optic cablesand into
photo-multiplier tubes. Thealignment wasthen controlled utilizing
the rotating whedl with the LabView program. Figure 2 showsthe
2-color (component) LDV system.

ﬂ
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Figure2 LDV system

THE WIND TUNNEL

The wind tunnel apparatus was an open loop that
propelled air flow through the test section. The tunnel consists of
acentrifugal blower with aspeed controller, aparticlefeeder, atest
section and a particle recoverer that utilized aHEPA filter.  Te
test section consisted of three principal ducts: an entrance duct for
the development of the flow, the test section duct and a duct to
ensure that asudden change of the cross-section does not effect the
flow. For the test section construction, 0.25 inch thick plexiglass
was used. It was 1500 mm long with a cross section of 150 mm
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(depth) x 50 mm (height). Twenty ribs (6.35 mm x 6.35 mm)
were regularly arranged (spaced every 75 mm) on opposite sides
(top and bottom) of the duct. The entrance duct had a length of
1500 mm long with arectangular cross section 150 mm (depth) x
50 mm (height). The length of the entrance duct, in order to
stabilize the flow, corresponded to 20 hydraulic diameters.
Figure 3 shows the entire wind tunnel.

Filter Wind Tunnel Apparatus

Particle Feeder

Particles

Test Section

Blower

Figure 3: Wind tunnel

SIGNAL PROCESSING

The electronic signals were first amplified with two
Stanford Systems model SR445 pre-amplifiers and then digitized
using a Gage Compuscope 265 A/D card. TheLabView 4.1 Full
Development Studiowasused bothfor A/D card hardware control
and also for the signal processing needs.

Theraw digitized signals were displayed for visual user
verification of burst quality. The signals were next filtered using
Butterworth bandpass filters for the low frequencies (pedestal:
alwayspresentin LDV signals) and the high frequenciesremoval
(Noise). Digital power spectrums were then performed on the
filtered signals in order to determine the burst frequencies,
proportional to the velocity components. In order to
mathematically quantify the quality of each burst asignal to noise
criteriawas developed, and is given by:

SIN = —Signdl

noise

For thisrelation, M correspond to the magnitude of avector array
(evaluated using an inner product). The power spectrum of an
LDV signal isadeltafunction at the burst frequency. Thus, Mg
wasthe magnitude of the sub-array surrounding the deltafunction,
and M ;. iSthe magnitude of the remaining power spectrumarray.
Signals of excellent quality (greatly resembling a delta function)
would have a very high S/N (at least 10 or 100) whereas poor
signals would have a S/N of less than unity. This enabled post -
filtering based on a minimum S/N criteria. The data was also
manually post - filtered to excludethe small occurrencesof signals
with high S/N but unrealistic frequencies (caused by multiple
particlesin the probe volume or other spurious signals). For each
datapoint astatistically significant number (100 - 500) of samples

@

were taken (each consisting of a burst frequency realization and
burst S/N) and statistical information was calcul ated.

EXPERIMENTAL RESULTS

This section presents the results obtained and the
necessary post processing in order to validate and show the
consistency of the entire project. Since few correlations or
experimental workshave been devel oped for similar investigations,
comparison of the results with the current literature is not easily
realized. For this reason the main objective of this section is to
validate, as much as possible, the results, try to justify the
experimental assumptions, and underline the points of uncertainty.

Measurements

M easurements were taken in the section between two ribs
and from the centerline to the top wall of the test section. A
number of assumptionswere made. First, theflow was assumed to
be perfectly symmetric with respect to the centerline. This allowed
for measurement of only the upper part of the test section and thus
avoiding the excessive particle deposition. Secondly it is assumed
that a repetitive flow pattern between successive sets of ribs (the
flow is considered fully developed). Additionally the flow is
assumed to be 2-dimensional which impliesthat thelateral wallsof
channel do not influence the flow.
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Figure 4 Measuring points

As shown in Figure 4 (the grid is represented in the
lower part of the test section for simplicity), five distributions
were taken from the centerline to the top (named r,0,1,2,3 - see
Figure 4), with ten points for each distribution. These points are
numbered from 1 to 10, respectively, fromthetop to the centerline.
For these series of measurementsthe speed controller of the bl ower
was set to 30 Hz in order to achieve a Reynolds number around
25,000.

Results
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The results were all nondimensionalized: for the U and
V-component the maximum U-value of "r distribution" was used
(U,4=6.025 m/s).

1.0

U

0.2

0.0

0 y5*0

Figure 5: Nondimensional U-components profiles
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Figure 5 shows the distributions obtained for the U-
component of velocity. Ascan be seenthedistributionsaretypical
of the turbulent flow with a flat trend near the centerline of the
tunnel and alarge gradient closeto thewall. Thisisasign of the
acceleration of the flow due to the changing cross sectional area
for the presence of therib (see picture of the particle deposition).
For this purpose, this figure illustrates the conservation of mass
along the channel. Intheimmediate neighborhood of thewall (or
the bottom of the rib) the crossing beam disposition allowed a
good accessof the LDV optics. Therefore, several measurements
were taken in the boundary layer. In the figure the Reynolds
number is defined as

4p u, h(x)
"

2

where u, is the bulk velocity evaluated as follows:

w1 fur

0

Figure 6 shows the distributions for the V velocity
component.
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Figure 6: Nondimensional V-component profiles

The V-component presents velocity directional sensitivity and
shows exactly the direction of the flow. As we expected in
distributionsr and Oit isnegativerespectively near therib and wall:
this is due to the presence of the rib that suddenly changes the
direction of the fluid element, generating avortex right after therib
itsalf.

Figure 7 showsthedistributionsobtained for the Reynolds
stress.
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Figure 7: Nondimensiona Reynolds stress profiles

0.20

The analysis of the Reynolds stress distribution is much more
complicated by thelack of similar experimental works, limitingthe
possibility of comparisons. However, correlationsand theoriesfor
the plain channel show atrend of the Reynolds stressthat coincide
with the present experimental data. Inthe measuring sectionafluid
element has both u’ and v’ fluctuating velocity components. Onthe

Copyright © 1999 by ASME



average, most of the particleswith apositive value of u’ have also
apositivevalue of v’ and vice versa; therefore the Reynolds stress
is positive (see Figure 8). In the case of distribution r aforcein
they-directionisexerted upon thefluid ontheright side of therib.
This generates avortex right after the rib in the flow direction.

In the viscous sublayer and in the buffer layer (close to
walls and ribs) there is avery small perturbation of the velocity.
Therefore, inthe near wall region the Reynolds stressis supposed
to be very small, meanwhile the shear stressis dominant. Thisis
confirmed by the experimental data.

In the turbulent layer, the Reynolds stress is the
dominating stress and it plays an important role on the fluid flow.
It is due to the turbulent motion of the fluid flow itself. In the
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Figure 8: PDF of the Reynolds Stress for ageneric
measuring point

turbulent layer from the wall to the centerline the Reynolds stress
shows a decreasing trend. Thisis caused by the turbulence that,

approaching the centerline, becomes homogeneous: this means
that thereis no preferential direction in the movement of thefluid
element. The plot of u* versus v' should show a scattered
configuration concentrated in the origin of the axes and with
samplesequally distributed inthe four quadrants. Figure 8 shows
the probability density function and the scattered plot of ageneric
measuring point of thissection.Therange of thisplotis-1.9t0 1.9
on both axes. Upon closer investigation of the data additional

information about the Reynolds stressin the turbulent layer can be
gleaned. An unaccountable feature of the data is that the U-
velocity distribution close to the middle of the channel should be
almost flat yet isfound to be otherwise. Thismay bethe causefor
the discrepancy in the Reynolds stress results that should show a
zero value at the centerline.

One of the biggest problems, but also an interesting
feature of this experiment was the pattern of particle deposition.
Although the deposited particlesoften decreased thevisibility into
the test section, at no time was the thickness of the deposited
particles great enough to affect the flow. Through inspection of
the film of particles stacked to the walls of the test section, a
further confirmation of the results and of the assumptions was
derived. The particles attached to the walls to form a repetitive

pattern that is characteristic of the flow in the rough channel. This
pattern always had the same configuration in each cell (region
between two successiverib sets). Figure 9 shows the repetition of
the pattern. As can be seen in the figure, the pattern is repetitive
along the channel; this is the best proof of the assumption of
measuring only between two successive rib sets. From the figure
it is easy to notice the different zones: the recirculating zone,
created by the presence of the rib, the point of re-attachment and
the zone of redevel opment of the flow.

Figure 9: Repetitive pattern

In order to compare the results to the particle deposition
asection (where the measurements were made) was enlarged from
figure 9. This is shown in figure 10. When this picture was
superposed onto the vector plot of velocity the two matched quite
well. Looking at this picture it can be noticed the particle
concentration gradient along the vertical axis. Besides that, the
pattern presents a symmetric distribution that proves the
assumption of measuring only in the upper part of the test section.

Figure 10: Closeup of area of measurement, showing
particle deposition and symmetry.

CONCLUSION AND RECOMMENDATIONS

Considering the efforts made for an accurate and precise
collection of data, theresults obtained inthe present experiment are
more than satisfactory. They show the LDV measuring technique
to be perfect for its features of non-intrusion and precision for
fluid-dynamic investigations. Furthermore, the use of a skewed
transmitter beam all owed measurements very close to the surfaces
of wallsand ribs. Thismethod produced high quality burst signals
exemplified by the high signal to noiseratiosin the power spectrum
analysis. On the other hand, this technique requires a perfect
alignment and frequent control to maintain an elevated efficiency
of the whole system. With this system measurements of two
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components of velocity in the same time were performed. The
data obtained were validated by the statistical analysis and the
particle deposition. This analysis shows that enough samplesin
each measuring position werecollected for theinvestigation of the
mean velocities and their fluctuating parts. The Reynolds stress
distributionsreflect the expected trend, even if the lack of similar
experimental worksmadethedataanalysisanditsvalidation much
more difficult. Furthermore, the velocity distributions show the
typical direction of the flow in a rough channel with its
characteristic zones: recirculating behind and after the rib, re-
attachment and redevel opment zones. Thisdivisonwasvisiblein
the pictures of the particle deposition that, besides severa
problems in the data acquisition phase, greatly helped in the post
processing phase of the project.

Futureexperimentswill investigatetherecircul ating zone
with accurate flow resolution, different Reynolds numbers and
flows between ribs of different height. Accurate flow resolution
in the recirculating zone requires directional sensitivity for both
components of velocity. In the experimental apparatus the u-
directional detection was unavailable. In addition, different
seeding particleswill be used, which will alleviate the problem of
particle deposition. Fiber optics for the transmitter of the LDV
system would greatly speed up the data acquisition process,
allowing micro-trandlation of the probe volume. Finaly, the
photo-multiplier tubes will be replaced by high sensitivity
avalanche photodetectors for greater signal quality.
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