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Abstract

The flow field and the temperature field are studied in a high-asp@otduct flow, where the lower wall

is heated to enforce a heat flux into the flow medium. The flowfieldudist with PIV methods and the
temperature field by means of planar Laser-induced fluoresdphd€e) based on a ratiometric two-dye
approach. The secondary motion in the duct creates a comisietbdtion of the mean velocity field with
strong gradients in the vicinity of the corner vortices. Hie tenter region, on the other hand, the properties
of the turbulence (Reynolds stresses and integral sca@lianost constant along the height of the duct. The
pLIF-experiments give access to, yet, the averaged temperfild. The thermal boundary layer is thin,
but extents well beyond the stagnation region created bydhex-induced secondary motion.

1 Introduction

In many engineering applications the turbulent flow througgtangular ducts is used for cooling purposes.
Though the geometry itself is simple, prediction of the aoglperformance of such ducts is a challenging
task, because in the sharp-edged corners a vortical segomddion exists, which is rather weak, but has
great influence on the momentum and heat exchange.

Properties of the turbulent flow in rectangular ducts have Iséatied by several authors, e.g., among
many others, Launder and Ying (1972) studied square duct$/afithg and Whitelaw (1976) rectangular
ones. Since the most important engineering application cf sluct flows is the use as cooling channels,
also many studies exist with a heat flux applied to the flow. E.grd&fza et al. (1994) study the turbulent
structures in a rectangular duct of aspect ratio 2.3, ativelg low Re, though. It is known from such
studies that the secondary motion exists due to the interaof turbulent eddies with the duct corners.
When it comes to predictions of such flows, relatively simplNS-approaches might fail to predict the
correct sensitivities, because simple one- or two-eqgndtidbulence models are not able to reproduce the
development and/or the preservation of the secondary mot@onsequently, scale-resolving approaches
must be chosen to study the flow in such ducts, e.g. as publish&zquez and Mtais (2002), Choi and
Park (2013) or Kaller et al. (2017).

Most studies that can be found in literature focus on flowslatively smallRe. In contrast, in the use of
such flows for cooling purposes the Reynolds number might beashrelatively large, because the cooling
effect would generally be expected to increase with inénggRe. It is therefore interesting to contribute
experimental studies of cooling duct flows at larger Reynoldsbers.

2 Experimental Setup

2.1 High aspect-ratio duct flow test bench

The general experimental setup is shown in Fig. 1. Standard &grvs used as a flow medium, it is fed
into the test section through a flow straightener, to breakwyydaxger scale vortical components. To ensure
an established, turbulent flow state, the water flows througbathermal feed line with the same nominal
cross section as the test section itself. The heated reqais $60 mm downstream of the straightener and
is 600 mm long. The field of view is 375 mm downstream of the begjith® heated region. After having
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Figure 1: Sketch of the experimental layout
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Figure 2: Cross section of the heated test section

passed the test section, the water runs into a collectidn fapump sucks the water from that tank through
a flow meter and supplies it to the intake to close the loop.

Fig. 2 shows details of the test section. Both sidewalls aadiiper wall are made of transparent PMMA
to provide optical access. In fact, the upper wall at thetmosof the field of view (FoV) is manufactured as
a removable hatch, to allow installation of a calibratioatpl The section itself i = 6.23 mm wide with
a height ofh = 26.1 mm, giving an aspect ratio of 4.2 and a hydraulic diametel,ef 10.06 mm. Herein,
we focus on the center section of the duct, ze- 0 mm at the positiox indicated above.

The lower wall of the test section can be heated. A large coploek with a tapered tip is equipped
with cartridge heaters with a total electric power of 14 kWeTpper, thin end of this block is taken as the
lower wall of the test section. The PMMA-sidewalls are insedafrom the heated block by inlays made of
a thermoplastic polymer (PEEK), such that the side walls carobsidered adiabatic and the heat flux into
the flow is solely supplied through the lower wall. _

In the following we will focus on a test case with a total floweratfV = 50 I/min. The nominal bulk
velocity isu, :=V /(b-h) =5.12m/s. A second cooling/heating system in the collectiok tonditions the
water to a bulk temperature df = 60°C, which givesRe = 110000 (based on hydraulic diameter). The
lower wall (i.e. the copper block) is heatedTig = 100°C.

2.2 PIV system

The flowfield inside the duct was measured using a 3C2D-PIV-Syststar€o-PIV”), consisting of two
LaVision Imager Intense cameras (a.k.a. PCO Sensicam). Thaasare mounted enclosing an angle of
approximately 90, with both cameras imaging the FoV thraihghsame side wall. The Laser was mounted
on a stand, the lightsheet optics was built with lenses usiimgobench-components for positioning. The
laser-lightsheet entered the test section through therwpgdé

The system was controlled using LaVision’s DaVis 8 controtwafe, which was also used for evalua-
tion of the particle images. 1500 individual snapshots Heen acquired and processed for each dataset.
Refer to Rochlitz et al. (2015) for more details of the expemtal setup of the PIV system.

2.3 Planar LIF

The temperature field in the duct was measured using a two-dgearp LIF-technique. Two different
dyes, namely Rhodamine 110 and Rhodamine B, are solved flothenedium. Both dyes fluoresce, when
excited by a laser of proper wavelength. The same Nd:YAG-Lésavelength 532 nm), which is used
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Figure 3: Mean velocities and turbulent stresses

for PIV, was used herein to excite the dyes. Both dyes featuliffexent sensitivity to temperature: For
Rhodamine B the absorption at 532 nm is practically insiesio temperature, but the quantum efficiency
and therefore the fluorescence intensify decreases with increasing temperature. The quantum effjcienc
of Rhodamine 110 on the other hand is independent of temperdiut the absorption at 532 nm increases
with increasing temperature and so does the fluorescenassitytézn110. In effect, the ratio of the two
fluorescence intensities detected at one point is a functideroperature, but independent of the exact
excitation energy.

The system used for the pLIF studies consists of two LaVisiorgendntense cameras, both imaging
the same FoV. Again, the Laser was mounted on a stand and egquigth a light sheet optics to excite the
dyes in the center plane of the duct. One camera was equipged %75 nm optical longpass-filter, to limit
the imaging to the fluorescence of the Rhodamine B. The otheem@amas equipped with a combination
of a 550 nm shortpass and a 532 nm notch filter, to record the fcenee of the Rhodamine 110. Dye
concentration, filter combinations and excitation enerbease been varied in a comprehensive preliminary
study, to find the setup with the best signal-to-noise ratibthae lowest crosstalk between the two signals.

Refer to Rochlitz and Scholz (2018) for more details of theeeixpental setup of the pLIF-System,
particularly regarding dye concentrations and the cdiitangorocess.

3 Results

3.1 Flow field

Time-Averaged results of the PIV measurements are shown i8Fihe data compares well with large-
eddy simulations, as was shown by Kaller et al. (2017), thdhg turbulence level in the experiments seems
to be larger than predicted in the simulations. The veloaibfiles show a characteristic pattern, where the
regions close to the top and bottom wall (in the rafije> y-2/h ~> |0.5|) are influenced by secondary
vortices residing in the edges of the duct. As can be seenllaré al. (2017), two pairs of counter-rotating
vortices exist, one pair 3t-2/h~ 4+0.95 and one a&y-2/h ~ +0.75. These pairs create a stagnation of the
secondary motion at-2/h =~ +0.85, which is clearly visible in thg/u,-distribution.

The flow in the center region of the duct is not significantly inflcesh by these vortices, with almost
constant turbulence properties. Note that the half-widthe duct isw = h/4.2 (in dimensionless notation,
i.e. the aspect ratio) — in other words, for all regigyns2/h| < 0.76 the sidewalls of the duct are closer than
the lower wall.

The left part Fig. 4 shows two two-point-correlation coefficgenf longitudinal velocityR,, in two
positions, one in the center section of the du@/h = 0, and one close to the lower wallyt2/h = —0.82.

The right part shows the integral scale of the turbulent stines, based on these correlations. The axis is
given relative to the height of the duct and relative to thdthii As can be seen, the size of the large-scale
turbulent structures is relatively constant in the cenfehe duct and is similar to half of the width. Near
the secondary vortices at approximatgly2/h| < 0.76, the integral scale becomes significantly smaller.
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Figure 4: (Left) Two-point cross-correlation coefficidRy, at two points in the duct (contour lin@dR,, =
0.1, with first line isRy, = 0.2; (Right) Integral turbulent scal& over the duct heigth

3.2 Temperature field

Fig. 5 shows the mean temperature profiles in the center seuftitire duct, near the lower, heated wall.
The bulk temperature i = 60°C for all cases shown. In the left subfigure, to highlight thes#vity of

the pLIF-measurements, the wall temperature is increasedps sfATy, = 10°C, whereTy = 60°C is the
adiabatic case without any heat transfer. It can be seentli®teinperature profile near the wall responds to
the different wall temperatures. However, since in thiedhs effective bulk Reynolds-number is constant,
the thickness of the thermal boundary layer stays constant.

In the center subfigure of Fig. 5 the mass flow rate (and bulk wglogj and Reynolds-number, respec-
tively) was varied in steps of 12%, while, both, the bulk temgiure T, = 60°C) and the wall temperature
(Tw = 100°C) were held constant. Since the Reynolds-number effegtigies in these cases, the thickness
of the thermal boundary layer varies, too.

The rightmost subfigure repeats the velocity comporearmal to the heated wall in direct comparison
to the temperature profiles. As already said, a stagnatiant paists at aroung - 2/h ~ 0.82 due to the
vortices in the duct corners. In the lower region theomponent of the vortices supports the diffusion of
temperature into the bulk flow, whereas in the region alyo2¢h ~ 0.82 the vortices are counterproductive
for the heat transfer. As can be seen, the temperature boulagar clearly extents beyond the stagnation
area ofv.

The noise in the temperature distributions is not insigniticahich is due to the high bulk temperature
and accompanying small variations of temperature in the.fiéhdthis case, only the mean temperature
distribution can be acquired, because averaging is rafjtireeduce noise. However, if bulk temperature
and/or mass flow rate are reduced, also instantaneous st&p$hte temperature field can be analyzed, as
shown in Rochlitz and Scholz (2018). In future experimentsretill be made to increase sensitivity at
large bulk temperatures, to give access to temperature éltictis also at larger Re.

4 Conclusion

The contribution presents measurement of the flow- and tettyperfield in a rectangular duct. The flow
was measured using a Stereo-PIV-system, the temperature fsldn@asured using a planar, two-color,
ratiometric LIF-approach. Some data was shown as an examplez€ltty field, including the turbulent
stresses and integral length scale, and the temperature field

The data that can be generated in this faciliy can be used iamtiah data for numerical simulations
and to study the details of the heat transfer mechanismso $o,ahe sensitivity of the pLIF technique must
be increased, to have access to instantaneous temperaliisecfien at these large bulk temperatures and
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Figure 5: Temperature profiles near the lower, heated wall(lv&ft) varying wall temperature and (Middle)
varying mass flow rate; (Right) Wall-normal velocity, as sinaw Fig. 3

flow rates. If this objective has been reached, simultanedésad pLIF-measurements can be conducted,
using one Laser for, both, PIV and LIF, giving access to vele@typerature-correlations.
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