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Abstract. In this paper we present new experimental results on average and local heat transfer
characteristics of a forced air-flow through a rectangular channel with the lower and upper sur-
faces with continuous, square ribs. Comparisons with data inside a flat rectangular channel are
also presented. The experimental duct cross-section is 120 mm wide and 12 mm height, and the
channel is operated with the lower and upper walls at fixed temperature whereas the sides are
adiabatic. Ribs are transverse to the flow or tilted with an angle of 45° or 60°; for the transverse
configurations, three values of the pitch-to-heigth ratio p/e, namely 10, 20 or 40, are investigat-
ed. Reynolds numbers, based on the duct hydraulic diameter, are varied between 600 and 8000.
Accordingly, the average Nusselt numbers and the Darcy-Weisbach friction factor are present-
ed. In addition, first results on local temperature measurements by means of IR-thermography,
obtained in a properly modified test section operated at a constant heat flux, are shown for the
transverse- rib configuration with p/e=10 and e=4-mm.

1. Introduction
Heat transfer in forced convection inside rectangular channels is a very interesting matter for industry
since it is encountered in critical heat transfer applications like gas-turbine blade cooling, as well as in
devices largely used such as plate-fin compact heat exchangers. In designing these devices, high val-
ues of heat transfer area per unit volume are looked for; however, if this parameter is increased over a
given value, thermal performances start worsening. In fact, the higher the surface-to-volume ratio the
narrower the passages, so air velocity has to be lowered to maintain acceptable pressure drops; but
narrow passages and low air velocities bring to a flow laminarization that is of course characterized by
a quite poor convective coefficient which eventually defeats completely the benefits of area increase.
To overcome this limit, heat transfer is enhanced by configuring surfaces with a large variety of fins
and ribs, which are an efficient and cost-effective solution. The literature review shows that, starting
from ‘70s, a continuously growing number of studies is concerned with heat transfer over surfaces
roughened with square ribs, as this is a very attractive solution both for gas-turbine blade cooling and
compact heat exchangers.

A crucial feature is the arrangement of the ribs with respect to the flow direction. The number of
possible configurations, indeed, is very large but four arrangements have been particularly considered
so far in literature, namely, with transverse-, parallel-tilted-, cross-inclined- and V-shaped-ribs; in ad-
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dition, ribs may be assembled both in a staggered or in-line configuration. A brief discussion of rele-
vant works in literature is presented below by using the following dimensionless geometric parame-
ters: the channel aspect ratio AR, i.e, the ratio of the base to the height of the channel cross section, the
dimensionless pitch p/e , i.e., the ratio of the pitch to the height of the rib, and the blockage factor ¢/D,,
defined as the ratio of the rib height to the channel hydraulic diameter.

Transverse ribs. Early works were performed between the '70s and '80s by Burggraf [1] and Han et al.
[2]-[4]. They investigated the effect of square ribs made of conductive material, arranged with con-
stant pitch and blockage factor e/D;, ranging within 0.05 and 0.1. The results showed the existence of a
maximum in both the average Nusselt number (2< Nu/Nuy< 3) and the apparent friction factor (f/fp =
20) for p/e = 10. This was explained with the reattachment of the fluid vein between two consecutive
ribs, which does not occur for lower p/e. On the other hand, for greater p/e the boundary layer growth
downward the reattachment zone reduces the heat transfer coefficient.

Parallel-tilted ribs. The first major studies were conducted from the first half of the 80s by Han [5]-
[10], Park [11] and Kukreja [12]. It was observed that inclination of the ribs with respect to the main
direction of flow produces higher performance in terms of heat exchange due to the presence of sec-
ondary flows. Actually, the inclination creates two counter-rotating vortices developing near the rib
and sliding along it. They interact with the main flow carrying part of the colder core towards the wall.
Furthermore, the interaction between the main flow and secondary flows influences the recirculation
zone between successive ribs, the reattachment of the flow and it inhibits the growth of the boundary
layer downstream the vein reattachment. Particular attention was devoted to an inclination angle o =
45° and it was found that the optimum dimensionless pitch p/e strongly depends on both e¢/D;, and AR.
The most studied configuration presents AR=1 with all the sides heated.

Cross-tilted- and V-shaped ribs. More recently, i.e., from the 90s, studies have been devoted to these
configurations in order to enhance the effect of secondary flows, for example Han et al. [10], Krukeja
et al. [12], Gao and Sunden [13]. In particular, V-shaped ribs may present the apex upward or down-
ward the main flow direction. In the former arrangement, secondary flows move from the center to the
lateral sides of the channel, whereas in the latter the situation is reversed. It has not been yet assessed
which configuration is the best in enhancing heat transfer, because controversial results have been
found, probably due to the different boundary conditions taken into consideration.

Finally, in the last decade rectangular channels with only one heated, ribbed surface have aroused
great interest for applications in renewable energy technologies as solar air heaters. Reviews on this
subject are reported in Bhushan and Singh [18] and Hans et al. [19].

A closer look reveals that most of the work done up to now focused on turbulent flow regimes.
Moreover, two aspects are very little investigated, namely the impact of high values of the blockage
factor, and the transition between laminar and turbulent regime. Both these aspects are very relevant in
the design of compact heat exchangers, as well shown by the specific literature [20]. For this reason it
has been started an experimental campaign aimed to investigate the characteristics of heat transfer co-
efficients and pressure drops in rectangular ducts with variously arranged square ribs, in a range of
Reynolds numbers between 600 and 8000. In these conditions, it is possible to explore both the turbu-
lence onset and the transition region. Local temperature measurements also allow to identify the flow
structures promoted by the ribs. In this paper we present a selection of the available results while ex-
perimental runs are under completion.

2. Experimental setup

As schematically shown in figure 1, the experimental setup basically consists of the air-circuit contain-
ing the test section. As average heat transfer measurements are performed at fixed temperature
whereas the local ones at constant heat flux, two different test sections with auxiliary systems are used.
In the following, first we describe the air-circuit and then the two test sections.
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Figure 1. Schematics of the experi-
mental setup with test section oper-
ated at fixed temperature: 1. fine
mesh screen cover; 2. convergent air
inlet; 3. entry-section; 4. test-section;
5. exit-section; 6. float-type flow-
meters; 7. by-pass; 8. blower; 9. heat
bath; 10. water circuit piping (only
for the test section operating at uni-
form temperature.

Through a convergent, room air flows into the circuit; a fine mesh screen covers the convergent inlet
whereas at its outlet there is a flow straightener. Inside the convergent a thermo-resistance is mounted
to measure the air temperature. From the straightener, air flows into an entry-section that is a rectan-
gular duct with the same cross dimensions as the tested channel; entry-section is near 40 times the
channel hydraulic diameter, and its walls are made of plexiglass plates and are not heated. At the end
of this section, air enters the test-section that is a 120-mm wide, 12-mm height, 880-mm long duct. At
the test-section outlet, there is a short exit-section equipped with a mixing section in order to measure
the air bulk temperature. Finally, the inlet and outlet of the test section are provided with pressure taps.
Downstream the exit-section there are three float-type flow-meters, connected in parallel, with full
scale of 6, 23.5 and 40 m’/h respectively, a metering valve, and a 7-stage, 30 kPa-head, 5.5 kW-power
blower operating in suction mode. The exhausted air is discharged outside the laboratory. Air tem-
perature is also measured upstream the flow-meters by means of a thermocouple plugged in the pipe.
Test section operated at uniform temperature. The lower and upper walls are two aluminium plates of
10-mm minimum thickness; the backside of each plate is covered by a cap strongly tightened to the
plate, so that they form a jacket where the heating water flows. To check if temperature is uniform
over the heated walls, five thermocouples are embedded in the lower wall, and three in the upper one
at the locations displayed in figure 2a. Finally, test-section sides are closed by 4-mm-thick glass slabs.
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Figure 2. Thermocouples locations for the test channel operated (a) at uniform temperature, for
the upper and lower walls respectively, and (b) at uniform heat flux (only lower wall).

The heating circuit is mainly composed by a heat bath which provides a high mass flow-rate of water
at constant temperature, and by the channels built into the upper and lower test-section walls (water
and air stream in counterflow); two thermocouples are placed inside each water channel, near the inlet
and outlet ports, respectively. The heat bath is the ThermoHaake B12 with a tank of 12-dm’, a 3-kW
heater and a high precision controller; water temperature inside the tank is kept constant within 0.01K.
Test section operated at uniform heat flux. Local heat transfer measurements by IR-thermography can
not be performed while keeping the wall at uniform temperature and without providing to the IR-
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camera an optical access to the duct interior. Consequently, the test section was properly modified by
operating the lower wall at fixed heat flux while mounting into the upper one a 120 mm x 80 mm,
germanium window, with the longer side in the streamwise direction (as known, germanium is a
highly transparent material to the near infrared radiation, in fact its total transmissivity is equal to 0.95
within the range from 3 to 5 pm). In order to make easier positioning the germanium window along
the test section, and more uniform thermal boundary condition on the upper wall, this is insulated and
not heated. On the other hand, it is well known that heat transfer coefficient in turbulent forced
convection inside a duct is independent to a large extent of thermal boundary conditions; in any case,
we designed the lower wall in order to limit the temperature differences along it within about 10 K.
Hence, the lower wall is made of a 3 mm thick, 120 mm wide, 800 mm long, AISI 316 stainless steel
plate. The measurement side is blackened, whilst a thin foil heater is stuck on the opposite side.
Sixteen thermocouples are embedded in the plate back side and their locations are shown in figure 2b.

3. Measurements, data processing and error analysis
In this section we describe the measurements carried out along with calibrations and error analysis.

3.1. Calibration

The thermocouples used are T-type with 0.5-mm-diameter wires, whereas the thermo-resistances are
4-wires, 100-ohm, Platinum type, i.e., PT100, with dimensions of 2 mm x 4 mm. Both thermocouples
and thermo-resistances were all preliminary calibrated over five points within the temperature range
from 22 to 60 °C, by means of the ThermoHaake heat bath. The probes were immersed all together
into the bath; for each calibration point, 160 readings per probe were collected; the resulting standard
deviation is of 0.02 K for the thermocouples, and of 0.01 K for the thermo-resistances. All tempera-
ture measurements are performed by means of an Agilent 34970A data logger equipped with a relay
multiplexer and a 6% digit multimeter. The channels are sequentially read, by waiting a 0.5-s settling
time after each channel-locking, with an integration time of 400 ms which ensures a standard deviation
of 0.01 K that is less than or equal to the probe uncertainties; consequently, reading cycles are per-
formed every 20 s. Pressure drops are measured by connecting the two pressure taps to a differential
micromanometer with a full scale of 250 Pa and a 0.125-Pa sensitivity. Air volume-flow-rate is meas-
ured by means of the aforementioned float-type flow meters which have a 2% nominal accuracy; how-
ever, by means of a calibration performed by measuring pressure drops of laminar air-flows through a
smooth circular tube, we found that their accuracy is better of 1%. IR-camera was preliminary cali-
brated by shooting through the germanium window a surface with the same finishing as the test sec-
tion and kept at uniform and constant temperature. Within the operating range, the camera sensitivity
is at least of 0.09 K.

3.2. Average measurements

A properly defined test procedure is adopted in order to attain regime conditions with all temperature
time-fluctuations within a 0.02-K band, and a channel wall-temperature uniformity within 0.1 K over
the entire heated length. Based on a standard deviation analysis, single measurement results by averag-
ing 20 reading-cycles. The apparent Darcy friction factor and the average Nusselt number over the
entire test section are calculated as follows
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where Equations 2 and 3 are used for the tests at fixed temperature and uniform heat flux, respectively,
V' the air volume-flow-rate, p the density calculated at the temperature where V' is measured, D, the
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hydraulic diameter, 4p the pressure drop, ¢, the distance between the pressure taps, A the maximum
cross section area, Ag the net total heated area, cp the specific heat at constant pressure, k the thermal
conductivity, T; and T, the bulk temperatures at the test section inlet and outlet respectively, 8; and 6,
the corresponding wall-to-bulk-temperature differences, 7,, the average wall temperature along the
thermally developed region evaluated by the thermocouple measurements. The error analysis per-
formed according to Moffat [21] gives an uncertainty less than 3% on the convective coefficient for
both the tested thermal boundary conditions, and less than 7% on the apparent Darcy friction factor.

3.3. Local temperature measurements

Local temperature distribution is measured by the Raytheon Radiance HS IR-camera, with a 25-mK
sensitivity, InSb Focal Plane Array detector; the acquisition rate is of 140 fps at full resolution, i.e.,
256x256 pixels. As thermal images are affected by noise, a sequence of 700 images is recorded and
then they are averaged pixel by pixel; the resulting field of time-averaged temperatures is character-
ized by a mean standard deviation of 0.09 K, namely, equal to the IR-camera sensitivity. Notwith-
standing the care devoted in reducing thermal dispersions, spanwise temperature distribution tends to
lower slightly at the borders, i.e., next to the channel vertical walls. Thus, we decided to cut the pixel
rows falling within a 20-mm band both from the top and the bottom of the thermographic images; as a
consequence, the observation region becomes 40-mm wide in the spanwise direction. In spite of the
time-averaging filtering, the resulting temperature distribution is still affected by high frequency dis-
turbance, and hence we decided to average temperature along y-direction, being the time-mean tem-
perature field essentially 1-D in the observation region. The result is a smooth distribution of tempera-
ture along the flow direction.

4. Results and discussion

In order to assess the experimental procedures, heat transfer coefficients and pressure drops were
measured in a reference configuration, i.e., a flat rectangular channel. In figure 3 the average Nusselt
number is plotted versus the Reynolds number; the graph reports the values for both kinds of the tested
thermal boundary conditions, namely, fixed temperature and fixed heat flux, the latter only for the tur-
bulent regime. Finally, the trends calculated with the correlations of Shah and London and of
Gnielinsky are also plotted in the graph. As it can be seen, the agreement between experimental and
expected values is very good, and there are not appreciable differences between data obtained with the
two different test sections. Figure 4 shows the experimental values of the apparent Darcy-Weisebach
friction factor plotted versus the Reynolds number; also in this case, there is a very satisfactory agree-
ment with the values estimated by the Shah and London correlations.
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Figure 3. Average Nusselt number vs Reynolds Figure 4. Darcy-Weisebach friction factor vs
number inside flat rectangular channel. Reynolds number inside flat rectangular channel.
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Table 1. Configurations experimentally studied.

90° 60° 45°
Staggered p/e =10, 20, 40 p/e=10 p/e=10
e=2,4 mm e =4 mm e =4 mm
In-line p/e=10ande=4mm |p/e=10ande=4mm | p/e=10ande=4 mm

Table 1 lists the configurations experimentally studied here presented. Figure 5 reports the Darcy-
Weisebach friction factor plotted versus the Reynolds number for all the configurations with staggered
transverse ribs; data for the flat channel are also plotted for comparison. These data display the typical
trend of flows through a duct with walls characterized by an equivalent sand roughness, namely, the
friction factor becomes independent of Re for sufficiently high values. It is noteworthy that at the
highest of the two blockage values, corresponding to a rib height of 4 mm, the flow appears to be tur-
bulent at any Re; conversely, at the lowest blockage, this behaviour occurs only for p/e=10 while the
turbulence onset shifting to higher Re as the dimensionless pitch increases. Figure 6 shows the values
of the friction factor plotted versus the Reynolds number for configurations with tilted ribs at different
angles and arrangements but with p/e=10 and e=4 mm. The friction factor appears to be almost inde-
pendent of Re, probably due to the high value of blockage as already observed for the transverse con-
figuration but, for low Re values, staggered and in-line configurations display opposite trends.
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Figure 5. Friction factor vs Reynolds number for Figure 6. Friction factor vs Reynolds number for
transverse-ribs in staggered arrangements at dif- different rib tilting angles and arrangements for
ferent values of dimensionless pitch and height. dimensionless pitch p/e=10 and height e=4mm.

Figure 7 shows the experimental values of the average Nusselt number plotted versus the Reynolds
number for the same configurations considered in figure 5, included the reference case with flat walls.
As it can be seen, these results are in good agreement with friction data, namely, flow seems to be-
come turbulent at lower Re either for increasing blockage or decreasing dimensionless pitch. In turbu-
lent regime, Nusselt number displays a power law dependence on Re with the same exponent as in the
flat channel, i.e., about 0.8, but with a larger multiplying constant. The enhancement factor ranges be-
tween about 1.0 and 4.0 for the lowest of the two blockage values, and from 1.2 and 4.7 for the highest
one; however its trend is generally not monotonic with Re but in some cases it shows a maximum; fur-
ther investigation would be needed to assess whether there exists an optimum for any configuration.
Figure 8 shows the experimental values of the average Nusselt number plotted versus the Reynolds
number for the configurations with tilted ribs. It can be observed that values differ at most 15% from
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each other; however, for the staggered arrangements, the Nusselt number is always larger, and the
highest values are found for 45°-tilted-ribs just as reported in literature. Furthermore, the latter is also
the best performing configuration of the in-line arrangements; in particular, up to about Re=1000, Nu
values are practically the same as for the corresponding staggered arrangement, whereas for higher Re
they lower about 7%. However, caution has to be used in drawing conclusions from this trend as this
difference is of the same magnitude of the experimental error. On the whole, the enhancement factor
ranges between about 1.2 and 5.1. These data do not allow more specific considerations about the in-
fluence of the tilting angle on heat transfer characteristics.

Finally, figure 9 shows the temperature field over a 120-mm long, 40-mm wide region of the heated
wall with transverse ribs; the trailing edge of the observed region is at 250 mm from the channel exit.
Figure 10 displays the streamwise temperature distribution, obtained by averaging along the y-direc-
tion the time-mean temperature field. As it can be seen, temperature distribution clearly highlights the
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Figure 7. Average Nusselt number vs Reynolds Figure 8. Average Nusselt number vs Reynolds
number for staggered transverse-ribs at different number for different rib tilting angles and ar-
values of dimensionless pitch and height. rangements with p/e=10 and e=4mm.
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Figure 9. Time-mean wall temperature field at Figure 10. Streamwise distribution of the y-
Re=5400 for the transverse-rib configuration with averaged temperature from the time-mean wall
p/e=10 and e=4-mm. temperature field of figure 9.
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rib effect on fluid-dynamics and heat transfer. Particularly, for the case reported here, the temperature
shows a minimum at near one third of pitch downstream any ribs; of course, at same locations, heat
transfer coefficient, not shown, has a maximum provided that a linear increase of air bulk temperature
along the channel is assumed. In any case, differences of the convective coefficient are not large being
within 6%.

5. Conclusions

In the investigated range of Reynolds numbers (600 — 8000), rib-roughened surfaces proved to en-

hance significantly heat transfer within rectangular channels, though increasing pressure drop as well.

From the collected data, general conclusions can be drawn making a distinction between transverse

and tilted rib arrangements, as follows.

Transverse and staggered ribs:

e the friction factor becomes nearly independent of Re by either increasing blockage or decreasing
the dimensionless pitch; hence, turbulence seems to onset at Re even lower than 1000;

¢ the Nusselt number in such conditions shows a power law dependence on the Reynolds number
with 0.8 exponent, i.e, a typical value for turbulent flow;

e the highest heat transfer enhancement factor is 4.7 and it seems to be related to an optimal dimen-
sionless pitch.

Tilted ribs:

e the friction factor shows a weak dependence on the Reynolds number only for Re<1000, decreas-
ing for staggered ribs, whereas increasing for in-line ribs;

e the Nusselt number for staggered arrangements is slightly larger than for in-line ones;

e 45°-tilted ribs reach the best heat transfer performance: the staggered arrangement shows the high-
est enhancement factor equal to 5.1.

Local temperature measurements are useful to investigate enhancement mechanisms; specifically, the

heated wall temperature reaches a minimum downstream each rib, at near one third pitch for the tested

configuration, and hence the heat transfer coefficient periodically attains a maximum.
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