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Abstract An experimental investigation on impingement
heat transfer from a rib-roughened surface is performed.
Single, double, and triple rib configurations are tested. The
rib is also located at three different positions for a single rib
case. The Reynolds number is varied from 10,000 to 50,000
whereas the dimensionless jet-to-surface distance (z/D) is
kept constant as 8. Results show that, the Nusselt number
decreases just before a rib. After the rib, however, the Nus-
selt number decreases by a larger amount. Since ribs cause
a reincreasing in the Nusselt number after the stagnation
point and since the stagnation point Nusselt number is not
affected by ribs, they can be used to enhance heat transfer
especially for spot cooling applications. It is also obtained
that using ribs is more useful for low speed impinging jets,
when heat transfer from the whole surface is considered.

List of symbols

D Jet diameter, m

€ Emissivity of the surface

h Convective heat transfer coefficient, W/m?K

k Thermal conductivity, W/mK
Local Nusselt number, (=hD/k)
q Heat flux, W/m?

Re  Reynolds number, (=UD/v)

o Stefan-Boltzmann constant, 5.67 x 10~% W/m?K*
Temperature, K
X Distance from stagnation point, m
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v Kinematic viscosity, m*/s
z Distance between jet and surface, m

1 Introduction

Impinging jets have received considerable attention because of
their extremely high heat and mass transfer capability. They
are widely used in several heat and mass transfer applica-
tions, such as cooling of electronics and turbine blades, dry-
ing of papers, fabrics and food products, and glass tempering.
Therefore it is not surprising that they have been frequently
investigated both numerically and experimentally. In the
study of Etemoglu et al. [1], an investigation is carried out to
determine the effect of nozzle shape and size on heat trans-
fer under impinging air jets. Experimental results show that
the discharged coefficient only varies with velocity and noz-
zle shapes but not with the nozzle widths or hole diameters.
The effects of nozzle diameter on impingement heat transfer
and fluid flow are investigated in the study of Lee et al. [2].
The results show that the local Nusselt numbers increase with
the increasing nozzle diameter in the stagnation region. An
experimental study is performed by Yong et al. [3] to explore
heat transfer distributions under staggered or inline array-jets
impingement inside a semi-confined channel. An experimental
study of an axisymmetric turbulent jet impinging on a semi-
cylindrical concave surface is carried out by Hashiehbaf et al.
[4]. Their study shows that the position of a secondary peak
in the Nusselt number distribution along quasi-flat and curved
surfaces is located at y/d = 3.2 and 4.39 < s/d < 5, respec-
tively. In the study of Fenot et al. [5], a multichannel hot jet is
investigated experimentally, with and without swirling effects.
It is found that the swirling effect mainly affects ambient air
entrainment into the jet and consequently effectiveness of heat
transfer. The flow characteristics of an isothermal turbulent jet
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impinging normally on a flat plate is studied experimentally
by Yao et al. [6]. It is declared that the normal velocity fluctua-
tions have the greatest skewness and the highest intermittency
in the mixing region. Liu et al. [7] investigate the optimal jet-
to-surface distance (z/D) for stagnation point heat transfer
and the location of the secondary peak in local heat transfer
at a small z/D value. The optimal z/D value for the stagnation
region Nusselt number is found to be about 5. The location of
the secondary peak in the local Nusselt number for z/D of 1.5
is at a radial location (/D) of about 1.8. Kito et al. [8] per-
form a study to investigate the enhancement of impingement
heat transfer by ribs. The slot jet is used and the rib spacing is
focused in their study. It is found that the rib spacing must be
more than six times the jet width to improve heat transfer. The
impingement heat transfer from rib roughened surface within
two-dimensional arrays of circular jet is experimentally inves-
tigated by Haiping et al. [9]. It is concluded that the jet hole
spacing and the jet-to-surface distance have significant effect
on the impingement heat transfer. The micro W shaped ribs
are used to enhance the impingement heat transfer by Rao
et al. [10]. The experimental and numerical studies are per-
formed to investigate effect of W shaped ribs on the impinge-
ment heat transfer. The results show that the micro W ribs
can improve the area averaged impingement heat transfer on
the test plate by about 9.6 % at Reynolds number of 30,000.
Cooling of the rib roughened surface by a row of air jets inside
semi-confined channel is experimentally investigated by Tan
et al. [11]. Orthogonal, V-shaped, and inverted V-shaped ribs
are considered. It is declared that the ribs on the target plate
provide stronger convective heat transfer in the wall jet region.
A numerical study is performed by Wan et al. [12] to inves-
tigate the impingement heat transfer from roughened surface
with square pin fins. Numerical results show that the total heat
transfer is enhanced by about 60 %, but the heat transfer on the
flat portion of the roughened surface is eventually be reduced.

Numerous studies on the impingement heat trans-
fer are performed because of their importance in the
industrial applications. In literature, however, there is
limited information about effects of ribs on heat trans-
fer, for especially single round jet case. The main objec-
tive of the present study is to investigate the effects of
ribs attached on the surface on impingement heat trans-
fer. For this aim the ribs are attached on the surface in
several configurations and several tests are performed
by using unconfined single round jet for three Reynolds
numbers.

2 Experimental apparatus and procedure
The experimental setup used in the present study is

sketched in Fig. 1. The equipment for the experiments
consists of a fan, frequency controller, hose, round jet,
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tempered glass as target plate, infra-red (IR) thermometer,
air velocity transducer, and data-logger. All experiments
are performed in a large enough room kept at a constant
temperature. A frequency controlled centrifugal fan is pre-
ferred to obtain the desired flow rate for the range of the
Reynolds number of interest. A single round jet with a
diameter of 25 mm is used in the experiments. To obtain
fully developed flow, the entrance length is advised to be
10D, [13]. In the present study, however, a pipe with a
length of 20D is used as jet. The fan is connected to the jet
with a hose which has a diameter of 50 mm. A wire-mesh
deflector is placed at the intersection of the hose and the
jet. The dimensionless jet-to-surface distance is described
as 8 and this distance is kept constant through the experi-
ments. Air velocity measurements are done by an 8455
thermal anemometer (TSI ™) at the jet exit center. Air
velocity transducer has a ceramic sensor with a width of
about 1 mm. This sensor is protected by a thin metal frame.
The air velocity transducer has been carefully placed at the
jet exit to avoid disturbed airflow. After air velocity value
is measured and desired value is obtained, the air velocity
transducer is removed. Through the experiments, the tem-
perature and humidity of the blown air are measured by an
HMP 50 sensor (Campbell Scientific, Inc. ™) placed in the
hose.

The velocity value measured at the jet exit center is the
maximum value of the velocity. Mean velocity is calculated
by using following formula relating mean velocity to maxi-
mum velocity [14].

-1
Uy, = Umax(l n 1.33\/f) (1)
where,

f=0316Re™ /4 )

The similar procedure to obtain mean jet velocity value was
applied by Kito et al. [8].

The target plate made of tempered glass is the cap of a
vessel with an electrical heater as seen in Fig. 2. When the
glass plate is cooled by the impinging air, steam condenses
at the bottom side of it. The bottom side of the plate is kept
at a constant temperature because of the high heat trans-
fer coefficient of the condensing steam. The temperature is
controlled by five T-type thermocouples placed on the bot-
tom surface of the tempered glass. The top side of the glass
is painted black for providing a high emissivity surface
(e ~ 0.95). The temperature of the top surface is measured
with the IR thermometer (TESTO ™ 845).

The heat flux can be determined with Eq. 3 by using the
temperature gradients within the glass plate.

kglass

i](X,y) = ?(Ttop(x,y) - Tbottom) 3)
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Fig. 1 Experimental set-up
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Then local convective heat transfer coefficient (h,) and This procedure was applied before by Hofmann et al.
local Nusselt number (Nu,) are calculated as follows: [15, 16].

400y = 60 (Th,(63) = Thy)

hy =
! (Ttop(xay) - Tjet)

The three different Reynolds numbers (Re = 10,000,
30,000, and 50,000) are studied in the present study and
“) they are determined as follows:

U,.D
Re = 2
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Thermophysical properties of air are evaluated at the jet
exit temperature.

The uncertainty analyses for the experimental data are
done according to the procedure proposed by Moffat [17].
The uncertainty in the Nusselt and Reynolds numbers is
calculated to be less than 6.62 and 6.4 %, respectively.

To validate the results of the present study for a smooth
surface, local Nusselt number distribution is compared with
that of [2, 18, 19]. As seen Fig. 3, the present results are in
good agreement especially with those of [2].

After validation for a smooth surface, ribs are placed
on the surface in different configurations as shown in the
Fig. 4. These ribs are made of metal with a diameter of
2.5 mm (0.1D) and they are placed on the right and left
sides of the jet. Single, double, and triple rib configurations

Fig. 4 Different rib cases: a single rib, b double ribs, and ¢ triple ribs
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are tested. Three different positions (x/D = 2.5, 5, 7.5) are
also examined for a single rib case. The experiments are
repeated three times on each configuration and the results
are then averaged.

3 Results and discussion
3.1 Effect of ribs on heat transfer

Two single ribs, one for the right and one for the left side
of the impinging jet, are placed on the surface. Both ribs
are located at 2.5D distance from the impingement point.
A comparison of heat transfer from smooth and rib-rough-
ened surfaces is given in Fig. 5 for three different Reynolds
numbers.

When the distance between the jet and the surface is
larger than that of the potential core, the Nusselt number
decreases monotonically with increasing radial distance
away from the impingement point. With closer distances,
however, a secondary peak in the Nusselt number occurs.
According to Gardon and Akfirat [20], a secondary peak in
the Nusselt number is the result of a transition from lami-
nar to turbulent boundary layer. It has been also numeri-
cally proved by Isman et al. [21]. z/D is especially defined
as 8 in the present study so that there is no secondary peak
in the Nusselt number for this distance because of laminar
to turbulence transition. Thus, the effect of ribs on local
Nusselt number distribution can be seen more clearly.

As seen in Fig. 5, the Nusselt number decreases just
before the rib for all three Reynolds numbers. The amounts
of decrease are 10, 8.2, and 6.7 % for Re = 10,000, 30,000,
and 50,000 respectively. Thus, the amount of decrease in
the Nusselt number is inversely correlated with the increas-
ing Reynolds number.

The Nusselt number decreases monotonically with
increasing radial distance away from the impingement
point, since the increasing boundary layer thickness. The
air separates from the surface due to the rib and reattaches
to the surface after the rib. Thus, the boundary layer is dis-
turbed by the rib and the heat transfer increases. The sec-
ondary peak in the Nusselt number occurs behind the rib
as seen in Fig. 5. The amounts of increase are 14.8, 16,
and 22 % for Re = 10,000, 30,000, and 50,000 respec-
tively. However, unlike at the front of the rib, the amount
of increase in the Nusselt number is positively correlated
with the increasing Reynolds number. Therefore, when the
impingement region (Ix/DI < 5) is considered, a single rib
case (rib at 2.5D) has more advantages for Re = 50,000
than that of a lower Reynolds numbers, due to a lower
decrease and a higher increase in the Nusselt number
before and after the rib respectively.
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Fig. 5 Comparison of heat transfer from smooth and single rib-
roughened (rib at x/D = 2.5) surfaces a Re = 10,000, b Re = 30,000,
and ¢ Re = 50,000

As seen in Fig. 5, Nusselt number values recorded in
the wall jet region (Ix/DI > 5) for the rib-roughened sur-
face is lower than that of a smooth surface case. This dif-
ference is low for Re = 10,000, whereas it reaches to
14 % for Re = 30,000. Although this is a disadvantage for
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a rib-roughened surface, it is clear that ribs increase heat
transfer for Ix/DI < 5. Therefore, it can be useful for spot
cooling applications such as electronics cooling. Another
practical aspect of rib-roughened surfaces is that they do
not decrease the Nusselt number for the stagnation point.
This result is also obtained by Kito et al. [8] for the stagna-
tion point Nusselt number for L/B > 6.

3.2 Effect of ribs’ positions on heat transfer

To investigate the effect of the ribs’ position on heat trans-
fer, the ribs are sequentially located at distances of 2.5, 5,
and 7.5D from the stagnation point. As seen in Fig. 6, each
rib causes a decrease and then an increase in the Nusselt
number just before and after the rib. For Re = 10,000, the
amounts of decrease in the Nusselt numbers just before
the rib are 10, 10, and 6 % for 2.5, 5, and 7.5D rib dis-
tances respectively. The amounts of decrease in the Nus-
selt numbers just before the rib are 8.2, 9.9, and 8 % for
Re = 30,000 and 6.7, 7.8, and 8.1 % for Re = 50,000. For
Re = 10,000, the amounts of increase in the Nusselt num-
bers just after rib are 14.8, 12.9, and 8.5 % for 2.5, 5, and
7.5D rib positions respectively. These values are recorded
as 16, 21.3, and 23.4 % for Re = 30,000 and 22, 22.4, and
27 % for 50,000. For Re = 30,000 and 50,000, ribs cause
a higher increase in the Nusselt number when they are
placed farther from the stagnation point. On the contrary,
for Re = 10,000, when ribs are placed nearer to the stagna-
tion point, a higher increase in the Nusselt number is seen.
For any rib position, the amount of increase in the Nusselt
number increases with the increasing Reynolds number. As
obtained in the previous section, after the secondary peak,
the Nusselt number is recorded as lower for a rib-rough-
ened surface than it is for a smooth surface. The same situ-
ation is valid for other rib positions as seen in Fig. 6. How-
ever, the difference is very low (max 8 %) for 5 and 7.5D
rib positions, even for a high Reynolds number. In fact,
there is almost no difference for a rib position of 7.5D for
three Reynolds numbers.

3.3 Effect of rib number on heat transfer

Single (2.5, 5, and 7.5D positions), double and triple rib
cases are tested and compared in this section. Each test is
performed with three Reynolds numbers. As seen in Fig. 7,
the increase in the Nusselt number after the rib located at
x/D = 2.5D is almost the same for the single (rib at 2.5D),
double, and triple rib cases. For the rib located at 5D,
however, the maximum increase in the Nusselt number is
recorded for a single rib case (rib at SD). This is because
the Nusselt number just before the rib located at x/D =5 is
lower for the double and triple cases than it is for the sin-
gle rib case, due to the reducing effect of the previous rib

@ Springer
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Fig. 6 Effect of the location of a single rib on heat transfer a
Re = 10,000, b Re = 30,000, and ¢ Re = 50,000

located at x = 2.5D. On the other hand, there is almost no
difference for double and triple cases for this rib position.
The maximum increase in the Nusselt number is similarly
recorded for the single rib case for the 7.5D rib position,
due to the same reason. As seen in Fig. 7, the stagnation
point Nusselt number remains almost the same for all
configurations.
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Fig. 7 Effect of number of rib on heat transfer a Re = 10,000, b
Re = 30,000, and ¢ Re = 50,000

As mentioned in Sect. 3.1, although heat transfer is
increased by the presence of rib, after the secondary peak,
the Nusselt number remains lower for the single rib case
than it does for the smooth surface case. This difference is
low for Re = 10,000, whereas it reaches up to 14 % for
Re = 30,000. This was a disadvantage for the single rib
case. As seen in Fig. 7, the second and third ribs help to
eliminate this disadvantage.

It is clear from Fig. 7.a. that the overall heat transfer for
a rib-roughened surface (for almost all rib cases) is higher
than that of a smooth surface for Re = 10,000. Therefore,
ribs are more useful for low speed impinging jets when the
heat transfer from the whole surface is considered.

4 Conclusions

Experimental studies are performed to investigate the
effects of ribs on heat transfer with an impinging air jet.
Some specific conclusions are summarized as follows.

When a rib is attached on the target surface, the Nus-
selt number decreases just before the rib, and the second-
ary peak is shown in the Nusselt number after the rib. The
results show that this increase in the Nusselt number is
higher than the decrease, independently of the Reynolds
number and the rib positions.

The stagnation point Nusselt number is not affected by
ribs.

The Nusselt number values recorded in the wall jet
region (Ix/DI > 5) for a rib-roughened surface (rib at 2.5D)
is lower than that of a smooth surface case. Although this
is a disadvantage for rib-roughened surfaces, it is clear that
ribs increase heat transfer for Ix/DI| < 5. Therefore, ribs can
be useful for spot cooling applications such as electronics
cooling.

For Re = 10,000, when ribs are placed nearer to the
stagnation point, a higher increase in the Nusselt number
is seen. On the contrary, for Re = 30,000 and 50,000, ribs
cause a higher increase in the Nusselt number when they
are placed farther from the stagnation point.

When second or third ribs are attached on the surface,
they cause an increase in the Nusselt number. Although the
impacts of the second and third ribs are lower than that of a
single rib placed at the same location, the second and third
ribs help the Nusselt number that is decreased by the first
or second rib to increase again.

Results show that overall heat transfer for a rib-rough-
ened surface (for almost all rib cases) is higher than that
of a smooth surface for Re = 10,000. Therefore, ribs are
more useful for low speed impinging jets, when heat trans-
fer from the whole surface is considered.
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