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Abstract

The purpose of this work is the experimental analysis of the heat transfer between a flat plate and a swirling air jet
impinging on it. A swirling nozzle based on helical inserts, of easy application in industrial environment, has been developed
and experimental measurements are done at a fixed value of Reynolds number (Re is based on the flow rate and on the
nozzle diameter, Re=30000) for five values of Swirl number S (0, 0.2, 0.4, 0.6 and 0.8) and five values of nozzle to plate
distance (2, 4, 6, 8 and 10 diameters). Experimental measurements are done by means of IR thermography with the heated
thin foil sensor. The different behaviors of multi-channel jets, weak swirl jets and strong swirl jets are shown. The uniformity
of the heat transfer and the global heat transfer rate are quantified as mean value and standard deviation percentage of
Nusselt number on the impinged area. The performances in term of heat transfer uniformity and heat transfer rate provided
by swirling jets are also presented and analyzed. The dependence of the heat transfer rate and uniformity on the swirl
number is also explained.

1. Introduction

The high heat transfer rate that is possible to obtain with impinging jets is well recognized and explained in a wide
scientific literature [1]. It makes the use of jets very diffused in several industrial applications such as drying, tempering and
turbine blades cooling. About single, rows and multiple jets a huge quantity of data and correlations for heat and mass
transfer is available [2,3].

The flow structure of impinging jets is characterized by the nozzle diameter and the nozzle to plate distance. The
structures of impinging axis-symmetric jets can be subdivided in three characteristic regions: the free jet region, the
stagnation (impingement) region and the wall jet region (see Fig. 1). The stagnation region and the wall jet region are
characterized by very different heat transfer rates so one of the main limitations of jet impingement heat transfer is the radial
non-uniformity.

For some applications such as electronic cooling and chemical vapor deposition high values and radial uniformity of
heat and mass transfer are required. In order to achieve an higher heat transfer radial uniformity the swirling impinging jet
could be a possible solution. Swirling impinging jets are characterized by tangential velocity components that cause a spiral-
shaped motion and the broadening of the impingement region and of the wall jet region (Fig. 1); this aspect is coupled,
especially near the stagnation point, with an axial flux weakening as well.

Generally it is possible to obtain a swirl flow by mixing two air flows or by using an insert inside nozzle able to
produce the swirling motion. A swirling impinging jet has been designed for the first time by Ward and Mahmood [4], based
on the concept of mixing the two air flows; the measured radial distribution of local Nusselt number was just slightly more
uniform and its values were significantly lower. An improved swirling nozzle, based on a cylindrical plug with four narrow
channels, was developed by Huang and El Genk [5] and the experimental measurements demonstrated the improvement of
the radial uniformity and also the increase of the surface average Nusselt number. Also Lee et al. [6] studied the heat transfer
distribution related to swirling impinging jets based on the concept of an insert inside the jet nozzle; the heat transfer
uniformity given by the swirl is assessed and it is demonstrated that the heat transfer distribution is strictly depending on the
Swirl number S which is a nondimensional number representing axial flux of swirl momentum divided by axial flux of axial
momentum, times the equivalent nozzle radius [7]. Wen and Jang [8] designed swirling strips to be insert in the jet nozzle
and showed that the solution of the crossed swirling strips has better heat transfer performances respect to standard jets. In
literature of swirling impinging jets heat transfer data are reported only in terms of radial distribution even if the behavior of
the flow field should require two dimensional measurements.

In this work some helical inserts based on the concept of the crossed swirling strips are designed and developed by
means of quick prototyping. Experimental two dimensional measurements of convective heat transfer between a flat plate
and a swirling air jet impinging on it are carried out for different nozzle to plate distances and different Swirl numbers.
Experimental measurements are done by means of IR thermography and with the “heated thin foil” heat transfer sensor [9].
Measured data allowed to analyze the influence of the Swirl number and of the nozzle to plate distance on the heat transfer


mailto:gcardone@unina.it�
mailto:gcardone@unina.it�

10 http://dx.doi.org/10.21611/qirt.2010.059
@lRT 10" International Conference on Quantitative InfraRed Thermography

distribution and on the flow topological structure. Data are reported as Nusselt number surface maps, surface averaged
Nusselt number and surface standard deviation of Nusselt number.
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Fig. 1. Flow topological structures: a) conventional impinging jets b)swirling impinging jets

2. Experimental apparatus and measurement technique

The experimental apparatus, sketched in Fig. 2, includes a thin constantan foil (200 mm wide, 470 mm long and
0.050 mm thick). This foil, which constitutes the target plate, is heated by passing an electric current through it and cooled by
the air jet which is impinging on it. The plate is horizontally positioned with the impinging jet placed vertically below so as to
minimize the recirculation of hot spent air. A suitable stiffening tool is employed to assure the foil surface flatness. The
cooling air, supplied by a compressor, goes through a pressure regulating valve, a heat exchanger that keeps the (total)
temperature of the jet close to that of the ambient room air, then to a plenum chamber where pressure and temperature are
metered and finally impinges on the target plate. The swirling flow is obtained by passing the air in a cylindrical nozzle (exit
diameter D=18mm) with inside a helical insert (swirl generator) based on the concept of the crossed swirling strips. Five
dimensionless nozzle-to-plate distances z = Z/D (where Z is distance between nozzle exit and the target plate) are
considered, namely 2, 4, 6, 8 and 10. The mass flow rate m is maintained constant so as to have always the same value of
the Reynolds number, defined as Re =4m/(muD) (where W is the viscosity coefficient of air), equal to 30000. Using five

different swirl generators, tests were performed for 5 different values of Swirl number S, namely 0, 0.2, 0.4, 0.6, 0.8; in fact,
according to the formula proposed by Gupta [7], swirl number can be expressed as:

_2|1-(d/D)
S= glm}tane 1)

where d and D are nozzle and vane pack hub diameters respectively and 6 is the swirling angle as shown in Fig. 3.
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A thermographic system (IR camera), based on a FLIR SC6000 LW (FPA of 640x512 pixels, working the 8-12 um
band) is employed to measure the foil surface temperature. In the present case IR camera is used in conjunction to the
heated thin foil sensor [9], which is able to measure the average (in time) local convective heat transfer coefficient h between
a thin metallic foil, heated by Joule effect, and the air jet impinging on it. In fact by an energy balance referring at Fig. 4 it
comes the formula:

h= q-q (2)
TW _Taw
with g the Joule heating and g, the losses which are due to radiation ¢, , natural convection on the rear foil surface g, and
tangential conduction g, , T,, the wall temperature and T,,, the adiabatic wall temperature. In the present case, ¢, is about
5%, q, is about 1.5% and q,, is about 3% of ¢ .
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Fig. 4. Sketch of the local energy balance

The surface temperature distribution is measured by viewing the rear face of the foil (i.e. the opposite side of jet
impingement). In fact, since the Biot number Bi=hs/ A+ (where s and A; are thickness and thermal conductivity of the foil,
respectively) is small respect to unity, the temperature can be considered practically uniform across the foil thickness. Each
test run consists of two parts: firstly, electric current off, T,y is measured and the so-called “cold image” is recorded;
secondly, electric current on, Ty, is measured and the “hot image” is recorded. In particular, each image is averaged over 300
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measured fields and the quantity Ty, - Taw iS Obtained by subtracting two thermal images, the cold one from the hot one.
Besides, because of the thermal inertia of the foil and of the image time averaging process, present measurements have to
be considered as time averaged, i.e. fluctuations due to turbulence are not being measured. The experimental data are
reduced in dimensionless form in terms of Nusselt number Nu=hD/k (k is the thermal conductivity of air). Data are also

presented as surface averaged Nusselt number Numean @and surface standard deviation percentage of Nusselt number oy, .
In particular Numean and oy, are evaluated as in eq. 2 and 3 on different circular areas (changing radius) with a fixed center
identified as intersection of jet axis and target plate.

1

NUmean (1) = - J.NU dA, (@)
A A

\/j (NU ~ Nupnean )? - dA,

A - 100 (3)
— [NudA,
A A

ONu (I’) =

Nu maps and radial distributions of Nupean, a@nd oy, are used to quantify the convective heat transfer rate and the
convective heat transfer uniformity and to deduce the flow field structure.

3. Results

In Fig. 5 are reported Nusselt number maps obtained for the cases of S =0, S =0.4, S = 0.6 and S = 0.8 for the
distances z = 2, z = 6 and z = 10. For sake of brevity only these maps are reported because they allow to well summarize all
the most relevant aspects. In all the maps the center of impingement (intersection of jet axis and target plate) is used for
surface averaging.

In the case of the multi-channel jet (S = 0), 2D Nusselt number distributions show that the flow leaving the nozzle is
divided into four separate jets due to the presence of the four channels within the insert; because of this, four distinct regions
of stagnation can be seen on the plate, in the case z = 2. For longer distances, however, the jets tend to merge and a single
impingement area is observed. The multi-channel impinging jet provides very high heat transfer values.

For a Swirl number equal to 0.2 and 0.4 (weak swirl jets) similar behavior are observed (so only the maps for S =
0.4 are reported). At the shortest considered distance, the effect of the swirl is not evident. Swirl appears to just produce a
little decrease of heat transfer but the heat transfer topology still shows four high heat transfer separate regions with a low
heat transfer uniformity; the distribution of Nusselt number doesn't appear being very different from the multichannel jet. With
the increase of the nozzle to plate distance, it seems that the four jets merge at a short distance from the nozzle exit and
seems to produce a more uniform heat transfer rate in stagnation region. The swirl flow seems to induce a broadening of the
impingement region and of the wall jet region. In all cases the heat transfer over the whole observed area appears lower than
the heat transfer obtained with the multi-channel jet; this is clearly related to the axial flux weakening caused by the swirl.

The jet with S = 0.6 appears being in a condition of transition between the weak and the strong swirl. At all the
considered distances the swirl is enough strong to produce a great broadening of the stagnation region, coupled with a
decrease of heat transfer respect to swirling jets at lower swirl number. The impingement regions related to the four channels
merge but not completely. In fact in the Nu map at S = 0.6 and z = 6 two high heat transfer lobes are still evident while the
other two are small and seem to be close to merge with the bigger two. In the Nu map related to the case with S = 0.6 and z
= 10 only two lobes are present: they are highly decentralized and broadened (perhaps due to the merging). Even if the two
lobes are still present the map shows a large region where the heat transfer is almost constant (Nu ranging between 45 and
50).

In strong swirl phenomena, swirling flow produces axial pressure gradients that are more and more strong with the
increase of swirl number and that can cause vortex breakdown [10] and the formation of a recirculation zone in the center of
the jet as explained by Gupta [7] and shown by Alekseenko et al. measurements [11]. The maps reported in Fig. 5 related to
S = 0.8 well confirm these aspects; in fact in them, the distinction between the high heat transfer lobes is clear for all the
values of the nozzle to plate distances analyzed. With the increase of z, the stagnation points gradually move away from the
center of the plate producing a low heat transfer zone in the center of the plate.
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Fig.5. Numaps forS=0,S=0.4,S=0.6and S=0.8and z=2,z=6 and z =10

The influence of the swirl number and of the nozzle to plate distance on the heat transfer can be better analyzed by
comparing the radial distribution of surface averaged Nusselt number and surface standard deviation percentage of Nusselt
number. In Fig. 6 NUean (1) @and oy, (r) measured for all the five swirling nozzles are plotted for z =2, z= 6 and z = 10.

In the case of z = 2 the swirl seems to induce just a displacement of the peak of heat transfer and a little decrease of
global heat transfer. Moreover, the swirler do not change heat transfer non-uniformity. In fact if a zone on the impinged plate
with radius equal to 3.5 nozzle diameters is considered, the surface averaged Nusselt number exhibits a difference between
the cases S=0 and S=0.8 lower than 20% and the surface standard deviation percentage of Nusselt number obtained with
swirl number equal to 0O is the lowest.



10 http://dx.doi.org/10.21611/qirt.2010.059
@lRT 10" International Conference on Quantitative InfraRed Thermography

With the increase of the nozzle to plate distance the effect of the swirl becomes stronger and more interesting and
useful. In the case of z = 6 the swirler with S = 0.6 produces a o, absolutely low respect to the multi-channel jet but paying
the price of a strong reduction of global heat transfer (about fifty percent).

At z = 10 swirling nozzles, except the jet with S = 0.8, show the best performances in heat transfer uniformity. The
increase of S always produce an increase of uniformity but is coupled with a decrease of global heat transfer.

At the highest swirl number the presence of the distinct zones of stagnation highly decentralized cause the highest

standard deviation percentage. The best performances in term of low oy, are obtained at swirl number equal to 0.4 and 0.6.

In particular the S = 0.6 jet shows an heat transfer almost constant over a zone on the impinged plate up to r/D equal to 3.5
but with a reduction of about 50% of the global heat transfer respect to the multi-channel jet.
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4. Conclusions

In this work heat transfer measurements have been performed on a flat plate with swirling air jets impinging on it in

order to analyze heat transfer rate and uniformity provided by the swirling jets. Through analysis of the standard deviation of
Nu, it was possible to quantitatively assess the uniformity of heat transfer for every case analyzed

increase

In all the tested cases the mean heat transfer decreases with the increase of the nozzle to plate distance. With the
of the distance there is an increase of the uniformity of the heat transfer.
Swirling jets are characterized by a broadening of the impingement region and, except the jet with S = 0.8, at high z

show the best performances in heat transfer uniformity. The increase of S produces an increase of uniformity but is coupled
with a decrease of global heat transfer. Ultimately, studies highlight the peculiarity of the swirler with S = 0.6 that shows an
heat transfer almost constant.

Symbol
m
Bi
D
h
k
Nu
Numean
Re

(1]
(2]
(3]
(4]
(5]
(6]

[7]
(8]

9]
(10]

(11]

NOMENCLATURE

Quantity Sl Unit
Mass flow rate Kgls
Biot numberBi=hs/ As Dimensionless
Cylinder diameter m
Convective heat transfer coeff. W/(K m?)
Air thermal conductivity W/(m K)
Nusselt number Nu=hD/k Dimensionless
Average Nu over a target area Dimensionless
Reynolds number: Re = 4m/( zuD) Dimensionless
Swirl number Dimensionless
Nozzle to plate distance scaled by diameter z=Z/D Dimensionless
Nozzle to plate distance m
Air viscosity Kg/(m s)
Standard deviation percentage of Nu over a target area Dimensionless
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