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Abstract

A technique based on infrared thermography is used to determine the convective heat transfer on a flat plate on which either a sin
air jet or a row of jets impinged. The flat plate is heated using the thin-foil technique, which enables one to impose different conve
fluxes. For each flux, a temperature distribution is recorded using a thermographic camera. After that, local heat transfers and loca
temperatures are determined by means of a linear regression method. Parameters that are made to vary include jet injection tem
Reynolds number, spacing between adjacent jet, and the distance between the flat plate and jets orifices. In each case, two config
investigated: one with and the other without semi-confinement. Results show the independence of heat transfer coefficients and e
from the jet injection temperature within the range studied. The influence of confinement on heat transfer coefficient is weak, bu
great impact on effectiveness.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Due to its ability to enhance heat transfer, jet impin
ment is used in a wide range of applications in order
cool, heat or dry surfaces. These applications include g
production, drying of textile and papers, annealing of m
als, and cooling of electronic components. Impinging
are also used in the cooling of particular regions of tur
jets such as turbine blades and walls of combustion ch
bers.

In many of these applications, jet temperature is differ
from that of the environment in which is issuing. In that ca
entrainment of the surrounding fluid into the jet can grea
affect jet temperature and consequently heat transfer
the impingement surface to the jet. Several parameters
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affect this entrainment such as the number of jets and
semi-confinement.

Numerous experimental investigations have been
formed on flow and heat transfer of jets impinging on
plate and Jambunathan et al. [1], and Viskanta [2] car
out extensive literature surveys on jet impingement and
influence of different parameters.

But few studies have taken into account the effect of th
mal entrainment on heat transfer to impinging jets. Str
and Diller [3,4] measured heat transfer of up to two s
jets injected into a surrounding fluid whose temperature
ied between injection temperature and plate tempera
Other researchers used the adiabatic temperature as
erence to calculate heat transfer coefficients. So, in the
of a single jet, Hollworth and Wilson [5] noticed that fo
H/D � 5, profiles of dimensionless adiabatic temperat
did not depend on Reynolds number and jet-to-plate s
ing. With the same apparatus, Hollworth and Gero [6] c
cluded that if adiabatic temperature is taken as the refer
temperature, Nusselt number values are independent

(Tj − T∞). Goldstein et al. [7] also used an adimensioned
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Nomenclature

D jet diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
e impingement plate thickness. . . . . . . . . . . . . . . m
H jet exit to impingement plate distance . . . . . . m
h heat transfer coefficient on front

side . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2·K−1

hr heat transfer coefficient on rear
side . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2·K−1

Nu Nusselt number,= hD/λair
P jet center to center spacing . . . . . . . . . . . . . . . . m
r2 correlation coefficient of linear regression
Re Reynolds number,= ρV D/µ

Taw adiabatic wall temperature . . . . . . . . . . . . . . . . . K
Tinj injection wall temperature . . . . . . . . . . . . . . . . . K
Tw,f front wall temperature . . . . . . . . . . . . . . . . . . . . K
Tw,r rear wall temperature . . . . . . . . . . . . . . . . . . . . . K
T∞ ambient temperature . . . . . . . . . . . . . . . . . . . . . . K
Vinj injection velocity . . . . . . . . . . . . . . . . . . . . . m·s−1

X streamwise coordinate from the center
of the jet row . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Y spanwise coordinate from the central jet
of the row . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Z coordinate from the impingement plate . . . . . m

Greek symbols

εinj injection wall emissivity
εw impingement wall emissivity
η effectiveness,= (Taw − T∞)/(Tj − T∞)

λair air thermal conductivity . . . . . . . . . W·m−1·K−1

λw wall thermal conductivity . . . . . . . . W·m−1·K−1

µ dynamic viscosity . . . . . . . . . . . . . . . . . . . Ns·m−2

ρair air density . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

σ Stefan–Boltzmann constant,
= 5.67× 10−8 . . . . . . . . . . . . . . . . . W·m−2·K−4

ϕco,f convective heat flux density on
the front side . . . . . . . . . . . . . . . . . . . . . . . W·m−2

ϕco,r convective heat flux density on
the rear side . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

ϕelec electrical flux density dissipated by
Joule effect . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

ϕra,f radiative heat flux density on
the front side . . . . . . . . . . . . . . . . . . . . . . . W·m−2

ϕra,r radiative heat flux density on
the rear side . . . . . . . . . . . . . . . . . . . . . . . . W·m−2
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adiabatic temperature: the effectiveness. They showed t
was independent from the Reynolds number and(Tj − T∞).
Effectiveness decreased with the increasing of jet-to-p
spacing. Baughn et al. [8] used crystal liquid technique
confirmed the results of Goldstein.

Studies concerning a single row of jets are no m
numerous than those investigating entrainment effect.
casci [9] used a visualisation smoke technique to study
flow of a row of air jets. A series of vortexes and adve
vortexes was observed at the meeting points of the jets.
don and Akfirat [10] studied local heat transfer and pr
sure of a row of slot jets on a flat plate. They pointed
an elevation of heat transfer midway between the jets
pingement points. This elevation was visible only for sm
nozzle-to-plate spacing (H/D < 6). For large nozzle-to
plate spacing, loss of the identity of the jets was record
Koopman and Sparrow [11] used a naphthalene sublima
technique to measure local Sherwood numbers that ca
converted to Nusselt number by employing the heat-m
analogy. Their study involved a row of four jets. Goldste
and Timmers [12] measured heat transfer distribution o
row of three jets on a flat plate using a liquid crystal meth
Employing the transient liquid crystal technique, Yan a
Saniei [13] investigated heat transfer of a pair of imping
jets and particularly the influence of the jet-to-jet spac
on local heat transfer. In all these studies, jet injection t
perature was the same as ambient temperature. The
experimental investigation that dealt with the problem o

row of circular air jets with injection temperature different
t

-

y

from the ambient one is that of Goldstein and Seol [1
Nevertheless, the difference in temperature was weak
than 20 degrees). Effectiveness was measured by heatin
jet flow without heating the plate. The study confirmed t
effectiveness is independent from the Reynolds number
(Tj − T∞), but dependent on jet-to-plate spacing and of
jet-to-jet distance.

The effect of semi-confinement has been investigate
Obot et al. [19]. They concluded that semi-confinement
duces heat exchanges particularly, with small jet-to-p
spacing. Using Laser Doppler anemometry and liquid c
tal, Ashforth-Frost and Jambunathan [20] reported that se
confinement extends the potential core of a jet and red
its stagnation point heat transfer.

This study presents an experimental investigation of t
mal entrainment with either a single jet or a row of jets.
jets are circular air ones. The jet exit diameter is 10 mm.
range of the different parameters is:

• H/D = 2; 5;
• P/D = 4 (7 jets); 8 (3 jets);
• Re= 23 000;
• 0� X/D � 7;
• 20◦C � Tj � 60◦C;
• 20◦C � T∞ � 25◦C.

The effect of semi-confinement on impingement h

transfer has also been investigated.
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2. Experimental apparatus

The apparatus is shown schematically on Fig. 1. A
supplies the airflow, which passes through a filtration g
before entering into a heat exchanger. This heat excha
enables regulation of air temperature from 15 to 70◦C. The
flow is then divided between the different jet flows. F
each jet, the mass flow rate is measured and controlle
a venturi meters and a valve respectively. Venturi meters
associated pressure converters (JUMO 404304) had
calibrated previously over the mass flow rate used in the
periment.

Fig. 1 also shows the test section. The jet diameterD is
10 mm. The jet injection tubes are 300 mm long. This len
is sufficient to obtain a fully developed exit jet flow. The ro
consists in seven jets. The distance between jets is four t
jets’ diameter. Four tubes can be blocked to study a row
three jets allowing one to have jet-to-jet spacing distanc
eight times the diameter of the jets. In the case of a sin
jet, only the central jet remains open.

In the semi-confinement configurations, a 300 mm lo
280 mm large and 20 mm thick altuglass plate can be pla
at the jet tube exit as shown in Fig. 1. Moreover, two 300 m
long, 20 mm thick lateral plates are positioned perpend
Fig. 1. Experimental apparatus and test section.
r

n

larly to the jets row. Their width depends on distance to p
spacing.

Jet temperature is measured at the exit of the tubes u
a thermocouple. The temperature scattering between je
less than 1%. Due to the relatively low jet velocities, Ma
number effect is neglected, as shown by Brevet et al. [22

The impingement plate is rectangular, its spanwise is 3D

and its streamwise is 28D. It is made up of epoxy resi
whose thickness is 1.6 mm. The plate epoxy thermal con
tivity has been measured:λw = 0.32 W·m−1·K−1±8×10−3

with expanded uncertainty for 95% confidence level. A t
foil (17.5 µm thick) of copper covers the epoxy resin
the impingement side. Two electric circuits are engra
in it. They can heat the plate by Joule effect. The wi
of each circuit varies to provide a non-uniform heat fl
density. This way, plate temperature is kept more unifo
reducing heat conduction along the plate. Moreover, the
ference in temperatures between plate and jets can be
as high as possible. This large difference allows one to
tain a flux between jet and plate much greater than o
fluxes (radiative. . .) and so to achieve higher accuracy in t
determination of heat transfer coefficients. Temperature v
ation resistivity is taken into account in calculus of the h
fluxes. The impingement plate is painted in black (forw
and backward) to have high uniform emissivity for prec
radiative heat flux calculation and for thermographic m
surement. An infrared camera (CEDIP Jade Irfpa) meas
the backward temperature of the plate. In this study pert
ing to steady state, each thermographic image is the r
of the mean of 32 images recorded during 10 s. This m
allows one to remove measurement noise.

3. Procedure

Heat transfer coefficienth and wall adiabatic tempera
tureTaw are measured using infrared thermography coup
with the heated-thin-foil technique. This technique cons
in heating electrically the impingement plate using coo
circuits. It enable one to calculate the exact electrical
density dissipated by Joule effectϕelec. Radiative and con
vective losses must be taken into account to obtain the
vective heat flux density on the front sideϕco,f , which is
an exchange between the plate and the jets as presen
Fig. 2:

ϕco,f = ϕelec− ϕco,r − ϕrad,f − ϕrad,r (1)

ϕco,r = hr(Tw,r − T∞) (2)

ϕrad,f = σεw
(
T 4

w,f − T 4∞
)

(3)

ϕrad,f = σ(1/εw + 1/εinj − 1)−1(T 4
w,f − T 4

inj

)
(3bis)

ϕrad,r = σεw
(
T 4

w,r − T 4∞
)

(4)

Concerning the convective heat flux density on the r

sideϕco,r, a heat transfer coefficienthr has been measured
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Fig. 2. Heat fluxes.

when all jets are cut off. The dependency of this coe
cient has been taken into account. Impingement wall em
sivity εw and injection wall emissivityεinj were experimen
tally calibrated by comparing them with well-known stic
pastille emissivity (εw = 0.95 ± 0.02; εinj = 0.94 ± 0.02,
both with expanded uncertainty for 95% confidence lev
In the configuration without confinement, Eq. (3) is used
calculate front radiative heat flux. When, injection wall
positioned to provide semi-confinement, Eq. (3bis) is us
Radial heat conduction within the impingement wall can
overlooked due to the relatively homogeneous tempera
of the plate.

Using adiabatic wall temperatureTaw as reference tem
perature, local heat transfer coefficient on the front sideh is
defined:

h = ϕco,f/(Tw − Taw) (5)

In this case, several studies [7,8,14] have shown that
transfer coefficient is independent from(Tj − T∞). The dif-
ficulty when usingTaw is to measure it. In many previou
studies, the determination ofTaw is achieved by measurin
the temperature of an isolated plate without heating. And
this method is satisfactory only for an injection temperat
close to ambient temperature. Otherwise, losses cann
overlooked and the temperature measured is no longerTaw.
Another solution consists in calculating jointlyh andTaw.
To do so, we can write Eq. (5) as follow:

Tw = ϕco,f/h + Taw (6)

And then, for each configuration, four different electric
flux densities are injected. For each electrical flux, cart
raphy of wall temperatureTw is performed using infrare
camera. For one point, the couple (ϕco,f, Tw) is to be noted
four time. These four couples are placed on a diagram (
temperature). Eq. (6) is linear, so performing a linear reg
sion, 1/h will be the slope andTaw they-intercept.

Local heat transfer coefficienth and adiabatic wall tem
peratureTaw are adimensioned as shown in Eqs. (7) and

Nu= hD/λair (7)
η = (Taw − T∞)/(Tj − T∞) (8)
t

Fig. 3. Nusselt number for 1 jet,Re= 23000,H/D = 2.

Air thermal conductivityλair is calculated for the adi
abatic temperatureTaw. In any event, the influence of th
temperature chosen to calculateλair is relatively small [18].

Uncertainties are calculated using a statistical appro
[23]. Taking into account errors due to ambient and inject
temperature, to electrical, radiative and convective flu
and to emissivities, random uncertainty for the Nusselt n
ber values is no higher than 6% and that for effectivenes
no higher than 5%. Overall uncertainty for the Nusselt nu
ber values is no higher than 12% and that for effectiven
is no more than 6%. All these uncertainty values have b
reported at a 95% confidence level.

4. Results and discussion

The presentation of results will start with those for a s
gle jet, then, results for rows of seven and three jets wil
set forth and compared to those for one. Last by, compar
will be made of jets with and without confinement.

4.1. Single jet

Single jet experiments have been conducted for a R
nolds number of 23 000, impingement distances ofH/D = 2
and 5, and injection temperatures ranging from 22 to 58◦C.

Fig. 3 shows a typical example of local Nusselt nu
bers. We can see that Nusselt number is independent
(Tj − T∞). ForH/D = 2, we can observe two Nusselt num
ber maxima: one at the stagnation point and the othe
approximatelyX/D = 2. For H/D = 5, the second max
imum is no longer observed. The existence of the sec
maximum for small jet-to-plate (H/D < 4) spacing is gen
erally attributed to the disappearance of secondary vo
structures (Buchlin [21]). These structures most likely br
up for greaterH/D because of oscillations around the sta

nation point increasing withH/D.
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Fig. 4. Taw (◦C) for 1 jet,Re= 23000,T∞ = Tj .

Fig. 5. Effectiveness for 1 jet,Re= 23000,Tj = 58◦C.

These distributions are relatively similar to those o
served in other works [8,15]. Comparison with a study
Baughn et al. studies [8] is shown in Fig. 3 forH/D = 2.
We can notice that local minima and maxima are locali
at the same distance from stagnation point. Nusselt num
values are slightly different, but, these discrepancies ca
explained by the difference of jet pipe diameters (26 mm
Baughn et al. study, and 10 mm for our study), which ent
a difference of flow speed. Moreover, the respective exp
mental techniques are dissimilar. Finally, the Nusselt num
value differences are lesser than uncertainties.

In Fig. 4, we can observe local adiabatic temperaturesTaw
along the test plate for two injection-to-plate distances fo
injection temperatureTj equal to ambient temperatureT∞.
These temperatures are constant and equal to injection
peratureTj . This result is not surprising, as ambient temp
atureT∞ is equal toTj , the surrounding air entrained by th
jet does not modify the temperature of the latter.

Fig. 5 presents the effectivenessη for two hot jets with
Tj �= T∞. η is slightly lower forH/D = 5 than forH/D = 2
at stagnation point. In both cases,η is less than 1. In fact
before impingement, the jet melts with surrounding air, a
such entrainment decreases its temperature. Jet tempe
fall is more important with increasing injection-to-plate d

tance because the entrainment occurs over a greater length
r

-

re

Fig. 6. Symmetry and periodicity of Nusselt number and effectivenes
7 jets,Re= 23000,H/D = 2, Tj = 64◦C.

For bothH/D, η is at a maximum at the stagnation po
and then decreases along the plate. In fact, after impi
ment, the jet continues to drag along ambient air, so ef
tivenessη continues to decrease with increasingX/D. We
can notice that forX/D greater than 3, effectiveness f
H/D = 2 and forH/D = 5 are nearly equal. Before th
absciss, the difference in decrease between the two cu
could be explained by the existence of large vortexes
small H/D, whereas for greaterH/D the flow becomes
more chaotic [16].

4.2. Row of jets

A row of seven jets will be studied. In order to confir
the periodicity of the row and the symmetry between
two sides (positive and negativeX/D), Fig. 6 shows Nus
selt numbers and effectiveness for variousX/D. We can see
that end effects affect only the two extreme jets and that
symmetry is relatively satisfactory. Therefore, we have o
studied the area bounded by 0� Y/D � 2.

Examples of the cartographies of Nusselt number and
fectiveness are displayed in Fig. 7. On the right side of e
mapping, we may observe a white disc used as a spatia
erence. Iso-values are represented by white lines. We eq

.note that for largeX/D value heat exchange is independent



670 M. Fenot et al. / International Journal of Thermal Sciences 44 (2005) 665–675
Fig. 7. Local Nusselt number and effectiveness for 7 jets,Re= 23000,H/D = 2, Tj = 64◦C.

(a)

(b)
Fig. 8. Local Nusselt numbers for 7 jets along streamwise and spanwise forRe= 23000 and: (a)H/D = 2; (b) H/D = 5.
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Fig. 9. Taw (◦C) for 7 jets,Re= 23000,Tj = T∞.

(a)

(b)
Fig. 10. Effectiveness for 7 jets along streamwise and spanwise forRe= 23000 and: (a)H/D = 2; (b)H/D = 5.
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of Y/D. Jet flows are no longer distinct from one to anoth
there is only a unique wall jet flow.

Fig. 8 presents local Nusselt numbers, for various c
figurations, along the spanwise and streamwise axes. A
one-jet experiments, values of local Nusselt number fo
row of 7 jets appear to be independent from(Tj − T∞) (the
differences between configurations of various injection te
peratures are lower than uncertainty). For both injection
plate distances, a maximum is visible at the stagnation p
ForH/D = 2, as with a single jet, a second maximum is v
ible for X/D = 2. But, unlike a single in which maximum
is visible all around the impinging point, for a row it ca

only be noticed around theX axis forY/D < 0.6 as shown
in Fig. 7. If this second maximum is due to disappeara
of secondary vortexes, then interaction between contigu
jets may be preventing these vortexes from appearing
so the maximum no longer exists in region where inter
tions are strong, (Y/D > 0.6). The maximum amount o
heat exchange midway between the jets observed by m
authors [10–12] is far from obvious. A small increase in
cal Nusselt number value is perceptible only forH/D = 2.
The maximum is generally attributed to the fountain
fect; it is more prominent for small injection-to-plate spac
and jet-to-jet spacing. Perhaps, current Reynolds numb
too small and impingement distance too high to prod

more than a very small increase of heat exchange. For high
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(a)

(b)

Fig. 11. Local Nusselt number comparison of 1, 3, 7 jets forRe= 23000,Tj ≈ 60◦C and: (a)H/D = 2; (b) H/D = 5.

(a)

(b)

◦
Fig. 12. Effectiveness comparison of 1, 3, 7 jets forRe= 23000,Tj ≈ 60 C and: (a)H/D = 2; (b) H/D = 5.
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streamwise spacing (X/D > 5 or 6) jets are no longer dif
ferentiated and become a two-dimensional wall flow.
a given distance to stagnation point, local Nusselt num
value is higher for lowX/D (highest Nusselt number is fo
X/D = 0). In fact, interaction between jets seems to red
velocity field and heat exchanges as well.

As expected, when injection temperatureTj is equal to
ambient temperatureT∞, Taw remains constant and equ
to Tj (Fig. 9). Concerning configurations withTj different

Fig. 13. Local Nusselt numbers comparison of 1 jet forRe= 23000,

H/D = 5.

Fig. 15. Local Nusselt number comparis
from T∞, variations of effectiveness along streamwise a
spanwise are displayed in Fig. 10. Effectiveness seems
pendent from(Tj − T∞). For both impingement distance
η decreases with increasingX/D, probably for the same
reasons as for a single jet. On the other hand,η is practi-
cally independent fromY/D, indeed effectiveness decrea
is lower than 0.07 forH/D = 5 and to 0.04 forH/D = 2.
A possible explanation is that interaction between adja
jets breaks the jet vortexes that enhance melting of a jet
the surrounding air.

4.3. Comparison between single jet and rows of 3 and 7

To study the influence of the jet-to-jet spacingP/D, it
is possible to cut off air feed from four jets. In that ca
there remain three jets and consequentlyP/D = 8, whereas
P/D = 4 for 7 jets. Fig. 11 shows local Nusselt numb
for 1, 3 and 7 jets. Along theX-axis, variations of Nusse
number for three and for seven jets are nearly the same
Nusselt number distribution for 1 jet is slightly different b
this difference is lower than measure uncertainty. In fac
seems that forX/D = 0 influence of adjacent jets is neglig
ble whichever jet-to-plate placing is used. Along theY -axis,
distributions of local Nusselt number are identical for o
three and seven jets up untilY/D = 2, then, the seven jet
distribution diverges from the other. ForY/D > 3, the three

jets distribution becomes constant due to interaction with the
Fig. 14. Local Nusselt numbers comparison of 7 jets forRe= 23000,H/D = 5.
on of 3 jets forRe= 23000,H/D = 5.
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adjacent jet, whereas one jet distribution continues to
crease. So, the influence of adjacent jets seems to be lim
away from the region of jets encounter, aroundY/D = 2.
Considering these results with regard to optimization,
may conclude that the multiplication of jets increases
heat transfers slightly but enlarge the mass flow rate gre
As recorded by Brevet et al. [17], the ratio between av
age Nusselt number and mass flow rate seems to grow
increasing distance between jets.

At the stagnation point, effectiveness has the same v
for whichever number of jets (Fig. 12). Along theX-axis,
Fig. 16. Effectiveness comparison of 1 jet forRe= 23000,H/D = 5.

Fig. 18. Effectiveness comparison o
effectiveness decrease is greater for one jet, then for t
and finally for seven. Along the spanwise, effectiveness
creases for 3 jets, whereas it is constant for seven jets.
seems that more surrounding air is mixed with jet flow
one jet than for 3 jets, and for 3 jets than for 7 jets.

4.4. Comparison between confined and unconfined
configurations

Figs. 13–18 display comparison between confined
unconfined configurations forH/D = 5. Results for
H/D = 2 are not presented but are similar to those
H/D = 5. As regards Nusselt number, differences betw
confined and unconfined arrangement are rather smal
stagnation point, we can observe that heat transfer is gr
for confined cases. But with increasing distance from s
nation point alongX axis as alongY axis, Nusselt numbe
distribution becomes higher for unconfined configurati
This is particularly patent for one jet and can be noticed
3 and 7 jets as well.

The confinement influence on effectiveness is m
stronger. In the case of one jet, the decrease of effective
distribution with increasing distance from stagnation po
is much more pronounced for unconfined than for confi
arrangement than. When the jet flow is cooled by dragg
ambient air, it heats the latter. And, we can suppose th

confined configuration, surrounding air is trapped between
Fig. 17. Effectiveness comparison of 7 jets forRe= 23000,H/D = 5.
f 3 jets forRe= 23000,H/D = 5.
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injection and impact plate. So, the surrounding air temp
ture rises and jet flow temperature is not as cooled as in
case of unconfined configuration.

For a row of jets with 3 or 7 of them either, effectiv
ness is almost constant as in the case when jet temperat
equal to surrounding air temperature. In fact, as in the on
case, ambient air is heated by jet flow. But due to the fo
tain effect resulting from the interaction of adjacent jets,
phenomenon is more pronounced and ambient air temp
ture become equal to jets injection temperature.

5. Conclusion

By injecting four different flux densities and by pe
forming a cartography of the impinging plate for each fl
density, it is possible to determine both local heat tran
coefficients (and then local Nusselt number) and the lo
adiabatic temperature that is the reference temperature

First of all, a single jet was studied to validate our e
perimental method. Local Nusselt number values were c
pared with those of other studies and have proved to
similar. Local Nusselt number and effectiveness were
shown to be independent from(Tj − T∞).

Then a row of jets was studied. Whichever jet-to-jet d
tance is studied, local Nusselt number distributions are
proximately identical to those of a single jet. In fact, t
neighbouring jets influence over Nusselt number value
limited to a region situated midway between jets (Y ≈ P/2).
On the other hand, effectiveness distribution greatly depe
on the jet-to-jet distance: its decrease is more pronounce
small jet-to-jet spacingP/D.

Finally, a comparison between confined and unconfi
configurations was performed with for 1, 3 and 7 jets. In
cases, Nusselt number cartographies remain approxim
about the same with or without confinement. However,
fectiveness variations are clearly different for configurati
with as opposed to without confinement. Effectiveness
creases more rapidly for the configuration without confi
ment.
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