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Abstract

Atechnique based on infrared thermography is used to determine the convective heat transfer on a flat plate on which either a single circular
air jet or a row of jets impinged. The flat plate is heated using the thin-foil technique, which enables one to impose different convective heat
fluxes. For each flux, a temperature distribution is recorded using a thermographic camera. After that, local heat transfers and local adiabatic
temperatures are determined by means of a linear regression method. Parameters that are made to vary include jet injection temperature, tl
Reynolds number, spacing between adjacent jet, and the distance between the flat plate and jets orifices. In each case, two configurations a
investigated: one with and the other without semi-confinement. Results show the independence of heat transfer coefficients and effectivenes
from the jet injection temperature within the range studied. The influence of confinement on heat transfer coefficient is weak, but it has a
great impact on effectiveness.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction affect this entrainment such as the number of jets and the
semi-confinement.

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

But few studies have taken into account the effect of ther-
mal entrainment on heat transfer to impinging jets. Striegl
and Diller [3,4] measured heat transfer of up to two slot
L . . jets injected into a surrounding fluid whose temperature var-

In many of these_ appllcau.ons,J.et tgmper_ature Is different ied between injection temperature and plate temperature.
from that of the environment in which is issuing. In that case, Other researchers used the adiabatic temperature as a ref-

entrainment of the surrounding fluid into the jet can greatly orance to calculate heat transfer coefficients. So, in the case
affect jet temperature and consequently heat transfer fromof a single jet, Hollworth and Wilson [5] noticed that for

the impingement surface to the jet. Several parameters cany /p > 5, profiles of dimensionless adiabatic temperature

did not depend on Reynolds number and jet-to-plate spac-
ing. With the same apparatus, Hollworth and Gero [6] con-
cluded that if adiabatic temperature is taken as the reference
E-mail addressegenot@let.ensma.fr (M. Fenot), temperature, Nusselt number values are independent from
ji.vullierme@let.ensma.fr (J.-J. Vullierme). (Tj — Tw). Goldstein et al. [7] also used an adimensioned

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

* Corresponding author. Tel.: (33) 05 49 49 81 33; fax: (33) 05 49 49 81
01.
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Nomenclature
D jetdiameter............... ..l m Greek symbols
e !mpln_gem_ent_plate th|ckr:ess. EEETERERRRRES m Einj injection wall emissivity
H jet exit to impingement plate distance ...... LU, impingement wall emissivity
h heat transfer coefficient on front ;
side Wi-2.K -1 n effectiveness= (Taw — Too) /(T — Too)
........................... _ . - 11
hr heat transfer coefficient on rear Aair air thermal COI’]dUCtIV-It)./ ......... Wkh . K .
side Wi—2.K-1 Aw wall thermal conductivity. . ...... Wh=+.K~
........................... -1 i »
Nu Nusselt numbeh hD/)"alr 22 dynamIC VlSCOSlty ................... NB 2
P jet center to centerspacing ................ m Pair airdensity...............o kg~
r? correlation coefficient of linear regression o Stefan—Boltzmann constant,
Re Reynolds numbek= pVD/u =567x108. ... ............. Wm—2.K—4
Taw adiabatic wall temperature................. K ¢cf  convective heat flux density on
Tinj injection wall temperature................. K the frontside ....................... W2
TW.f front wall temperature .................... K Ycor Convectlve heat ﬂux denSIty on
Tw.r reag _vvaII temperature ... K therearside . . .. ... ... V-2
Too _ar_n |9nt tempgrature ..................... X K velec  electrical flux density dissipated by
Vinj injection velocity . .................... e Joule effect -2
X streamwise coordinate from the center L o
of the jet row m raf radiative heat flux density on
............................ ) L
Y SpanWise coordinate from the central jet the.frqnt side......... ERREEREREREEEE Wi
OFthe TOW . . oot m ¢rar  radiative heat flux density on
7 coordinate from the impingement plate . . . .. m therearside ........................ V-2

adiabatic temperature: the effectiveness. They showed that ifrom the ambient one is that of Goldstein and Seol [14].
was independent from the Reynolds number éhd- 7). Nevertheless, the difference in temperature was weak (less
Effectiveness decreased with the increasing of jet-to-plate than 20 degrees). Effectiveness was measured by heating the
spacing. Baughn et al. [8] used crystal liquid technique and jet flow without heating the plate. The study confirmed that
confirmed the results of Goldstein. effectiveness is independent from the Reynolds number and
Studies concerning a single row of jets are no more (T} — Txo), but dependent on jet-to-plate spacing and of the
numerous than those investigating entrainment effect. Car-jet-to-jet distance.
casci [9] used a visualisation smoke technique to study the ¢ effect of semi-confinement has been investigated by
flow of a row of air jets. A series of vortexes and adverse oo+t et al. [19]. They concluded that semi-confinement re-
vortexes was observed at .the meeting points of the jets. Gar'duces heat exchanges particularly, with small jet-to-plate
don and Akfirat [10] studied local heat transfer and pres- spacing. Using Laser Doppler anemometry and liquid crys-

sure of arow of slot jets on a f_Iat plate. They pomt_ed QUt tal, Ashforth-Frost and Jambunathan [20] reported that semi-
an elevation of heat transfer midway between the jets im- ) . .
. . . . g confinement extends the potential core of a jet and reduces
pingement points. This elevation was visible only for small . . .
its stagnation point heat transfer.

nozzle-to-plate spacingH/D < 6). For large nozzle-to- This stud ¢ . tal tiati fth
plate spacing, loss of the identity of the jets was recorded. IS study presents an experimentatinvestigation ottner-
mal entrainment with either a single jet or a row of jets. All

Koopman and Sparrow [11] used a haphthalene sublimation’ ) _ i == _
technique to measure local Sherwood numbers that can pdets are cwculgr air ones. The jet e?qtdlameter is 10 mm. The
converted to Nusselt number by employing the heat-mass'@nge of the different parameters is:

analogy. Their study involved a row of four jets. Goldstein
and Timmers [12] measured heat transfer distribution of a H/D=2;5;

row of three jets on a flat plate using a liquid crystal method. ® P/D =4 (7 jets); 8 (3 jets);

Employing the transient liquid crystal technique, Yan and ¢ Re=23000;

Saniei [13] investigated heat transfer of a pair of impinging ¢ 0<X/D <7;

jets and particularly the influence of the jet-to-jet spacing e 20°C < Tj <60°C;

on local heat transfer. In all these studies, jet injection tem- e 20°C < T, < 25°C.

perature was the same as ambient temperature. The only

experimental investigation that dealt with the problem of a  The effect of semi-confinement on impingement heat
row of circular air jets with injection temperature different transfer has also been investigated.
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2. Experimental apparatus

The apparatus is shown schematically on Fig. 1. A fan

667

larly to the jets row. Their width depends on distance to plate
spacing.
Jet temperature is measured at the exit of the tubes using

supplies the airflow, which passes through a filtration gear & thermocouple. The temperature scattering between jets is
before entering into a heat exchanger. This heat exchangef€Ss than 1%. Due to the relatively low jet velocities, Mach

enables regulation of air temperature from 15 t¢C0The
flow is then divided between the different jet flows. For

number effect is neglected, as shown by Brevet et al. [22].
The impingement plate is rectangular, its spanwise i3 30

each jet, the mass flow rate is measured and controlled by@nd its streamwise is 28 It is made up of epoxy resin
a venturi meters and a valve respectively. Venturi meters andWhose thickness is 1.6 mm. The plate eiqoxy_/i[hermal c%nduc-
associated pressure converters (JUMO 404304) had beerVity has been measuresly = 0.32 W-m™"K™"£8x 10

calibrated previously over the mass flow rate used in the ex-
periment.

Fig. 1 also shows the test section. The jet diamétds
10 mm. The jet injection tubes are 300 mm long. This length
is sufficient to obtain a fully developed exit jet flow. The row
consists in seven jets. The distance between jets is four time
jets’ diameter. Four tubes can be blocked to study a row of
three jets allowing one to have jet-to-jet spacing distance of
eight times the diameter of the jets. In the case of a single
jet, only the central jet remains open.

In the semi-confinement configurations, a 300 mm long,

280 mm large and 20 mm thick altuglass plate can be placed

atthe jet tube exit as shown in Fig. 1. Moreover, two 300 mm
long, 20 mm thick lateral plates are positioned perpendicu-

Confinement
structure

Valves

Venturi
meters

Infrared
camera

[ 1
% Heat
exchanger
Fan
Confinement
structure

(dotted lines)

8 DBlack painting
Copper circuit

Epoxy

Fig. 1. Experimental apparatus and test section.

with expanded uncertainty for 95% confidence level. A thin
foil (17.5 pum thick) of copper covers the epoxy resin on
the impingement side. Two electric circuits are engraved
in it. They can heat the plate by Joule effect. The width
of each circuit varies to provide a non-uniform heat flux

JLensity. This way, plate temperature is kept more uniform,

reducing heat conduction along the plate. Moreover, the dif-
ference in temperatures between plate and jets can be kept
as high as possible. This large difference allows one to ob-
tain a flux between jet and plate much greater than other
fluxes (radiative . .) and so to achieve higher accuracy in the
determination of heat transfer coefficients. Temperature vari-
ation resistivity is taken into account in calculus of the heat
fluxes. The impingement plate is painted in black (forward
and backward) to have high uniform emissivity for precise
radiative heat flux calculation and for thermographic mea-
surement. An infrared camera (CEDIP Jade Irfpa) measures
the backward temperature of the plate. In this study pertain-
ing to steady state, each thermographic image is the result
of the mean of 32 images recorded during 10 s. This mean
allows one to remove measurement noise.

3. Procedure

Heat transfer coefficienk and wall adiabatic tempera-
ture T,y are measured using infrared thermography coupled
with the heated-thin-foil technique. This technique consists
in heating electrically the impingement plate using cooper
circuits. It enable one to calculate the exact electrical flux
density dissipated by Joule effegdec. Radiative and con-
vective losses must be taken into account to obtain the con-
vective heat flux density on the front sidgqf, which is
an exchange between the plate and the jets as presented in
Fig. 2:

Peo,f = Pelec— Peor — Pradf — Pradr (1)
@cor = hr(Tw,r — Too) (2)
Pradf = O’&‘W(Tvej — T;) (©)
radt =0 (1/ew + L/einj — )" (Tyr 1 — Ty) (3bis)
Pradr = aeW(TV‘J,r - Tfo) (4)

Concerning the convective heat flux density on the rear
side gcor, @ heat transfer coefficie has been measured
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Fig. 2. Heat fluxes.

when all jets are cut off. The dependency of this coeffi-

cient has been taken into account. Impingement wall emis- Fig. 3. Nusselt number for 1 jeRe= 23000,H/D = 2.

sivity ew and injection wall emissivityin; were experimen-

tally calibrated by comparing them with well-known sticky Air thermal conductivityrg is calculated for the adi-
pastille emissivity £y = 0.95+ 0.02; gjn; = 0.94 £ 0.02, abatic temperatur&s,y. In any event, the influence of the
both with expanded uncertainty for 95% confidence level). temperature chosen to calculatg; is relatively small [18].

In the configuration without confinement, Eq. (3) isused to  Uncertainties are calculated using a statistical approach
calculate front radiative heat flux. When, injection wall is [23]. Taking into account errors due to ambient and injection
positioned to provide semi-confinement, Eq. (3bis) is used. temperature, to electrical, radiative and convective fluxes,
Radial heat conduction within the impingement wall can be and to emissivities, random uncertainty for the Nusselt num-
overlooked due to the relatively homogeneous temperatureber values is no higher than 6% and that for effectiveness is

of the plate. no higher than 5%. Overall uncertainty for the Nusselt num-
Using adiabatic wall temperatuf®,, as reference tem-  ber values is no higher than 12% and that for effectiveness

perature, local heat transfer coefficient on the front gide is no more than 6%. All these uncertainty values have been

defined: reported at a 95% confidence level.

h = @cof/(Tw — Taw) %)

In this casg,_sevgra_ll studies [7,8,14] have shown th_at heat4_ Results and discussion
transfer coefficient is independent fraffj — 7). The dif-
ficulty when usingT,y, is to measure it. In many previous
studies, the determination @,y is achieved by measuring
the temperature of an isolated plate without heating. And yet
this method is satisfactory only for an injection temperature
close to ambient temperature. Otherwise, losses cannot b
overlooked and the temperature measured is no lofgger
Another solution consists in calculating jointly and Ta,.

To do so, we can write Eq. (5) as follow:

The presentation of results will start with those for a sin-
gle jet, then, results for rows of seven and three jets will be
' set forth and compared to those for one. Last by, comparison

eWi|| be made of jets with and without confinement.

4.1. Single jet

Single jet experiments have been conducted for a Rey-
Tw = ¢cof/h + Taw (6) nolds number of 23 000, impingement distance& gD = 2

And then, for each configuration, four different electrical and 5, and injection temperatures ranging from 22 t6G8
flux densities are injected. For each electrical flux, cartog- ~ Fig- 3 shows a typical example of local Nusselt num-
raphy of wall temperaturd, is performed using infrared ~ bers. We can see that Nusselt number is independent from
camera. For one point, the couple.4s. Tw) is to be noted  (7j — Too). FOr H/D = 2, we can observe two Nusselt num-
four time. These four couples are placed on a diagram (flux, Per maxima: one at the stagnation point and the other at
temperature). Eq. (6) is linear, so performing a linear regres- approximatelyX/D = 2. For H/D =5, the second max-
sion, 1/ i will be the slope anday the y-intercept. imum is no longer observed. The existence of the second

Local heat transfer coefficient and adiabatic wall tem- ~ maximum for small jet-to-plateH{ /D < 4) spacing is gen-

peratureTy, are adimensioned as shown in Egs. (7) and (8). erally attributed to the disappearance of secondary vortex
structures (Buchlin [21]). These structures most likely break
Nu= /D /Aair (7)

up for greatetH / D because of oscillations around the stag-
n=(Taw — Too)/ (T} — Teo) (8) nation point increasing witt/ / D.
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Fig. 5. Effectiveness for 1 jeRe= 23000,7; = 58°C. Fig. 6. Symmetry and periodicity of Nusselt number and effectiveness for

7 jets,Re=23000,H/D = 2, T, = 64°C.

These distributions are relatively similar to those ob- For bothH /D, 1 is at a maximum at the stagnation point
served in other works [8,15]. Comparison with a study by 5§ then decreases along the plate. In fact, after impinge-

Baughn et al. studies [8] is shown in Fig. 3 f8/D =2.  ent the jet continues to drag along ambient air, so effec-
We can notice that local minima and maxima are localized tiveness; continues to decrease with increasikigD. We

at the same distance from stagnation point. Nusselt number.5, notice that forx/D greater than 3, effectiveness for
values are slightly different, but, these discrepancies can beH/D — 2 and forH/D = 5 are nearly equal. Before this
explained by the difference of jet pipe diameters (26 mm for gpciss, the difference in decrease between the two curves
Baughn et al. study, and 10 mm for our study), which entails ¢oy|d pe explained by the existence of large vortexes for

a difference of flow speed. Moreover, the respective experi- gma| H/D, whereas for greateH /D the flow becomes
mental techniques are dissimilar. Finally, the Nusselt number yore chaotic [16].

value differences are lesser than uncertainties.
In Fig. 4, we can observe local adiabatic temperatiizgs 4.2. Row of jets
along the test plate for two injection-to-plate distances for an
injection temperaturdj equal to ambient temperatufg,. A row of seven jets will be studied. In order to confirm
These temperatures are constant and equal to injection temthe periodicity of the row and the symmetry between the
peratureTj. This result is not surprising, as ambient temper- two sides (positive and negativé/ D), Fig. 6 shows Nus-
atureT, is equal to7j, the surrounding air entrained by the  selt numbers and effectiveness for varidsD. We can see
jet does not modify the temperature of the latter. that end effects affect only the two extreme jets and that the
Fig. 5 presents the effectivenegdor two hot jets with symmetry is relatively satisfactory. Therefore, we have only
Tj # T. n is slightly lower forH /D =5 than forH/D = 2 studied the area bounded by0Y /D < 2.
at stagnation point. In both casesjs less than 1. In fact, Examples of the cartographies of Nusselt number and ef-
before impingement, the jet melts with surrounding air, and fectiveness are displayed in Fig. 7. On the right side of each
such entrainment decreases its temperature. Jet temperatur@apping, we may observe a white disc used as a spatial ref-
fall is more important with increasing injection-to-plate dis- erence. Iso-values are represented by white lines. We equally
tance because the entrainment occurs over a greater length.note that for largeX/ D value heat exchange is independent
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Fig. 7. Local Nusselt number and effectiveness for 7 jees= 23000,H /D = 2, Tj = 64°C.
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Fig. 8. Local Nusselt numbers for 7 jets along streamwise and spanwiBefe23 000 and: (a{/D =2; (b) H/D =5.
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Fig. 10. Effectiveness for 7 jets along streamwise and spanwideefier23000 and: (a{/D =2; (b) H/D =5.

of Y/D. Jet flows are no longer distinct from one to another,

there is only a unique wall jet flow.

in Fig. 7. If this second maximum is due to disappearance
of secondary vortexes, then interaction between contiguous

Fig. 8 presents local Nusselt numbers, for various con- jets may be preventing these vortexes from appearing and
figurations, along the spanwise and streamwise axes. As inso the maximum no longer exists in region where interac-
one-jet experiments, values of local Nusselt number for a tions are strong, /D > 0.6). The maximum amount of

row of 7 jets appear to be independent frofh— T..) (the

differences between configurations of various injection tem-

heat exchange midway between the jets observed by many
authors [10-12] is far from obvious. A small increase in lo-

peratures are lower than uncertainty). For both injection-to- cal Nusselt number value is perceptible only #y D = 2.
plate distances, a maximum is visible at the stagnation point. The maximum is generally attributed to the fountain ef-

For H/D = 2, as with a single jet, a second maximum is vis-
ible for X/D = 2. But, unlike a single in which maximum
is visible all around the impinging point, for a row it can
only be noticed around th¥ axis forY/D < 0.6 as shown

fect; itis more prominent for small injection-to-plate spacing

and jet-to-jet spacing. Perhaps, current Reynolds number is
too small and impingement distance too high to produce
more than a very small increase of heat exchange. For high
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Fig. 11. Local Nusselt number comparison of 1, 3, 7 jetsRes= 23000,7j ~ 60°C and: (a)H /D = 2; (b) H/D =5.
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Fig. 12. Effectiveness comparison of 1, 3, 7 jetsRer= 23 000,7; ~ 60°C and: (a)H /D = 2; (b) H/D =5.
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streamwise spacingk(/D > 5 or 6) jets are no longer dif- from T, variations of effectiveness along streamwise and
ferentiated and become a two-dimensional wall flow. For spanwise are displayed in Fig. 10. Effectiveness seems inde-
a given distance to stagnation point, local Nusselt number pendent from(7j — 7). For both impingement distances,
value is higher for lowX /D (highest Nusselt number is for 1 decreases with increasink/D, probably for the same
X/D = 0). In fact, interaction between jets seems to reduce reasons as for a single jet. On the other hapds practi-
velocity field and heat exchanges as well. cally independent fronY /D, indeed effectiveness decrease
As expected, when injection temperatufeis equal to is lower than 0.07 forH/D =5 and to 0.04 forH/D = 2.
ambient temperatur&,,, Taw remains constant and equal A possible explanation is that interaction between adjacent
to 7; (Fig. 9). Concerning configurations withj different jets breaks the jet vortexes that enhance melting of a jet and
the surrounding air.

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

To study the influence of the jet-to-jet spaciiy D, it
is possible to cut off air feed from four jets. In that case,
there remain three jets and conseque®hD = 8, whereas
P/D = 4 for 7 jets. Fig. 11 shows local Nusselt number
for 1, 3 and 7 jets. Along th&-axis, variations of Nusselt
number for three and for seven jets are nearly the same. The
Nusselt number distribution for 1 jet is slightly different but
this difference is lower than measure uncertainty. In fact, it
seems that foX /D = 0 influence of adjacent jets is negligi-

— confined, T=26°C _ — confined, Tj=56°C b!e vyhic.hever jet-to-plate placing is used. Along thaxis,
— unconfined, Tj=22°C -+ unconfined, Tj=58°C distributions of Io_cal Nusselt number are identical for. one,
three and seven jets up untl/ D = 2, then, the seven jets
Fig. 13. Local Nusselt numbers comparison of 1 jet Re= 23000, distribution diverges from the other. Fy D > 3, the three
H/D=5. jets distribution becomes constant due to interaction with the
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Fig. 14. Local Nusselt numbers comparison of 7 jetsRer= 23000,H/D = 5.
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adjacent jet, whereas one jet distribution continues to de- effectiveness decrease is greater for one jet, then for three
crease. So, the influence of adjacent jets seems to be limitecand finally for seven. Along the spanwise, effectiveness de-
away from the region of jets encounter, aroundD = 2. creases for 3 jets, whereas it is constant for seven jets. So it
Considering these results with regard to optimization, we seems that more surrounding air is mixed with jet flow for
may conclude that the multiplication of jets increases the one jet than for 3 jets, and for 3 jets than for 7 jets.
heat transfers slightly but enlarge the mass flow rate greatly.
As recorded by Brevet et al. [17], the ratio between aver- 4.4. Comparison between confined and unconfined
age Nusselt number and mass flow rate seems to grow withconfigurations
increasing distance between jets.

At the stagnation point, effectiveness has the same value Figs. 13-18 display comparison between confined and

for whichever number of jets (Fig. 12). Along thé-axis,

XD
- confined,Tj=58°C - unconfined,Tj=58°C|

Fig. 16. Effectiveness comparison of 1 jet Re=23000,H/D = 5.

unconfined configurations forH/D =5. Results for
H/D =2 are not presented but are similar to those for
H/D = 5. As regards Nusselt number, differences between
confined and unconfined arrangement are rather small. At
stagnation point, we can observe that heat transfer is greater
for confined cases. But with increasing distance from stag-
nation point alongX axis as along’ axis, Nusselt number
distribution becomes higher for unconfined configuration.
This is particularly patent for one jet and can be noticed for
3 and 7 jets as well.

The confinement influence on effectiveness is much
stronger. In the case of one jet, the decrease of effectiveness
distribution with increasing distance from stagnation point
is much more pronounced for unconfined than for confined
arrangement than. When the jet flow is cooled by dragging
ambient air, it heats the latter. And, we can suppose that in
confined configuration, surrounding air is trapped between
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Fig. 17. Effectiveness comparison of 7 jets Re=23000,H/D =5.
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