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Abstract

The convective heat transfer at the impingement of a vertical turbulent circular air jet on a horizontal flat
plate is inferred from temperature measurements performed by quantitative infrared thermography. Steady-
state experiments are conducted with the heating-thin-foil method. The effects of the jet Reynolds number
and the stand-off distance on the thermal exchange coefficient are emphasized. The influence of jet
confinement is determined. The IR results agree with published data and are reproduced by numerical
simulations performed with the code FLUENT.

NOMENCLATURE

Greek symbols Subscripts
d Exit nozzle diameter € Emissivity factor a Ambient
D,  Confinement diameter Y Kinematic viscosity b Bulk
h Heat transfer coefficient c Confinement
k Thermal conductivity cd Conduction
Nu  Nusselt number cv Convection
r Radial distance j Jet
Re  Reynolds number J Joule
T Temperature [+] Impingement
U Velocity ref  Reference
Z Stand-off distance s Stagnation
Z Confinement gap w Wall

1. Introduction

Impinging fluid jets are widely used in industrial processes where high heat and/or mass trans-
fer rates have to be reached [1]. Typical examples are the annealing of metals, the tempering of
glass sheets, the drying of paper and textiles, the cooling of turbine blades and the anti-icing of
aircraft. In many of these applications, the jet expands at a temperature different from the ambient
or in a confined space. Such circumstances affect the jet development and modify the impinge-
ment conditions so that the heat transfer differs from the unconfined-jet situation. The present pa-
per deals with this question in describing an experimental investigation relying on the application of
quantitative thermography. The suitability of such a technique to complex flow situations such as
impinging jets has already been demonstrated [2-6].

After presenting the main features of the experimental set-up and the procedure followed to
collect the thermal data, the paper emphasises the effect of the flow and geometrical parameters
on the distribution of the convective heat transfer coefficient. Finally, the experimental observa-
tions are compared to numerical simulations to appraise the applicability of CFD codes to such a
flow problem.

2. Experimental set-up

The experimental test set-up is sketched in figure 1. It consists of a horizontal flat plate made
ofa th!n copper foil , 35 um thick, machined to produce a spiral circuit fixed on an epoxy sheet, 1.5
mm thick. The thin foil is heated by Joule effect. The jet is obtained by forcing dry compressed air
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through an aerodynamic Disa nozzle with an exit diameter of 0.012 m. The jet is oriented vertically
downward and a heat exchanger controls its temperature. Two types of confinement are tested. In
the case of confinement I, the jet spreads in a cylindrical Plexiglas chamber closed at the top as
illustrated in figure 1 and shown by the photograph on figure 2. It is characterised by the chambot
diameter D, and the air gap of the vent Z; between the heated target plate and the cylindrical
chamber.
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Fig. 1. Schematic of the test set-up

Fig. 2. Close view of the nozzle confinement

In confinement Il the vertical chamber is removed and only the covering plate is used. In such &
configuration Z/d = Z/d. Both faces of the foil are coated with a black paint of emissivity ¢, = 0.94
-to improve the thermography measurements and allow correction for radiation. The rear surface,
viewed by the IR scanner, is surrounded by a black plastic curtain that minimizes heat losses by
natural convection at the edges. The IR scanner is the AGEMA Thermovision 900 system with &
HgCdTe detector sensitive in the 8-12 um wavelength range and cooled by liquid nitrogen. The
measurable temperature range is -30°C to 1500 °C with an announced thermal sensitivity of 0.1
°C. The camera is equipped with a standard optical set-up (10 ° vertical x 5 ° horizontal) giving an
instantaneous field of view (IFOV) of 0.76 mrad. The camera scans the flat plate via a 45-degree
mirror leading to a spatial resolution of 1 pixel per millimetre.
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3. Data restoration

Calibration of the camera is performed by plotting the thermal unit TU versus the plate tem-
perature measured by a thermocouple flush-mounted on the top surface (jet face) of the target.
In the working temperature range 20-80 °C, the calibration curve T-TU can be approximated by a

quadratic polynomial.

The scanning of the heated flat plate without jet (the situation corresponding to radiative ex-
change and pure natural convection where the convective heat transfer coefficient is almost con-
stant over the surface) points out the good axisymmetry of the heating but reveals a non-uniform
radial distribution as shown in figure 3. The minimum value at the centre results from the heat loss
by conduction through the electrical supply cable. To account for such a non-uniformity during
thermogramme restoration, the total heat flux is systematically multiplied by a weighting function
f(r) fitting the distribution plotted in figure 3.

The convective heat transfer coefficient is inferred from the temperature of the wall T, (r) by ap-
plication of the Newton law:
o (r
hery = —Jde)__ (1
L,in-T,
where T, is a reference temperature taken equal to the jet temperature T; in the present investi-
gation.
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Fig. 3. Heat flux distribution without jet.

The convective heat flux q., is , i

calculated by subtracting the con- Nu XA :
tribution of the radiation g.q and 160 - f\/\ Un;:n_fg;:o&l ety |
lateral conduction . from the / Z/_d—s
Joule heating g, [4-5]. In such a i o
thin-foil design, the thermal losses 120 | P4
by conduction (copper and epoxy) - \‘\~
are negligible (< 1%), while the e \ NP
heat loss by radiation does not ex- 80 . o - s
ceed 5% of the total flux. I R R No correction N
A B LELEEE qev=qJd(r)-ql N3
The net result of the correction 40 qev=qJd(r)-ql
during restoration is shown in fig-
ure 4 where the radial distribution r/d
of the Nusselt number Nu='hdk 0 ———— . e
is plotted. The correction for the -6 -4 -2 0 2 4 6
distortion in the wall heat flux is Fig. 4. Restoration effect on the Nu-distribution

more important than the correction
for the heat losses.
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4. Typical results

Unconfined jet tests are carried out by varying the jet Reynolds number Re= Ud/v from 5000 to
30000 and normalised stand-off distance Z/d from 2 to 17. Typical results are shown in figure 5.

They reproduce the experiments con-
160 L Nu ~ ki Holiworth ducted by Hollworth & Gero [7] who

3 —Re=20000 @ apply a microfoil-heat-flux-sensor
o9 —— Re=10000 A

Unconfined Jet technique to measure the thermal ex-
120 | Zid=6 YA SIS VA U R R 1 change. Good agreement is observed

in particular at the stagnation value
that can be correlated as following:

80 r\/ \/—\
o L/, @ ,\J|] o
A y A te 0.65
A , 0 Nu=C" Re 2
w0 ‘/_A/‘ ﬂ“‘*ﬁ\ﬁ\ *\:\‘\Q\ (2)
4 o A Relation (2) indicates that the flow in
0 r/d the stagnation zone is not too far from

-6 4 2 0 2 4 g laminar (Re®®). The off-center peak
located near r/d = 0.5 is generally at-
tributed to the rapid change in the ra-
dial velocity which occurs in the de-
flection with displacement from the stagnation point [9]. Another explanation relying upon the
presence of a local maximum of turbulence near the centre of the mixing region of the approach-
ing jet has been proposed [7]. The distinct change in the slope of the Nu-distribution near r/d= 2
at high Reynolds number ( Re>20000) reflects the existence of toroidal vortices surrounding the jet
which strike the heated plate. For stand-off smaller than 6, such a phenomenon leads to the de-
velopment of a stronger second off-centre peak of heat transfer, significantly lessened in the pre-
sent experiments due to the value of Z/d.

Fig. 5. Radial Nu-distribution: effect of the Reynolds
number.

An averaged stagnation Nusselt number Nu, defined as the mean coefficient between the stag-
nation value and the inner peak value when existing (see figure 5) is plotted versus the normalised
stand-off distance Z/d in figure 6. The present IR-data agree very well with the Braughn and
Shimizu results obtained through lig-

agreement is obtained by using a
relatively dense meshing in the im-
pingement region and the RNG tur- | | | Re=20000 i | Z/d
bulence model with the low Reynolds- ’ "1[0\;)
number option. The maximum of the 1000 2 4 6 8 10 12 14 16 18
stagnation heat-transfer rate found at

Z/d=6 occurs when the axial increase  Fig. 6. Effect of the normalised stand-off distance on the
of turbulence in the jet due to en- stagnation Nu,-number

trainment does not compensate for

the fall in the jet velocity. In other words, that corresponds to the end of the potential core and the
arrival of turbulence from the shear layer at the stagnation zone.

-

140

éUnconfined Jet
. Re=20000

As shown in figure 7, the confinement causes a general reduction in the heat transfer coeffi-
cient based on the jet temperature as compared to the unconfined-jet case. Such a behaviour is
the result of the recirculating flow that is established in the chamber as reproduced by the
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FLUENT simulations displayed in figure 8. The bulk temperature T, of the fluid recirculating in the
chamber becomes higher than the exit jet temperature due to the heat removal. Therefore, at
steady-state the heat transfer coefficient drops compared to the unconfined jet situation. Since the
driving temperature used in the present definition of the heat transfer coefficient is larger than the
more appropriate difference T, - Ty, smaller Nu-values are obtained. However, the approach of
choosing T,.r= Ty involves practical difficulties for engineering application since this temperature is
never known a priori. Figure 9 shows that the test-repeatability is good and the numerical predic-
tions are able to reproduce adequately the experimental observations also in the confinement
case.

The range of the geometrical parameters considered in figure 7 does not bring firm conclu-
sions about the sensivity of the heat transfer to the confinement size. However, the comparison of
the stagnation Nusselt number, found for a gap of Z/d = 0.08 in figure 9, to the corresponding
value plotted in figure 7 for Z/d = 0.4 shows a net decrease of the heat transfer when the vented
cross section diminishes.
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Fig. 7. Effect of the confinement on Nu, Fig. 8. Flow pattern : FLUENT simulation

The case of confinement U characterised by a gap equals to the stand-off distance as investi-
gated by Lucas et al [10] with liquid crystals (LC) is illustrated by figure 10. In such experiments a
long covering plate with D,/d=20 is maintained at the jet temperature by means of a cooling circuit.
The IR data compare well with the LC data; the decrease of the stand-off distance leads to an in-
crease of the confinement effect and provokes a drop of the heat transfer, more pronounced in the
impingement region. Again, such a decrease can be associated to the formation of a recirculation
bubble close to the jet due to entrainment and more pronounced in the case of small Z/d.

5. Conclusions

Steady-state measurements of the heat transfer at the impingement of a vertical downward air
jet are obtained using the heating-thin-foil method and quantitative infrared thermography. Ther-
mograms’ calibration and corrections for non-uniform heating and heat loss are performed. The
infrared data agree well with the results obtained either by microfoil-heat-flux sensors or liquid
crystals both for the unconfined and confined jet. Comparisons between the IR-data and CFD
simulations, performed with the code FLUENT, show that numerical simulations can reproduce the
experimental results. The presence of the confinement leads to a reduction of the heat transfer
coefficient based on the temperature difference between the heated wall and the air jet.
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Fig. 9. Comparison between IR. data and Fig. 10. Nusselt number distribution in a con-
FLUENT simulation fined jet
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