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a b s t r a c t

An experimental investigation was carried out to examine the effects of axisymmetric lathe-worked
grooves on the impinging jet-to-wall heat transfer, under constantwall temperature conditions. This study
covers jet Reynolds numbers, based on the orifice diameterD, from15 000 to 30 000, for a given jet-to-wall
dimensionless distance H/D ¼ 2. The grooves have either square or triangular cross-section, with depth
c ¼ 1 mm, and pitch p ¼ 2 mm. Under these conditions, we obtained significant heat transfer enhance-
ments, up to 81% as compared with the smooth plate reference case, for a value of the dimensionless plate
radius R/D ¼ 2, a jet Reynolds number Rej ¼ 23 000, and for square cross-section lathe-worked grooves.

� 2010 Elsevier Masson SAS. All rights reserved.
1. Introduction

The impinging jet-to-wall configuration is of interest for many
industrial applications, due to the high local heat transfer coefficients
obtained at the stagnation point [1e4]. A heat transfer correlation
valid for impinging gas jets, underflux imposed boundary conditions,
is available in Incropera et al. [5]. In a recent work, Sagot et al. [6]
proposed a correlation applicable to the determination of the average
heat transfer coefficient between a jet and a smooth plate, at an
imposed temperature.

Under the impinging jet flow configuration, the boundary layer
development along theplate induces a progressive increase in the gas-
to-wall heat transfer resistance, associated with a reduction of the
local heat transfer coefficient. Thus, the current literature is mainly
devoted to jet-to-wall configurations with a smooth impinging pla-
te radius R lower than five times the diameter D of the injector nozzle
(R/D � 5).

Several studies have shown marked effect of surface roughness
on the heat transfer enhancement in duct flows. In the impinging
jet configuration, the work of Gau and Lee [7] reported that the
presence of triangular surface corrugations permits a significant
increase of the local heat transfer coefficient. However, their study
son SAS. All rights reserved.
was limited to the analysis of the Nusselt number at the stagnation
point. These results were confirmed by Hsieh et al. [8] in the case of
rectangular and ellipsoidal corrugations, which allowed an increase
of 20e30% of the local Nusselt number. Gao et al. [9] showed
that the presence on the surface of equally spaced 45� triangular
tabs makes it possible to increase the average Nusselt number from
10% to 25%. Their study, carried out with a jet Reynolds number of
23 000, concentrates on R/D values ranging from 0 to 4.

In the present experimental study, we analyzed the intensifica-
tion of the average heat transfer coefficient, in comparison with the
smooth plate reference configuration, for two types of axisymmetric
grooves (square or triangular), for various jet Reynolds numbers, and
for R/D values ranging from 2 to 10.

2. Experimental program

Fig. 1 presents the experimental setup used in this study, which
involves a hot gas jet impinging on an imposed temperature cold
wall. A controlled air flow rate is supplied by a compressed air unit,
de-oiled, dried, and heated in a coaxial exchanger ensuring a stable
jet temperature.We fixed the flow rate to values ranging from 1.2 to
12 Nm3 h�1.

To minimize the pressure drop in the injection device, the gas
was delivered through a 200 mm long thermally insulated pipe,
with a large inner diameter (17 mm). An orifice plate is fitted at the
end of this central pipe to provide an impinging gas jet. The hot jet
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Nomenclature

b width of the grooves (see Fig. 2), m
c depth of the grooves, m
Cp gas specific heat, J kg�1 K�1

D jet-orifice diameter (see Fig. 1), m
Dv diameter of the cylindrical vessel, m
e orifice plate thickness, m
f intensification factor (e)
F dimensionless outlet temperature in Eq. (6) (e)
H orifice-to-plate distance, m
hðRÞ average heat transfer coefficient, based on Tj � Tw

temperature difference, W m�2 K�1

K dimensionless coefficient in Eq. (9) (e)
_mg gas mass flow rate, kg s�1

n exponent in Eq. (9) (e)
NuT ðrÞ local Nusselt number at a constant wall temperature,

based on Tj � Tw (e)
NuT average Nusselt number at a constant wall

temperature, based on Tj � Tw (e)
Nu0T average Nusselt number at a constant wall

temperature, based on (Tj þ To)/2 � Tw (e)
p grooves pitch, m
R impingement plate radius, m

r radial coordinate, m
Rej jet Reynolds number (e)
T temperature K
Uj average gas velocity at orifice exit, m s�1

Greek symbols
d/2 radial distance of the first groove to the stagnation

point, m
l gas thermal conductivity, W m�1 K�1

m gas dynamic viscosity kg m�1 s�1

r gas density, kg m�3

F heat transfer rate between the jet and the impinging
plate, W

Subscripts
g gas
j jet
o outlet
w wall

Superscripts
0 based on (Tj þ To)/2 � Tw temperature difference
0 refers to the smooth plate
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temperature Tj is measured using a thermocouple located close to
the orifice (see Fig. 1).

To vary the R/D ratio, this tube ends in an orifice plate, with an
orifice diameter D ranging from 2.4 to 12 mm. These orifice plate
have a constant thickness e ¼ 2 mm (see Fig. 1), with a 45� angle
chamfer, and a 1 mm chamfer thickness. However, experimental
results cannot be obtained for R/D values smaller than 2, for the
Reynolds number values considered in this study, because of limi-
tations on the maximum air flow-rate delivered by the compressed
air unit. The value of the H/D parameter is fixed by adjusting the
orifice-to-plate distance.
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Fig. 1. Schematic of the
The impinging surface is an aluminum circular plate with
radius R¼ 24mm and thickness 3 mm. A high flow rate of a cooling
liquid is used to maintain a fixed and uniform temperature on this
impingement plate. The coolant temperature is regulated via
a refrigerating unit (Huber 4 kW, �55/þ100 �C, stability: 0.02 �C).
Under test conditions, the extracted heat rate remains lower than
2% of the cryostat capacity. Two thermocouples (Fig. 1) are inserted
1 mm under the impact surface, below the stagnation point and
at the plate border. They are used to control the temperature
uniformity, with a measured maximum temperature deviation of
approximately 0.5� between the stagnation point and the plate
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border. During the experiments the wall temperature remained
close to Tw ¼ 4 �C.

The hot jet enters into a PMMA cylindrical vessel with height of
200 mm, and an internal diameter Dv¼ 154mm. These large values
of both the enclosure height and diameter permit to consider this
flow configuration as axisymmetric, and minimize any possible jet
confinement effects.

The enclosure gas outlet consists in a 33 mm diameter tube,
located on the top of the enclosure (Fig. 1), with a thermocouple
measurement of the gas outlet temperature To. A double hot wire
anemometer (TSI 4040) is used to measure the outlet gas flow rate,
together with pressure and temperature measurements, to deter-
mine the gasmass flow rate _mg. The average jet velocity at the orifice
outlet has been calculated from the mass flow-rate measurements,
using appropriate values of the gas density and orifice diameter D.

In this experiment, we determine the steady heat transfer rate F
exchanged between the jet and the plate by using a heat balance
between the inlet and outlet of the enclosure. A heat losses mini-
mization has been carried out by having the average temperature
inside the vessel close to the ambient temperature, and also by
using a glass wool insulation of the enclosure. In order to keep
a nearly constant temperature in the cylindrical vessel during the
experiments, the gas jet temperature Tj was varied between 40 �C
and 65 �C, depending on the flow rate. Finally, the upper part of
the water cooled block, acting as the impacted plate (Fig. 1), is
contactless flush-mounted with the enclosure bottom, to avoid
any cold bridges. This permits to consider the enclosure as adiabatic
under the test conditions.

The lathe-worked grooves have either square or triangular cross-
section,withdepth c¼1mm,widthb¼1mm,andpitchp¼2mm(see
Fig. 2). The radial distance between the stagnation point and the first
groove is d/2¼ 2.5mm. The pitch-to-depth ratio has a value p/c¼ 2, as
chosen by Gau and Lee [7], with a groove width-to-depth ratio of
b/c¼ 1. It should be noted (see Fig. 2) that the geometrical parameter
b is the width of the lathe-worked groove for a square profile, and
corresponds to the half-width of the groove for a triangular profile.

The influence of the dimensionless orifice-to-plate spacing H/D
on the average heat transfer coefficient was evaluated by Sagot et al.
[6], for the smooth plate configuration. Their study showed that, for
2 < H/D < 6, the parameter H/D has only a weak influence on the
average heat transfer. For this study with grooved impingement
plates, we fixed the dimensionless orifice-to-plate ratio to H/D ¼ 2,
and the jet Reynolds numbers has been varied between 15 000 and
30 000.

The heat transfer measurements have been repeated between
three and ten times, depending on the relative standard deviation
of the experimental results. All the measured values of the average
heat transfer coefficient werewithin 5% of their average value, with
a mean deviation of 2%.
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Fig. 2. Cross-sections of the impingement pla
3. Data reduction

In most of the studies reported in the literature on impinging jets,
the jet is at the ambient temperature To, since the current measure-
ment technique is based on an imposed heat flux at thewall, together
with a surface temperature distributionmeasurement using infra-red
thermography. In this type of experiment, the reference temperature
difference is chosen as (Tj� Tw). The average jet-to-wall heat transfer
coefficient is then defined as:

hðRÞ ¼ F

pR2
�
Tj � Tw

� (1)

The average Nusselt number, based on the jet-orifice diameter
D, is defined as:

NuT ¼ hðRÞD
lg

(2)

In the present study under fixed temperature conditions, the
measurement of the outlet temperature To, for given values of Tj, Tw
and mass flow rate _mg, permits the experimental determination of
the total heat transfer rate, given by the heat balance between the
inlet and outlet of the enclosure:

F ¼ _mgCp
�
Tj � T0

�
(3)

In this case, the reference temperature difference between the gas
and the impinging plate should be defined as: (Tj þ T0)/2 � Tw. The
average jet-to-wall heat transfer coefficient can then be written as:

h0ðRÞ ¼ F

pR2
�
TjþT0
2 � Tw

� (4)

In our study, the corresponding average Nusselt number is
defined as:

Nu0T ¼ h0ðRÞD
lg

(5)

with lg being evaluated at the average gas temperature.
The relationship between these two Nusselt numbers, given by

Eqs. (2) and (5), can be written as:

NuT ¼ Nu0T
ð1þ FÞ

2
;with F ¼ T0 � Tw

Tj � Tw
(6)

It should be noted that for the imposed heat flux results
reported in the literature, F ¼ 1. In order to compare our results
concerning the Nusselt number Nu0Tvariations with those available
in the literature, it is then convenient to plot Nu0T

ð1þFÞ
2 , as a function
3 mm
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Fig. 3. Average Nusselt number obtained on smooth and grooved plates, as a function
of R/D.
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of the R/D parameter, for fixed values of the Reynolds number and
of the H/D parameter.

The Nusselt number has been determined experimentally, for
both a smooth plate (Nu00T ) and two grooved plate configurations
(Nu0T ).

The jet average velocityUj at the orifice plate exitwas calculated as:

Uj ¼ 4 _mg

rgpD2 (7)

The jet Reynolds number Rej, based on the orifice plate outlet
conditions, is defined as:

Rej ¼ rgUjD
mg

¼ 4 _mg

mgpD
(8)

with mg the gas dynamic viscosity, evaluated at the jet temperature Tj.
We define an intensification factor f ¼ Nu0T=Nu0 0T , which is the

ratio between the average Nusselt numbers obtained for grooved
and smooth impinging plates, in order to evaluate the heat transfer
enhancement due to the surface modification.

An uncertainty analysis on the basis of 95% confidence level of
errors was carried out using the method by Kline and McClintock
[10]. The analysis took into account uncertainties in the determi-
nation of thewall, inlet and outlet temperatures, themass flow-rate
measurement, the orifice plate diameter, and uncertainties on the
gas thermo physical properties related to the reference tempera-
ture determination.

Themaximumuncertainty in theReynolds number Rej was found
to correspond to small values of the orifice plate diameter D, and
was estimated to be 4.4% for R/D ¼ 10, with a major contribution of
the diameter value uncertainty DD/D ¼ 0.033. The minimum
uncertainty of the Reynolds number was found at R/D ¼ 2 as 2.9%,
with a maximum contribution of the uncertainty on the mass flow-
ratemeasurementD _mg= _mg ¼ 0:0275. Themaximumuncertainty in
the average Nusselt number was found for R/D ¼ 2 as 4.8%. In this
configuration which corresponds to a low heat transfer rate, the
temperature difference (Tj� T0) is small, thus leading to amaximum
contribution of the uncertainty on the parameter D(Tj � T0)/
(Tj � T0) ¼ 0.037.
Fig. 4. Heat transfer enhancement for various grooves and jet Reynolds number values.
4. Results and discussion

We present in Fig. 3 the experimental results, obtained for a jet
Reynolds number Rej¼ 23000, and forH/D¼ 2. A significant increase
of the average Nusselt number is measured, for low values of R/D, for
both the triangular and square groove profiles. For example, for
R/D¼ 2, we obtain an increase in the average Nusselt number of 81%,
as compared to the smooth plate reference configuration. This heat
transfer enhancement can be attributed to secondary flows, gener-
ated inside the grooves by the radial tangentialflow. Theheat transfer
enhancement is probably due to the local contribution to the heat
removal by the vortices originating from the grooves. In case of the
square grooves, the vortex ismore vigorous and shedding frequently,
thus causing greater heat removal from the surface, explaining why
they have been shown to bemore efficient than triangular grooves, as
observed in Fig. 3.

Oneshouldalsonote that the intensificationobtainedwithgrooved
plates isefficient forR/Dvalues lower than6e7.For increasingvaluesof
the R/D parameter, the heat transfer intensification decreases, to
becomenegligible for valuesofR/D close to10. This is obviously related
to the decrease of the main flow radial velocity, when R/D increases,
involving a reduction of the groove internal recirculation intensity.

In the case of smooth plate configuration, Lee et al. [3] and
Baughn et al. [4] have reported local Nusselt number distributions
NuT ðrÞ with a secondary maximum at r/D value close to 2.2
(Rej ¼ 23 000 and H/D ¼ 2). By a spatial averaging of the local
Nusselt number distribution, Sagot et al. have determined the
corresponding average Nusselt number distribution, showing that
the secondary maximum of the average Nusselt number distribu-
tion Nu0 0T also occurs close to the secondary maximum of local
Nusselt number distribution reported by Lee et al. and Baughn et al.

However, as mentioned in the description of the experimental
apparatus, one can note that experimental results could not be
obtained for R/D values lower than 2. The experimental results
obtained for R/D > 2 are presented along with the numerical
simulation results of Sagot et al. [6]. A close agreement can be seen
in Fig. 3 of present experimental results, obtained for the smooth
plate reference case, with the numerical simulation results of Sagot
et al. For R/D close to 2, the experimental measurements for the
smooth plate configuration are consistent with the existence of
a secondary maximum, observed in the numerical study.

We report in Fig. 4 the variations of the intensification factor
f ¼ Nu0T=Nu0 0T , for both square and triangular grooves. Within the
experimental uncertainties, this intensification factor f appears to
be independent to the Reynolds number, in the considered range
15 000 � Rej � 30 000. However, the grooves with a square profile
appear to be more efficient than those with a triangular profile,
for the jet-to-wall heat transfer enhancement, under constant
temperature wall conditions.

It may be noted that the intensification factor f obtained exper-
imentally tends towards 1, for high R/D values. This demonstrates
theweak effect of the grooves on the heat transfer for increasing R/D
values.
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The intensification factor f, obtained with the utilization of
axisymmetric grooves on the impinging plate, can be expressed
as:

f ¼ 1þ K
�
R
D

�n

(9)

The coefficients n and K have been obtained by a least squares
minimization. Their values are �1.52 and 2.4, respectively, for the
square grooves, and �1.95 and 3, respectively, for the triangular
profile grooves. Eq. (9) is valid for 15 000 � Rej � 30 000, H/D ¼ 2,
and 2 � R/D � 10. The mean relative deviation of the experimental
values from those given by Eq. (9) is 2%, with a maximum deviation
of 5%.

An average Nusselt number correlation for a smooth plate
Nu 0

T ðRej;R=D;H=DÞ has been previously proposed by Sagot et al.
[6]. By combining this correlation, for H/D ¼ 2, with the relation
between NuT and Nu0T given by Eq. (6), together with Eq. (9) for the
intensification factor, we obtain an expression of the average
Nusselt number for grooved plate configurations, in the following
form:

Nu0T ¼ 0:0588Re0:8j

"
1� 0:168

�
R
D

�

þ 0:008
�
R
D

�2
# �

mj
mw

� 0:25
� 2
1þ F

�
1þ K

�
R
D

�n	
(10)

The viscosity ratio mj/mw is based on the jet and wall tempera-
tures, with F defined in Eq. (6). Values of K and n depend on the type
of the groove. The correlation can be utilized for the determination
of the average heat transfer coefficient h0ðRÞ, for H/D ¼ 2,
15 000� Rej� 30 000, and 3� R/D� 10. As this correlation is based
on an average temperature difference ðTj þ T0Þ=2� Tw, an iterative
procedure that combines Eqs. (3)e(5) and (10) must be used.
5. Conclusion

Gas-to-wall heat transfer enhancement in an impinging jet flow
with axisymmetric grooves on the plate surface under constant
wall temperature conditions has been studied. Square grooves have
been found to be more efficient, for heat transfer intensification,
than those with a triangular profile. The intensification is found to
be effective only for R/D values lower than approximately 6.

Correlations of the intensification factor for impingement
grooved surfaces (the ratio of the average Nusselt number values
for grooved and smooth plates) and average Nusselt number have
been developed, which are valid in the range 15 000� Rej� 30 000,
for 3 � R/D � 10 and H/D ¼ 2, for the two groove types studied.
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