
International Journal of Heat and Mass Transfer 51 (2008) 6169–6179

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Heriot Watt Pure
Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier .com/locate/ i jhmt
Fluctuating fluid flow and heat transfer of an obliquely impinging air jet

Tadhg S. O’Donovan a,*, Darina B. Murray b

a School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh, United Kingdom
b Department of Mechanical and Manufacturing Engineering, Trinity College Dublin, Ireland

a r t i c l e i n f o a b s t r a c t
Article history:
Received 22 June 2007
Available online 23 June 2008

Keywords:
Oblique jet impingement
Coherence
Phase difference
Vortices
0017-9310/$ - see front matter � 2008 Elsevier Ltd. A
doi:10.1016/j.ijheatmasstransfer.2008.04.036

* Corresponding author. Tel.: +44 131 451 4298; fa
E-mail address: T.S.O’Donovan@hw.ac.uk (T.S. O’D
Heat transfer to an obliquely impinging air jet is investigated experimentally. Distributions of the mean
and the fluctuating component of the surface heat transfer are reported for a jet Reynolds number of
10,000, nozzle to impingement surface distance, H/D, from 2 to 8 and angle of impingement, a, from
30� to 90� (normal impingement). Flow velocity measurements along the impingement surface are
related to heat transfer distributions. At specific locations the surface heat transfer and the local fluid
velocity are measured simultaneously and coherence and phase difference information between the sig-
nals are reported. The vortical characteristic of the flow is shown to vary considerably with the angle of
impingement; depending on the distance between the near nozzle edge and the impingement surface,
vortices at different stages of development impact with the target surface. The influence of naturally
occurring vortices in an impinging jet flow on the magnitude of heat transfer in the near wall jet is
reported.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Obliquely impinging air jets have many applications in heat
transfer due to their ability to produce high localised and area
averaged heat transfer coefficients. For example, O’Donovan et al.
[1] investigated the cooling of a grinding process where the re-
search sought to determine the optimum setup of an obliquely
impinging air jet to maximise its cooling capacity. Impinging jets
have also been applied to the cooling of gas turbine blades and
the thermal management of electronics.

The main variables for jet impingement heat transfer are the an-
gle of impingement, the jet Reynolds number and the height of the
nozzle above the impingement surface. Comprehensive reviews of
heat transfer to impinging jets have been conducted by Martin [2]
and Jambunathan et al. [3] for a full range of parameters which also
includes confinement, submergence, nozzle geometry and jet array
configuration. Comprehensive studies of the mean fluid flow char-
acteristics of both free and impinging jets have also been presented
by Donaldson and Snedeker [4], Beltaos [5] and Martin [2].

The surface heat transfer distribution changes significantly with
nozzle to impingement surface spacing. Several investigators re-
port secondary peaks in the heat transfer distribution at low nozzle
to impingement surface spacings. Goldstein and Timmers [6] com-
pared heat transfer distributions of a large nozzle to plate spacing
(H/D = 6) to that of a relatively small spacing (H/D = 2). It was
ll rights reserved.
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shown that while the Nusselt number decays from a peak at the
stagnation point for the large H/D, the Nusselt number is a local
minimum at the stagnation point when H/D = 2. Goldstein et al.
[7] reported secondary maxima in the heat transfer distribution
at nozzle to impingement surface spacings less than five diame-
ters; at H/D = 2 these maxima were greater than the stagnation
point Nusselt number. The secondary maxima occur at approxi-
mately r/D of 2 and were attributed to entrainment caused by vor-
tex rings in the shear layer.

Sparrow and Lovell [8], Goldstein and Franchett [9], Yan and Sa-
niei [10] report heat transfer distributions to an obliquely imping-
ing air jet. At large H/D the heat transfer peaks at the stagnation
point, which is displaced from the geometric centre in the uphill
direction (as defined in Fig. 1). The surface heat transfer decreases
sharply in the uphill direction and more gradually in the downhill
direction. In each case the asymmetry of the distributions and the
displacement of the stagnation point was more pronounced with
increasingly acute angles of impingement. Goldstein and Franchett
[9] successfully correlated their data for a range of nozzle to
impingement surface spacings in excess of four diameters. Yan
and Saniei [10] presented results for a jet impinging at low nozzle
to surface spacings and secondary peaks in the heat transfer distri-
butions were shown to occur in the downhill direction only, for the
range of parameters tested.

Gardon and Akfirat [11] successfully related the surface heat
transfer to the mean velocity and turbulence intensity in a free
jet at an equivalent location. Hoogendoorn [12] reported the effect
of turbulence in an impinging jet flow on the resulting surface heat
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Nomenclature

D diameter (m)
f frequency (Hz)
h convective heat transfer coefficient (W/m2 K)
H height of nozzle above surface (m)
k thermal conductivity (W/m K)
Nu Nusselt number, hD/k (–)
Nu0 root-mean-square Nusselt number (–)
r radial distance from geometric centre (m)
Re jet Reynolds number, qUD/l (–)
St Strouhal number, fD/U (–)
U velocity (m/s)

Greek symbols
a angle of impingement (�)
d distance between measurement points (m)
l viscosity (kg/m s)
q density (kg/m3)
U Phase (–)

Subscripts
c convection
j jet
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transfer. Data presented by Lytle and Webb [13] have shown, for H/
D 6 1, that a peak in velocity fluctuations parallel with the
impingement surface corresponds to a peak in the mean heat
transfer distribution. The most recent advances in this field, how-
ever, have been concerned with the vortex characteristics of
impinging jets. In a jet flow vortices initiate in the shear layer
due to Kelvin Helmholtz instabilities. Vortices, depending on their
size and strength, affect the jet spread, the potential core length
and the entrainment of ambient fluid. Since vortices also affect
the magnitude and direction of velocity fluctuations close to the
impingement surface, the vortical nature of an impinging jet has
a significant influence on the mean heat transfer distribution.

Liu and Sullivan [14] have shown that controlling the vortices
within an impinging jet flow has the potential to enhance the overall
surface heat transfer. Hwang et al. [15] and Hwang and Cho [16]
have used acoustic excitation to control the development of vortices
in an impinging jet flow and report the influence of acoustic excita-
tion on the surface heat transfer. O’Donovan and Murray [17,18]
have presented both mean and fluctuating heat transfer results for
a normally impinging air jet. By correlating surface heat flux signals
with local fluid velocity signals, the influence of naturally occurring
vortices on the surface heat transfer was revealed. To date, however,
the effect of vortices on surface heat transfer in an obliquely imping-
ing jet flow has not been reported. The current investigation reports
on the fluctuating heat transfer and fluid flow of an obliquely
impinging air jet and sheds light on the influence naturally occur-
ring vortices have on the mean heat transfer.
2. Experimental rig

Fig. 1 shows a schematic of experimental rig which is similar to
that used in an investigation by O’Donovan and Murray [17]. The
jet nozzle, which impinges obliquely at an angle a, consists of a
Fig. 1. Schematic of E
brass pipe of 13.5 mm internal diameter. The nozzle is clamped
on a carriage in an arrangement that allows its height above the
impingement surface and its angle of impingement to be varied.
Air is supplied to the jet nozzle by a compressor and an Alicat Sci-
entific Inc. Precision Gas Flow Meter is installed on the compressed
air line to monitor both the air volume flow rate and temperature.
A heat exchanger is also installed on the air line to ensure that jet
exit temperature is maintained within 0.5 �C of the ambient air
temperature. The schematic illustrates two directions which are
commonly referred to as the uphill and downhill directions of
the flow.

A heated target surface measures 425 mm � 550 mm and con-
sists of three layers. The top surface is a 5 mm thick copper plate.
A 15 kW/m2 silicon rubber heater mat, approximately 1.1 mm
thick, is fixed to the underside of the copper plate with a thin layer
of adhesive. A thick layer of insulation prevents heat loss from the
heating element other than through the copper. The thickness of
the plate and the high thermal conductivity of copper ensure that
the temperature of the surface remains almost constant irrespec-
tive of the variation of the heat transfer coefficient across the
impingement surface. The plate approximates a uniform wall tem-
perature boundary condition, operating typically at a surface tem-
perature of 60 �C, however, a temperature gradient of 2.5 �C (6% of
the temperature difference between the jet and the heated surface)
has been observed over a distance of 10 diameters.

Two sensors are flush mounted on the surface to measure the
surface heat flux. The first is an RdF Micro-Foil� heat flux sensor
which contains a differential thermopile that measures the tem-
perature above and below a known thermal barrier. This tempera-
ture difference is proportional to the surface heat flux. A Senflex�

Hot Film Sensor is also mounted on the surface and operates in
conjunction with a Constant Temperature Anemometer. This tech-
nique enables the surface heat flux to be measured at a higher tem-
poral resolution than the Micro-Foil� sensor and can accurately
xperimental Rig.
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acquire data in excess of 8 kHz. This equates to a Nyquist frequency
of 4096 Hz. The equivalent Strouhal number, which is the non-
dimensional form of frequency (defined by Eq. (1)) is calculated
to be approximately 5.

St ¼ fD
Uj

ð1Þ

The sensor consists of a nickel sensor element that is electron beam
deposited onto a 0.051 mm thick Upilex S polyimide film. The hot
film element has a thickness of 6 0.2 lm and covers an area of
approximately 0.1 mm � 1.4 mm. A TSI Model 1053B Constant
Temperature Anemometer is used to control the temperature of
the hot film. It maintains the temperature of the film at a slight
overheat (�5 �C) above the heated surface. The power required to
maintain this temperature is equal to the heat dissipated from the
film. Corrections due to the overheat of the sensor above the
impingement surface were made to acquire accurate measure-
ments. Both the heated plate and the nozzle are mounted on car-
riages that travel on orthogonal tracks, thus allowing the sensor
to be placed in any location in a 2D plane.

Two laser techniques are employed to measure the flow veloc-
ity. Particle image velocimetry (PIV) is employed to measure the
time averaged cross-section of the velocity flow field and laser
Doppler anemometry (LDA) is used to measure the velocity at spe-
cific locations within the impinging jet flow with greater temporal
and spatial resolution. The PIV system uses a 15 mJ New Wave Solo
Double Pulse Laser to illuminate the flow and images are captured
with a double shutter PCO Sensicam camera that has a resolution
of 1280 � 1024 pixels. The LDA system is based on a Reliant
500 mW Continuous Wave laser from Laser Physics. This two com-
ponent system uses two pairs of beams, that have wavelengths of
514.5 nm (green) and 488 nm (blue), to measure the velocity in
orthogonal directions at the same point location. The four beams,
each of diameter 1.35 mm, are focused on a point 250 mm from
the laser head. The system works in backscatter mode and a burst
spectrum analyser (BSA) acquires and processes the signal to com-
pute the velocity. As the LDA technique is reliant on seeding parti-
cles passing through a measurement volume the velocity signal is
acquired with an irregular time step. Data presented have a mini-
mum acquisition frequency of 8 kHz and the raw signal has been
re-sampled using Sample and Hold and a correction for error is
performed according to Fitzpatrick and Simon [19].

Heat transfer results are presented in the form of the mean and
root-mean-square Nusselt number which have calculated uncertain-
Fig. 2. Velocity flow fields for an ob
ties of ±5.7% and ±30.1%, respectively. The jet exit velocity can be set
with an accuracy of 4.7%. A complete calibration and uncertainty
analysis for this experimental setup is presented by O’Donovan [20].
3. Results and discussion

Time-averaged fluid flow data of an obliquely impinging air jet
are used to explain the resulting surface heat transfer. Certain loca-
tions within the wall jet of the impingement flow warranted fur-
ther investigation and therefore, a temporal analysis of the
surface heat flux and local velocity signal was conducted. These
data are presented in the following two sections.

3.1. Time-averaged fluid flow and heat transfer measurements

The flow field of interest in this investigation is a cross-section
through the centreline of the impinging jet flow. Fig. 2 presents
velocity flow field measurements for a jet impinging at H/D = 6
and a range of oblique angles. A circle and an � indicate the loca-
tion of the geometric centre and the stagnation point, respectively.
As the angle made with the impingement surface becomes more
acute the stagnation point moves further from the geometric cen-
tre in the uphill direction (as defined in Fig. 1).

The displacement of the stagnation point from the geometric
centre has also been observed for H/D = 2 and these data are plot-
ted in Fig. 3a, which also indicates the location of the maximum
heat transfer for the same range of parameters. These data com-
pare favourably to the findings of Goldstein and Franchett [9]
who observed that the peak in the surface heat transfer distribu-
tion was displaced from the geometric centre and associated it
with the location of the stagnation point. It is clear that the stagna-
tion point location is dependent on the angle of impingement;
however, the height of the jet above the plate appears to have neg-
ligible influence as evidenced by the PIV data. The location of the
peak heat transfer follows a similar trend but has a greater spread.
Although the variation of the stagnation point displacement is not
discussed by Goldstein and Franchett [9] in detail, an empirical
equation that correlates their experimental data, for a wider range
of H/D than the current investigation, shows a slight dependence
on the nozzle to impingement surface spacing. This variation of
stagnation point displacement from the geometric centre is illus-
trated in Fig. 3b. In an investigation reported by Beitelmal et al.
[21], the displacement of the stagnation point was found to be
independent of Reynolds number.
liquely impinging jet, H/D = 6.



Fig. 3. Displacement of stagnation point from geometric centre.

Fig. 4. Mean Nusselt number distributions for oblique angles of impingement.

Fig. 5. RMS Nusselt number distributions for oblique angles of impingement.
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Heat transfer distributions for a jet impinging at a range of ob-
lique angles are presented in Fig. 4a and b for normalised jet to sur-
face spacings of H/D = 2 and H/D = 6, respectively. The first spacing
corresponds to a location where the impingement surface is within
the potential core of the jet, and the second spacing to a location
just beyond the core of the jet. It is apparent from the heat transfer
distributions that the peak heat transfer occurs at the stagnation
point as it is displaced an equivalent distance in the uphill direc-
tion from the geometric centre. One exception to this occurs at
an angle of impingement, a = 30�. It can be seen from the velocity
flow fields presented in Fig. 2 that the stagnation point occurs at
approximately r/D = �2.1. However, the peak in both the Nu and



Fig. 6. Nusselt number distributions for oblique impingement; Re = 10,000; a = 45�.
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Nu0 distributions (Figs. 4 and 5) occurs at approximately r/D = �1.4
for a = 30�. This discrepancy is explained by considering the veloc-
ities along the impingement surface at a = 30�. At this acute angle
of impingement the local velocity close to the surface decreases
from r/D = 0 to the point where it is almost negligible at r/
D = �1.4 even though true stagnation does not occur until r/
D = �2.1. Therefore, the peak heat transfer occurs at r/D = �1.4
where fluctuations in the flow, or the instantaneous velocity, re-
mains high. Although the spatial resolution of the measurements
presented in the current investigation does not allow, it is antici-
pated that this effect would be present, to a lesser extent for the
larger angles of impingement. The results also show that, for H/
D = 2, the smaller angles of impingement produce the highest stag-
nation point heat transfer. The opposite is true at H/D = 6 where
the maximum heat transfer occurs when the jet impinges normally
to the surface.

It is well documented by Goldstein et al. [7], Baughn and Shi-
mizu [22], Huang and El-Genk [23] and others that at low nozzle
to impingement surface spacings, secondary peaks in the Nusselt
number distribution occur at a radial location of approximately
1–3 diameters from the geometric centre for a normally impinging
jet. Fig. 4a shows that these peaks in the Nusselt number distribu-
tion occur for oblique jet impingement also but this feature is not
present in the data shown in Fig. 4b where H/D = 6. It can be seen
also from the results presented in Fig. 4a that secondary peaks may
not occur in the uphill direction. For example, when the jet im-
pinges at an oblique angle of 30� there is no secondary peak in
the uphill direction but a broad secondary peak does occur in the
downhill direction. As the angle of impingement increases towards
normal impingement a narrow secondary peak appears in the up-
hill direction. The magnitude of this peak is greater than that in the
downhill direction.

Secondary peaks have been attributed to increased turbulence
in the wall jet boundary layer and therefore, the turbulence char-
acteristic of the flow in both uphill and downhill directions is of
interest. The root-mean-square Nusselt number distributions re-
flect the level of local fluid temperature and velocity fluctuations
(turbulence) near the heated surface. These fluctuating Nusselt
numbers are presented in Fig. 5 for the same range of parameters
as in Fig. 4. The rms profiles are broadly similar to the mean heat
transfer profiles, indicating that the Nusselt number is influenced
by the level of fluctuations in heat transfer and hence by the turbu-
lence intensity close to the impingement surface. This is consistent
with expectations. Also, it can be seen that the secondary peaks in
the mean Nusselt number distributions at H/D = 2 correspond to
sharp gradients in the corresponding Nu0 distributions, suggesting
abrupt increases in wall jet turbulence at these locations. Two ra-
dial peaks occur in the Nu0 distribution for the normally impinging
jet (a = 90�). This is explained by O’Donovan and Murray [17] to be
due to the shear layer interaction with the wall jet.

At H/D = 2, the greatest Nu0 magnitudes correspond with the
greatest mean Nu magnitudes; this is not the case for H/D = 6.
While the radial positions of the peaks in the mean and fluctuating
heat transfer distributions match for the latter case, the fluctua-
tions are greatest for the most acute angle (30�) whereas the oppo-
site is true for the mean Nusselt number. The conclusion that can
be drawn from this analysis is that the controlling influence on
heat transfer in this case is not the magnitude of velocity and tem-
perature fluctuations but, perhaps, the mean flow velocities. Evi-
dence is presented in Section 3.2 that structures within the
impinging jet flow also have an influence on the surface heat
transfer.

The effect of H/D on the heat transfer distribution for a single
angle of impingement (45�) and Reynolds number (10,000) is pre-
sented in Fig. 6. Increasing the nozzle to impingement surface
spacing has the effect of decreasing the magnitude of the peak Nus-
selt number that occurs at the stagnation point. As expected the in-
creased spacing also diminishes the magnitude of the secondary
peak, until there is no discernable change in slope in the downhill
direction at H/D = 8. Fig. 6b presents the root-mean-square Nusselt
number distributions for the same range of parameters. By com-
paring the rms and mean heat transfer distributions it appears that
peaks and troughs in both profiles occur at the same location. The
peaks in the rms heat transfer are more pronounced, however,
indicating that the level of heat transfer fluctuation is not the only
factor influencing the mean heat transfer. The same inference can
be drawn from the fact that Nu0 at the stagnation point is almost
independent of jet to plate spacing whereas the peak in the mean
Nusselt number distribution varies considerably with H/D.

3.2. Temporal analysis of heat transfer and local fluid velocity

In order to understand the dominant convective heat transfer
mechanisms at play, the air velocity was measured at a distance
of approximately 3 mm from the impingement surface, using a
two component laser Doppler anemometer (LDA). Fig. 7 presents
mean and root-mean-square axial and radial velocity measure-
ments together with the corresponding Nusselt number distribu-
tions for a jet Reynolds number of 10,000 impinging at an
oblique angle of 45� and H/D = 2. A schematic of the test setup is
provided in Fig. 8.



Fig. 8. Schematic of test setup and impinging jet flow; H/D = 2; a = 45�.

Fig. 7. Velocity and heat transfer distributions; H/D = 2; a = 45�.
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It can be seen from Fig. 7a that the mean axial velocity is a max-
imum at r/D � �0.5 which is on the downhill side of the stagnation
point; the axial velocity decreases sharply in the uphill direction
and more gradually in the downhill direction. The radial velocity
is zero at the stagnation point, as expected, and increases with
increasing radial location. The negative velocities presented simply
indicate the flow direction is from right to left. The magnitude of
the velocity is greater in the downhill direction as this is the direc-
tion of the main flow. The radial velocity increases to a peak at r/
D = 1 and then decreases as the jet flow spreads radially. The mag-
Fig. 9. Power spectra and coherence and phase information betwe
nitudes of the axial and radial rms velocities are similar throughout
the distribution. The velocity fluctuations are high, relative to their
mean, at the stagnation point which contributes to a peak in the
mean Nusselt number distribution (Fig. 7b) at this location. A com-
bination of high mean radial velocity and high root-mean-square
velocities results in a secondary peak in the heat transfer distribu-
tion at r/D = 2.25.

In order to understand the relationship between convective
heat transfer and fluid velocity better, temporally simultaneous
measurements of surface heat flux and local fluid velocities were
made at various radial locations. In the case where the jet impinges
at an angle of 45�, the measurements were acquired at r/D = �0.8,
0.8 and 1.4 (all on the downhill side). These locations are marked
on the heat transfer and velocity distributions in Fig. 7. This focus
on the downhill direction is primarily due to the low magnitude of
the velocity in the uphill direction for the oblique angle of
impingement of 45�. Spectral analysis was carried out on both
velocity signals and on the heat flux signal. The velocity and heat
flux signals were also cross-correlated to calculate the coherence
and phase difference between the signals. Results for each radial
location are presented in Figs. 9–11.

While peaks in the heat flux and velocity spectra presented in
Fig. 9 for r/D = �0.8 are small, the coherence between the signals
en velocity and heat flux signals; H/D = 2, a = 45�, r/D = �0.8.



Fig. 10. Power spectra and coherence and phase information between velocity and heat flux signals; H/D = 2, a = 45�, r/D = 0.8.

Fig. 11. Power spectra and coherence and phase information between velocity and heat flux signals; H/D = 2, a = 45�, r/D = 1.4.
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exhibits significant peaks at Strouhal numbers of 0.6 and 1.1, indi-
cating the passing frequency of vortices at this point. At Strouhal
numbers greater than 1.3 a series of single point peaks in coher-
ence occur, however, the high coherence at these points are dis-
missed as an artifact of the data processing. Throughout the
results presented, single point coherence approaching unity are
also dismissed. O’Donovan and Murray [18] have shown that vor-
tices initiate at the jet exit at a Strouhal number of 1.6 and undergo
merging processes as they travel downstream. Merging has the ef-
fect of increasing the size of the vortices and decreasing their
strength and passing frequency. At r/D = �0.8 the local flow veloc-
ity and heat flux signals are not influenced greatly by vortices. The
schematic presented in Fig. 8 shows that vortices passing in the up-
hill direction will not impinge at this radial location. The peaks that
occur in the signal spectra at this location have propagated through
the main flow, are weak and therefore have little influence on the
heat flux signal as indicated by the low overall coherence between
the signals.

Further along the wall jet, in the downhill direction, vortices tra-
vel a greater distance and therefore have more time to merge be-
fore impinging on the surface, again this can easily be seen by
referring to Fig. 8. This is evident from data presented in Figs. 10
and 11 for r/D = 0.8 and 1.4, respectively. One dominant frequency
peak appears in the spectra at a Strouhal number of 0.6 and there-
fore, it is clear that the higher frequency vortices have merged. At r/
D = 1.4 the coherence between the axial velocity and the heat flux is
particularly high, indicating the influence that velocity fluctuations
normal to the surface have on the heat flux. This highlights the ef-
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fect that relatively small fluctuations in the axial direction have on
the heat flux. Generally, it has been found that the coherence
between the axial velocity and the heat flux signal is greater than
that between the radial velocity and the heat flux. This is especially
noticeable in Fig. 11, which corresponds to a location 1.4 diameters
from the geometric centre, where the radial component has a great-
er mean velocity and similar rms velocity to the axial component.
The greater coherence is attributed to a stronger thermal gradient
normal to the impingement surface (axial direction) rather than
parallel to the surface (radial direction).

The phase difference is calculated between the individual veloc-
ity signals and the surface heat flux, however, the coherence high
over a sufficient Strouhal number range for the phase to be accu-
rate. The slope of the phase then enables the convection velocity
to be calculated using Eq. (2):

Uc ¼
2pdf

/
ð2Þ

where d is the distance between the velocity and surface heat flux
measurement points, f is the frequency at which the convection
velocity is calculated and / is the phase difference between the
two signals. As the slope of the phase increases the convection
velocity decreases, therefore data presented in Figs. 10 and 11 show
Fig. 12. Velocity and heat transfer

Fig. 13. Power spectra and coherence and phase information betw
that fluctuations in the axial direction convect towards the heated
surface more quickly than fluctuations in the radial direction. This
also supports the assertion that fluctuations normal to the impinge-
ment surface have a greater influence on the surface heat transfer.

A similar analysis has been carried out for a jet impinging at an
angle of 60�. The distribution of the velocities and the heat transfer
profiles are presented in Fig. 12. Spectral and coherence analysis
has been carried out at r/D = �1.3, �1.1 (both uphill side) and at
r/D = 0.4, 1.1 (both downhill side) and results are presented in Figs.
13–16. The phase information presented here for a jet impinging at
an angle of 60� is consistent with that for a = 45� and also indicates
the dominance of velocity fluctuations normal to the surface over
parallel velocity fluctuations.

It can be seen from Fig. 12a that the magnitudes of the flow
velocities in the uphill direction are small relative to those in the
downhill direction. The heat transfer and velocity fluctuations in
this region remain relatively high, however. The spectral, coher-
ence and phase information exhibit many of the characteristics
discussed earlier for a jet impinging at 45�. While peaks in the heat
transfer and velocity spectra in the uphill region are very small, it
can be seen from the coherence between the velocity and heat flux
signals in Fig. 14 that vortices pass in this direction at a Strouhal
number of approximately 1.6. Figs. 13 and 14 also exhibit smaller
distributions; H/D = 2; a = 60�.

een velocity and heat flux signals; H/D = 2, a = 60�, r/D = �1.3.



Fig. 14. Power spectra and coherence and phase information between velocity and heat flux signals; H/D = 2, a = 60�, r/D = �1.1.

Fig. 15. Power spectra and coherence and phase information between velocity and heat flux signals; H/D = 2, a = 60�, r/D = 0.4.

T.S. O’Donovan, D.B. Murray / International Journal of Heat and Mass Transfer 51 (2008) 6169–6179 6177
peaks at St = 1 and 0.5 indicating that some merging of vortices has
occurred. O’Donovan and Murray [18] have shown that vortices in
an impinging jet flow break-up shortly after impact with the sur-
face. The vortex break-up location indicates a transition to turbu-
lent flow that cannot sustain large scale flow structures.
According to O’Donovan and Murray [18] the break-up of strong
vortices which have not undergone a series of merging processes
leads to an increase in magnitude of the secondary peak. As the
heat transfer in the uphill direction decreases rapidly, due to the
low mean velocities, this enhancement of heat transfer is thought
to manifest itself as a slight change in slope at a radial location of
approximately r/D = �1.5 (Fig. 12b). Essentially, the break-up of
the strong vortex structure in this region is responsible for the rel-
atively large magnitude of turbulence and fluctuating heat transfer
in this region.
Figs. 15 and 16 present equivalent data for the downhill direc-
tion of the wall jet flow. It is apparent that the vortices that pass in
this direction are larger as they have a greater influence on the sur-
face heat flux and velocity signals. At a radial location of 0.4D
(Fig. 15) from the geometric centre, peaks in all three spectra are
evident at a Strouhal number of 0.6. Therefore, the vortices, which
have traveled a greater distance in this case before impacting with
the surface, have most likely undergone a series of merging pro-
cesses to reduce their passing Strouhal number. Similar findings
are presented in Fig. 16 for a location r/D = 1.1. In this case the peak
in the coherence between the axial velocity and the heat flux is
broader and is still centred at a Strouhal number of 0.6. The peak
in the coherence between the radial velocity and the heat flux
however is shifted to approximately 0.4 indicating that the vortices
are undergoing yet another merging process before being broken



Fig. 16. Power spectra and coherence and phase information between velocity and heat flux signals; H/D = 2, a = 60�, r/D = 1.1.
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down into random small scale turbulence. This is consistent with
the findings of Orlandi and Verzicco [24] who have shown that
merging vortices present as one large vortex in the radial direction,
while remaining separate entities in the axial direction.

Since these data show that the vortices in this direction are
large and pass at a low frequency, the hypothesis of O’Donovan
and Murray [18] suggest that as they break-up in the wall jet they
should not instigate as high a degree of turbulent fluctuations nor-
mal to the surface. These results support that hypothesis as the
enhancement of the heat transfer to a secondary peak is quite
modest in the downhill direction and takes the form of a broad
subtle secondary peak. A comparison can be made between this
peak in the downhill direction at r/D = 2.2 and the equivalent loca-
tion in the uphill direction at r/D = �1.5. At both locations the
mean axial velocities are similar. The radial velocity in the down-
hill direction is much larger but this does not result in a higher lo-
cal Nusselt number. Therefore, it is suggested that the break-up of
vortices in the wall jet, in the uphill direction where the vortices
have not yet fully merged, maintains the heat transfer higher at
the uphill location than at the downhill location.

4. Conclusions

Mean and rms Nusselt number distributions have been pre-
sented for a jet Reynolds number of 10,000, non-dimensional sur-
face to jet exit spacings from 2 to 8 and oblique angles of
impingement from 30� to 90� (normal impingement). Particle im-
age velocimetry has been employed to measure the fluid flow in
a two-dimensional plane through a section of the impinging jet
flow. Comparison of the flow data to heat transfer distributions
has shown that the maximum heat transfer occurs at the stagna-
tion point, which is displaced in the uphill direction from the geo-
metric centre for oblique angles of impingement. The magnitude of
the displacement is inversely proportional to the angle of impinge-
ment and is not influenced by the height of the nozzle above the
impingement surface.

The root-mean-square Nusselt number is a measure of the sur-
face heat transfer fluctuations which reflect the level of local fluid
temperature and velocity fluctuations (turbulence) near the heated
surface. These distributions have shed light on some of the convec-
tive heat transfer mechanisms which occur with an impinging air
jet. While some of the Nu0 trends correspond to the Nu distribu-
tions, it is clear that the magnitude of the fluctuations is only
one factor in determining the overall mean heat transfer. Measure-
ments of the fluid velocity in the wall jet close to the impingement
surface have also been presented and used to explain some of the
trends in the mean heat transfer distributions.

An investigation of the temporal nature of the heat transfer and
fluid was conducted to measure the extent to which flow struc-
tures within the impinging jet flow influenced the mean heat
transfer distribution. Analysis of simultaneous heat transfer and
velocity measurements has shown that velocity fluctuations nor-
mal to the impingement surface have a more significant influence
on the heat transfer. Spectral analysis of the heat transfer and
velocity signals has shown the effect of vortices on the heat trans-
fer. At oblique angles of impingement the vortical characteristic of
the flow and consequently, the local heat transfer is different in the
uphill and downhill directions. This is due to the proximity of the
jet nozzle to the impingement surface. In the downhill direction
the vortices have time and space to develop and pass as large scale
low frequency vortices. In the uphill direction however, the vorti-
ces have not completed a merging process and pass as small scale
high frequency vortices. The break-up of vortices in the wall jet
influences convective heat transfer in this region.
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