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Abstract

Impinging jets are a means of achieving high heat transfer coefficients both locally and on an area averaged basis. The temporal nature
of both the fluid flow and heat transfer has been investigated for Reynolds numbers from 10,000 to 30,000 and non-dimensional surface
to jet exit distance, H/D, from 0.5 to 8. At the impingement surface simultaneous acquisition of both local heat flux and local velocity
signal has facilitated a comprehensive analysis of the effect that fluid flow has on the heat transfer. Results are presented in the form of
surface heat transfer and fluid velocity signal spectra, and coherence and phase difference between the corresponding velocity and heat
flux signals. It has been shown that the evolution of vortices with distance from the jet exit has an influence on the magnitude of the heat
transfer coefficient in the wall jet.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Impinging air jets are employed in a wide range of appli-
cations for enhanced cooling, as detailed in the first part of
this two part investigation. The effect of local mean veloc-
ities and turbulence intensities on the heat transfer has been
outlined in part 1, whereas the objective of this part is to
explore in more detail the influence of the turbulence char-
acteristics of the flow on heat transfer. In particular, the
effect of naturally occurring vortices on the mean heat
transfer from the impingement surface is presented.

In a jet flow, vortices initiate in the shear layer due to
Kelvin Helmholtz instabilities. As the vortices move down-
stream of the jet nozzle each vortex can be wrapped and
develop into a three dimensional structure due to second-
ary instabilities. These secondary instabilities can lead to
the ‘‘cut and connect” process as described by Hui et al.
[1] and Hussain [2] in which the toroidal vortices break
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down into smaller scale motions, generating high turbu-
lence. Vortices, depending on their size and strength, affect
the jet spread, the potential core length and the entrain-
ment of ambient fluid. In certain cases jet vortices can pair,
forming larger but weaker vortices. In general, vortices
pass in the shear layer of the jet at the same frequency as
that at which they roll up but in the vortex pairing case
the passing frequency halves as the vortices pair off. Turbu-
lent jets have a fundamental frequency at which the pairing
process stabilises and this is determined by the turbulence
level of the jet. With distance from the jet nozzle the vorti-
ces break down into random small scale turbulence. It is
clear that vortices influence the arrival velocity of the
impinging jet flow and therefore influence the shape and
magnitude of the heat transfer distribution.

Artificial jet excitation can control the development of
vortices in the jet flow and therefore is thought to have
the potential to enhance heat transfer from the surface.
Liu and Sullivan [3] excited an impinging air jet acousti-
cally and reported on the resulting flow and heat transfer
distributions. It was found that, depending on the fre-
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Nomenclature

D diameter (m)
f frequency (Hz)
H height of nozzle above surface (m)
Nu Nusselt number, hD/k (�)
Nu0 root-mean-square Nusselt number (�)
r radial distance from geometric centre (m)
Re jet Reynolds number, qU D/l (�)
St Strouhal number, fD/U (�)

U velocity (m/s)
x distance from nozzle exit (m)

Greek symbols

d distance between sensors (m)
l viscosity (kg/m s)
q density (kg/m3)
U phase (�)

Fig. 1. Laser doppler anemometry measurement set-up.
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quency of excitation, the area averaged heat transfer could
be enhanced or reduced at low nozzle to impingement sur-
face spacings. In the case where the jet is excited at a sub-
harmonic of the natural frequency of the jet, the heat
transfer is reduced; this frequency has the effect of strength-
ening the coherence of the naturally occurring frequency.
The jet was also excited at a frequency higher than that
of the natural jet frequency. In this case the excitation
had the effect of producing intermittent vortex pairing,
resulting in a break down of the naturally occurring vorti-
ces. The resulting transition to small scale turbulence effec-
tively increases the heat transfer to the impinging air jet.

In recent times control of the jet vortex flow has
attracted much research interest as the latest parameter
identified as important for impinging jet heat transfer.
Hui et al. [1] and Gao et al. [4] installed mechanical tabs
at the nozzle exit to instigate streamwise vortical structures.
These have the effect of increasing the secondary instabili-
ties in the jet and therefore hasten the ‘‘cut and connect”
process that breaks the vortices down into small scale tur-
bulence. Hwang et al. [5] investigated the effect of acoustic
excitation on a coaxial jet flow and explored the resulting
effect on heat transfer. Hwang and Cho [6] continued this
research for a wider range of test parameters. While the
research to date has shown possible enhancement of the
mean heat transfer at various excitation frequencies, much
of this has been attributed to changes in the arrival veloc-
ities. The effect of the vortical flow structure on the local
heat transfer has not been reported in depth.

The literature to date has shown that the heat transfer
distribution over the impinging surface varies considerably
with height of the jet nozzle above the surface. While
abrupt increases in turbulence in the wall jet are used to
explain the location and magnitude of secondary peaks in
heat transfer the literature fails to provide an in depth
explanation of the controlling heat transfer mechanism.
The objective of this research is to understand the influence
that the actual vortex flow structure, at various stages of its
development, has on the convective heat transfer in the
wall jet. Results are presented in the current investigation
for a jet that is formed from a fully developed pipe flow
impinging on a heated flat surface. Temporally simulta-
neous measurement and analysis of the surface heat flux
and the local fluid velocity has revealed the effect that vor-
tices have on both the mean and fluctuating heat transfer
coefficient.

2. Experimental rig

The experimental rig consists primarily of a nozzle and a
heated impingement surface. The flat impingement surface
is instrumented with two single point heat flux sensors.
Laser Doppler Anemometry is used to measure flow veloc-
ity and turbulence intensity at a point 3 mm above the
heated surface, which was the closest possible given exper-
imental constraints; this method has high spatial and tem-
poral resolution. The experimental set-up is shown in
Fig. 1. The experimental rig design and the heat transfer
measurement techniques employed are described in detail
in part 1 of this two part investigation.

The Laser Doppler Anemometry system is based on a
Reliant 500 mW Continuous Wave laser from Laser Phys-
ics. This is a two component system and therefore the laser
is split into 2 pairs of beams, that have wavelengths of
514.5 nm (green) and 488 nm (blue), to measure the veloc-
ity 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 base spectrum analyser (BSA)
acquires and processes the signal to compute the velocity.
Food grade polyfunctional alcohol liquid particles, typi-
cally 1–50 lm in diameter were used to seed both the jet
flow and the ambient air.



Fig. 2. Free jet velocity spectra; x/D = 0.5. (a) Centreline, r/D = 0 and (b) shear layer, r/D = 0.35.
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The measurement of velocity is dependent on a seeding
particle passing through the interrogation zone and there-
fore the velocity is randomly sampled at an irregular time
interval. As a consequence each test point will also have
different sample rates. Data presented have a minimum
acquisition frequency of 8 kHz to ensure that the effect
of coherent structures within the flow is measured. To pro-
cess the data the signal must be re-sampled at a much
higher frequency and at a regular time step. This intro-
duces an error in the signal. There are several methods
of re-sampling such as Sample and Hold, Slotting, Deci-
mation, Spline Interpolation, etc. In this investigation the
signal has been re-sampled using Sample and Hold and a
correction for error is performed according to Fitzpatrick
and Simon [7]. A trigger mechanism ensured the simulta-
neous acquisition of both fluid velocity and heat transfer
signals.

3. Results and discussion

The results are presented in two sections. The first sec-
tion presents fluid velocity data at the exit of a free jet.
The second section presents heat transfer and local fluid
velocity data at various locations in the wall jet.

3.1. Free jet fluid velocity

A Fourier transform of the velocity signals was used to
calculate the velocity power spectrum which is a plot of the
signal power over the frequency range. The velocity spectra
at the centreline of the jet and in the shear layer are pre-
sented in Fig. 2. The frequency (f) of fluctuations is pre-
sented in the non-dimensional form of the Strouhal
number, defined by:
St ¼ fD
U jet

ð1Þ
where Ujet is the jet exit velocity. In both the centreline
and shear layer flow the spectral power density is lower
for the radial velocity component. This indicates that the
velocity fluctuations are greatest in the main jet flow direc-
tion. Overall, however, the spectral power is far greater in
the turbulent shear flow region. It is apparent that no
dominant frequency exists in the jet centreline flow and
that the velocity fluctuations reflect random small scale
turbulence. In the shear layer, however, three dominant
peaks in the power spectrum are evident at Strouhal num-
bers of approximately 0.6, 1.1 and 1.6, respectively. Scha-
dow and Gutmark [8] reported similar frequencies that
occur at the exit of their jet. The highest of the three fre-
quencies was attributed to the frequency at which vortices
roll up in the shear layer whereas lower frequencies are
attributed to the frequencies at which vortices pass follow-
ing merging processes. In the investigation of Han and
Goldstein [9], two peaks were found in the velocity spec-
tra. The higher frequency peak was attributed to the
roll-up or passing frequency of the vortex. The lower fre-
quency peak, however, only occurred at larger distances
from the nozzle exit and was attributed to vortex pairing.
In the current investigation it is thought that vortex pair-



Fig. 3. Nu distribution and heat flux spectra; Re = 30,000, H/D = 1.5.
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ing occurs earlier due to the relatively high turbulence at
the jet exit.

3.2. Wall jet

The radial distribution of mean heat transfer for a jet
impinging at low nozzle to plate spacings contains a sec-
ondary peak which is not evident for a jet impinging at a
large spacing. As discussed in part 1, this secondary peak
is associated with the transition to turbulence within the
wall jet.

Fig. 3 presents both the mean and fluctuating Nusselt
number distributions and identifies the locations in the
boundary layer at which spectral analysis is performed on
the heat flux signal. The spectrum at the stagnation point
exhibits no dominant frequency peak and decays to a low
turbulence level. At a location approaching the trough in
the heat transfer distributions (r/D = 1.1) a dominant fre-
quency peak occurs in the spectrum at a Strouhal number
of approximately 0.6. This Strouhal number corresponds
to the frequency of vortex resulting from the merging pro-
cess of higher frequency vortices evident at the exit of the
free jet. Beyond this radial distance, however, the vortex
begins to be broken down as the wall jet flow undergoes
transition to a fully turbulent flow where only small scale
flow structures survive. At r/D = 1.5 the power dissipated
at high frequencies is increased substantially relative to
the shorter radial distances considered. This is a further
indication that the coherent vortical flow structure is being
broken down into small scale, higher frequency random
turbulence.

The heat transfer spectrum has been investigated for the
entire range of parameters studied. It has been found that
at low H/D and at specific locations along the impingement
surface there are dominant frequencies at which the heat
transfer fluctuates. The frequency peaks occur in the spec-
trum of the heat flux signal at a radial location which
depends on Reynolds number and on nozzle to impinge-
ment surface spacing. This frequency peak is most pro-
nounced at locations approaching the trough in the mean
Nusselt number distribution. The effects of the vortex are
also evident at smaller radial distances but to a lesser
extent, and as the structure moves along the wall jet it even-
tually breaks down into smaller scale turbulence. The peak
in the heat transfer spectrum occurs at a higher frequency
with increasing Re, as evident from the time trace of the
Nusselt number signal presented in Fig. 4b. (Fig. 4a identi-
fies the location on the mean heat transfer distribution to
which the time trace corresponds.) It is found that the fre-
quency of the heat transfer fluctuations is directly propor-
tional to the jet Reynolds number, as expected.

Temporally simultaneous measurements of local fluid
velocity and heat transfer were made for H/D = 0.5, 1.0,
1.5, 2.0; radial distance, 0 < r/D < 3 and Reynolds number,
Re = 10,000. Both the axial and radial velocity components
3 mm above the plate exhibit many of the characteristics of
the surface heat transfer, although the influence of the fluc-
tuating velocities on the heat flux varies with the location



Fig. 4. Normally impinging jet; H/D = 1.5. (a) Nu distribution and (b) Nu time-trace.
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on the impingement surface. At low H/D the dependence
on radial location is very significant due to the velocity gra-
dients involved in this particular jet set-up. It has been
found that the heat transfer at the stagnation point is lar-
gely dependent on the axial velocity; this is also true for
any radial location within the stagnation zone.

In Fig. 5 the locations at which temporally simultaneous
measurements were made for H/D of 0.5 are marked on the
velocity and heat transfer distributions. The local fluid
velocity signals in both the axial and radial directions have
been cross correlated with the heat flux signal to calculate
the coherence (similarity) and phase difference between
the signals. The coherence between the heat flux and the
velocity perpendicular to the surface (axial velocity) is
shown in Fig. 6 to be significant at 0.37D from the stagna-
tion point, decreasing from a value of 0.5 with increasing
frequency. From the phase difference between the axial
velocity and the heat flux signals, the convection velocity
(Uc) normal to the impingement surface can be calculated
as indicated in Eq. (2).

U c ¼
2pdf

U
; ð2Þ

where d is the distance between the velocity and heat flux
measurement points, f is the frequency at which the convec-
tion velocity is calculated and U is the phase difference be-
tween the two signals. The convection velocity in this case
Fig. 5. Radial location of simultane
is approximately 9.8 m/s. At this location, the coherence
between the heat flux and the radial velocity is less than
0.1 and consequently the phase difference between the
two signals is of no significance. The dependence of the
heat flux on the axial velocity fluctuations is consistent with
the axial fluctuations being greater in magnitude than those
parallel to the surface.

At the greater radial distance of r/D = 0.65, presented in
Fig. 7, the Strouhal number of 1.6 corresponds to the fre-
quency at which vortices roll up at the jet exit while the
lower Strouhal number of 1.1 relates to passing frequency
of a larger vortex that has developed following a merging
process. The velocity spectra indicate that the two fre-
quency peaks have quite similar magnitudes suggesting
that the vortex merging process is in progress. The heat flux
spectrum is clearly influenced by both velocity signals. The
coherence between the heat flux and both axial and radial
velocities is higher at this larger radial distance, particularly
in the frequency range associated with the coherent flow
structure that impinges upon the surface at this location.
While the radial velocity component has more of an influ-
ence on the heat flux at this radial location than in the stag-
nation zone, the higher coherence values suggest that the
axial velocity remains the main influence on surface heat
flux. With regard to the phase difference, the convection
velocity has increased, with the greater radial distance, to
approximately 13.5 m/s. The coherence between the radial
ous measurements; H/D = 0.5.



Fig. 6. Power spectra and coherence and phase information between velocity and heat flux signals; H/D = 0.5, r/D = 0.37.

Fig. 7. Power spectra and coherence and phase information between velocity and heat flux signals; H/D = 0.5, r/D = 0.65.
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velocity and the heat flux signal is sufficient to get good
phase information in the middle frequency range. How-
ever, the slope of the phase difference between the radial
velocity and heat flux signals is very different to that
between the axial velocity and the heat flux at this radial
location. Effectively the radial convection velocity is much
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lower than the axial convection velocity. The difference can
be attributed to the location of the heat flux measurement
point with respect to the velocity component being mea-
sured. The axial convection velocity is in line with the axial
flow velocity and fluctuations in the flow in this direction
convect directly towards the heat flux sensor. The radial
convection velocity is measured perpendicular to the direc-
tion of the radial velocity. Therefore fluctuations in the
radial direction convect at a lower rate towards the heat
flux sensor. Consequently the radial convection velocity is
lower than the axial convection velocity throughout the
range of tests presented.

Temporally simultaneous velocity and heat flux mea-
surements at even greater radial locations for H/D = 0.5
are presented in Figs. 8 and 9. At these larger distances
from the geometric centre the lower Strouhal number of
1.1 exhibits the slightly larger peak in the velocity and heat
flux spectra. This indicates that vortices continue to merge
within the wall jet. The radial velocity spectrum indicates
that the vortex merging process is at a more advanced stage
than the axial velocity suggests. One possible explanation
for this is given by the findings of Orlandi and Verzicco
[10] who investigated vortex rings impinging on a wall. In
this computational investigation it has been shown that
merging vortices present as one large vortex in the radial
direction, while remaining separate entities in the axial
direction. At the location of r/D = 1.02 the coherence
between the velocity signals and the heat flux is greater
than for any other radial location investigated. Again the
axial velocity has slightly higher coherence with the heat
Fig. 8. Power spectra and coherence and phase information bet
flux than the radial velocity, even though the magnitude
of the fluctuations in both the axial and radial directions
is similar, as shown in Fig. 5. This is understandable as
temperature gradients normal to the surface are greater
than parallel to the surface. Beyond this radial distance
the peaks in all spectra reduce in size as can be seen at
r/D = 1.30. In this region the turbulence in the wall jet
increases, breaking the coherent vortex down into random
small scale velocity fluctuations. The phase information
indicates that the convection velocity in the axial direction
has decreased once again and this is most likely due to the
decreased mean velocity in this direction. The axial convec-
tion velocities are calculated to be 18.7 m/s and 7.3 m/s for
r/D = 1.02 and 1.30, respectively.

A similar analysis of temporally simultaneous velocity
and heat flux measurements has been conducted for a jet
impinging at nozzle to plate spacings of H/D = 1.0, 1.5
and 2.0. For these spacings, spectral, coherence and phase
information for the velocity and heat flux signals are pre-
sented in Figs. 10–12 at r/D = 1.02, as this is where vortices
within the flow are most coherent.

It can be seen in Fig. 10 that the dominant frequency
peaks occur at Strouhal numbers of 0.6 and 1.1 at H/
D = 1. Also, a slight peak is evident at St = 1.6. It is appar-
ent that the vortices which rolled up at the jet nozzle have
merged to form larger vortices at a lower frequency. This
new vortex is also undergoing a second merging process
and this results in a peak at the low Strouhal number of
0.6. The radial velocity spectrum indicates that the two fre-
quency peaks have similar magnitudes, suggesting that the
ween velocity and heat flux signals; H/D = 0.5, r/D = 1.02.



Fig. 10. Power spectra and coherence and phase information between velocity and heat flux signals; H/D = 1, r/D = 1.02.

Fig. 9. Power spectra and coherence and phase information between velocity and heat flux signals; H/D = 0.5, r/D = 1.30.
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second vortex merging process is in progress. The axial
velocity spectrum, however, shows the peak at the higher
frequency to have the greater magnitude, suggesting that
this second vortex merging is in its initial stages.



Fig. 11. Power spectra and coherence and phase information between velocity and heat flux signals; H/D = 1.5, r/D = 1.02.

Fig. 12. Power spectra and coherence and phase information between velocity and heat flux signals; H/D = 2, r/D = 1.02.
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At H/D = 1.5 (Fig. 11) the vortices have grown in size
due to the vortex merging process. Two dominant peaks
are evident in the individual spectra at St = 0.6 and 1.1.
In general the two peaks have similar magnitudes indicat-
ing that the second vortex merging process is in progress.
Once again, the spectrum of the radial velocity indicates
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that the vortex merging process is further advanced as the
peak at the lower Strouhal number of 0.6 has the greater
magnitude. Also, the coherence between the radial velocity
and the heat flux is low at the higher Strouhal number
(St = 1.1). Once again the influence on heat transfer of
velocity fluctuations normal to the impingement surface
is shown to be more significant.

Finally, at H/D = 2 only one dominant peak remains in
all three spectra, at a Strouhal number of 0.6. The vortex
that passes at this frequency was evident across the range
of radial locations tested, but was found to be most coher-
ent at r/D = 1.02, as the case shown in Fig. 12. At this stage
Fig. 13. Mean and fluctuation nusselt
it is apparent that the second merging process has com-
pleted to form one large vortex that passes at a Strouhal
number of approximately St = 0.6. According to Broze
and Hussain [11], this Strouhal number is consistent with
the natural frequency that is expected for a jet that issues
with a turbulence level of approximately 30%.

In general, for a normally impinging jet with H/D 6 2
the heat flux exhibits a significant dependence on velocity
fluctuations normal to the impingement surface. Even in
cases where velocity fluctuations parallel to the surface
are greater than normal to the surface, the heat transfer
relies substantially on the axial fluctuations. The variation
number distributions; Re = 10,000.
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of H/D from 0.5 to 2 has seen vortices at different stages of
their development impinge upon the heated surface. At
H/D = 0.5 the vortices are strong and initiate and pass at
high frequencies. At larger H/D the vortices merge, and
pass along the wall jet at lower and lower frequencies.

By reviewing the mean velocity and heat transfer distri-
butions (discussed in more detail in part 1) at different
stages within the vortex development, a fuller understand-
ing of the influence of the vortices can be achieved. Fig. 13
presents the mean heat transfer distributions at low nozzle
to impingement surface spacings. It is apparent that both
the mean and fluctuating Nusselt number distributions
Fig. 14. Mean velocity dist
converge in the stagnation zone (r/D < 1) and in the fully
developed wall jet region (r/D > 2.5). Fig. 14 presents the
mean velocity distributions for the four different heights.
There is no significant difference between the radial velocity
distributions, however a slight trend with H/D can be
appreciated for the mean axial velocity distributions. At
H/D of 0.5, at the first stage of the vortex development,
the axial velocity is more negative at around 1 < r/D <
1.5 which corresponds to the vortex impinging on the wall
jet. It has been shown, by Didden and Ho [12], that strong
vortices in the wall jet have the effect of inducing flow sep-
aration; the axial velocity distributions reported here are
ributions; Re = 10,000.
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consistent with this. Otherwise the axial velocity distribu-
tions coalesce in the same location as the Nusselt number
distributions. Finally the distributions of the rms velocity
are presented in Fig. 15. The magnitude of the fluctuations
in the radial velocity has been influenced slightly by the
various stages of the vortex development. It has been
shown to date that fluctuations in the radial direction have
less of an influence on the heat transfer than the fluctuation
normal to the impingement surface. At the different nozzle
heights above the impingement surface the velocity fluctu-
ations normal to the impingement surface have changed
significantly. Since the mean velocity distributions are rela-
Fig. 15. RMS velocity dist
tively unchanged the variation in the velocity fluctuations is
attributed to the variation in the vortical nature of the
impinging jet flow.

Although vortices delay the transition to a fully turbu-
lent flow in the wall jet, the eventual breakup of vortices
induces velocity fluctuations normal to the impingement
surface that increase surface heat transfer. In general, when
a vortex impinges at the early stage of its development, it is
strong and maintains the low turbulence in the wall jet.
Breakup of this strong vortex, however, results in large
axial velocity fluctuations that enhance the mean surface
heat transfer. When the vortex impinges on the surface at
ributions; Re = 10,000.
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later stages of its development, its effects are less pro-
nounced. The breakup of this weaker vortex results in lower
magnitude axial velocity fluctuations and therefore does
not increase the surface heat transfer to the same extent.

At large H/D (>2) secondary peaks in the mean heat
transfer profile may still exist, however no dominant fre-
quency was found in the heat transfer spectrum for jet to
plate spacings from 2D to 8D. For this reason the results
presented here have been limited to the low range of H/
D 6 2.

4. Conclusions

Results presented in part 1 of this investigation have
shown that regions of high heat transfer are associated with
regions of high local fluid velocity and turbulence intensity.
In particular, peaks in the heat transfer distributions have
been shown to coincide with locations where velocity fluc-
tuations normal to the impingement surface are large.
Comparison of the velocity flow fields with heat transfer
distributions revealed local areas for which time-resolved
data are needed.

The effect that the actual vortex structure has on surface
heat transfer has attracted little attention to date. Vortices
that roll-up naturally in the shear layer of the free jet, close
to the nozzle exit, have been shown to merge forming larger
yet weaker vortices, before being broken down into smaller
scale random turbulence. Stages within the merging pro-
cesses have been identified to occur at various distances
from the jet nozzle. Upon impingement the vortices move
along the wall jet before being broken down. The coher-
ence of the vortical structures has the effect of maintaining
the relatively low turbulence in the wall jet flow. These vor-
tices eventually do break down and the turbulence level
within the wall jet increases significantly, which in turn
increases the heat transfer, leading to a secondary peak in
the heat transfer distribution.

Initially, the temporal nature of the velocity at the exit
of the free jet was investigated. This revealed three fre-
quency peaks which have been associated with the roll-up
and merging frequency of the vortices in the shear layer.
At H/D < 2 similar peaks have been observed in the spectra
of the heat transfer and local velocity signals in the transi-
tional wall jet region. Temporally simultaneous local veloc-
ity and heat flux measurements have revealed that axial
velocity fluctuations exhibit higher coherence with the heat
transfer signal. As the height of the nozzle above the
impingement surface changes from 0.5 to 2 diameters, the
mean velocity in the axial and radial direction does not
change significantly; the velocity fluctuations in the transi-
tional wall jet decrease substantially however. The main
difference between these heights is the stage of the vortex
development. In particular, the velocity fluctuations nor-
mal to the impingement surface in the transitional wall
jet have been shown to decrease substantially in the latter
stages of the vortex development, leading to a reduction
in the heat transfer at this location.
It has been shown here that axial velocity fluctuations
close to the impingement surface have a far greater influ-
ence on the heat transfer than fluctuations parallel to the
surface. Vortices that impinge upon the surface determine
the magnitude and frequency of the fluctuations in both
directions. Because of this, the various stages of the vortex
merging process influence the mean and rms Nusselt num-
ber distributions at low H/D. When the vortices impinge
upon the surface at an early stage in their development, this
promotes separation in the wall jet flow and the subsequent
breakup of these strong vortices leads to large velocity fluc-
tuations normal to the impingement surface. Vortices that
impinge at later stages in their development are weaker and
therefore induce smaller velocity fluctuations normal to the
surface as they break up. This does not enhance the heat
transfer in the wall jet to the same degree as stronger vor-
tices do. In general, the breakdown of strong vortices (in
the early stages of the vortex development), has a favour-
able effect on the heat transfer in the near wall jet.
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