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Abstract

Radial jet reattachment occurs when a radial jet positioned near a surface attaches to it. This results in higher surface heat

transfer rates than with in-line jets impinging normal to the surface. Flow pulsing was used in an attempt to increase heat transfer

but measurements showed no improvement over the steady case. Velocity measurements near the surface show that pulsing reduces

the wall velocity gradient and Reynolds shear stresses relative to the exit jet momentum were also found to be lower than for the

steady case. Computations with the basic k-� model failed to predict a secondary ¯ow in the recirculation region and gave only

limited success in the prediction of pressure coe�cients and Nusselt numbers. Ó 1999 Elsevier Science Inc. All rights reserved.

1. Introduction

Many drying processes use jet impingement for transport of
heat and mass in order to speed the process. Examples can be
found in the paper industry where the wet sheet is dried as it
passes between rollers of the production process. One method
is to use in-line jets which direct a jet of hot air normal to the
paper. A more recent innovation which has already found
industry acceptance uses radial jet reattachment ¯ow in order
to increase transfer rates, Page and Kiel (1990). While surface
heat transfer characteristics are well documented, Page and
Kiel (1990), Ostawari and Page (1992), the ¯ow processes are
not well understood and no satisfactory modelling of such
¯ows has been published.

Radial jet reattachment (RJR) ¯ow is obtained when a
radial jet operates su�ciently near a surface so that the en-
trainment by the jet causes it to de¯ect and attach to the sur-
face. This results in a ¯ow similar to that of a backward facing
step except that the equivalent of a backward facing wall does
not exist and more importantly perhaps, the ¯ow is axisym-
metric and diverging between the nozzle and the surface. The
resultant jet leads to a reattachment circle where the stagnation
streamline meets the surface. A cross-section of such a ¯ow
with the coordinate system to be used, is shown in Fig. 1.

Further improvements in heat transfer are being sought.
Pepper (1993), adapted the whistler nozzle, Hill and Greene
(1977), to the in-line jet in order to obtain unsteady ¯ow as it is
known from the earlier work, Crowe and Champagne (1971),
that introduction of ¯ow unsteadiness, leads to an increase in
entrainment. Fully pulsed jet ¯ow, Bremhorst and Hollis
(1990), is also known to give signi®cant increases in entrain-
ment, although consistent with Taylor's entrainment hypoth-
esis, it is found that the increase in entrainment is directly
proportional to the jet's momentum, Bremhorst and Hollis
(1990).

Flow visualization of the steady RJR nozzle ¯ow, Agnew
(1991), showed that the reattachment circle is not steady or

Notation

b nozzle slot width
D in-line jet exit diameter
f frequency of pulsation
H distance of in-line jet from surface
k turbulent kinetic energy � 1

2
uiui

Ms, Mp steady jet momentum, pulsed jet momentum
N on:o� ratio for pulsed ¯ow
Nu Nusselt number
P static pressure
Pr Prandtl number
r radial direction
r0 radial distance to nozzle exit plane
T ¯uid temperature
U mean axial velocity (positive direction is from

nozzle to surface)
Us phase averaged mean axial velocity
u velocity ¯uctuation
uI axial intrinsic velocity ¯uctuation
u0I root mean square intrinsic velocity, phase or pulse

averaged
uvI intrinsic covariance, phase or pulse averaged
V, Vs, v0I as for U, Us and u0I but in radial direction
V0 nozzle exit velocity
x axial coordinate
Xp distance between nozzle and surface
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closed at all times. Instead, it consists of periodic blowouts at
random locations around the reattachment zone. This is dis-
tinctly di�erent from the stagnation point of an in-line jet and
was thought to be a contributing feature of the higher surface
heat transfer experienced with RJR ¯ow. Due to the trapped
¯uid within the reattachment curtain, a small area under the
nozzle has low heat transfer rates. If ¯uid in that area can be
removed periodically, a further increase in heat transfer was
thought to be possible.

It was postulated that by use of a fully pulsed RJR ¯ow
which leads to periodic destruction of the reattachment curtain
and its renewal, it should be possible to obtain considerable
gains due to the increased temperature gradients at the wall
with every cycle of ¯uid renewal.

The purpose of this paper is to report experimental results
of investigations into steady and fully pulsed RJR ¯ow pro-
duced by pulsing the mass ¯ow to the radial jet nozzle in order
to yield a periodically reattaching ¯ow. Results of simple
modelling of the steady case are presented together with an
examination of the velocity ®eld.

2. Experimental equipment

A crucial aspect of any jet ¯ow studies is the initial condi-
tion of the jet as determined by the nozzle details. For the
results reported here, a nozzle with an internally shaped ¯ow
path as shown in Fig. 1 was used, Agnew (1996). Hot-wire
anemometer measurements at the exit of the nozzle veri®ed
that a near ideal top hat pro®le existed. The exit root mean
square turbulence level was less than 7% of the mean exit ve-
locity even for the largest exit gap.

Air was supplied from a compressed air source through
®lters to a plenum chamber. At the outlet of the plenum
chamber, a rotating valve consisting of two geared counter-
rotating rollers allowed full pulsing of the ¯ow. A variable
speed motor connected to the rollers was used to control the
frequency of pulsation. Di�erent sets of rollers gave di�erent
on:o� ratios. A timing signal was generated by use of a ®xed
light beam and slotted disc attached to the roller When the
rollers were fully open and not rotating, a smooth ¯ow passage
existed resulting in the steady RJR ¯ow. The exit velocity time
history for pulsed operation approximated a half sinusoid
squared.

Flow rate was measured with a sonic nozzle thus preventing
pressure ¯uctuations from the pulsing valve propagating up-
stream and a�ecting ¯ow rate readings, Agnew (1996). In the

Fig. 1. Radial jet reattachment and coordinate system, r0� 21.7 mm.

Fig. 2. (a) Average Nusselt number with RJR (b� 2.5 mm, Xp � 24 mm, V0� 48 m/s, N� 1/3). (b) Average Nusselt number with RJR (b� 2.5 mm,

Xp � 24 mm, V0� 48 m/s, N� 2/3). (c) Average Nusselt number with RJR (b� 2.5 mm, Xp � 10 mm, V0� 48 m/s, N� 2/3). (d) Average Nusselt

number with in-line nozzle (H� 6D, V0� 48 m/s, N� 2/3).
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case of laser Doppler anemometer measurements, a venturi
injector nozzle introduced seed particles into the air supply just
upstream of the plenum chamber. The latter was sized to
maintain pressure ¯uctuations during a pulsing cycle at or
below 3% of the mean pressure.

Surface heat transfer measurements were performed on a
heated INCONEL 600 sheet of 0.0254 mm thickness held on to
a perspex table by a vacuum. This construction minimized heat
losses. The foil was heated with a 50 A, 5 V dc power supply.

Local heat transfer coe�cients were obtained from

hloc �
�q00gen ÿ q00rad ÿ q00con�
�Th ÿ Tad� ;

where Th is the surface temperature when the foil is heated and
Tad is the adiabatic surface temperature. The foil surface was
painted matte black to ensure ideal black body radiation. Both
temperatures were measured with a MIKRON 6T62 infrared
thermographic system with a maximum temperature resolu-
tion of 0.025°C giving an accuracy of better than �0.5% over
its operating range. The heat ¯uxes, q00, represent generation of
heat within the foil, radiant loss of heat from the surface of the
foil and heat loss from the foil by conduction to its support

Fig. 3. Comparison of predicted and experimental local Nusselt

numbers for steady RJR ¯ow.

Fig. 4. Predicted velocity ®eld of steady RJR ¯ow.

Fig. 5. Flow ®eld deduced from U and V measurements ± steady and pulsed ¯ows are similar.
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base, respectively. From the local heat transfer coe�cient
values, area averages could be obtained to any radius.

Velocity ®eld measurements were conducted with a TSI 3-
beam argon±ion laser Doppler anemometer system with po-
larisation to achieve separation of channels. A 40 MHz Bragg
cell was used for frequency shifting to maintain an adequate
number of fringe crossings to avoid fringe bias during the high
velocity section of the pulse.

Signal processing was by means of two TSI 1990A counter
type processors interfaced with an IBM compatible PC.
Sample-hold processing was employed to remove velocity bias
while Doppler burst validation was performed with a 1% ac-
curacy for 1:2 time comparisons. Sample rates to ensure
minimal velocity bias were selected according to the following
criterion, Winter et al. (1991).

_NTu > 5

where _N is the data rate and Tu is the integral time scale of the
¯ow.

3. Surface heat transfer

Local Nusselt numbers, Bremhorst and Agnew (1996), for
the RJR case can be integrated to yield the area averaged
Nusselt numbers shown in Fig. 2(a)±(c). The smaller on:o�
ratio is seen to give the least favorable result irrespective of
the size of surface over which the averages are formed. Some
degree of pulsing frequency dependency is evidenced in all
cases.

From the two results at N� 2/3, it is seen that the steady jet
result was approached for the closer spacing between nozzle

Fig. 7. (a) Mean radial velocity: V0� 48 m/s, b� 2.5 mm, Xp� 24 mm, r/r0� 2. (b) Mean radial velocity: V0� 48 m/s, b� 2.5 mm, Xp� 24 mm,

r/r0� 3.14. (c) Mean radial velocity: V0� 48 m/s, b� 2.5 mm, Xp � 24 mm, r/r0� 4.8.

Fig. 6. Pressure coe�cient distribution at surface for steady RJR ¯ow

(b� 2.5 mm, Xp� 24 mm, V0� 48 m/s).
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and surface. None of the three cases led to average Nusselt
numbers higher than the steady case although, for the case of
Fig. 2(b), indications are that if lower frequencies of pulsation
had been possible, the steady case may be exceeded. Due to the
low thermal inertia of the thin heating foil, lower frequencies
could not be tested as the surface temperature ¯uctuates with
the pulsations. The larger frequency dependency for this case is
probably due to the time taken to establish a reattachment
curtain and the vortex ¯ows within it. The increase in Nusselt
number with decreasing distance between nozzle and surface
suggests that further increases may be possible by bringing the
nozzle still closer to the surface.

The e�ect of a one pixel shift of surface temperature read-
ings with the imaging equipment is shown in Fig. 2(a) at the
lowest frequency where some ¯uctuation of surface tempera-
ture was already evident. Repeatability of readings is demon-
strated by the repeat result for 45 Hz in Fig. 2(b). Neither
e�ect is seen to be signi®cant in the ®nal result.

Measurements were also taken with an in-line nozzle
without the radially reattaching feature, Fig. 2(d). Pulsing is
seen to make little di�erence to the average Nusselt number
relative to the steady case but levels are well below those of the
RJR ¯ow.

Although only low subsonic ¯ow existed, measured adia-
batic surface temperatures varied across the surface for any
given jet setting. This demonstrates the sensitivity of the
thermal imaging equipment as well as the lack of radial
conduction in the thin foil which forms the heat transfer
surface.

4. Simulation of steady RJR ¯ow

Notwithstanding the well documented shortcomings of the
simple k-� model for separated and impinging ¯ows, an at-
tempt was made to model one of the above RJR ¯ows. The
relevant equations are shown in Appendix A where Cl� 0.09,
C1e� 1.44, C2e� 1.92, rk � 1.0 and re� 1.3. A turbulent
Prandtl number, rT, of 0.86 was used to relate the eddy vis-
cosity, mt , and eddy di�usivity.

In order to obtain a reattachment zone which is indepen-
dent of the size of the computational domain, the ¯ow ®eld
was solved to r/r0� 10 in the radial direction and to x/r0� 7 in
the axial direction. Zero gradient boundary conditions were
used along the open boundaries together with the no-slip
condition at the wall. A wall function was included at the
surface in order to speed up calculations using PHOENICS
Ver. 2.0.

The predicted heat transfer result is shown in Fig. 3 and is
compared with experimental data. Remarkably good agree-
ment is noted for the location of the peak which corresponds
to the reattachment line. For part of the region underneath the
nozzle and the recirculation zone, predictions match mea-
surements quite well but the region further downstream in the
wall jet region as well as the level of the peak show signi®cant
disagreement between experiment and prediction.

Rather than extend computations to the pulsed case with
the same model, a more detailed investigation of the ¯ow ®eld
is presented to discover where shortcomings of the modelled
results may exist for the steady case and to also obtain a better

Fig. 8. (a) Intrinsic turbulence intensities for steady RJR ¯ow: V0� 48 m/s, b� 2.5 mm, Xp � 24 mm. (b) Intrinsic turbulence intensities for pulsed

RJR ¯ow: V0� 48 m/s, b� 2.5 mm, Xp � 24 mm, 10 Hz pulsation frequency and N� 1/3. (c) Intrinsic turbulence intensities for pulsed RJR ¯ow:

V0� 48 m/s, b� 2.5 mm, Xp� 24 mm, 10 Hz pulsation frequency and N� 2/3.
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understanding of the velocity ®eld for pulsed ¯ow prior to
further modelling.

5. Velocity ®eld investigation

5.1. Mean velocity ®eld

The predicted velocity ®eld is summarized in the vector plot
of Fig. 4. The reattachment region is seen clearly. Use of
measured mean axial and mean radial velocities, Bremhorst
and Agnew (1996), leads to the qualitative ¯ow representation
of Fig. 5 which holds for both the steady and pulsed RJR
¯ows, although for the latter it applies only in the later part of
the cycle once the attached ¯ow has been reestablished. From
Fig. 5 it is seen that a secondary vortex exists which is absent
in the predicted results of Fig. 4.

Corresponding pressure coe�cients are given in Fig. 6
where a small radial shift between measured and predicted
results is noted as well as a di�erence in the peak values. The
predicted values in the centre region beneath the nozzle
(r/r0 < 1) are below the measured values thus indicating
stronger suction than actually exists. This and the lower peak
value at the reattachment point (r/r0 � 3.1) indicate that the
model does not yield the full recovery of pressure observed by
measurement. The model is also unable to reproduce the low
pressure peak within the stagnation region.

Comparing the radial and axial velocity ®elds for N� 1/3
and 2/3, shows little variation from the steady case, Bremhorst

and Agnew (1996). In all cases, reattachment occurs near
r/r0� 3.1 and a surface vortex is found together with a sec-
ondary recirculation region in the space between the nozzle
and the surface. Only small variations with pulsing frequency
were observed. The above results indicate little di�erence be-
tween the steady and pulsed RJR ¯ows.

Extension of mean radial velocity measurements to the near
wall region where the ¯ow is essentially parallel to the wall,
highlights a signi®cant di�erence between the two types of
¯ows, Fig. 7(a)±(c). The data were obtained in single channel
mode in order to allow the measuring volume of the LDA to
be brought almost to the solid surface. The radial measure-
ment planes are located within the recirculation zone, near the
stagnation or reattachment region and well outside of the re-
circulation region.

The limited data show a clear frequency dependency but
more importantly, show that relative to the steady jet, wall
damping of pulsations leads to a signi®cant reduction in mean
velocity parallel to the wall. A consequence of this is a re-
duction of mean velocity gradient at the wall which in turn will
a�ect heat and mass transfer. This feature is a key indicator of
why pulsed surface heat transfer Nusselt numbers for the range
of pulsations studied, are not above those for the steady case.

5.2. Fluctuating velocity ®eld ± time means

Averaging over many pulses at a given point in the pulse,
permits phase averaged means and phase averaged root mean
squares of velocity ¯uctuations to be obtained. The latter can

Fig. 9. (a) Intrinsic Reynolds shear stress for steady RJR ¯ow: V0� 48 m/s, b� 2.5 mm, Xp� 24 mm. (b) Intrinsic Reynolds shear stress for pulsed

RJR ¯ow: V0� 48 m/s, b� 2.5 mm, Xp� 24 mm, 10 Hz pulsation frequency and N� 1/3. (c) Intrinsic Reynolds shear stress for pulsed RJR ¯ow:

V0� 48 m/s, b� 2.5 mm, Xp� 24 mm, 10 Hz pulsation frequency and N� 2/3.
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then be averaged over a cycle to give the average root mean
square turbulence level at any point. This is the shear gener-
ated or intrinsic turbulence which is comparable to that of a
steady ¯ow. Fig. 8(a)±(c) show the case of steady and pulsed
jet intrinsic turbulence levels. Considerable similarity is noted
between the two cases both in distribution and in level. The
similarity also applies to the radial component, Agnew (1996).

Transport by turbulence is through the Reynolds shear
stresses. Fig. 9(a)±(c) show that unlike the normal stresses,
these are di�erent for steady and pulsed ¯ow with the pulsed
cases being signi®cantly lower than for the steady one. Nor-
malisation on jet exit momentum is used on the basis that jet
momentum determines turbulent shear stresses as already
found to be the case for pulsed free jets, Bremhorst and Hollis
(1990). The reduced level of the shear stresses for the pulsed
cases is further evidence of a reduction of transport by the
small scale motions.

5.3. Fluctuating velocity ®eld ± phase averaged

From a modelling perspective, it is expected that quasi-
steady state behavior results if the time scale of pulsation is
large relative to the time scales of the turbulence. The ¯ow
behavior is then expected to be like a steady ¯ow but with

varying mass ¯ow rate. On that basis, it is useful to consider
¯ow variables as a function through the pulse, that is, phase
averages. Agnew (1996) gives a comprehensive set of phase
averaged turbulence quantities of which the most instructive
are reproduced in Figs. 10±12. In order to facilitate compari-
son of measured turbulence levels with those of steady, free
jets, components of root mean square intrinsic turbulence are
normalized on the mean velocity magnitude, VMAGs, given
by

VMAGs �
������������������������
�U 2

s � V 2
s �

q
:

In order to keep data ®les of LDA signals within reasonable
bounds, some scatter of phase averages has to be accepted. In
spite of this, trends of the data are readily visible. Under the
nozzle, the mean velocity at any instant through the pulse is
very small, hence turbulence intensities are high. Prior to re-
attachment, a ®nite mean velocity exists during the ``on'' part
of the cycle thus giving somewhat reduced turbulence intensity.
A further reduction in mean velocity exists at the reattachment
radius but near the wall at x/Xp� 0.33. This is near the stag-
nation point where a high turbulence level is observed. Much
higher turbulence intensities exist during the deceleration and
``o�'' part of the cycle when the periodic velocity is very small.

Fig. 10. Ensemble averaged axial intrinsic turbulence: V0� 48 m/s, b� 2.5 mm, Xp� 24 mm, 10 Hz and N� 2/3. (a) At nozzle radius, r/r0� 1.0.

(b) Just inside reattachment region, r/r0� 2.4. (c) Near reattachment region, r/r0� 3.1. (d) In the wall jet region, r/r0� 4.5.
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From Figs. 10 and 11 it is seen that for the on part of the
cycle where turbulence intensities similar to those of free jets or
in boundary layers can be expected if the ¯ow is quasi-steady,
the turbulence intensities and hence k, are much higher than
for corresponding steady ¯ows. This is consistent with ®ndings
in fully pulsed jets, Bremhorst and Hollis, 1990; Bremhorst
et al., 1997, for which the intrinsic turbulence intensity is
higher than that found in steady jets. The intrinsic covariances
of Fig. 12 are particularly uncertain but the same trends seen
above are still visible if the initial and ®nal portions of a pulse
are ignored as corresponding values for steady jets are typi-
cally 0.2 or less.

While qualitatively, the present ¯ow would be expected to
act like a quasi-steady one due to the very low Strouhal num-
bers (<0.005 based on exit slot width and exit velocity), the
higher intrinsic turbulence level leads to modelling di�culties
which still remain to be resolved even for the much simpler case
of a fully pulsed, round jet, Graham and Bremhorst (1993).

6. Conclusions

Radial jet reattachment ¯ow has associated with it a sig-
ni®cantly higher surface heat transfer than in-line jets im-

pinging normally to a surface. This has found use in the paper
drying industry where even higher heat transfer rates are de-
sired. Attempts to improve the surface heat transfer even
further by periodic renewal of the trapped ¯uid in the recir-
culation zone under the nozzle, did not yield further im-
provements above those of the steady RJR ¯ow although the
heat transfer rates were a strong function of the length of the
on period for the pulsed ¯ow with a longer on period giving
better heat transfer results.

Simple k-� modelling of the ¯ow with a turbulent Prandtl
number to give surface heat transfer, led to reasonable pre-
dictions of surface heat transfer but results indicated that im-
provements in modelling are required.

Detailed velocity ®eld measurements for the steady and
fully pulsed RJR ¯ow led to the realization that the pulsing
e�ect does not penetrate the wall region fully thus leading to a
reduced velocity gradient in the wall region and hence leading
to a reduced temperature gradient.

Turbulence measurements indicated a lower relative
turbulent shear stress which is consistent with the reduced
heat transfer. Normal intrinsic turbulent stresses, even in
regions where the ¯ow more closely resembles free jet ¯ow,
were found to be higher for the pulsed jet than for the
steady jet. This aspect was previously found to lead to

Fig. 11. Ensemble averaged radial intrinsic turbulence: V0� 48 m/s, b� 2.5 mm, Xp� 24 mm, 10 Hz and N� 2/3. (a) At nozzle radius, r/r0� 1.

(b) Just inside reattachment region, r/r0� 2.4. (c) Near reattachment region, r/r0� 3.1. (d) In the wall jet region, r/r0� 4.5.
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signi®cant ¯ow modelling di�culties, Graham and Brem-
horst (1993).
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Appendix A. Equations

For incompressible ¯ow, invoking the Boussinesq rela-
tionship and the eddy viscosity relationship of

mt � Cl k2

e
:

Momentum:

Uj
oUi

oxj
� ÿ 1

q
oP
oxi
� o

oxj
m
oUi

oxj

�
ÿ uiuj

�
:

Energy:

Ui
oT
oxi
� o

oxi

m
Pr

��
� mt

rT

�
oT
oxi

�
:

k-transport:

Ui
ok
oxi
� o

oxi

mt

rk

ok
oxi

� �
� mt

oUi

oxj

�
� oUj

oxi

�
oUi

oxj
ÿ e:

e-transport:

Ui
oe
oxi
� C1emt

e
k

oUi

oxj

�
� oUj

oxi

�
oUi

oxj
� o

oxi

mt

re

oe
oxi

� �
ÿ C2e
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:
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