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The development of three-dimensional turbulent wall jets emanating from long channels with outlet cross-

sectional aspect ratios from 1 to 8 was investigated by measuring the mean and turbulent flowfields using hot-wire

anemometry. The turbulent velocity profiles indicate that the core of the jet behaves like a two-dimensional wall jet

before the interaction of the lateral shear layers. Contours of the full flowfield indicate that the turbulent mechanism

that causes the lateral growth of the three-dimensional wall jets is located in the lateral shear layers near the wall.

Increasing the outlet aspect ratio separates the lateral shear layers, causing a wider core region of two-dimensional

wall-jet development that, in turn, delays the onset of far-field three-dimensional wall-jet development. The

development of the different aspect-ratio wall jets collapsed onto a single curve when the streamwise coordinate was

normalized by the square root of the channel cross-sectional area and the vertical and lateral jet half-widths were

normalized by the height and width of the channel, respectively.

Nomenclature

A = channel cross-sectional area, m2

AR = channel aspect ratio,W=h
h = height of channel, m
Reh = Reynolds number, Uexith=�
Uexit = exit streamwise velocity, m/s
Umax = local maximum streamwise velocity, m/s
Uo = bulk velocity of the jet, m/s
urms = standard deviation of turbulent streamwise velocity, m/s
W = width of channel, m
x = streamwise coordinate, m
y = vertical coordinate, m
ymax = height of Umax, m
y1=2 = vertical jet half-width, m
z = lateral coordinate, m
z1=2 = lateral jet half-width, m
� = kinematic viscosity, m2=s

I. Introduction

T HREE-DIMENSIONAL wall jets are formed when a jet issues
from a finite width nozzle and flows over a wall, as shown in

Fig. 1. Three-dimensional wall jets occur in numerous practical
applications such as high-lift systems, but are likely outweighed in
economic importance by their use in heating, cooling, and ventilation
applications. One of the most noteworthy features of turbulent three-
dimensional wall jets is that the far-field lateral growth of the jet is
typically five times greater than the growth normal to the wall [1,2].
The cause of this behavior is not fully understood but appears to be
induced by strong turbulence-generated secondary motions in the jet
[1–4]. The large lateral growth has been observed in three-
dimensional wall jets emanating from round [5–8], square [9],
triangular [9], and rectangular [10,11] outlets and thus does not

appear to be sensitive to the outlet shape. The initial development of
the three-dimensional wall jet, however, does depend on the jet-
outlet geometry, and accurately predicting the jet development
before the far field is important, for example, in thermal design
applications. One approach is to use a virtual origin and then to
normalize the streamwise coordinate by the square root of the outlet

cross-sectional area,
����

A
p

, a length scale related to the initial
momentum flux of the jet [12]. This has proven reasonably
successful at collapsing onto a single curve the observed streamwise
variation of the jet half-widths and velocity decay of wall jets formed
by differently shaped outlets with aspect ratios close to one [9] and
for somewhat larger-aspect-ratio jets that were segments of a round,
sharp-edged orifice [13,14]. A disadvantage of this technique is that
it typically does not accurately predict the development of the jet as it
grows from the outlet to the far field.

Few investigations compared the development of three-dimen-
sional wall jets issuing fromoutlets with aspect ratios larger than one,
despite the frequent occurrence of this flow in practice. In one such
study, Padmanabham and Gowda [13,14] showed that the
development of three-dimensional wall jets emanating from various
segments of a round, sharp-edged orifice (and thus different aspect

ratios) could be reasonably well described using the proposed
����

A
p

scaling andwith a virtual origin correction. In two early studies, Viets
and Sforza [10] and Sforza and Herbst [11] examined the
development of three-dimensional wall jets exiting rectangular,
sharp-edged orifices with aspect ratios of 10, 20, and 40, but did not

compare them using
����

A
p

scaling. Based upon measurements of the
centerline velocity decay, they proposed that therewere three distinct
streamwise regions of jet development, similar to the development of
large-aspect-ratio free jets [15,16]. The first regionwas delineated by
an approximately constant maximummean streamwise velocity and
associated with the jet potential core. This was followed by the
characteristic decay region in whichUmax began to decay, but not as
quickly as in the radial decay (or far-field) region. Several authors
have speculated that the development of the central portion of the
wall jet in the characteristic decay region behaves like a two-
dimensional wall jet because the lateral shear layers do not directly
interact [11,12], but this has never been directly shown.

In the investigations of wall jets mentioned in the previous
paragraph, all jets were formed using sharp-edged orifices
[10,11,13,14]. It appears, though, that the development of these
flows is not typical of wall jets formed by other exit conditions. For
example, Launder and Rodi [1,2] found that the development of wall
jets formed using sharp-edged orifices significantly differed from
wall jets formed using long pipes or contoured nozzles. This finding
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was later substantiated by Schwab [17], who found that the near field
of anAR � 10wall jet was dominated by strong vortex structures that
were specific to orifice jets. It was also found that the development of
free jets and wall jets exiting sharp-edged orifices were sensitive to
conditions upstream of the orifice and thus could be facility specific.

The objective of the present investigation was to examine how
varying the outlet aspect ratio affects the initial development of three-
dimensional wall jets. The measurements were performed using
three-dimensional wall jets exiting from long channels to ensure that
the boundary conditions at the jet outlet were well defined and
consistent. Aspect ratios of 1, 3, 4, and 8 were used herein; the flow
from the latter three aspect ratios were previously unexplored. The
facility and methodology used in the investigation are described in
the next section, followed by detailedmeasurements of the mean and
turbulent velocities in the various jets. The conclusions of this
investigation are then presented and discussed.

II. Experimental Setup

Airflow was supplied by a 7.5-kW variable-speed blower and
conditioned using a 0.55 by 0.55 by 0.55 m settling chamber
equipped with three foam filters, a 0.10-m-thick aluminum
honeycomb flow straightener, and a fine wire mesh. Rather than

using four different channels, a single channel with variable width
was designed. The inside height of the channel was 2.54 cm and the
internal width could be varied from 0 to 25.4 cm so that the aspect
ratio could be continually varied from 0 to 10. The flow entered the
channel through a specially designed bellmouth. The channel was
2.4-m-long (96h), and thus the flow exiting the channel was fully
developed. Upon exiting the channel, the jet flowed over a horizontal
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Fig. 1 Schematic of a three-dimensional wall jet issuing from a rectangular opening.
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Fig. 2 Profiles of the mean (open symbols) and turbulent (filled

symbols) streamwise velocities at x=h� 0:1 measured for the channel

with AR � 1 (□), AR � 3 (○), AR � 4 (△), and AR � 8 (▽).
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Fig. 3 Profiles of the mean streamwise velocity on the centerline of the

jet at x=h� 0:1 (�), 3 (□), 6 (○), 10 (△), 15 (▽), 20 (◇), and 25 (◁) for the

wall jets exiting the channel with a) AR � 1 and b) AR � 8.
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platewith dimensions of 2.4 by 1.8m. The bottom of the channel was
mounted flush with the wall so that the jet interacted with the wall
immediately after exiting the channel. A 1.2-m-high by 2.4-m-wide
plate was mounted at the channel exit plane, preventing entrainment
from behind the jet and yielding a well-defined jet-outlet condition.

The development of each wall jet was initially characterized by
measuring streamwise velocity profiles along the jet centerline and
laterally across the jet at the height of the maximum velocity, ymax.
An Auspex boundary-layer hot-wire probe was positioned using a
computer-controlled traverse system with an accuracy of 0.05 mm.
The in-house hot-wire anemometer was developed by Sun [18] using
the design proposed by Perry [19]. The overheat ratio was set to 1.75
and the probewas calibrated in a separate facility. The temperature of
the flow during the experiments was measured using a thermistor,
and though the temperature variations during themeasurementswere
less than �0:5�C, the effect of these changes on the velocity
measurements was corrected using Beuther’s [20] approach. The
voltage output of the anemometer was filtered using an analog low-
pass filter with a cutoff frequency of 5300 Hz and then sampled at
10,600 Hz using a 12-bit A/D board. The sampling time at the
different downstream positions was adjusted so that the 95%
confidence intervals for the estimates of the mean streamwise
velocity at y� ymax were less than 0.2% on the centerline and less
than 0.5% at the lateral half-width. The corresponding 95%
confidence intervals for the estimates of the standard deviation of the
velocity fluctuations, urms, at these locations were less than 0.5 and
6%, respectively [21]. In the second phase of this investigation, the
development of the wall jets was examined by measuring the
streamwise velocity on a 41 by 21 grid that spanned the entire y–z

plane of the jet. The sampling duration for these measurements was
the same as for the velocity profiles, and thus, the uncertainties in the
two sets of measurements were the same.

The measurements were performed with the aspect ratio of the
channel set to AR � 1, 3, 4, and 8. In all cases, the centerline velocity
at the channel exit,Uexit, was 55:0 m=s, corresponding to aReynolds
number based on the channel height and centerline velocity of
Reh � 89; 600. Profiles of the mean and turbulent streamwise
velocity measured on the vertical centerline and y=h� 0:5 at x=h�
0:1 for the different aspect-ratio channels are shown in Fig. 2. In all
cases, the velocity profiles immediately downstream of the jet exit
were symmetric and similar to those expected for fully developed
channel flow. The bulk velocity for each jet was calculated by
numerically integrating both mean profiles and then normalizing by
the outlet cross-sectional area.

III. Experimental Results

The effect of varying the outlet aspect ratio on the development of
the three-dimensional wall jets was first characterized using mean
streamwise velocity profiles measured on the centerline of each jet.
The profiles at x=h� 0:1 to 25 in the three-dimensional wall jets
exiting the channels with AR � 1 and AR � 8 (referred to as the
AR � 1 and AR � 8 wall jets, for brevity) are shown in Fig. 3. The
rapid development of the AR � 1 wall jet can be observed from the
mean velocity profiles. For example, the profile at x=h� 3 in the
AR � 8 jet is almost identical to the profile at x=h� 0:1, whereas
there is already a significant difference between the mean velocity
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Fig. 4 Profiles of the mean streamwise velocity at y� ymax and x=h�
0:1 (�), 3 (□), 6 (○), 10 (△), 15 (▽), 20 (◇), and 25 (◁) for the wall jets

exiting the channel with a) AR � 1 and b) AR � 8.
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Fig. 5 Profiles of the turbulent streamwise velocity at y� ymax and

x=h� 0:1 (�), 3 (□), 6 (○), 10 (△), 15 (▽), 20 (◇), and 25 (◁) for the wall

jets exiting the channel with a) AR � 1 and b) AR � 8.
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profiles in the AR � 1 wall jet over the same range. The slower
development of the larger-aspect-ratio wall jet is also evident from
profiles of the mean velocity measured laterally across the jet at ymax

(Fig. 4). The AR � 1 jet spreads continually, whereas the larger-
aspect-ratio jet develops only at the edges, causing a central region of
reasonably uniform velocity, indicated by the bold lines. There were
also differences in the behavior of the peak in the velocity profiles for
the twowall jets. In particular, the value of ymax continually decreases
for the AR � 8 jet, whereas the value increases slightly before
decreasing in the AR � 1 jet.

The central region of development in the AR � 8 wall jet can be
better observed in the turbulent velocity profiles shown in Fig. 5. The
turbulent fluctuations increase uniformly in the central region as the
flow evolves downstream, whereas the fluctuations on the outer
edges of the jet are more consistent with shear-layer development.
The distance between the peaks in the profiles indicate that the shear
layers on the lateral edges of this jet have not interacted even as far
downstream as x=h� 25. The behavior is quite different in the
AR � 1 jet; the maxima in the turbulent velocity profiles associated
with the lateral shear layers increase quite rapidly and begin to move
away from the jet centerline at x=h� 15 and there is no discernible
region of uniform turbulent velocity fluctuations at the center of the
jet.

The turbulent velocity profiles on the centerline of both of these
wall jets are shown in Fig. 6. In both jets, the fluctuations associated
with the outer shear layers initially grew much faster than the peak
near the wall. The magnitude of the fluctuations near the wall in the

AR � 1 wall jet grew rapidly between x=h� 6 and 10, becoming
comparable to thefluctuations in the outer shear layer. Thereafter, the
fluctuations in both the inner and outer layers increased. This differed
significantly from the behavior of the profiles in the AR � 8 wall jet,
in which the fluctuations near the wall remained significantly smaller
than those in the outer shear layer, even as far downstream as
x=h� 25. As discussed later, this behavior is more consistent with
two-dimensional wall-jet development than three-dimensional wall-
jet development.

The development of the localmaximumvelocity and the growth of
the jet half-widths in all jets investigated are compared in Fig. 7. The
velocity was normalized by the bulk velocity at the jet exit, and the
streamwise coordinate and length scales were normalized by a height
of the channel, a common two-dimensional wall-jet scaling. The
slower development of the larger-aspect-ratio jets is clear: at x=h�
30 to 40, the AR � 1wall jet is wider than either the AR � 3 or 4 wall
jets. The normalized vertical half-widths in the larger-aspect-ratio
jets collapsed onto a single line and in all cases grew in an
approximately linearly fashion. The vertical half-widths for the
AR � 1 wall jet differed somewhat from the larger-aspect-ratio jets
between x=h� 10 and 20, likely due to the rapid development of this
flow.

The decay of the local maximum mean velocity with the

streamwise coordinate normalized by the proposed
����

A
p

scaling is
shown in Fig. 8. Despite the fact that somemomentummust be lost to
the wall, the observed values of the decay of the maximum velocity
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Fig. 6 Profiles of the turbulent streamwise velocity on the centerline at

x=h� 0:1 (�), 3 (□), 6 (○), 10 (△), 15 (▽), 20 (◇), and 25 (◁) for the wall

jets exiting the channel with a) AR � 1 and b) AR � 8.
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Fig. 13 Contours of the normalizedmean streamwise velocityU=Umax (left) and the streamwise turbulence intensityurms=Umax (right) in theAr � 4wall

jet at a) x=h� 3, b) x=h� 6, and c) x=h� 10.
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Fig. 14 Contours of the streamwise turbulence intensity urms=Umax in the Ar � 8 wall jet at a) x=h� 3, b) x=h� 6, and c) x=h� 10.
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collapse reasonably well onto a single curve for the wall jets
investigated here and for three-dimensional wall jets exiting round
pipes [7] and round contoured nozzles [6]. The velocity decay in a
three-dimensional wall jet exiting an AR � 10 sharp-edged orifice
[10] does not collapse nearly as well and is the only jet to clearly
display the three proposed velocity decay regions when plotted in
log–log fashion (shown using lines for this particular wall jet). The
streamwise decay in the other wall jets is muchmore gradual than the

orifice jet between x=
����

A
p
� 6 to 20. In all cases, it appears that the

radial decay region (far field) begins at roughly x=
����

A
p
� 20.

The streamwise variation of the vertical and lateral half-widths

with respect to the normalized streamwise coordinate x=
����

A
p

are
shown in Fig. 9. To unify the data, the initial lateral half-width of the
jet,W=2, or the initial vertical half-width,h, were subtracted from the

related length-scales before normalizing by
����

A
p

to account for the
differences in the initial size of the wall jets. The collapse of the
present results onto a single curve is quite good. The lateral half-
widths in a wall jet exiting an AR � 1 channel considered previously
[22] are slightly smaller than those reported here, but the growth of
the half-widths are similar. The normalized length scales in a wall jet
exiting a long round pipe [7] and a round contoured nozzle [6] are
slightly larger than in the other jets because of differences in the
initial three-dimensionality of these flows. A least-squares linear fit
of the vertical half-widthsmeasured here yields a vertical growth rate
of 0.051, in reasonable agreementwith the value of 0.059 reported by
Fujisawa and Shirai [22] and with the generally accepted result of
0:048� 0:002 reported by Launder and Rodi [1]. The variation of
the normalized lateral half-width was not linear in the region

x=
����

A
p
� 40, and so a fourth-order polynomial function was fit to the

data, as shown in Fig. 9b.‡The lateral half-width determined from the

fit was 5.5 times the vertical half-width at x=
����

A
p
� 40, slightly

higher than the values of 4.7 and 4.8 reported in the far field of a jet
issuing from a round pipe [7] or a square channel [22], respectively.
Again, the development of the three-dimensional wall jet using the
AR � 10 sharp-edged orifice is quite different from the other jets; in
particular, the vena contracta caused by the orifice causes a decrease
in the lateral half-widths and significantly larger vertical half-widths

between x=
����

A
p
� 10 and 30.

To better examine how the proposed scaling actually captures
differences in the various wall jets, a comparison of the mean and
turbulent velocity profiles normalized in terms of similarity variables

at x=
����

A
p
� 15, 20, and 30 for theAR � 1 and 4wall jets are shown in

Figs. 10 and 11. Profiles at x=
����

A
p
� 14 and 21 in the AR � 8 jet and

vertical profiles of the turbulent velocity from the far fields of two-
and three-dimensional wall jets reported by Abrahamsson et al.
[5,23] are also included for comparison. The mean velocity profiles
at the centerline measured by Abrahamsson et al. are not included
because there is little difference between the normalized velocity
profiles in the far field of two- and three-dimensional wall jets. There
were only small differences in the mean velocity profiles at each
downstream location for a given wall jet and between the various
wall jets. The turbulent velocity profiles, however, indicate that there
are significant differences in the development of the different wall
jets. For example, the peak in the turbulent fluctuations across the jet
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Fig. 15 Contours of the normalized mean streamwise velocity U=Umax (left) and turbulence intensity urms=Umax (right) in the Ar � 4 wall jet at x=
����

A
p

equal to a) 10, b) 15, c) 20, and d) 30.

‡As pointed out by one of the reviewers, this polynomial fit should only be
used in the range x=

����

A
p
� 0 to 40 and does not mean that the growth of the jet

for x=
����

A
p

> 40 continues to obey this function.
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are significantly larger and closer to the jet centerline at x=
����

A
p
� 15

in the Ar � 1 wall jet than in the larger-aspect-ratio jets at the same
location. This indicates that the smaller-aspect-ratio jet is more fully
developed than the larger-aspect-ratio jets. The differences in the
profiles between the jets become smaller with increasing
downstream distance. The peaks associated with the lateral shear

layers eventually merge to form a single peak at x=
����

A
p
� 30,

signifying the end of the characteristic decay region and the onset of
far-field three-dimensional wall-jet development.

The turbulent velocity profiles shown in Fig. 10b indicate that the
central core region of the wall jet does, in fact, develop like a two-
dimensional wall jet. For example, a comparison of the turbulent

velocity profiles measured normal to the wall at x=
����

A
p
� 15 with

those measured by Abrahamsson et al. [5,23] indicates that the
larger-aspect-ratio jets initially developmore like a two-dimensional
wall jet in the far field than a three-dimensional wall jet. In terms of
two-dimensional wall-jet scaling, the measurements in the two
larger-aspect-ratio jets are at x=h� 30 and 40, respectively,
distances that are consistent with the onset of far-field two-
dimensional wall-jet development [23]. Further downstream, the
lateral shear layers interact, causing the near wall peak in the
turbulence profiles on the centerline to rapidly develop and exceed

the values for the two-dimensional wall jet. By x=
����

A
p
� 30, the

profiles are similar to those measured in the far field of a three-
dimensional wall jet, signifying the onset of far-field three-
dimensional wall-jet development.

To better examine how the two-dimensional wall-jet core
develops into a fully three-dimensional wall jet, velocity
measurements were performed throughout the flowfield of each

wall jet. Contours of the mean and fluctuating streamwise velocity in
the near field of the AR � 1 and 4 wall jets are shown in Figs. 12 and
13, respectively. In both wall jets, the mean flow initially resembles
the channels they originated from, with the exception of a slight
rounding of themean flow contours at the corners. The lateral growth
of bothwall jetswas initiated near thewall at the jet edges; obviously,
this behavior could not be captured fully by the velocity profiles at the
centerline or ymax. In both jets, the turbulent fluctuations are initially
the largest in the upper and lateral shear layers. As the AR � 1 jet
develops downstream to x=h� 6, three regions of large turbulent
fluctuations associated with the upper and lateral shear layers are
generated. The remains of a low-turbulence region that may be
associated with the potential core of this jet is also apparent at the jet
centerline, even though no evidence of it could be detected from the
other measurements. Further downstream at x=h� 10, this region
disappears and the three high-intensity turbulent regions merge to
form a crescentlike region of strong turbulent fluctuations. The
development of the turbulent flowfield in the AR � 4wall jet is quite
different than for the AR � 1 jet. The turbulence associated with the
upper and lateral shear layers grows as the jet evolves downstream,
however, the turbulent fluctuations grow the fastest on either side of
the lateral shear layers near the wall. This suggests that the turbulent
generated secondary flow that drives the lateral growth of the jet
originates in the lateral shear layers. Similar behavior can also be
observed in the turbulent flowfield for the Ar � 8 wall jet, shown in
Fig. 14. The additional width of the channel separates the lateral
shear layers even further, creating an even wider central region of
two-dimensional wall-jet development off of the jet centerline.

The eventual collapse of the central region in the AR � 4 wall jet
can be observed in the mean and turbulent velocity fields, shown in
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Fig. 16 Contours of the normalized mean streamwise velocity U=Umax (left) and turbulence intensity urms=Umax (right) in the Ar � 1 wall jet at x=
����

A
p

equal to a) 10, b) 15, c) 20, and d) 30.
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Fig. 15. The central region of lower turbulence intensity is apparent

in the turbulent velocity contours at x=
����

A
p
� 10 near the jet

centerline. This region decreases in width due to the rapid growth of
the lateral shear layers as the jet develops downstream, before

eventually disappearing at x=
����

A
p
� 30. Similar contours for the

AR � 1wall jet are shown in Fig. 16. It is clear that this flow develops
quite differently than the AR � 4 wall jet. In particular, the contours
of the maximum turbulence intensity at the core of the AR � 1 jet

display the characteristic crescent-shaped region until x=
����

A
p
� 30.

The contours of themean and turbulentflowfield here begin to appear
alike in the two jets, suggesting that this is approximately the onset of
far-field jet development.

IV. Conclusions

The development of three-dimensional wall jets exiting
rectangular channels with AR � 1, 3, 4, and 8 was investigated in
the region x=h� 3 to 60. The decay of themean streamwise velocity
and the development of the lateral and vertical jet half-widths
normalized by the initial size of the channel in the different jets
collapsed when the streamwise coordinate was scaled using the
square root of the channel cross-sectional area. This method, though
not as formally correct as using a virtual origin, has the benefit that no
prior knowledge of the jet virtual origin is required. This method also
has the additional benefit that it works well in the full range from the
jet outlet to the onset of the far field. It is expected that this tool can be
extrapolated to larger-aspect-ratio jets, however, no data are
available for large-aspect-ratio wall jets, other than those formed
using sharp-edged orifices, to verify this.

There were initially two regions of wall-jet development in the
larger-aspect-ratio jets: a central, core region that evolves like a two-
dimensional wall jet and an outer region associated with the lateral
shear layers. Contours of the turbulent velocity field showed that the
turbulent mechanism that causes the lateral spreading of the jet is
initiated near the wall and on either side of the lateral shear layers.
Increasing the aspect ratio of the channel separates the turbulent
mechanism that causes the lateral growth of the jet, producing a
wider region of two-dimensional wall-jet development and, in turn, a
longer characteristic decay region that delays the onset of far-field
three-dimensional wall-jet development. The profiles and contours
indicate that the mean and turbulent statistics in the various wall jets

begin to appear similar at x
����

A
p
� 30, indicating that this is

approximately the onset of far-field three-dimensional wall-jet
development.
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