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ABSTRACT 

The three-dimensional turbulent wall jet has a lateral half-width that is 5 to 8 times 

greater than its vertical half-height. This has been previously attributed to strong 

turbulence generated secondary flow caused by the passage of coherent vortex-ring 

structures formed at the nozzle exit. In order to assess whether the large lateral growth 

of the jet is tied to these structures, a grid was placed at the nozzle exit to disrupt the 

shear-layer that produces the vortex rings at the outlet. Here, the jet was formed using a 

0.038m round contoured nozzle with an exit Reynolds number of 108,000. The grid has 

a mesh wire size of 0.2mm with an opening of 1mm giving it a solidity ratio of 0.4. 

Measurements of the jet with and without the grid were taken using hot-wire 

anemometry and stereoscopic Particle Image Velocimetry (PIV). The results indicate 

that the grid delays the lateral growth of the jet and increases its vertical growth. By 

x/0=40 though, these differences were minimal. The presence of the grid also decreased 

the mass entrainment and mixing associated with the jet at each downstream location 

investigated. 
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1 Introduction 

The three-dimensional turbulent wall jet, formed by a round jet exiting over a 

flat surface, is a practical yet challenging flow to study. This flow in its most 

basic form is shown in Figure 1.1. It is of engineering interest for heating or 

cooling applications; this is partially because the large lateral growth and the 

limited vertical spread make the flow ideal for film cooling. It also has 

applications in aerodynamic design, in terms of preventing boundary layer 

detachment on airfoils [ 1]. 

However, despite the importance of the three-dimensional wall jet to 

many engineering applications, certain features of this flow also make it very 

difficult to model and compute using conventional CFD turbulence modeling, 

namely its large lateral spread, the presence of streamline curvature, and the 

strong turbulent mixing. A better understanding of the mechanisms driving 

these features would improve the understanding and modeling of turbulence 

flows in general. 

Launder and Rodi [2] proposed that the large lateral spreading seen in 

the turbulent wall jet was caused by mean secondary flows that develop in the 
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jet due to the presence of the wall. Later Matsuda et al. [3] recognized that the 

regions of large mean streamwise vorticity were not caused by secondary 

motions in the jet that resembled the mean; rather, they were caused by the 

passage of quasi-periodic horseshoe shaped vortex structures originating from 

the interaction of the ring structures shed at the jet exit and the wall. 

Considerable work has been done since then to try to understand how the 

coherent structures in the jet relate to the large lateral growth. In general, the 

passage of these structures is thought to intermittently pull fluid down and eject 

it laterally outward [2] [3] [ 4] and it is the cumulative passage of these 

structures that causes the large, lateral growth of the jet. 

The goal of the present work is to determine whether these ring 

structures formed at the jet outlet effect the downstream development of the jet. 

The present work proposes to disrupt the formation of these ring structures by 

placing a grid over the jet exit and to compare the development of this jet to the 

no-grid case to determine the extent to which these structures contribute to the 

large lateral spread. The natural, undisturbed wall jet is formed here using a 

contoured nozzle with an exit Reynolds number of 108000. A grid with a 

solidity ratio of 0.4 is placed directly over the outlet and the Reynolds number 

is kept the same. Measurements are performed using both hot-wire anemometry 

and PIV techniques to examine the differences between the two jets. 
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Figure 1.1: Typical three-dimensional wall jet profiles in the vertical and lateral 

planes in the near field and intermediate field. 
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2 Literature Review 

There has been considerable research done on the three-dimensional wall jet. 

Much of the early work is extensively reviewed by Launder and Rodi [2]. The 

key points and findings from these early studies will be discussed; however, 

more attention will be paid to recent work investigating the large-scale 

turbulent structures that seem to cause the anisotropic growth rate of the wall 

jet. Particular attention will be paid to the effect of varying jet outlet conditions 

on downstream jet development. 

The development of the three-dimensional wall jet is often characterized 

by examining the decay of the local maximum streamwise velocity, Umax, and 

the evolution of the lateral and vertical half-widths, z112 and Y112, respectively, as 

shown in Figure 2.1. The vertical half-width (y112) is defined as the vertical 

distance along the jet centreline normal to the wall where the velocity is half of 

the local maximum streamwise velocity. The lateral half-width (z112) is defined 

as the lateral distance from the jet centreline to the point where velocity is half 

of the maximum streamwise velocity at the same height as the maximum 

streamwise velocity point. 
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Figure 2.1: Three-dimensional wall jet schematic and nomenclature. 

The development of the three-dimensional wall jet has been studied for a range 

of outlet geometries and velocity profiles. For example, Viets and Sforza [5] 

conducted the earliest measurements using a rectangular sharp-edged orifice 

with an aspect ratio of 10. Later, Newman et al. [6] investigated the flow 

exiting a long pipe. Different nozzle geometries were then investigated by 

Rajaratnam et al. [7] and Padmanabham and Gowda [8]. All these 

investigations agreed that the mean streamwise velocity profiles are self-similar 

in the far field region (typically x/D=40 and beyond) when they are scaled by 

the local maximum velocity and the jet half-widths. However, due to the vena 

contracta effect present in the sharp-edged orifice jet, the profiles in the 
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intermediate and near field do not agree with all the other exit configurations; 

for this reason, Launder and Rodi excluded such jets from their review [2]. 

Rajaratnam et al. [7] examined how the orifice geometry affected the 

development of the three-dimensional wall jet. They measured the flow field 

exiting both a square orifice and a circular orifice and reported that the change 

in orifice geometry did not affect the decay of local maximum streamwise 

velocity (Umax!Uexit) in the region x/../A > 60 (where A is the orifice cross 

sectional area). Padmanabham and Gowda [8] later examined the development 

of wall jets exiting various segments of a circle by moving the table up so that it 

covered the bottom portion of the nozzle to give various segments. While they 

found no significant change in the decay of local maximum velocity with 

change in outlet geometry they did find a significant effect on the lateral and 

vertical growth rates. It should be pointed out that a vena contracta would be 

formed in orifice outlet conditions and that the jet formed from such an exit 

condition develops differently than a jet formed from a contoured nozzle or a 

long pipe. 

Sun [9] compared the development of the wall jet with two types of 

outlet conditions: a long pipe and a contoured nozzle. He found that the 

development of the wall-jet exiting from a long pipe was delayed as compared 

to the development of the contoured nozzle in the intermediate region, 10 < x/D 

< 20. However, he found that the growth rates and profiles of the jets were not 

significantly different beyond x/D=20. One could speculate that the differences 
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in the near field could be attributed to differences in the ring structures formed 

at the jet outlet due to the different exit conditions; however, these differences 

seem to disappear with increasing distance from the outlet. 

Erikson et al. [ 1 O] showed that the presence of a back wall at the exit 

made very little difference to the development of the jet; however, the presence 

of a back wall did make the jet much more difficult to align, as a minor 

misalignment of the back wall amplifies the uneven entrainment, and translates 

to an asymmetric jet. Sun [9] also showed that the presence of the back wall did 

not significantly alter the mean or fluctuating velocity profiles of the jet. 

As discussed, the cause of the large lateral spread of the three

dimensional turbulent wall jet is not yet fully understood. Launder and Rodi [2] 

proposed that the spread was due to a mean secondary flow. From the 

governing equations for the transport of mean streamwise vorticity for steady, 

incompressible flow, 

A B C D E 
r"-1 ,..._._ 2 2 2 

Dfix=n au+n au+n au+_a_(v2-W2)+(!._ _ _E_)vw+ 
Dt X ax y ay Z az ayaz az2 ay2 

F 

where n = aw - av 
X ay az 

n = au - aw 
X az ax 

n = av - au 
z ax ay 
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and 

A - Transport of streamwise vorticity 

B - Streamwise amplification of mean vorticity by vortex stretching 

C - Vorticity production by vortex-line bending 

D - Vorticity production by gradient in Reynolds stresses 

E - Vorticity production by gradient in Reynolds shear stresses 

F - Viscous diffusion of vorticity 

Launder and Rodi [2] observed that one of the possible sources of streamwise 

vorticity in the three-dimensional wall jet was due to the vortex-line bending, 

term C, which expanded gives 

fl au + fl au = au au _ aw au 
X ay Z az az az ax ay (2) 

Using scaling arguments, they proposed that the second term in equation 2 

becomes dominant in the far field of the jet. This was thought to lead to the 

formation of two counter-rotating regions of mean streamwise vorticity on 

either side of the jet centreline as shown in (Figure 2.2). This vorticity was 

believed to cause the jet's large lateral spread by driving the mean flow into the 

wall and laterally outward. 
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Figure 2.2: Structure of streamwise vorticity proposed by Launder and Rodi [2]. 

Though there is little information available about the source of streamwise 

vorticity, the stream wise vorticity has been examined by Iida and Matsuda [ 11] 

and others. Iida and Matsuda measured the mean streamwise vorticity using a 

cross-wire in a three-dimensional wall jet exiting a round nozzle in the near

field region (x/D=3 to 15). What they found was in partial agreement with 

Launder and Rodi's theory, as there were two regions of counter rotating mean 

streamwise vorticity on either side of the jet centreline. However, these two 

regions were distributed laterally across the wall, instead of one on top of the 

other as proposed by Launder and Rodi [2]. Figure 2.3 shows the evolution of 

the streamwise vorticity from x/0=5 to 15. It can be seen that the outer region 

of mean stream wise vorticity moves away from the wall and from the centreline 

as the inner region is induced towards the wall and spreads laterally. 
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Figure 2.3: Stream wise vorticity contours reported by Iida and Matsuda [ 11] at 

x/D=5 and 15 as taken from Sun [9]. 

Iida and Matsuda [11] proposed that these regions of large mean 

streamwise vorticity were not due to steady secondary motions in the jet, but 

rather attributed it to the passage of quasi-periodic horseshoe shaped vortex 

structures formed by the interaction of the wall and the vortex ring structures 

formed at the jet exit (Figure 2.4). This model, however, does not account for 

the inner region of streamwise vorticity. 
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Figure 2.4: Schematic of the model for the large-scale structures in the near 

field of the three-dimensional wall jet proposed by Matsuda et al. [11] taken 

from Sun [9]. 

Later, Ewing and Pollard [ 4] proposed that the lower, inner regions of vorticity 

recorded by Iida and Matsuda [ 11] were generated by a smaller inset horseshoe 

vortex generated by the interface of the wall and the bottom of the ring vortex. 

They proposed a revised version of Iida and Matsuda's model with the double 

inset horseshoe vortex (Figure 2.5). 
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Figure 2.5: Schematic of the alternative model for the large-scale vortex 

structures in the three-dimensional wall jet, proposed by Ewing and Pollard [ 4] , 

taken from Sun [9]. 

Sun and Ewing [ 12] then extended Ewing and Pollard ' s [ 4] measurements to 

x/D= 10 - 40, or the intennediate region. Here they also found two regions of 

counter rotating streamwise vorticity, in agreement with those reported 

previously in the near field by Iida and Matsuda. Sun and Ewing also observed 

a poor spatial correlation in the velocity measurements across the jet centreline, 

which they attributed to meandering of the structures in the jet. In a later similar 

study, with a three-dimensional wall jet formed using a long rectangular 

channel, the same behaviour was noted by Hall and Ewing [ 13] ; however, the 

vorticity seemed to originate in the comers of the jet in the near field. Hall and 

Ewing also noted poor spatial correlation of the fluctuating pressure across the 

jet centreline, and suggested that it was not caused by lateral meandering of the 

structures in the flow ( as proposed by Sun and Ewing), but rather was caused 
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by an asymmetry in the motion contributing to the fluctuating pressure. Hall 

and Ewing [ 14] later confinned this with Linear Stochastic Estimation 

reconstructs of the velocity field and proposed the structure shown in Figure 

2.6. 

Figure 2.6: Vortex structures proposed by Hall and Ewing [14] for a three

dimensional wall jet exiting from a rectangular opening. 

Note that in all of the aforementioned models, the downstream structure 

evolves from a structure fanned at the nozzle outlet. For the rectangular jets the 

"ring" is rectangular, whereas, the structures are thought to be coherent vortex-

rings for the jets formed using round outlets. Attention will now be given to 

vortex rings fanned in free jets and the effect of grid placement on them. For 

example, Popiel and Trass [ 15] perfonned flow visualization on an unforced 

free jet using a smoke wire (Figure 2.5) and then did comparisons to a free jet 

with a grid placed over the nozzle outlet. The images suggest that a mesh or 

grid placed over the outlet significantly alter the outlet condition and the large

scale structures. In their place, small-scale turbulence is introduced. Flow 
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through a screen yields what is often termed grid turbulence, characterized by 

homogeneous small-scale turbulence. A comparison of Figure 2. 7 and Figure 

2.8 (by Popiel and Trass [15]) shows that the grid disrupts the coherence of the 

vortex structures formed at the outlet. In Figure 2.8 the flow is much more 

uniform between lD and 2D and the flow is comprised mainly of small scale 

turbulence with no discernible large-scale structures. 
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Figure 2.7: Visualization of the vortices formed at the outlet of a natural free 

round jet [ 15]. 

Figure 2.8: Visualization of a natural free round jet with a grid placed over the 

outlet [15] . 

Burattini et al. [ 16] investigated the effect of initial conditions on the 

near-field development of a round free jet by placing screens of various solidity 

ratios at the nozzle exit and comparing with the unobstructed jet. They found 
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that the initial shear layer instability of the jet was suppressed. However, the jet 

column instability though showing a reduced growth rate was still active. This 

caused the perturbed jet to have a decreased radial growth rate and extended 

region of streamwise decay, resulting in the potential core being lengthened by 

nearly 50%. 

In a separate study, Burattini et al. [17] examined a free jet exiting a 

contoured nozzle with and without a grid at the nozzle exit plane, using velocity 

and passive scalar (temperature) measurements. The passive scalar velocity 

measurement showed that the streamwise development and radial spread of a 

jet interrupted by a grid were attenuated when compared to the unobstructed jet. 

The disturbed jet also grew more smoothly and linearly in the region 0.5 ~x/D 

~1.25. This means that the structures that contribute to the early developpment 

of the jet are not the jets only growth mechanism. 

There are no previous studies about placing a grid over the exit of a 

three-dimensional wall jet, however Cant et al. [18] examined the effect of a 

two-dimensional planar wall jet impinging on a grid at 90D. They produced a 

two-dimensional plane jet by fitting an additional contraction to the outlet 

contraction of an open-circuit blower tunnel. The final outlet was 600mm wide 

by 5.5 mm. Side walls were added to confine the spread of the jet to the 

transverse (y-direction) only. An outlet Reynolds number of 15,000 was used. 

The jet was caused to impinge on a mesh of porosity {3 = 0.55 at 90D 

downstream. They noted a significantly decreased jet growth downstream of the 
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mesh for the more porous mesh cases. They deduced that the mesh tended to 

remove the large-scale vortices mainly responsible for the entrainment. 

As stated, no documented studies investigate the case of a mesh on the 

nozzle outlet of a three-dimensional wall jet. This flow scenario could yield 

interesting results as the three-dimensional wall jet is thought to be driven by 

large-scale structures initiated by vortex rings produced at the nozzle exit. This 

will be the aim of this present study: to disrupt the coherence of the large-scale 

structures formed by the vortex rings initiated at the nozzle outlet by placing a 

grid over the nozzle outlet and comparing the development of the jet in this 

case with the development of the jet with no-grid. 
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3 Experimental Setup 

The experimental facility used is shown in Figure 3.1. The jet airflow is 

provided by a 6.5 Hp, single stage centrifugal blower. The flow is conditioned 

in a 0.9m X 0.9m settling chamber that has three 10 mm mesh screens. The 

flow passes from the settling chamber through a flow straightener in a 0.2m 

diameter pipe. The air then flows through a contoured nozzle with an area 

contraction ratio of 28: 1 and an exit diameter of 38.1mm. The nozzle has a fifth 

order polynomial profile to produce a top hat exit velocity profile. The grid is 

solidly mounted directly on the nozzle outlet. The wires of the grid are 0.2mm 

diameter and the spacing is 1mm in both directions, which gives a solidity ratio 

of 0.4. The exit Reynolds number is 108,000, which corresponds to a velocity 

of 42 mis. Immediately upon exiting the nozzle, the air comes into contact with 

a 2.48m X 2.08m horizontal wall, forming the three-dimensional turbulent wall 

jet. 
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Figure 3.1: Schematic of experimental wall-jet apparatus. 

3.1 Hot-Wire Anemometry 

The velocity profiles were first measured using a single-wire constant 

temperature anemometer (CTA). The single-wire probe is a 5µm tungsten wire 

manufactured by Dantec. The hot-wire probe was positioned by a large traverse 

positioned above the wall jet. It is connected to a Dantec C-series bridge and 

runs at an overheat ratio of 1.8. The data was sampled using a 16-bit Microstar 

Laboratories DAP AID converter set at a sampling rate of 10,240Hz. Onboard 

low-pass filtering was set to a cut-off frequency of 3,200 Hz. The hot wire was 

calibrated at constant room temperature in the jet using a pressure transducer 

from Omega Engineering, the PX653 05D5V, to measure the jet velocity. The 

resulting hot wire voltages were then associated with the corresponding 

velocity measured by the pressure transducer. The calibration curve is obtained 

by fitting the results to a fourth-order polynomial, a sample of which is shown 

in Figure 3 .2. 
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Figure 3.2: Fourth-order polynomial calibration curve fit 

The appropriate sample duration in the wall jet was determined by taking a few 

long samples of data at each x/D location to determine the integral time scale 

(71). This was determined from the auto-correlation function. 

11T Rx(r) = lim - x(t) · x(t + r) · dt 
T~oo T 0 

The integral time scale is then the integral of the autocorrelation function 

From the integral time scale the number of independent points, N, can be 

calculated as 

20 



N 

where it is generally argued that only points sampled every three characteristic 

time scales are truly independent. The uncertainty of the estimator of mean 

velocity is then: 

u'/U 
ffe 

Although the uncertainty in the estimator of the mean is the greatest source of 

error, it is also important to note that temperature variations can contribute up 

to l.5%/°C. Therefore, the jet was allowed to run for up to an hour in order for 

the room and jet temperature to reach a steady state before beginning to take 

samples. The hot wire was calibrated before each new data set, the temperature 

was measured before and after each data set, and the data was rejected if the 

difference was greater than 1 °C. 

With hot-wires, since the velocity of the jet is deduced from the 

convective cooling rate of the wire, it is crucial that a constant room and jet 

temperature be maintained throughout the experiment. Initially the flow 

velocity was regulated using a knife gate valve at the blower outlet. However, 

to maintain the desired 42 mis flow velocity, the flow had to be throttled down 

to 1/3 of its area. This reduction of flow introduced turbulence; but more 

importantly, the turbulent energy was dissipated as heat, which caused the jet to 

heat up over time and also caused a lateral and vertical temperature gradient in 
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the wall jet. This was remediated by installing a variable frequency speed 

control for the AC motor of the blower. 

Another important factor in a proper! y designed experiment is the 

alignment of the wall and jet. The nozzle was mounted flush with the wall and 

at the same height. The traverse was aligned to give a symmetric mean velocity 

profile when traversing laterally. This can be seen in Figure 3.3, where the 

mean streamwise velocity profiles for both sides of the jet are plotted together 

for the grid and no-grid case at x/D=20. Clearly, the jet is symmetric as both 

halves of the jet overlap when plotted together. 
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Figure 3 .3: Collapsed profiles of the mean stream wise velocity at x/D=20 

showing the lateral symmetry of the controlled and uncontrolled jets. 
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Table 3 .1: Sampling time and uncertainty in the estimators of the stream wise 

moments for a 95% confidence level. 

Uncertainty in estimator of U Uncertainty in estimator of U 

x/D T sampling ( S) at zo.s (%) at Ymax (%) 

Grid no-grid grid no-grid 

5 10 2.7 2.6 0.17 0.18 

10 15 3.9 3.8 1.3 1.5 

20 30 4.6 4.3 2.1 2.4 

40 146 4.4 4.0 2.4 2.3 

· 3 .2 Particle Image Velocimetry 

The velocity field was acquired using the La Vision Stereoscopic PIV 

system. PIV is a non-intrusive velocity measurement technique that uses high

speed cameras to track tracer particles in the flow of interest. The particles must 

be small and light enough to not alter the dynamics of the flow while also being 

neutrally buoyant and also have a similar inertia in order to follow the fluid's 

erratic movements in the case of turbulent flows. It requires a direct line of 

sight to the studied flow for the cameras and the light source. Various prisms 

are often used when direct line of sight is not possible for the light source. The 

light scattered by the tracer particles is recorded onto two successive image 

frames within a short time interval. The frames are then processed after all the 

data is captured since substantial time and computing power is required to 

reconstruct the flow field from the images. 

For the present investigation, the jet was seeded with olive oil droplets 

using a Laskin nozzle atomizer producing a mean particle diameter of 3 µm. In 

23 



order to track entrained fluid the ambient air must also be properly seeded; 

running the apparatus for 15-20 minutes prior to taking the measurements 

ensured proper seeding of the ambient air in the room. 

Figure 3.4: PIV laser and camera orientation. 

The measured region of the flow was illuminated using a Solo 120XTNd

Yag laser having a pulse energy of 120ml. The images were captured by a pair 

of 12-bit LaVision imager intense CCD cameras with a resolution of 1376 x 

1040 pixels. The laser and cameras were setup as shown in Figure 3.4. The 

delay time between successive images, also called pulse separation, must be set 

for each downstream location and is based on the time-scale of the flow at that 

location. For more rapid flows the delay time must be less, the objective is to 

capture the motion of the same particles in both frames having a minimum 
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displacement of 5 pixels [ 19] yet not so large that there are too many particles 

leaving the light sheet volume in between illuminations due to out-of-plane 

velocity component. 

Each vector field can be considered as statistically independent since the 

longest integral time-scale (x=40D) being in the range of 0.05 seconds is much 

quicker than the fastest image pair delay being in the order of 1 second. It is 

generally agreed that 3 characteristic time scales are necessary to obtain 

statistical independence; this is well exceeded in this case. The uncertainty for 

the estimators ofU, V, and Ware given in Table 3.2. 

These images were then processed using La Vision Flow Manager (Da Vis 

Version 7.2) by multi-pass, decreasing interrogation window sizes of 32 x 32 

with 75% overlap as well as a normalized correlation factor. The processed data 

was then reconstructed using the Whitaker algorithm. 

Table 3.2: Uncertainty in the estimator of the streamwise velocity, U, for the 

PIV measurements at the 95% confidence interval. 

x/D 
No-erid cU (0/o) Grid cU (0/o) 

Zhalr Yhalr Ymax Zha1r Yha1r Ymax 

15 0.68 0.82 0.39 0.71 0.76 0.34 

30 0.82 0.93 0.46 0.78 0.92 0.46 

40 0.88 0.99 0.47 0.93 0.99 0.47 
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4 Results 

Measurements were taken using both hotwire and particle image velocimetry. 

The hotwire measurements are time resolved, but lacking in spatial resolution. 

On the other hand, the PIV measurements, while not being time resolved, have 

very good spatial resolution and give a clearer picture of the overall flow field. 

Using both techniques allowed for both time related study of the differences in 

the jets such as spectra, as well as overall shape of the jet via velocity contours. 

4.1 Hotwire results 

Figure 4.1 compares the mean and turbulent streamwise velocities measured 

with and without the grid at x/D=0.5D. The mean velocity for the no-grid case 

is uniform, as expected with the use of the contoured nozzle. The grid case 

however is less uniform because of the wakes formed by the wires in the grid. 

Immediately behind the wire, the mean velocity is lower and the rms value is 

higher. The grid case has much higher turbulence across the jet than the no-grid 

case. The turbulent fluctuations in the shear-layers, however, are lower with the 

grid than without the grid. The passive introduction of turbulence by the mesh 
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disperses the relative local intensity of the shear-layer, which in tum hinders the 

formation of ring vortices at the nozzle outlet. This is consistent with the flow 

visualization of Popeil and Trass [15] in a free jet. 
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Figure 4.1: Centerline vertical profiles of mean streamwise velocity and 

fluctuating velocity at the nozzle outlet, x/D=0.5: • u' !Umax grid,~ u' !Umax no-

grid, • U!Umax grid, O U/Umax no-grid 

The turbulent kinetic energy budget in an incompressible flow can be 

represented as shown below: 

h 
- l __ 

w ere, q = -uiui 
2 

I - Rate of increase of turbulent kinetic energy 

II - Convection of turbulent kinetic energy by the mean flow 

III - Production of turbulent kinetic energy by interaction of the mean flow 

and turbulence 
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IV - Convective transport of turbulent kinetic energy by the fluctuating 

motion (turbulent mixing) 

V - Transfer of turbulent kinetic energy by pressure effects 

VI - Viscous effects ( dissipation, diffusion) 

Thus, the production of turbulence is directly related to the shear of the 

mean flow and the turbulent shear-stresses. It is clear that that placing the grid 

over the outlet has caused a change in the gradient of the U at the edge of the jet 

in the vicinity of the shear-layers. This, in tum, should effect the generation of 

turbulence in the jet, particularly in the location of the shear-layers where the 

ring vortices originate. 

Figure 4.2 shows a companson of the power spectra at the peak 

fluctuating velocity encountered in the shear layer at x/D = 0.5. The large peak 

in the no-grid case is typically associated with the regular passage of large-scale 

ring structures. The lack of a predominant peak for the grid case suggests that 

the coherent ring structures formed at the jet exit have been altered or at least 

reduced in intensity and are less organized than for the no-grid case. The 

spectrum is significantly broader for the grid case, which suggests that there is 

significantly more small-scale turbulence present. 
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Figure 4.2: Power spectra in the jet shear-layer at x/D=0.5; comparison of the 

grid and no-grid case. 

The mean and turbulent velocity profiles in the near field region of the wall jet 

for the grid and no-grid cases are compared in Figure 4.3. The velocity profiles 

have been normalized here by the mean jet exit velocity and the x and y 

coordinates have been normalized by D. At x/D=l the mean velocity profile for 

the no-grid and grid cases are both reasonably quite flat, signifying the presence 

of a potential core, at least for the no-grid case. The turbulent velocity at this 

location is still higher across the centre of the jet for the grid case while the 

fluctuations in the shear layer are significantly smaller for the grid case than the 

no-grid case. The mean profiles measured across the jet at Ymax at x/D= 1 show 

only small differences with the largest difference again being noted in the 

turbulent profiles. Again, the turbulence levels between the shear-layers are 
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higher for the grid case and the turbulence levels are higher in the shear-layers 

for the no-grid case. 

Further downstream at x/0=5, the differences caused by the presence of 

the grid start to become more noticeable. In the mean profiles measured normal 

to the wall, both cases are still reasonably flat at the core of each jet, likely 

indicative of the persistence of a potential core region. In the outer shear-layer, 

the mean profiles indicate that the no-grid case seems to be developing slightly 

faster than the controlled jet and seems to be developing slightly closer to the 

wall. Inspection of the turbulent velocity profiles at the jet centerline reveals 

that there are now two dominant peaks in the profiles associated with the outer 

shear layer and a near wall peak associated with turbulent production near the 

wall. The peak associated with the outer shear-layer for the no-grid case is 

slightly larger and is slightly closer to the wall than the no-grid case whereas 

the near wall peak for the no-grid case is slightly smaller in magnitude than the 

no-grid but is also closer to the wall. Taken together, these results suggest that 

the presence of the grid has caused the jet to develop slightly slower and not as 

close to the wall. 

The mean velocity profiles measured across the jet at x/D=5 are quite 

similar for both cases. There are some slight differences in the turbulent 

velocity profiles but it is unclear whether this is due to differences between the 

jets or errors in the measurements. 
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Figure 4.3: Velocity profiles measured in the near field at x/D=l and 5: (a) 

mean velocity measured on centerline, (b) mean velocity measured across the 

jet at Ymax, ( c) fluctuating component measured on jet centerline, ( d) lateral 

fluctuating component measured across the jet at Ymax· 
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Figure 4.3: Continued. 
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Similar mean and turbulent velocity profiles, this time, taken at x/D= 10 and 20 

are shown in Figure 4.4. At these positions, the small differences between the 

grid and no-grid jet noted in the near field become larger as the jets develop 

downstream. By x/D=lO, the potential core has been fully engulfed for both the 

32 



grid and no-grid cases and the jets begin to exhibit classical wall jet behaviour. 

The mean velocity taken at the jet centerline for both x/D=lO and 20 indicates, 

that Ymax is higher for the grid case, which is consistent with the near-field 

measurements that indicates that the grid has caused the jet to develop further 

from the wall. This is also indicated by the turbulence profiles measured at the 

jet centerline, as the peak associated with the outer shear-layer is further from 

the wall for the grid case. Interestingly, the fluctuations tend to be larger for the 

no-grid case than the grid case suggesting these fluctuations may be linked to 

the coherent structures for the no-grid case. The mean velocity profiles 

measured at Ymax are similar, but are slightly wider at both locations for the no

grid case. Taken together, these results suggest that the presence of the grid 

causes the jet to develop taller and narrower than the no-grid case. 
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across the jet at Ymax, (c) fluctuating component measured on jet centerline, (d) 

lateral fluctuating component measured across the jet at Ymax· 
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Figure 4.5: Velocity profiles measured in the far-field at x/D=40D: (a) mean 

velocity measured on centerline vertically, (b) mean velocity measured across 

the jet at Ymax, (c) fluctuating component measured on jet centerline vertically, 
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Mean and turbulent velocity profiles taken on the jet centerline and 

measured laterally across the jet at Ymax are again shown in Figure 4.5, however 

for this case, in the jet far field, at x/0=40. It is clear that the mean velocity 

profiles on the jet centreline are quite similar for both cases. There are some 

slight deviations that occur from y/D = 1 outward, but these fall within the 

measurement uncertainty. The lateral mean velocity profiles are also nearly 

identical and once again, the differences fall within measurement uncertainty. 

These results suggest that the grid does not change the mean development of 

the two jets in this region and, that by this point differences in the mean flow 

are minimal. 

The turbulent components, however, do display differences between the 

grid and no-grid cases. Close to the wall, the turbulent fluctuations measured on 

the jet centre are lower for the no-grid case, which is again consistent with the 

grid delaying jet development. The turbulent profiles measured across the jet 

are also lower for the grid case particular at the centreline. In fact, the grid 

profile still shows remnants of the two peaks associated with the lateral shear

layers observed in the intermediate field, while the no-grid case has merged into 

a single peak. This behaviour is indicative of delayed jet development and 

similar wall jet behaviour has been observed and discussed in detail by Hall and 

Ewing [20]. 

The mean velocity profiles measured across the jet in the intermediate 

and far-filed are normalized by similarity variables ( z112 and Umax) in Figure 
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4.6. At x=10D, the onset of the intermediate field, the jet has not yet reached a 

fully self-similar state, but is clearly tending toward it. Further downstream at 

x/D=20 and 40, the profiles collapse suggesting the jet mean flow is becoming 

self-similar. The agreement between the grid and no-grid mean profiles again 

leads to the conclusion that the jet growth is delayed, but has not significantly 

altered the overall wall jet development in the intermediate and far-field. 

Further insight into the wall jet development can be gained by 

examining how various jet quantities vary with downstream position. The decay 

of the local maximum streamwise velocity normalized by Umax for the grid and 

no-grid cases is compared to Sun's [9] data and Davis and Winarto's data [21] 

in Figure 4. 7. There is very good agreement amongst all cases. The decay of the 

local maximum streamwise velocity of the grid and no-grid case is also 

comparable. This suggests that the grid and no-grid jets are behaving alike, and 

indicates that the presence of the grid has not significantly changed the mean 

wall jet development. 
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Figure 4.8 shows the development of the jet normal to the wall versus 

streamwise position. The half-height for the grid case is taller at all x locations 

measured and these differences seem to get larger as the jets evolve 

downstream to x/D=20, but by x/D=40 the differences are smaller. A similar 

graph of the lateral half width of the jet versus streamwise position, shown in 

Figure 4.9, indicates that the grid case grows more slowly than the no-grid case. 

Again, these differences become larger as the jet evolves downstream to 

x/D=20, but by x/D=40 the differences are becoming smaller. By 40D the 

slopes of the half-height and half-width, dy112/dx and dz112/dx, are tending 

toward the values published by Launder and Rodi in their review [2]. Launder 

and Rodi's review recommended dy112/dx = 0.048 and dz112/dx = 0.26, while the 

present study had, at x/D = 40, dyl/2/dx = 0.0474 and dzl/2/dx = 0.25. No 

doubt further downstream the growth rates would equal those reported by 

Launder and Rodi. The interesting thing to note in this case is that both the grid 

and no-grid case showed virtually the same lateral growth at x/D=40 and 

similar vertical growth rates as well. Judging by the results in 

Table 4.1, the growth rates are tending towards each other and towards 

the values reported by Launder and Rodi [2], which once again shows that 

sufficiently far downstream the jets evolve similarly regardless of the outlet 

condition. 
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Table 4.1: Local lateral and vertical wall-jet development. 

Zo.sfD Yo.sill dz0.sfdx dYo.s/dx 

X ~rid no-~rid ~rid no-~rid ~rid no-~rid ~rid no-grid 

5 0.55 0.56 1.279003 1.235696 - - - -
10 0.74 0.86 1.55958 1.401312 0.037 0.0596 0.056115 0.033123 

20 2.0 2.4 2.062205 1.752493 0.1295 0.1582 0.050262 0.035118 

40 7.1 7.5 2.869067 2.700651 0.2535 0.253 0.040343 0.047408 
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Figure 4.8: The development of the half-height for the grid and no-grid case. 
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case. 

Summary 

The presence of the grid affected the mean jet significantly in the near field, 

however by the intermediate and far field the jet still developed very much like 

a wall jet with the largest differences being noted in the turbulence intensity, 

which tended to be lower for the grid case. This suggests that the presence of 

the grid delayed wall jet development in the intermediate field. The half widths 

suggest that the presence of the grid causes a slightly narrower and taller jet 

than for the no-grid case in the near and intermediate field. By x/D=40 though, 

the jet mean flow was essentially self-similar and the differences in the half

widths for the grid and no-grid cases were smaller, although some differences 

in the turbulence profiles still persisted. PIV results will be used in the next 

section to better understand this behavior. 
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4.2 PIV Results 

Three component, stereoscopic PIV measurements were taken at l5D, 30D and 

40D in the y-z plane to better understand the full flow field. Figure 4.10 shows 

the mean streamwise velocity contours for both grid and no-grid cases at 

x/D=15, 30 and 40. In this case, the velocity contours are not normalized and 

the coordinates are normalized by D to get a feel for the size of the flow. For 

the streamwise mean velocity at l 5D, in the Ymax region, it can be seen that the 

grid case is taller and narrower, consistent with the hot-wire measurements. The 

core of the jet is still much more circular than the no-grid case, which is already 

showing significant lateral development. In the outer region of the jet, the grid 

case is again taller with less lateral spread. At 30D, a similar pattern persists; 

the lateral spread of the grid case is larger than the no-grid case and the vertical 

entrainment is greater for the grid case again. By 40D the same pattern of 

narrower and taller for the grid case is seen although the differences are quite 

small consistent with the hot-wire measurements. 
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Figure 4.10: Contours of mean streamwise velocity U obtained using PIV: (a) 

no-grid x/D= l5 , (b) grid x/D= 15, (c) no-grid x/D=30, (d) grid x/D=30, (e) no

grid x/D=40, (f) grid x/D=40. 
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Figure 4.10: Continued. 
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Figure 4.10: Continued. 
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Figure 4.11 shows the contours of mean streamwise velocity normalized 

by the local maximum velocity, Umax, for both the grid and no-grid cases at 

x/D=l 5, 30, and 40. This plot shows the contours at U!Umax=0.5, conveniently 

revealing the half-width and half-height of the jet. In all cases, it can be seen 

that the grid case ( dashed lines) is wider than for the no-grid case. The relative 

magnitude of the difference decreases as the flow evolves downstream such that 

the difference between the grid and no-grid case is constant at --0.25D at all 

three downstream locations. However, the difference, in proportion to the 

overall jet width, decreases. The half-height shows a marked difference at 

x/D=15 of 0.2D, by x/D=30 the difference is very slight and at x/D=40D barely 

noticeable or non-existent. 
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Figure 4.11: Contours of the mean streamwise velocity component U!Umax for 

both the grid (--) and no-grid (-) case at l 5D, 30D and 40D 
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Figure 4.12 shows the contours of the mean streamwise velocity U/Umax with 

coordinates normalized by the local half-width and half-height. This shows that 

the jets are clearly self-similar at x=30D and 40D throughout the jet y-z plane. 

This further reinforces the notion that the grid simply delays the jet 

development in the near-field and intermediate-field. This also implies, by 

elimination, that the proximity to the wall is the predominant contributor in 

defining how the wall jet develops, rather than jet outlet condition. This is 

consistent with the recent findings of Namgyal [22], who suggested that the 

wall was the source of the streamwise vorticity, and thus the secondary flow, in 

the turbulent three-dimensional wall jet. 
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Figure 4.12: Contours of the mean streamwise velocity component U/Umax for 

both the grid(--) and no-grid(-) case at (a) l5D, (b) 30D and (c) 40D with 
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Figure 4.12: Continued 

0.5 1 

Figure 4.13 shows contours of the mean vertical component of velocity, 

V in the y-z plane. At x/D= 15, for both the grid and no-grid cases, the center of 

the jet shows a region of positive V velocity indicating the jet is growing away 

from the wall whereas a large negative region of V, likely associated with the 

downward entrainment of ambient air, surrounds the periphery of the jet. There 

is another positive region of V near the wall and on either side of the centerline; 

this region loosely corresponds to the near wall bulging in the streamwise 

velocity contours shown in Figure 4.10. At x/D=15, the grid case shows a 

narrower and larger magnitude upward velocity at the jet center consistent with 

the presence of a taller jet for the grid case; however, outside the periphery of 

the jet, the downward entrainment of ambient air is larger for the no-grid case. 
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As the jet evolves downstream to x/D=30, for both cases, the orientation 

of Vis similar but the magnitude is less for the grid case. The magnitude of the 

positive region of V at the centerline is somewhat smaller for the grid case and 

suggests that the growth of this jet is now slightly slower than for the grid case. 

The large negative region around the periphery of the jet that is likely 

associated with entrainment is still stronger for the no-grid case. By x/D= 40 

the velocity contours appear quite similar although they are slightly closer to 

the wall; this is reasonably consistent with the collapse of the mean streamwise 

velocity profiles at x/D=40 measured using hot-wire anemometry. 
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Figure 4 .13: Contours of mean vertical velocity component V obtained using 

PIV: (a) no-grid x/D=15, (b) grid x/D= 15, (c) no-grid x/D=30, (d) grid x/D=30, 

(e) no-grid x/D=40, (f) grid x/D=40. 
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Figure 4.13: Continued. 
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Figure 4.14 shows the mean lateral velocity component, W, at x/D=l5 , 

30, 40 for grid and no-grid case. In all cases, there are oppositely signed regions 

of strong lateral velocities that are located close to the wall and on either side of 

the jet centerline. The regions are oriented to take the ambient fluid that was 

entrained downward, as indicated by the contours of V, and shoot it outward 

along the wall thereby producing the disparity in the lateral and vertical growth 

rates. Here though, the regions of large velocity for the no-grid case extend 
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higher than for the grid case. Although, at first glance this may seem 

inconsistent with the notion that the grid causes a taller, narrower jet, the larger 

regions of strong lateral velocity will produce a wider jet, and thus is consistent 

with earlier results. 
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Figure 4.14: Contours of mean lateral velocity component W obtained using 

PIV: (a) no-grid x/D=15, (b) grid x/D=15, (c) no-grid x/D=30, (d) grid x/D=30, 

(e) no-grid x/D=40, (f) grid x/D=40. 
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Figure 4.14: Continued. 
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Figure 4.14: Continued. 

The V velocity measurements have suggested that the no-grid wall jet 

should entrain more ambient fluid. This is examined further by directly 

calculating the mass flow rate in each jet. Mass flow rate in a jet is defined as: 

Q = LpUdydz 

where rho is the density. It then follows that the mass entrainment ratio, 
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m = (Q - Q0 )/Q0 , where Q0 is the mass flow rate at the nozzle outlet and Q is 

the local mass flow rate at any streamwise position. This has been used 

previously by many authors in free jets, such as Quinn [23 ], but has only 

recently been done for wall jets [22] due to the difficulty in getting the whole 

velocity field; however, these present PIV measurements are ideally suited for 

this. 

The streamwise variation of the mass entrainment ratio is shown in 

Figure 4.15 and compared to Namgyal's [22] data. Namgyal's results using the 

same facility are slightly lower than those measured here and may be due to the 

differences in jet Reynolds number; in particular, Namgyal's jet was run at 

Re=250,000 while the present study has Re=108,000. In all cases, the mass 

entrainment increases linearly as the jet evolves downstream. The mass 

entrainment for the no-grid case is higher at all positions, consistent with the V 

contours. This is consistent with all of the aforementioned results that suggest 

that the grid causes the development of the wall jet to be delayed. This is also 

consistent with the previous results that suggest that the jet development is 

delayed; a jet that entrains more air will naturally slow down faster due to the 

entrainment of the ambient air and should mix faster, thereby developing 

quicker. Interestingly these results may be counterintuitive to conventional 

thinking, as placing a grid in front of the jet outlet and promoting the formation 

of small scale turbulence actually decreases mixing in the wall jet. This implies 

that the large-scale structures do enhance wall jet mixing slightly. 

61 



6 
+ Namgyal • 

5 
•no grid A 
•grid • 

04 
a 
"" I .......... 0 
03 • 
a • '--" 2 I • 

1 • 
• 

0 
0 10 20 30 40 so 

x/D 

Figure 4.15 : Mass entrainment in the three-dimensional wall jet: (•) no-grid, 

(•) grid, (t ) Namgyal [22]. 
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5 Conclusion 

An experimental study of a three-dimensional wall jet has been undertaken to 

examine the effect of placing a grid in front of the nozzle of a three-dimensional 

wall jet. The jet consisted of a contoured nozzle with a Reynolds number of 

108,000. Measurements of velocity were taken using constant temperature hot

wire anemometry, and three component stereoscopic PIV in the y - z plane at 

various downstream locations. 

The power spectra obtained through hot-wire anemometry near the jet 

outlet showed that the grid altered the power-spectra of the shear- layer at the 

nozzle exit. This is indicative of reduced coherence of the vortex rings formed 

by the jet exit shear layer. The hot-wire measurements showed that the 

normalized decay of the local maximum streamwise velocity for both the grid 

and no-grid cases was the same, affirming the fact that even with the grid the 

flow behaves quite like a wall jet. The jets half widths indicated that the 

differences in the two jets got larger as the jets developed to x/D=20; in 

particular, the jet with the grid placed over the outlet developed taller, but not 

as wide as the undisturbed flow. Well downstream of the nozzle at x/D=40 the 

differences between the two jets got smaller and the mean flow approached 
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self-similarity. There were still small differences in the turbulence profiles, 

however, even at this position. This is not surprising as it is generally accepted 

that turbulent profiles take longer to approach self-similarity than mean 

profiles. 

Stereoscopic PIV measurements were employed to examine the full x-y 

plane. The PIV measurements were consistent with the hot-wire results in that 

the presence of a grid placed over the nozzle outlet caused the jet to develop 

taller and narrower in the near and intermediate field, but by the onset of the 

far-field (x/D=40) the mean flow contours were self-similar. Measurements of 

the V and W components of velocity were different for the grid and no-grid 

cases in the near field but these differences became minimal by x/D=40. There 

were differences in the V contours, particularly in the near field of the jet that 

suggested that the entrainment in the two jets was different. This was 

investigated by examining the mass entrainment for the two jets. The mass 

entrained by the jet with the grid was smaller; as entrainment is often 

considered to be a measure of mixing, surprisingly this suggests that the 

placement of a grid on the nozzle exit reduces overall mixing. 

Finally, it appears that the coherent vortex rings formed by the shear 

layer at the nozzle exit help the jet to develop slightly faster in the near field 

region and to the onset of the intermediate field, presumably by enhancing 

mixing and entrainment of ambient fluid, but these differences do not persist 

well downstream of the jet nozzle as the differences between both jets become 

small in the far-field. This is consistent with the wall jet literature that 
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examined various jet outlet conditions; regardless of the shape, whether a pipe, 

channel or nozzle was used, all jets eventually developed the same well 

downstream of the jet nozzle. This leads to the wider conclusion, in terms of 

wall jet flow control, that manipulating the jet at the exit is not likely going to 

be the most effective way to control its development in the intermediate and far 

field. It is likely that wall mounted flow control techniques would yield more 

effective jet flow control authority than flow control at the jet outlet. 
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