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On the mixing of a rectangular jet 
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Results of hot-wire measurements in an incompressible rectangular jet issuing into 
a quiet surrounding at ambient conditions are presented. The quantities measured 
include distributions of mean velocity and the turbulence shear stresses in the two 
central planes of the jet at stations up to 115 widths (small dimension of the nozzle) 
downstream of the nozzle exit. The flow field of the jet waa found to be characterized 
by the presence of three distinct regions, defined by the axial mean velocity decay, 
which are referred to as: a potential core region, a two-dimensional-type region, and 
an axisymmetric-type region. The onset of the axisymmetric region occurs at a down- 
stream location where the two shear layers from the short edges of the nozzle meet. 
In the central plane which contains the small dimension of the nozzle, similarity was 
found both in the mean velocity and shear stress profiles beyond 30 widths downstream 
of the nozzle exit; however, profiles of r.m.s. vslocity show similarity in the second 
but not the third region. The mean velocity, shear stress and r.m.8. velocity profiles 
in the central plane containing the long dimension of the nozzle do not show geo- 
metrical similarity. 

1. Introduction 
Most previous investigations in turbulent jets were carried out on two-dimensional 

or axisymmetric jets. A considerable amount of experimental data is available in the 
literature to define the structure and development of the flow fields of these jets 
(Everett & Robins 1978; Gutmark & Wygnanski 1976; Hinze 1976; Rajaratnam 1976; 
Schlichting 1968; Townsend 1976; Wygnanski & Fiedler 1969; and others). However, 
few experiments have been carried out on a rectangular jet of moderate aspect ratio 
with the degree of thoroughness found in either of the above two classes of jets. Early 
work on such jets was done a t  the Polytechnic Institute of Brooklyn by Sforza and 
his co-workers (Sfona, Steiger & Trentacoste 1966; Trentacoste & Sforza 1967). 
Their experimental study was limited to the measurement of gross properties of the 
jet because of their use of the Pitot tube. Their experiments revealed that the flow 
field of a rectangular jet was characterized by the presence of three distinct regions 
as defined by the decay of the square of the mean axial velocity along the axis of the 
jet. Discussion of these regions is deferred to § 3 of this paper. The mean velocity and 
temperature profiles of rectangular jets having different aspect ratios and nozzle 
geometries were measured by Sfeir (1976) using hot-wire anemometry. He drew 
attention to the effect of nozzle inlet geometry on the development of a jet. Some 
measurements of heated rectangular jets were reported by Sforza & Stasi (1977), and 
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these indicated that the conditions of the nozzle exit flow play a large role in the 
initial development of the jet. Recently Sfeir (1978) reported measurements of some 
turbulence quantities, using hot-wire anemometry, for nozzles of three different 
aspect ratios (10,20, 30), each having two different inlet geometries, namely an orifice 
plate in one case and a long channel in the second. In the plane containing the long 
dimension of the nozzle, only profiles of mean and r.m.8. intensity of the axial 
component of velocity were obtained. Except for the description of the nozzle exit 
shapes, no further information was given of the flow nature, such as the boundary 
layer and the mean velocity profile, at  the exit. 

McGuirk & Rodi (1977) and Bobba & Ghia (1979) attempted to calculate the flow 
field for a rectangular jet using the two-equation turbulence model consisting of 
those for the turbulent kinetic energy and its rate of dissipation. They were able to 
calculate some of the observed features but noted that the conditions at  the nozzle 
exit play a dominant role in the development of the flow and that these conditions 
must be clearly specified in experiments for comparison with calculations to be 
meaningful. 

For purposes of comparison with prediction of numerical calculations, the desired 
conditions a t  the exit of a rectangular nozzle are a top-hat mean velocity profile with 
a known turbulence level and of boundary-layer type. A jet issuing from a sharp- 
edged orifice (Sfona et al. 1966; Sfeir 1976) exhibits a vena-contracta effect which 
unduly complicates the initial conditions for numerical modelling. Likewise, the mean 
velocity profile produced by a long channel (Sfeir) differs considerably from the profile 
found in practical applications such as thrust augmenting ejectors for short take- 
off and landing aircraft and certain jet engines where information on rectangular jets 
is needed. The nozzle employed in the present investigation was designed to produce a 
top-hat mean velocity profile with laminar boundary layer. In light of the above 
considerations, further systematic investigations on structure of rectangular jets of 
moderate aspect ratios with well-defined initial conditions are undertaken. 

The characteristics of the flow field depend upon the aspect ratio (AR) of the nozzle, 
inlet geometry of the nozzle, the type of exit velocity profile, the magnitude of the 
turbulence intensity at the exit plane of the nozzle, the Reynolds number a t  the nozzle 
exit, and condition of the ambient medium into which the jet is issuing. In the present 
investigation, a nozzle of aspect ratio 16.7 was chosen. The inlet geometry of the 
nozzle was designed specifically to obtain a low turbulence level at the exit plane. 
The velocity profile at the exit plane of the nozzle was flat with a laminar boundary 
layer at  the walls. A mean velocity of 60 m s-l was maintained a t  the exit plane of 
the nozzle. This resulted in a Reynolds number of 1.2 x lo4 based on the width of the 
nozzle. 

2. Apparatus, instrumentation and procedures 
A blow-down-type air supply system was used to provide the airflow to a cylindrical 

settling chamber which was 1.75 m in length and 0.6 m in diameter. The facility was 
originally designed to provide sonic conditions at the exit plane of a nozzle for other 
experiments. Before reaching the nozzle, the air is passed through an adapter which 
contains six screens set 6 cm apart to reduce disturbances at  the inlet of the nozzle. 
The ratio of areas between the adapter and the nozzle is 90, which is exceptionally 
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FIGURE 1 .  Schematic diagram of rectangular nozzle and entry region. 

large when compared with the contraction ratio for conventional wind tunnels. The 
centre-line turbulence intensity at the exit of the nozzle was 0.3 per cent at a mean 
velocity of 60 m a-1. In order to change the aspect ratio, the long (L) dimension of 
the rectangular nozzle was varied from 50 mm to 16.5 mm by introducing stream- 
lined plugs into the nozzle. The short (D)  dimension was fked at 3 mm. The nozzle 
exit was preceded by a 40 mm long rectangular (50 x 3 mm) channel shown in 
figure 1. The nozzle used is one of a multiple nozzle configuration which was designed 
to study the mixing of multiple rectangular jets. 

Hot-wire measurements were made with DISA 55M01 constant-temperature me- 
mometers in conjunction with DISA 55D10 linearizers. Most of the measurements 
were made using either an X-wire or a single wire. These wires were manufactured by 
DISA and constructed from 5pm platinum-coated tungsten wire with an active 
length of 1.2 mm. Where X-probes were used, the attenuators on the linearizers were 
adjusted to give the same output for each wire when the probe was perfectly aligned 
with the stream. The yaw sensitivity of each wire was then cheoked by a calibration 
procedure. The simple cosine law was used to decompose the velocities. From the 
calibration data, it was evident that the use of the simple cosine law for an X-wire 
probe in turbulent flows has to be limited to situations where the angular rotation of 
the velocity vector does not exceed 25' (refer to Krothapalli 1979). In this angular 
range, the response of the hot wire was assumed known and no corrections resulting 
from higher-order terms were applied. 

The two signals from the linearizers were sent through a sum and difference unit 
which was calibrated from d.c. to 100 kHz. The signals were then passed through a 
DISA type 55D31 digital voltmeter, a DISA type 55D35 r.m.8. unit, and a TSI model 
1076 voltmeter to get the mean and r.m.8. values. The integration times on these 
instruments can be selected at  discrete steps from 0.1 to 100 sec. Correlation measure- 
ments were made using an HP 37218 correlator. Measurements of the component 
spectra were obtained using an HP 85568 spectrum analyzer. 



204 A .  Krothpdli, D. Baganoff and K .  Karamheti 

D t' I I 

FIGURE 2. Schematic representation of the flow field of a rectangular jet. 

A Cartesian co-ordinate system (X, Y, Z), as shown in figure 1, was chosen with its 
origin located a t  the centre of the nozzle and with X axis oriented along the centre- 
line of the jet. Hot-wire traverses were made in the two central X, Y and X, 2 planes 
at various streamwise locations (X) covering u p  to 1150. Unless otherwise stated, all 
the data presented here were taken with the X-wire probe. Mean velocity measure- 
ments were made across the entire jet in order to establish the symmetry of the flow 
about the central planes; however, only the data for each half-plane will be presented. 

3. General features of the flow field 
On the basis of the present investigation and the results reported by Sfona et al. 

(1966), Sforza & Stasi (1977), Sfeir (1976,1978), and those summarized by Rajaratnam 
(1976), the flow field of a rectangular jet may be represented schematically as shown 
in figure 2. Also shown in the figure as an insert is the variation of In (UJU,,)~ with 
In X / D ,  where U, is the mean axial velocity along the centre-line of the jet and U, is 
the mean velocity at the centre of the nozzle exit. The three regions identified in the 
figure may be defined as follows: the first region is referred to as a potential core 
region in which the axial component of velocity is essentially a constant; the second 
region marked by AB, in which the velocity decays at a rate roughly the same as 
that of a planar jet, will be referred to as the two-dimensional region; and the third 
region, downstream of B, in which the velocity decays at  nearly the same rate as that 
of an axisymmetric jet, will be referred to as an axisymmetric region. The two- 
dimensional-type region originates at  about the location where the two shear layers 
in the X, Y plane (containing the short dimension of the nozzle) meet. Correspondingly, 
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FIGURE 3. The dewy of the axial mean velocity along the centre-line of the jet. (a) 0, 
AR = 16.7, X-wire. (b )  0, A R  = 16.7; A, AR = 12.5; m, AR = 8.3; 0 ,  AR = 5.5.  

one may expect the axisymmetric region to originate at the location where the two 
shear layers in the X, 2 plane (containing the long dimension of the nozzle) would 
meet. This will be discussed later in the paper. 

Profiles of the mean axial velocity in the X, Y and X,Z plane at three different 
locations are shown to scale in the schematic of the flow structure in figure 2. In  
regions I and 11, the width of the jet in the X, 2 plane is greater, as expected, than 
the width in the X, Y plane. At B, the widths in both planes are about the same. In 
region 111, the width in the X, Y plane becomes larger than that in the X, 2 plane. 
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FIQURE 4. Axial mean velocity profiles in the X, Y plane, 2 = 0. 0, X/D = 20 ; V, X / D  = 30; 
8, X / D  = 40; m, X/D = 60; 0, XID = 80; 8, XID = 100; -, AR = 10, Sfeir (1976); 
-_ , AR = 38, Gutmark & Wygnanski (1976) ; - -, exp [ - 0.5( Y/Y#*] .  

The solid and dashed lines shown in the flow schematic depict the loci of maximum 
turbulent stresses in the two planes being considered. Further discussion of this will 
be given below. 

4. Mean velocity field 
Figure 3 (a)  shows, for a nozzle of aspect ratio 16.7, the measured decay of the square 

of the axial mean velocity along the centre-line. The three regions introduced in figure 
2 are noted as the potential core region which ends a t  approximately 40, the two- 
dimensional jet-type region extending up to about 60D, and the axisymmetric jet- 
type region extending beyond 60D. In  the two regions I1 and 111, Ut ,  indicated by the 
dashed lines, decays as X-' and X-2,  respectively. 

The extent of the regions (as shown in figures 2 and 3a) wereshownby Trentacoste & 
Sforza (1967) and Sfeir (1976, 1978) to be functions of both the initial geometry and 
the aspect ratio of the nozzle. To identify the effects of aspect ratio on these regions, 
three additional nozzles of aspect ratio 5.5, 8.3, and 12.5 were tested. Results of the 
decay of the square of the mean axial velocity with downstream distance for these 
nozzles are shown in figure 3 ( b ) .  As the aspect ratio decreases, the position of point 
B, that is, where the centre-line velocity first assumes an axisymmetric character, 
moves upstream toward the exit of the jet. From these measurements and the results 
of Sforza et al. (1966, 1977) and Sfeir (1976, 1978), one finds that, for nozzles of aspect 
ratio less than or equal to 10, U," in region I1 does not decay as X-1. The exponent in 
this power law decay is dependent on orifice geometry, as shown by Sfeir (1978), and 
on the aspect ratio. 
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FIGURE 5. Axial mean velocity pro6les in the X ,  2 plane. 0, X / D  = 20; A, X / D  = 40; n, 
X / D  = 60;  0, X I D  = 80; 8, X / D  = 100: A ,  X / D  = 115;  -, axisymmetric jet, Wygnan- 
ski & Fiedler (1969). 

Figure 4 shows the distribution of mean velocity U across the jet in the X, Y plane 
at  different downstream stations, ranging from 20 to 100 widths. The velocity U is 
normalized with respect to V, a t  each station, while the distance Y is normalized by 
the distance X to the station in question (7 = Y / X ) .  The profiles are geometrically 
similar, within the limits of error for the experiment, for X greater than or equal to 
30D. The results of Sfeir (1978) and Gutmark & Wygnanski (1976) for nozzle aspect 
ratios of 10 and 38, respectively, are plotted for comparison. The agreement between 
the three sets of data is good for 7 less than or equal to 0.1, but for q greater than 0.1 
the profiles from the present investigation are somewhat wider than the rest. The 
shape of the profiles from these three sets of data seem to be similar. From these ob- 
servations it appears that the aspect ratio does not play a critical role in determining 
the shape of the similarity profile in the X, Y plane, at  least for aspect ratios greater 
than 10. However, Everett & Robins (1978) reported that the downstream distance 
where the profiles first assume self-similarity appears to be directly related to the 
nozzle aspect ratio. Thia similarity persists both in regions I1 and I11 as shown in 
the figure. Often one non-dimensionalizes the distance Y with respect to the local 
half-width of the jet Yi (the width corresponding to the point where the mean velocity 
is equal to one-half of its value on the axis). As discussed below, the half-width in the 
present investigation varies linearly with X. This being the case: the parameter q ,  
but for a scale factor, represents equally the ratio Y/Y+. For comparison purposes, 
the exponential function exp [ - 0*5( Y/yb)a] of Reichardt’s (1943) analysis for a two- 
dimensional jet is also shown in the figure and seems to agree satisfactorily with the 
present measurements. 

Normalized axial mean velocity profiles in the X ,  2 plane for different downstream 
locations are shown in figure 5. The distance Z is again normalized with respect to 
the local longitudinal distance, 6 = Z / X .  For locations X less than or equal to 60D, 
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FIGURE 6. (a) Growth of a rectangular jet with downstream distance. 0, A ,  AR = 16.7, 
present measurements ; - - , A R  = 10, orifice-type nozzle, Sfeir (1976); -.  -, AR = 10, 
channel-type nozzle, Sfeir (1976). (b)  Effect of aspect ratio on growth of a rectangular jet. -, 
AR = 5.5; -- , AR = 8.3; - -, AR = 12.5. 

profiles have a saddle shape with the maximum velocity occurring near the centre- 
line of the jet. The magnitude of the overshoot seems to be dependent on the type of 
initial geometry of the jet (Marsters 1979, private communication). This has also been 
noted by others (Sforza et al. 1966; Sforza & Stasi 1977; Sfeir 1976, 1978; Bradbury 
1965; van Der Hegge Zigen 1958). As suggested by van Der Hegge Zigen (1958), such 
a profile may be explained as resulting from the superposition of a uniform stream 
with the flow due to a system of vortex rings representing the jet. However, more 
detailed study of the flow field is needed to understand clearly the origin of such 
profiles. At large distances downstream, i.e. for X greater than 800, the profiles 
appear to have a shape similar to that of an axisymmetric jet. The similarity profile 
of an axisymmetric jet reported by Wygnanski & Fiedler (1969) is shown for compari- 
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FIGURE 7. Variation of the cross-over point with aspect ratio. 0, present results; 
8, Sfona et al. (1966); m, Sfek (1976); ., Sfeir (1976). 

son. It is also observed from figures 4 and 5 that the velocity profiles at X equal to 
60D in both planes are almost identical, and at this location the centre-line velocity 
first aasumes the axisymmetric character. True axisymmetry (profiles are identical 
in both planes) of the mean velocity profiles was observed by Trentacoste & Sforza 
(1967) far downstream in the jet (i.e. for X greater than or equal to 150 for an aspect 
ratio of 10). In  the present investigation, measurements are not made far enough 
downstream to confirm this. 

The growth of the jet in X, Y and X, 2 planes with downstream distance is shown 
in figure 6 (a).  The ordinate Y+ and 2) are the distances from the centre-line of the jet 
to the point where the axial mean velocity in each plane is equal to one-half of its 
centre-line values. The jet in the X, Y plane spreads linearly with X and the locus 
of the half-velocity points is given by 

Y* = k(X - X,), 

where k = 0.109 and X, = -2.50. For planar jets, the value of k varies between 
0.09 and 0.12, and a listing of these values for various experiments is given by Kotso- 
vinos (1976). Similarly, the value of X ,  for the different experiments also varies. The 
variation of these constants can be attributed to different initial conditions and the 
free-stream turbulence level (Bradshaw 1966, 1977). As discussed later, these also 
depend upon the aspect ratio of the nozzle. 

The variation of the half-width in the X, 2 plane as shown in figure 6 (a) is neither 
linear nor does it increase monotonically. At some intermediate location (X N 60D 
for AR = 16.7) the half-widths in the central planes cross over (this defines point B 
in figure 2). The distance from the nozzle exit to the cross-over point along the X axis 
is denoted by X,. For comparison, the results of Sfeir (1978) for a nozzle aspect ratio 
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FIGURE 8. Lateral mean velocity profiles in the X ,  Y plane. Symbols aa in figure 4. 
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FIGURE 9. Transverse mean velocity profiles in the X ,  2 plane. Symbols as in figure 4. 

of 10 and for different inlet geometries are shown in the figure. It is noted that Y* 
exhibits linear variation for different aspect ratios, although the slopes of the lines 
are different for different inlet geometries. Although the variation of Z+ exhibits 
similar characteristics in the two studies, significant differences are found owing to 
different inlet geometries. It appears that the inlet geometry plays an important role 
in the development of the jet in the X, Z plane. 

To observe the effect of aspect ratio on the growth of a jet, three additional aspect 
ratio nozzles were tested and the results are presented in figure 6 ( b ) .  It is observed 
that Yi exhibits linear variation for different aspect ratios, although the slopes of the 
lines are different for different aspect ratios. The variation of 21 exhibits similar 
characteristics for all four aspect ratios studied. As shown in the figure, the distance 
X, (downstream location of the cross-over point) increases with aspect ratio. 

The variation of X, with aspect ratio is plotted in figure 7. The results of Sforza et al. 
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(1966) and Sfeir (1976) are also included in the figure. From the data of Sfeir it appears 
that, for a given aspect ratio, X, appears further downstream for a jet exiting from 
a long channel than for jet exiting from an orifice. This indicates that X, depends 
strongly on the charaoter of the initial flow. For aspect ratios greater than 10, it 
appears that X, varied Iinearly with X as shown by the shaded region. 

The mean lateral velocities in the two central planes were memured and the results 
are shown in figures 8 and 9. These velocities are a small fraction (6-6 "/o) of the mean 
axial velocity; thus an experimental accuracy of about 20 per cent was the best at- 
tained. Furthermore, large errors are inherent in using hot-wire anemometry in the 
outer regions of the jet. Profiles of the mean veloaity V in the central X, Y plane for 
different downstream locations are shown in figure 8. They are geometrioally similar 
for 300 < X < 60D and have the expected distribution. Very little mean entrained 
flow (indicated by the negative I' component of velocity) is found in the outer region 
of the jet for X greater than 200. 

The mean W component of velocity in the central X, Zplanefor different downstream 
locations is plotted in figure 9. For much of the profile at X equal to 200, the W 
component of velocity points toward the axis of the jet (indicated by the negative 
values). More detailed measurements in the entire cross-sectional plane and at the 
exit plane of the jet are required to interpret these results properly. Owing to the 
limitation on the dimensions of the probe, with respect to the nozzle, measurements 
were made for X greater than 1OD. 

5. R.m.s. intensities and shear stresses 
The r.m.s. values of the three components of velocity on the centre-line of the jet 

are shown in figure 10. These values are normalized with respect to the local mean 
axial velocity on the centre-line. The magnitude of .ii (2 = ga/&) increases sharply 
close to the jet exit and reaches a maximum value of about 0.195 a t  X equal to 1OD. 
It then decreases and increases again gradually. Such a behaviour, for X less than 
300, is typical of a jet with laminar top-hat profile (starting boundary layers are 

- 
FIGURE 10. Variation of turbulent intensities dong the oentre-line of the jet. 0, ii = (u9)*/Uc; 
8 . 8  = (G) t /U , ;  n, it, E (wn)t/U,,; - -, a, AR = 10,Bfeir (1976); --, AR = 38, Gutmark & 
Wygnanski ( 197 0). 

d 
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FIG~RE 11. Schlieren picture of the jet in the X ,  Y plane. 
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FIQIJRE 12. (a) Signal, (b )  autocorrelation, (0 )  spectrum, of u fluctuations along the 
centre-line of the jet. 
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laminar) at the exit plane and which goes through a transitionregion before it becomes 
a turbulent jet. This has been observed by Sat0 (1960) for a two-dimensional jet. 
The variation of 4 with X has been observed to depend upon the state of the boundary 
layers a t  the nozzle exit. See, for instance, Hill, Jenkins & Gilbert (1976) for a rect- 
angular jet of aapect ratio 10.5 and Bradshaw (1966) for an axisymmetric jet. They 
found that, when the boundary layers are laminar, 4 varies as discussed above while 
when the boundary layers are turbulent, 4 vanes as monotonically with X. 

The results of Sfeir (1978) for a jet of aspect ratio 10 and those of Gutmark & Wyg- 
nanski (1976) for an aspect ratio of 38 are included in figure 10 for comparison. In  both 
cases, the exit velocity profiles were top-hat distributions. On examining the varia- 
tions of .ii with X close to the jet exit, one may conclude that the boundary layers in 
these two cases were probably turbulent. From these observations, we note that both 
the state of the boundary layer at the nozzle exit and the aspect ratio affect the way 
ii varies with X as well as its absolute magnitude. 

The variation of v" (ij = v2*/V,) and 8 (G = g*/q) along the centre-line, as shown 
in figure 10, also exhibit characteristics similar to those of 2. In  the fully developed 
region of the jet, i.e. for X greater than 3 0 0 ,  the magnitude of 8 is greater than that 
of either v" or 8, as is also found in other free shear layer flows. 

In  investigating the effect of the state of the initial boundary layer on jet mixing, 
Hill et al. (1976) studied the flow by means of spark schlieren photographs. They found 
coherent large-scale structures in the jet shear layer when the initiallayerwaslaminar. 
When it was turbulent, such structure was not observed. A typical schlieren picture 
(with an exposure time of 1.5 ,us) of the jet flow in the present investigation is shown 
in figure 11. Here, large-scale structure is observable, as in the case of Hill et al. (1976), 
for the laminar top-hat profile present in the experiments. 

To examine further the large-scale structure, oscillograph records of 4 fluctuations 
along the centre-line of the jet, for 2 0  < X 4 2 0 0 ,  are shown in figure 12 (a). Oscillo- 
grams of the autocorrelation function for the respective signals are shown in figure 
12 (b ) ,  where the scale for the time variable is in microseconds. Figure 12 (c) shows the 
frequency spectrum of the u fluctuations along the centre-line of the jet. The horizontal 
scaleisinkilohertz. For X < 40, strong periodicity is observed in both the time signal 
and the autocorrelation function. A strong distinctive peak at X equal to 40 is 
observed in the spectrum at about 6800 Hz. Some periodicity remains in the signal 
for stations up to 1OD. This is also shown by their respective autocorrelation functions. 
The position of the distinct peek in the frequency spectrum observed for X < 100 
moves slightly with downstream distance. With increasing distance downstream, the 
spectral energy shifts toward the low frequencies, as shown in the figure. At 200,  the 
oscillograph record of the u fluctuation resembles a typical signal in a turbulent flow 
field. The autocorrelation function is also typical of a turbulent flow. Most of the 
energy in the frequency spectrum is in the low frequencies (i.e. less than 10 kHz). 
Similar measurements were also made for the v and w fluctuations end the results 
show features similar to  the ones discussed above. Measurements of this kind were 
also made a t  locations off the centre-line of the jet, and no significant differences were 
found. From these observations along with the schlieren pictures, one may conclude 
that discrete frequencies appear only in the initial stages of transition from laminar to 
turbulent flow. 

Profiles in the X, Y plane of 8, v", and 8 at  different downstream locations X are 

- 
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FIQURE 13. Distribution of the axial velocity fluctuations in the X ,  Y plane, 
symbols aa in figure 4; -, Everett & Robins (1978). 
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FIGURE 14. Distribution of the lateral velocity fluctuations in the X, Y plane, 
symbols aa in figure 4; -, Everett & Robins (1978). 

shown in figures 13-15. The Q profiles indicate geometrical similarity for 300 < X < 
60D and show a distinct saddle shape. Similar measurements have been made by Sfeir 
(1978). After careful examination of his data and in light of the present measurements, 
it  is noted that both sets of data (see Sfeir 1978, and the present investigation) are 
similar only in the so-called two-dimensional region of the jet (see region I1 of figure 2). 
The maximum value of .ii occurs at H 0.075. The .ii profiles for two-dimensional jets 
show fairly large variations from one investigation to another (see figure 5 of Everett & 
Robins 1978). A typical profile of Everett & Robins (1978) is plotted for comparison. 
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FIGURE 15. Distribution of the transverse velocity fluctuations in the 
symbols aa in figure 4; -, Everett & Robins (1978). 
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FIGURE 16. Distribution of the axial velocity fluctuations in the X ,  2 plane, 

symbols af in figure 5. 

I n  general, the shape of the profile agrees with present measurements. For locations 
of X greater than 60D (i.e. in the so-called axisymmetric region) the profiles assume an 
axisymmetric character (see figure 4 of Wygnanski & Fiedler 1969). 

The profiles of C and 6 are shown in figures 14 and 15, respectively. I n  the two- 
dimensional region, each of these profiles shows behaviour similar to that of a two- 
dimensional jet. 

Profiles oft& 5 and 6 in the X, Z plane are shown in figures 16-18. It appears when 
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FIUURE 17. Distribution of the lateral velocity fluctuations in the X, 2 plane, 
symbols as in figure 5. 
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FIUURE 18. Distribution of the transverse velocity fluctuations in the X, 2 plane, 
symbols aa in figure 5. 

comparing the 6 profiles in figure 16 with the corresponding mean-velocity profiles in 
figure 5 that the point of maximum turbulence intensity coincides with the point 
where the velocity gradient (aU/az)  is maximum. The 6 profile in the X,Z plane 
develops a strong saddle shape for X greater than 6 0 0  as shown in the figure. The 
appearance of a saddle-shape profile in a jet usually indicates the end of the so-called 
potential core, which marks the merging of the two shear layers of the jet. M'ith this 
in mind, it may be argued that the two shear layers separated by the long dimension 
of the nozzle, in the present investigation, meet at X 2: 6 0 0 .  

The profiles of B and 65 in the X, Z plane are shown in figures 17 and 18, respectively. 
At each downstream location, the magnitudes of B and 67 are about the same a t  their 
corresponding positions in the lateral direction (i.e. along the 2 axis). 
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plane, 
symbols as in figure 4. 

FIGURE 20. Distribution of the turbulent shear stress in the X ,  2 plane, 
symbols as in figure 5 .  

The normalized turbulent shear stress Z6 (Uv/U:) in the X, Y plane for different 
downstream locations is shown in figure 19. The stress is normalized with respect to 
the square of the local centre-line velocity. The profiles are geometrically similar for 
X greater than or equal to 3 0 0 .  The maximum value is observed a t  7 N 0.075, and 
this is also where the gradient (aU/ay)  and the turbulent energy in region I1 were found 
to be maximum. The magnitude of the normalized turbulent shear stress ui (UWI U,") 
was found to be much less than that of u îi at corresponding locations in the X, Y 
plane and is not presented here. 

Figure 20 shows the normalized shear stress u i  profiles in the X, Z plane. At each 
location X, the point of maximum shear stress corresponds to the point of maximum 
velocity gradient (aUlaz) and the point of maximum turbulent energy. In  region 111, 

FIGURE 19. Distribution of the turbulent shear stress in the X ,  Y plane, 
symbols as in figure 4. 
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at any given X, the magnitude of the maximum ui in the X, Z plane is found to be 
greater than the maximum & in the X, Y plane (see figures 19 and 20). A t  each 
location X, for both the X, Y and X,Z planes, the point of maximum shear stress 
corresponds to the point of maximum 4, G and 8. The loci of these points are shown in 
the flow diagram of figure 2. 

6. Concluding remarks 
In  the case of a single rectangular jet, the flow is characterized by the presence of 

three distinct regions when the decay of the square of the axial mean velocity along 
the centre-line of the jet is used to describe the flow field. These regions are: the 
potential core region, a two-dimensional-type region, and an axisymmetric-type 
region. The onset of the second region appears to be at  a location where the shear 
layers separated by the short dimension of the nozzle meet. Correspondingly, the 
centre-line velocity decay first assumes the axisymmetric character at a location where 
the two shear layers separated by the long dimension of the nozzle meet. 

The following conclusions can be drawn from the measurements in the central X, Y 
plane of the jet. The mean velocity and the shear stress (G) profiles show similarity 
about 30 widths downstream from the nozzle exit. There is some evidence that the 
shape of the profile may not depend upon the aspect ratio of the nozzle. However, the 
downstream distance where the profile fist assumes similarity appears to be related 
to the nozzle aspect ratio. The half-width of the jet varies linearly with downstream 
distance, with different slopes for different aspect ratios, and initial geometries. The 
r.m.8. velocity profiles show similarity in the second region (i.e. two-dimensional 
region) but not in the third region (i.e. the axisymmetric-type region). 

From the measurements in the central X , Z  plane, the following conclusions are 
drawn. For X less than 60D, the profiles of axial mean velocity exhibit a saddle shape, 
while the profiles in region I11 approach the similarity profile of an axisymmetric jet. 
For X less than 400, the profiles of transverse mean velocity (W) exhibit strong 
negative values along the Z axis. To interpret these results properly, a detailed map 
of the entire flow field is necessary. The r.m.s. velocity, and the shear stress (G) 
profiles do not exhibit similarity for downstream stations measured. 

The present investigations, as described, furnish detailed experimental data which, 
on one hand, support some of the previous observations such as those of Sforza and 
coworkers and Sfeir while, on the other hand, are more extensive than those. Sforza 
and his coworkers' studies were concerned mainly with Pitot tube measurements and 
thus with mean profiles. Sfeir made hot-wire measurements of U, C, 5, 8 and iiG in 
the X, Y plane and of u" only in the X, 2 plane. No measurements of either V or W, 
or of the detailed turbulent structure in the Y, Z plane have been reported previously, 
but are now given. Furthermore, except for the geometrical description of the nozzle 
configurations used, adequate knowledge of the flow conditions at the nozzle exit 
such as the velocity profile, nature of the boundary layer and the initial turbulence 
intensities was not previously available. The importance of the nozzle exit flow condi- 
tion is brought out in the present studies. 

The present studies are still not complete enough to enable a detailed understanding 
of the complex flow development of the jet issuing from arectangular nozzle of mod- 
erate aspect ratio. All the implications of the results obtained are not yet fully 
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understood. Further detailed investigations are clearly needed to clarify the import- 
ance of the flow details at the nozzle exit and the flow structure close to it. In the 
present investigations, the boundary layer is laminar at the nozzle exit. With a tur- 
bulent boundary layer, the flow structure close. to the exit would certainly be different 
from that with the laminar layer and is likely to  significantly affect the later develop- 
ment of the jet. Studies in this direction are needed. Finally, measurements in planes 
other than the X, Y and X, 2 planes are required to properly characterize and elucidate 
the flow structure. 

This work was supported by NASA Ames Research Centre. It is a pleasure to thank 
Mr David Hickey for his helpful suggestions and encouragement throughout this work. 
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