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Abstract. Flow visualisation of plane jets in the Reynolds number (Re) range of 90 to 750 is carried out
experimentally, considering water as ﬂuid. A conventional rectangular nozzle with the exit dimensions of 20 mm
9 2 mm is used. Various visualisation experiments are carried out using a colour dye mixed or injected with the
jet ﬂow. Images are processed using image processing software to estimate the characteristics of the jets.
Besides, to assess the growth of the shear layer in free jets, a nozzle with an extension of its base wall by 5 mm is
considered. The resulting images indicate that the mean spread rate of a turbulent plane jet is around 0.152. In
the case of laminar jets, a vortex street with large size vortices is observed at lower Reynolds numbers. The
Strouhal number of the vortices formed in the laminar jet is observed to increase with an increase in the
Reynolds number. The amplitude of the oscillations of a laminar jet column at Re & 90 is observed to increase
with an increase in the axial distance. The dissipation and spread rates are lower for smaller Reynolds number
laminar jet. The ﬂow emerging from a nozzle with an extended base-wall is found to be asymmetric along its
nozzle centreline, attributed to the delay in the shear layer formation at the wall side.
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1. Introduction
Jets have been widely studied to understand the turbulence
properties in the ﬂow ﬁeld that has enormous beneﬁts in the
disciplines of aerospace, chemical reactors, and energy
systems like boilers. Jet ﬂow also helps in the mixing of
chemicals and efﬂuents efﬁciently, ﬂocculation in water
treatment plants, heating and ventilation of buildings, fuel
sprays and combustion, etc. Jet is a momentum dominated
ﬂuid entering the zone of stationary or moving ambient
ﬂuid. The velocity difference between the injected and
ambient ﬂuids leads to a mass exchange and thus forms a
shear layer region between the two ﬂuids. This region
grows along the direction of the jet ﬂow by engulﬁng
ambient ﬂuid, and its growth rate depends on the jet Reynolds number, momentum, and ﬂuid temperature. The jet
exiting the nozzle depends mainly on (i) jet’s initial
parameters such as momentum, velocity, and concentration,
(ii) geometrical parameters such as nozzle diameter, orientation, nozzle topology, and (iii) environmental parameters such as properties of an ambient ﬂuid [1]. Jets are
characterized by parameters such as potential core length,
spread rate, jet half-width, cone angle, and location of
virtual origin.
Numerous studies have been carried out in the past to
establish the general features of plane jets. Bradbury [2]
*For correspondence

studied the turbulent plane jet at the Reynolds number of
30000 in a slow-moving parallel airstream at an ambient to
jet velocity ratio of 0.07. A fully developed region in the jet
ﬂow is seen to attain at an axial distance, x/d [ 30, however, at x/d [ 50 at still air condition. In this region, the
turbulent intensity remains constant irrespective of the
downstream distance. The potential core length for jets is
observed up to six diameters from the source [1, 3]. Further,
in the self-similar region of jets, the velocity proﬁle or
concentration proﬁle is self-similar. However, the width of
the concentration proﬁle is higher by around 1.35 times
than the width of the velocity proﬁle in plane jets, and the
concentration spread is found to be 0.157 ± 0.003 [1, 3].
Lemieux and Oosthuizen [4] studied the mean velocity
proﬁle, centreline velocity decay, and turbulent stress of
plane turbulent jets in the Reynolds number range of 700 \
Re\4200, and noted that the centreline velocity decay and
turbulent stress had a strong Reynolds number dependence.
Deo et al. [5] observed the inﬂuence of Reynolds number
on a plane jet in the Reynolds number range of 1500 B Re
B 16500. They carried the velocity measurement using the
hot wire anemometer for x/h B 160. The potential core
length is noticed to decrease with an increase in the Reynolds number. Further, the far-ﬁeld mean velocity decay
and spread decreases asymptotically with an increase in the
Reynolds number. Kwon and Seo [6] used Particle Image
Velocimetry to analyze the effect of Reynolds number in
the range of 177 to 5142 on non-buoyant round jets. The
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top-hat velocity distribution is noted for jets at Re [ 437
and not observed for the laminar jets. The jet spread with
axial distance is higher for turbulent jets than the laminar
and transitional jets. A novel technology, DPIV-PLIF, was
developed for simultaneous measurement of concentration
and velocity proﬁles by Borg et al. [7] using Rhodamine
dye as the tracer particles. Their methodology was a success, and the determined jet properties had a good agreement with the other experimental and simulation literature
data. Suresh et al. [8] observed the transitional characteristics of plane turbulent jets at the Reynolds number in the
range of 250 B Re B 6250. The far-ﬁeld jet ﬂow structures
at lower Reynolds number is dominated by large scale
vortices, thus having larger entrainment and faster jet decay
compared to the higher Reynolds number jets. Bisoi et al.
[9] carried out Large Eddy Simulations of a turbulent plane
jet at Re = 4000 and found that the turbulent intensity
increases from the end of the potential core region to the
fully developed region due to eddies formation. In the fully
developed region, it becomes constant because of the
tearing of vortices. Xia and Lam [10] performed concentration measurements using PLIF for a submerged jet using
Rhodamine 6G. The nozzle had an exit diameter of 3 mm
and a contraction ratio of 4:1. The jet Reynolds numbers
considered were 1003, 1672, 3345, and 5017. The potential
core lengths were found to be up to 9.5d for laminar jets,
5.5d for transitional jets, and 4.5d for turbulent jets. The
spreading rate was determined to be 0.12. Further, the
potential core length for concentration is lesser by one to
two diameters than that of the velocity. Antonia et al. [11]
carried out the space-time correlations of velocity and
temperature ﬂuctuations for the plane jet at Re & 7620.
They observed the counter-rotating vortices in an asymmetric arrangement for x/d[10. However, near the nozzle,
the vortices are symmetric along the centreline of the
nozzle.
Initial experiments on very low Reynolds number jets are
carried out by Reynolds [12] by injecting dyed water into a
large water tank. It was observed that with an increase in
the Reynolds number, the jet column undergoes different
types of breakdown. Further, it is also noted that for Re [
300, the jet column breaks immediately at some distance
from the nozzle and spreads rapidly. Rockwell and Niccolls
[13] conducted the ﬂow visualization studies by generating
streaklines and timelines using the hydrogen-bubble technique in the Reynolds number range of 1860 to 10800.
They concluded that the coalescence and vortex growth in a
plane jet might be symmetric or asymmetric modes. The
former and the latter will lead to varicose and sinuous
instabilities, respectively. Crow and Champagne [14]
studied the instability in laminar jets in the Reynolds
number range of 100 to 1000 and found that the instability
evolves from a sinusoid to a helix pattern. At Reynolds
number of around 10000, surface ripples on the jet column
and weak large-scale vortex puffs are noted that are
axisymmetric with the jet axis. O’Neill et al. [15] studied
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the stability of low Reynolds number round jets for the
values of 680 and 1030. Instability was observed to be a
governing factor for the generation of various coherent
structures conﬁrming the similar results described by Crow
and Champagne [14]. The jet was observed to shift from
helical to axisymmetric with an increase in Reynolds
number. The initial sinuous whiplash motion converges to
the puffs at a higher Reynolds number. Rahman et al. [16]
did LDA on air jets and analyzed the effect of Reynolds
number ranging from 1400 to 20000, in near ﬁeld region up
to 10d. They concluded that the location of virtual origin
moved upstream with an increase in the Reynolds number
and the centerline velocity decays at a slower rate. Hirtum
et al. [17] carried out smoke visualisation studies for the jet
in the Reynolds number below 1100 on jet instability using
an asymmetric nozzle. An increase in the jet Reynolds
number leads to a reduction in transverse vortex stretching,
an increase in vortex shedding, and lowers the asymmetricity in the vortices. Iio et al. [18] conducted visualisation studies with water as the working ﬂuid in pulsating
rectangular jets. It is observed that pulsating the jet results
in substantial changes in the vortex structures. Pulsation
helps in vortices formation at regular interval and improve
their interactions, and a rapid spread. Lynch and Thurow
[19] developed a technique to visualise and capture a 3D
volumetric ﬂow of an axisymmetric jet using a 3D visualisation system having high spatial and temporal resolutions.
Their ﬁndings showed that the number of stream vortices
formed in the circumference of the jet increases with the
Reynolds number. Also, an interaction between the
streamwise vortices and the vortex rings is noticed in the
transition region of the jet. Grandmaison et al. [20] carried
out the concentration studies of a jet using a rectangular
oriﬁce nozzle having an aspect ratio of 10. Their concentration spread rate is found to higher than the circular jets.
The concentrations proﬁles in the transverse planes of the
jet are found to be asymmetric downstream.
It is understood from past studies that jets are widely
investigated topics in ﬂuid mechanics since multiple
methods can approach the solutions to the jets and their
variants. Flow visualisation is one of the many approaches
that are extensively used to understand the jet features, as
discussed in the above literature. This paper presents the
visualisation of plane jets using the dye injection method
from a rectangular nozzle having an aspect ratio of 10 in the
Reynolds number range of 90 to 750. Initially, a jet at Re &
735, which is turbulent, is considered for the study. Later,
jets at very low Reynolds number, namely, 90, 148, and
223, are considered to study the instability in the laminar
jets. The temporal oscillations of the laminar jet column
and frequency of the initial vortices formed are investigated
using the ﬂow visualisation. In the current study, for visualising laminar jets, uniquely, a dye is injected at the
periphery of the jet shear layers to form a streakline that
depicts the apparent features of an instability mechanism.
Besides, visualisation studies are also carried out for jets
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emerging from a nozzle with a slight extension of the
nozzle base-wall. This helps in delaying the shear layer
formation at one side of the jet compared to the other side.

2. Experimental methodology
The experimental facility (ﬁgure 1) consists of three tanks,
namely, a storage tank having dimensions 35 cm 9 35 cm
9 30 cm, a constant head tank having dimensions of 25 cm
9 25 cm 9 40 cm, and an ambient tank having dimensions
of 45 cm 9 45 cm 9 80 cm. The constant head tank is
placed at a higher hydraulic gradient level to ensure gravity-fed jet ﬂow, and a control valve is placed to adjust the
ﬂow rate. The large dimensions of the ambient tank eliminate the momentum reversal due to the presence of the
boundary walls, as suggested by Capp [21]. In this study,
the nozzle is placed at the centre of the ambient tank at
approximately 22.5 cm away from the tank walls to ensure
a larger environment for the jet ﬂow. Flow visualization
studies are carried out using a methylene blue component
as the dying agent having a speciﬁc gravity 1.1. Jet
experiments are carried out at four Reynolds numbers, as
shown in Table 1. The ﬁrst three cases correspond to
laminar jets, and the last one is a turbulent jet. Due to the
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manual adjustment of the jet ﬂow rates using a control
valve, the resulting jet velocities are within the range shown
in Table 1, and the corresponding average Reynolds numbers of the jets are 90, 148, 223, and 735. A rectangular
nozzle having an aspect ratio of 10 with the dimensions 20
mm 9 2 mm is used to generate plane jets. The schematic
of the conventional nozzle is presented in ﬁgures 2(a) and
(b) represents a nozzle with its base-wall extension by 5
mm. As the jet issued to the ambient tank gets steady, the
video of the jet is captured using the Nikon D5600 camera
at 60 fps and a resolution of 1080 9 1920 pixels. Later, the
images are processed using the ImageJ open-source software [22] to determine the jet ﬂow properties. Calibration
of the images is carried out using a known physical
dimension in the image, and subsequently, the pixels are
converted to the standard units. The uncertainty involved in
the measurements of concentration spread from the images
is around ± 0.5 mm in the near-ﬁeld and around ±1.0 in the
far-ﬁeld from the jet source. Two LED lights are placed on
the outer sides of the ambient tank for brightness. In
addition, a few jet ﬂow experiments are carried out at low
Reynolds numbers by injecting a colour dye in the shear
layer of the jet to understand the dynamics of vortices
growth and entrainment. The dye injection is done using

Figure 1. Experimental set-up. (a) Schematic and (b) photograph.

Table 1. Types of jets and their Reynolds numbers used for the study.
Sl. No.
1
2
3
4

Type
Laminar jet
Laminar jet
Laminar jet
Turbulent jet

Velocity range (m/s)
0.031
0.057
0.089
0.304

to
to
to
to

0.048
0.073
0.109
0.349

Average Reynolds number
90
148
223
735
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Figure 2. Dimensions of the (a) rectangular nozzle, (b) rectangular nozzle with an extended base wall, and (c) rectangular nozzle with a
needle set-up for dye injection. All dimensions shown are in mm.

two thin needles placed sufﬁciently close without disturbing the jet ﬂow, as shown in ﬁgure 2(c).

3. Results and discussion
3.1 Flow visualisation of Re & 735 jet
Initial studies are carried out with a turbulent plane jet at
the Reynolds number of 735. The dyed ﬂuid is released
through the rectangular nozzle (ﬁgure 2(a)), and the corresponding instantaneous image is shown in ﬁgure 3a. The
following ﬁgure (ﬁgure 3(b)) shows an averaged image of
the jet ﬂow that is obtained by considering around 900
instantaneous images for 15s. The averaged image is further processed to obtain a grey scaled image, as shown in
ﬁgure 3(c). Figure 4 shows the normalised concentration
proﬁle (C/Cc) at different axial locations (x/h) of the jet,
where h = 2 mm is the width of the rectangular nozzle. The
normalisation is carried out by calculating the ratio between
the pixel intensities at a location in the jet ﬂow (C) and the
local centreline (Cc) at a given x/h. Figure 4 shows that the
concentration proﬁle at x/h = 12 is observed to be the tophat, which indicates the potential core region of the jet ﬂow
[1, 3]. Here, the concentration is maximum throughout the
traverse direction (y/h) of the jet and has the least
entrainment of the ambient ﬂuid. Further, the concentration
proﬁles in the region of 12 B x/h B 25 are seen to vary
drastically. For instance, the width of the proﬁle curve at x/
h = 12 is less wide compared to that at x/h = 17 and 25.
Such a contrast change is eminent in the transition region of

the jet ﬂow. Finally, for x/h[25, the concentration proﬁles
start showing a self-similar behaviour, and a Gaussian trend
is observed. This region corresponds to a fully developed
region of the jet or also termed as a self-similar region.
Here, the ﬂow characteristics do not depend on the initial
nozzle geometry and the jet inlet conditions, and the spread
rate is almost constant.
Figure 5 shows a jet concentration half-width (bc/D) of
the plane jet along with the axial distance (x/D). Here, D is
the diameter of a round jet with an equivalent area of the
current plane jet calculated for the purpose of comparison
with the literature [20]. For an aspect ratio of 10 for the
present nozzle, the equivalent diameter is D = 3.57h. The
concentration half-width (bc) is the location in the lateral
direction (y), where the concentration is half of the centreline concentration (Cc). The concentration half-width is
seen to linearly increase with the direction of the jet,
indicating the jet spread in the lateral direction. The concentration spread rate along the right side of the jet is
slightly higher than the left side, which could be due to a
non-uniform lighting effect across the jet ﬂow plane. The
mean concentration spread rate is estimated to be around
0.152, which is almost identical to the concentration spread
of 0.157 ± 0.003, as noted in the literature [1]. In addition,
the bc/D is compared with the linear curve ﬁt of Grandmaison et al. [20] and is observed to match well with the
left side concentration spread of the jet. The slight deviations in the comparison could be due to the type of nozzle
used in both the study. Figure 6 shows normalised concentration (C/Cc) proﬁles with y/bc at different axial locations of a fully developed region (x/h C 25). The
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Figure 3. Images showing the (a) instantaneous free jet at Re & 735, (b) averaged image, and (c) grey scaled image.
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Figure 4. Normalised concentration proﬁles at different axial locations, x/h, of a plane jet at Re & 735.
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Figure 5. Variation of the concentration half-width along the
axial distance for Re & 735 jet.
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Figure 6. Normalised concentration proﬁles along the lateral
direction in the self-similar region of jet at Re & 735.

normalised proﬁles are observed to collapse well in the selfsimilar region of the jet. The comparison of the concentration proﬁles with a Gaussian proﬁle of Grandmaison
et al. [20] is good at most of the locations. A deviation that
is found at higher y/bc’s in the left and right sides of the jet
could be due to the usage of the threshold limits in the
image processing in identifying the jet edges.

3.2 Visualisation of instability in laminar jets
It is understood from the above studies that jet ﬂow characteristics at higher Reynolds numbers are well known and
successfully agree with the literature data. In the subsequent studies, jets in a lower Reynolds number range of 90
to 230 are considered, where they are laminar and unstable.
Such a typical low Reynolds number ﬂows can be observed
in numerous geographical ﬂows, such as in ocean thermal
currents, cloud interactions, chemical reactions, etc. In the
current section, the jet ﬂow emerging from the nozzle is

captured using a colour dye to study their instability
mechanisms. Figure 7 shows streaklines of the jet ﬂow at
the Reynolds number of 90 using the dye injected at both
sides of the rectangular nozzle. Instantaneous images in the
ﬁgure correspond to the different times of the jet ﬂow. A
laminar jet column with an instability triggering in the
downstream can be observed, and the formation of vortex
street is observed. In the vicinity of the nozzle, the jet
column is laminar, and later, jet ﬂuid rolls-up to form a
vortex (ﬁgures 7(a–c)). If the jet ﬂuid is stable, a delay in
the rolling-up of a vortex is observed, as noted in ﬁgure 7(c). However, in a highly unstable condition that may
arise due to a change in ﬂow parameters, the jet ﬂuid rollsup immediately after its exit from the nozzle, as seen in
ﬁgure 7(d). The observation indicates that the vortex
structures are asymmetric along the jet centreline, and the
type of instability is sinuous. Similar results are noted by
Rockwell and Niccolls [13], where the type of instabilities
in the plane jets can be either sinuous or varicose depending
upon the asymmetric or symmetric nature of vortex
structures.
Figure 8 shows an interesting demonstration of the jet
column ﬂuctuation in the nozzle’s vicinity before the vortex
formation. Figure 8(a) shows an instantaneous jet image at
Re & 90, and ﬁgure 8(b) shows the temporal orthogonal
views of the jet column at different axial distances. The
orthogonal view represents the view of a slice plane at any
axial location (x/h), which is perpendicular to the jet ﬂow
direction with time and y/h as the axes. These views can
help to understand the oscillations of jet ﬂuid in the lateral
direction with time. At x/h & 6.8, it can be noticed that the
oscillations of the jet ﬂuid are very small along with the
lateral direction y/h. With an increase in the x/h, the
amplitudes of the oscillations are seen to increase. The
maximum oscillation of the jet ﬂuid is noticed at x/h & 13,
whose value is approximately the same as jet width. These
disturbances can be a precursor to trigger the instability in
the laminar jet. Further observations from the orthogonal
views indicate that the frequency of the jet oscillation
remains the same throughout the axial locations, albeit
there is an increase in its amplitude. At all these axial
locations, the oscillations are noticed on both sides of the
jet column and are found to be in phase.
Figure 9 shows the images of a vortex formation with
time for the jet ﬂow Reynolds number of 90, 148, and 223.
At these Reynolds numbers, the average time duration for
the formation of a single clockwise vortex is observed to be
around 0.438, 0.222, and 0.112 s, respectively (ﬁgures 9(a–
c)), followed by a counter-clockwise vortex on the left side.
This depicts an increase in the frequency (f) of vortex
formation with an increase in the jet Reynolds number. The
respective Strouhal numbers (Sth) based on the nozzle
width (h) and average jet velocity (U) are estimated using
Eq. (1) and is tabulated in table 2.
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Figure 7. Instantaneous images showing laminar jet ﬂow patterns with increasing times at Re & 90.

Figure 8. (a) Instantaneous jet ﬂow image at Re & 90. (b) Temporal orthographic view of the jet column oscillation at different axial
locations, x/h.
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Figure 9. Images showing a clockwise vortex formation cycle with time at (a) Re & 90, (b) Re &148, and (c) Re & 223.

Sth ¼

fh
U

ð1Þ

The Strouhal numbers at the Reynolds numbers of 90,
148, and 223 are found to be 0.115, 0.140, and 0.182,
respectively. These values are in congruence with the
Strouhal number relation, Sth = 0.012Re0.5, as deduced by

Rockwell and Niccolls [13], and the comparisons are tabulated in Table 2. The increase in the Strouhal number
depicts the fact that the number of the vortices formed over
time is higher in the case of a higher Reynolds number
laminar jet that will be investigated in the following
section.

Sådhanå (2021)46:50

Page 9 of 12

Table 2. Comparison of vortex formation Strouhal number with
the literature at different Reynolds numbers.
Strouhal number
Reynolds number
90
148
223

Present study

Rockwell and Niccolls [13]

0.115
0.140
0.182

0.114
0.146
0.179
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Figure 10 shows the instantaneous images of the laminar
jets at the Reynolds numbers of 90, 148, and 223. It can be
observed from the ﬁgure that as the Reynolds number
increases, the instability occurs closer to the nozzle. The
size of the vortices that are formed at Re & 90 is much
larger compared to the higher Reynolds number jet of Re &
223 (ﬁgures 10(a–c)). This shows that with an increase in
the jet velocity, jet ﬂuid in the shear layer rolls-up faster
due to the higher jet momentum compared to the ambient.
At Re & 148, the jet column has larger oscillations compared to that at Re & 90, which is due to the higher velocity

Figure 10. Instantaneous images (a), (b), (c) and the combined images (d), (e), (f) of the jet images at the jet Reynolds number of *90
(a), (d), *148 (b), (e) and *223 (c), (f).
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of the jet ﬂuid. Moreover, the vortex street formation for Re
& 90 jet is in an orderly fashion compared to the higher
Reynolds number jets. The visual comparison also dictates
that the lateral spread of the higher Reynolds number
laminar jet is higher than their counterpart jets. To have a
better illustration, all the images are combined together and
are plotted with the minimum intensity values in ﬁgure 10(d)–(f). The laminar jet at lower Re (& 90) is
observed to travel a longer axial distance since it has a
lower dissipation and spread rates. In contrast, the higher
Reynolds number laminar jets have a larger spread and
dissipation rates. This could be understood from the frequency of the vortices formed in the laminar jets, as illustrated in ﬁgure 9. At Re & 90, 148, and 223, the frequency
of the vortices formed is approximately 2, 5, and 9 vortices
per second, respectively. Therefore, a larger number of
small-scale vortices at higher Reynolds number laminar jets
could lead to a larger dissipation and spread (ﬁgure 10(f)).
Further, the smaller size vortices in a higher Reynolds
number jet help in better mixing than the lower Reynolds
number jet.
Further analysis is carried out on the vortex behaviour of
the Re & 90 jets. In a typical instantaneous image of this
jet, the vortices are marked and numbered, as shown in
ﬁgure 11. The marked locations on these vortices denote
the centroid of the vortex. The centroid is obtained using
the image processing software by drawing a closed contour
around the vortices. Initially, it can be noted that the oddnumbered vortices are almost colinear, and similar is the
case with the even-numbered vortices. The centroids of the
consecutive vortices are connected using the dotted lines to
form a vortex pair, as shown in the ﬁgure. The angles made
by these vortex pairs with respect to the horizontal are
given in table 3, and interestingly, the angles are in the
range of 44 to 54 degrees with an average value of around
50 degrees. Further, on calculating the area of all these
vortices (table 4), it is noted that the area of the consecutively numbered vortices increases. The initial vortex (1 in
ﬁgure 11) has an area of 6.3 mm2, while the 6th vortex has
an area of 34.8 mm2. This demonstrates that the vortices
entrain ambient ﬂuid by approximately six times along the
axial distance before its dissipation.
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Figure 11. Instantaneous image of a laminar jet at Re & 90
indicating the vortices numbered.
Table 3. Angles made by the vortex-pairs of a jet ﬂow at Re &
90.
Vortex pairs

1–2

2–3

3–4

4–5

5–6

6–7

Angle (degrees)

44

55

43

50

50

54

Table 4. Area of the vortices formed in a jet ﬂow at Re & 90.
Vortex number

3.3 Visualisation of jet from extended base-wall
Figures 12(a) and (b) show the jets emerging from a conventional nozzle (ﬁgure 2(a)) and from an extended basewall nozzle (ﬁgure 2(b)), respectively, for Re & 90. The
latter jet can be classiﬁed under the category of a wall jet,
however, with a small wall-length than that used in a typical wall jet. Figure 12 clearly illustrates the distinction
between the two jets. In the jet from the extended wall case
(ﬁgure 12(b)), the ﬂow is asymmetric, and a tilt of the entire
ﬂow is observed towards the wall side. This may be due to
the delay in the formation of the shear layer at the wall side,

2

Area (mm )

1

2

3

4

5

6

6.3

14.2

18.3

22.2

24.4

34.8

and therefore, this difference in the shear layer initiation
makes the ﬂow asymmetric. On the extended wall side, the
jet ﬂow velocity is higher [23], and therefore, the pressure
is expected to be lower, thus tilting the ﬂow towards the
lower pressure region. Further, the length of the laminar jet
column is seen to be smaller for an extended wall nozzle
compared to its counterpart. Figure 13 compares the
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(ﬁgure 13(a)), while in the case of an extended wall nozzle,
the spread rate is higher in the wall side (ﬁgure 13(b)).
Figure 13(c) denotes the concentration half-width of the jet
from an extended base wall nozzle. It can be observed that
the spread rate is almost linear. The spread rates on the left
side (wall side) and right side of the jet are not similar, as
expected, and their spread rates values are 0.242 and 0.211,
respectively, thus depicting the fact that the spread rate is
higher on the wall side of the jet compared to the free side
of the jet.

4. Conclusion

Figure 12. Instantaneous images of (a) plane jet and (b) jet from
an extended nozzle base wall at Re & 90.

Flow visualisation of laminar and turbulent plane jets are
experimentally investigated. The laminar plane jets considered are in the Reynolds number range of 90 to 223, and
a turbulent plane jet at Re & 735. The study was carried out
using two types of rectangular nozzles. One was a conventional nozzle, and the other one having a small extension along the base wall of the nozzle. At Re & 735, the
mean concentration spread rate of the plane jet was found
to be 0.152, which is in congruence with the literature. The
size of a vortex street at Re & 90 laminar jet is larger than
that at Re = 223. Further, the concentration spread rate
increases with an increase in the Reynolds number for
laminar jets. The frequency of the vortices formed increases
with an increase in the Reynolds number. The corresponding Strouhal numbers are found to be 0.115, 0.140,
and 0.182 at the Reynolds numbers of 90, 148, and 223,
respectively. Temporal analysis of a Re & 90 jet reveals
that the amplitude of the oscillations made by the jet column increases with the axial distance. An increase in the
area of the consecutive vortices at Re & 90 laminar jet
illustrates that the entrainment of the ambient ﬂuid is
enhanced by approximately six times along the axial distance before the complete dissipation of the vortex. Finally,
the presence of an extended surface along the nozzle base
wall made the jet ﬂow asymmetric. The jet spread rate on
the extended wall side is higher than that at the free side of
the jet.
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