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Abstract
In this study, the Reynolds number effect on the development of round jet flow is presented. The jet is produced from
a smoothly contracting round nozzle and the flow structure is controlled by varying the air blower speed in order to obtain various
Reynolds numbers (Re). The flow Reynolds number considered varies between 1140 and 9117. Mean velocity measurements were
taken using hot-wire probe at different axial and lateral distances (0 ≤ x/d ≤ 50, where x is the downstream distance and d is the
nozzle diameter) for the jet flow and at for 0 ≤ x/d ≤ 30 in long pipe attached to the nozzle. Measurements reveal that Reynolds number dictate the potential core length such that the higher the Reynolds number, the lower the potential core which is a measure of
mixing of jet and ambient fluid. It shows that further away from the jet exit section, potential core decreases as Reynolds number
increases, the velocity profile has a top hat shape very close to the nozzle exit and the shape is independent of Reynolds number.
It is found that potential core extends up to x/d = 8 for Reynolds number of 1140 as against conventional near field 0 ≤ x/d ≤ 6. This
may suggest effect of very low Reynolds number. However, further investigation is required to ascertain this at extremely low Reynolds numbers. It is also observed that further away from the jet exit section, the higher the downstream distance, the higher the jet
half-width (R1/2). Furthermore, the flow in the pipe shows almost constant value of normalised axial centerline velocity for a longer
distance and this clearly indicates that there is mass redistribution rather than entrainment of ambient fluid. Overall, the Reynolds
number controls the magnitude rather than the wavelength of the oscillation.
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DOI: 10.21303/2461-4262.2021.001872

1. Introduction
Due to various applications of jet flows such as in combustion processes, chemical processes,
pollutant discharge, cooling, mixing and drying processes, many researchers have studied the
structure and development of jets in order to achieve certain target [1]. Depending on the sources
of the flow, jet flow can take different shape. However, the most study type of jet flow is the one
that originated from round shape source, which is generally referred to as ‘round jet flow’. This is
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due to easy set-up in experimental and numerical studies as well as its wide range of applications.
Recent research on this subject has resulted in much improved understanding on the process by
which the jet evolves, its stability and how the surrounding fluid is entrained into the jet flow at the
outlet of the jet. Three different regions have been defined in the axisymmetric round jet flow. They
are the near field, the intermediate field and the far field regions [2]. The near field region (often
referred to the region that contains the potential core) where the flow characteristics match those
of the nozzle exit and is usually within 0 ≤ x/d ≤ 6 (where x is downstream distance and d is nozzle
diameter). The far field is located at approximately x/d ≥ 30 where it is classified as the self-similar region. The intermediate-field region lies between the near and far field, which is 6 < x/d < 30.
The near and intermediate fields together comprise the developing portion of the jet.
There are three basic types of circular jet nozzle; a smooth contraction, a long pipe and
a sharp-edge orifice plate. For detailed review of jet flow, see [3–5]. Considerable work has been
documented on round jets. For instance, [6] investigated potential core length of round jets in stagnant and moving environments such as co-flow and counter flow using particle image velocimetry
at Reynolds number of 4000. They discovered that decay constant (which is defined as rate at which
jet deviates from centerline along downstream) increased in co-flow than in counter flow and that
moving fluid reduces the potential core length [7] experimentally considered the behaviour of the
round jet for Reynolds numbers of 4000, 6000 and 8000 measured within 0 ≤ x/d ≤ 10 using hotwire anemometer. They reported that mean velocity showed negligible difference in the near field.
Furthermore, away from near field, [8] considered Reynolds number between 1000 and 5000 and
measured velocity and concentration using Laser Doppler anemometry within 40-jet exit diameter.
They reported that as Reynolds number increases, potential core decreases. Similarly, [2] conside
red Reynolds number between 6.000 and 100,000 showed that there is decreased in magnitude of
the length scale as Reynolds number increases and weakly dependent on radial position. However,
they found that beyond potential core, laminar length scale to viscous length scale exceeds unity [1]
carried out measurements at Reynolds numbers of 6000, 10,000 and 30,000 and observed that
turbulence intensity is anisotropy and axial turbulence intensity is higher than the lateral turbulent intensity. It should be noted that their measurements were within 0 ≤ x/d ≤ 25. In the far field, [9]
investigated effect of initial conditions on the far field of a round jet using hot-wire anemometer,
they discovered that second order velocity profile is not affected by change in Reynolds number
and that coherent structure evolves rapidly to equilibrium. [10] studied the influence of initial conditions on the evolution towards similarity in turbulent round jets by considering two jets with
diameters D = 63.5 mm and D = 47.8 mm. They found that velocity decrease faster in larger jet.
Interestingly, attempt has been made on fully developed jet flow in a long pipe. For instance, [11] studied secondary structures in developed turbulent jet for Reynolds number between
3000 and 30,000. They found that vortical structures size in transverse planes decreases as Rey
nolds number increases and vortex ring was lost away from near field and in the far field. In
addition, energy increased from primary to secondary vortex formation resulting in higher radial
distances [12] studied flow in axisymmetric pipe jet for Reynolds number of 5500, different shear
layer was obtained compared with contraction jet and mean velocity was first obtained in selfsimilar region followed by fluctuation aspect.
Despite the numerous works that has been done on jet flow, there is paucity of information on
the structure of flow in the case of long pipe circular nozzle especially at various Reynolds numbers.
Fundamentally, this information will improve our understanding and create a platform for better
control strategies. Also, there is need to shed more light on the region of potential core over a range of
Reynolds numbers. This will be valuable especially in the application relating to pollutant discharge.
In this study, the aim is to experimentally examine how Reynolds number influence the
development of round jet flow for Reynolds number range between 1140 and 9117 which covers the
low, intermediate and high Reynolds number regimes. The objectives are to examine the influence
of Reynolds number on the following: mean centerline velocity, spread of mean velocity, velocity
profiles and centerline velocity of confined jet as compared with free jet of the same Reynolds
number. This is necessary in order to improve our understanding of the flow development in free
jet as well as its behaviour in the attached pipe over various flow regimes.
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2. Materials and methods
Fig. 1 shows the schematic arrangement of the apparatus used for this study. It consists
of air blower (1.5 kW), a settling chamber and a smoothly contracting round nozzle (contraction
ratio 12:1), which discharge air into a laboratory room. A flow straightening section made of drinking straws (each straw is 100 mm long and 4 mm inner diameter) were placed inside the chamber
to reduce the turbulence level in the incoming flow. Variable transformer was also used to control
the flow from the blower in order to achieve the desired velocity.

Fig. 1. Descriptive layout of the apparatus (all dimensions in mm, not drawn to scale)
Six different Reynolds numbers (Re = Ujd/ⱱ, where Uj = jet exit velocity, d = nozzle dia
meter and ⱱ is the kinematic viscosity of air) based on nozzle exit diameter of 25.4 mm were con
sidered (1140, 1465, 1791, 5210, 7000 and 9117).
Single hot-wire anemometer (velocity range 0.2–17.0 m/s) with its probe (5 µm tungsten, 0.94 m) was used to measure mean stream-wise and lateral velocities at various distances
from the nozzle exit within 0 ≤ x/d ≤ 50. In addition, the centerline velocity measurement was taken
in long steel pipe within 0 ≤ x/d ≤ 30 for Reynolds numbers 5210, 7000 and 9117. The velocity at the
nozzle exit was constantly checked to ascertain the correctness of the measurements. Using propagation of error analysis, the uncertainty in the measurement of velocity was about ±5 %. This was
estimated by measuring velocity 5 times at several locations relative to the nozzle exit and at each
location, the uncertainty was ±5 % of the mean value.
3. Results and Discussion
Fig. 2 shows the inverse mean centerline velocity. Also included for comparison are the
results of [1, 7].
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Fig. 2. Axial decay of centerline mean velocity (Developing region)
The mean flow spreads out gradually and axis-symmetrically and reveals a ‘potential core’,
where the mean velocity is approximately uniform. For the Reynolds number considered (from
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1140 to 9117), potential core occurs at different downstream position. At the Reynolds number (Re)
of 1140, potential core is 8d from the nozzle exit (i.e. x/d = 8), while for other Reynolds numbers
1465, 1791, 5210, 7000 and 9117, the potential cores were 7d, 6.5d, 4.5d, 3.5d and 2.5d, respectively.
The distribution shows that as Reynolds number increase, the potential core decrease. The
results suggest that mixing of fluids is enhanced at high Reynolds number. This is not surprising
since the interaction among various flow structures is increased and this thereby leads to higher
momentum transfer. The Reynolds number of 9117 has the lowest potential core and therefore, it
is considered as best for the mixing processes. For comparison with previous measurements in
smoothly contracting nozzle, the data by [1], Re = 6000 and that of [7], Re = 8000 were included
in Fig. 2 and good agreement is observed in the potential core. It should be noted at Re = 1140, the
potential core is 8d which is outside the suggested range (0 ≤ x/d ≤ 6). This may reflect the effect of
extremely low Reynolds number on the shear layer. However, it is not surprising since mixing at
this Reynolds number may not be strong and this may likely alter the potential core. Further investigation at lower Reynolds numbers to substantiate this is required.
Furthermore, away from the end of potential core, it is interesting to note that centerline velocity begins to decrease (note that the normalisation method shows upward trend). Fig. 2 shows the
decrease up to x/d = 25 which is referred to as developing region. The distributions clearly show the
effect of entrainment of ambient fluid (air) into the jet. In order to conserve the momentum, as the
centerline velocity decrease with downstream distance, the mass flow of the jet progressively increase
as a result of ambient fluid entrainment and this also respond to change in Reynolds number. For
instance, at x/d = 10, for Re = 1140, the normalised velocity is 1.4, while it is 1.6 and 1.75 for Re = 1791
and Re = 9117, respectively. Similarly, at x/d = 15, for Re = 1140, the normalised centerline velocity
is 1.75, while 1.83 and 2.07 for Re = 1791 and Re = 9117, respectively. The distributions are similar
in the downstream region up to x/d = 25. This clearly shows that as Reynolds number is increased,
centerline velocity also increases in the intermediate region. Although, [1] stated that there is no
significant variation in the centerline velocity beyond the potential core maybe because of the higher
Reynolds numbers considered in their work (Re = 6000–30,000). Conversely, [7] argued that variations of centerline velocities had slight deviations in the near field region, which possibly may be due
to amount of flow entrainment near jet exit as reported by [13, 14]. In this study, centerline velocity
responds to change in Reynolds number, clusters in data are possibly due to entrainment of ambient
air. Therefore, the distributions of centerline velocities are the same but there is variation in magnitude in response to Reynolds number with higher values recorded with increasing Reynolds number.
Fig. 3 shows decay of centerline velocity in the far field. In this region, the distribution of
centerline velocity clearly shows dependence on Reynolds number. It is interesting to note that
lower Reynolds numbers 1140, 1465 and 1791 decay at x/d = 25. However, Reynolds numbers 5210,
7000 and 9117 were considered in the far field. For the range of Reynolds numbers considered in
this study, as downstream distance increase, there is corresponding decrease in centerline velo
city except at x/d = 40 where centerline velocity of Reynolds number Re = 9117 crosses that of
Re = 7000, this occurs possibly as a result of ambient fluid entrainment. The work of [9] was used
for comparison and the same trend was observed.
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Fig. 3. Axial decay of centerline mean velocity (far field)
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The decay constant and virtual origin of the jet flow was estimated using (1), [1]:
U j 1  x xo 
=
,
U c B  d d 

(1)

where xo is the virtual origin and B is the decay constant, x is the downstream distance, d is the
nozzle diameter, Uc is the centerline velocity and Uj is the jet exit velocity. In this study, the decay constant is presented in Table 1 and those obtained from the literature. Good agreement is
found between the present decay constant and those found in the literature. The decay constant
seems to be slightly independent of the Reynolds number but appears to depend on the region
of measurement. However, the effect of low Reynolds numbers cannot be completely ruled out.
In general, the centerline velocity decays faster in the intermediate region than in the self-similar
region due to the flow development.
Table 1
Decay constant of mean centerline velocity
Authors

Reynolds number

x/d

xo /d

B

Present study

5,000

7.5–25

2.7

5.92

Xu and Antonia (2002) [14]

86,000

20–75

3.7

5.6

Fellouah et al. (2009) [1]

10,000

15–29

2.5

5.59

Ferdman et al. (2000) [15]

24,000

≥ 15

2.5

6.7

Sivakumar et al. (2012) [7]

6,000

< 15

2.87

4.83

While the previous results indicated some Reynolds number dependence, the normalised
jet half-width should further reinforce these changes. Fig. 4 shows the spread of mean velocity in
both near and far field regions (0 ≤ x/d ≤ 50), a normalised jet half-width R1/2 (point in the radial
direction where velocity is equal to half of the centerline velocity) plotted against a normalised
downstream distance. As expected, the higher the downstream distance, the higher the jet halfwidth. Interestingly, it seems to depend on Reynolds number and entrainment of the ambient air.
For instance, at a distance x/d = 5, the jet half-width is 0.7 for Re = 5210 while it is 0.72 for Re = 7000
and 0.75 for Re = 9117. Therefore, the higher the Reynolds number, the higher the spread rate of the
mean velocity. Little significance is observed in near field unlike far field where significant change
is observed. Jet half-width decays at x/d = 25 for the lower Reynolds number (i.e. Re = 1140–1791)
whereas it extends to x/d = 50 for the higher Reynolds number considered, this further establish that
the higher the Reynolds number, the further the effect in the downstream of the jet. In the far field,
Reynolds number controls the response of the jet spread. For instance, at the far end (i.e x/d = 50),
jet half-with is 6.1 for Re = 9117 whereas it is 5.25 and 4.24 for Re = 7000 and 5210, respectively.
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Fig. 4. Spread rate of mean velocity (Near to far field)
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Fig. 5 shows the streamwise velocity profiles at x/d = 0.5. This constitutes the streamwise velo
city profile in the near field region of the flow. The velocity profile is one of the initial conditions used in
jet flow to characterise the flow field. It can be observed from Fig. 6 that the profile for the round jet has
a top-hat shape (a shape in which axisymmetric jet has lateral velocity that decrease uniformly away from
the centre). The profile is independent of Reynolds number and hence, the similar profile is obtained.
For the Reynolds numbers considered in this study, the peak-normalised velocities occur at the centerline and decrease laterally due to the entrainment of ambient air. However, it is almost the same for
all the Reynolds numbers. It can be deduced that at the nozzle exit section, irrespective of Reynolds
numbers, the profile is the same with a minimal difference in magnitude of the normalised velocity.
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Fig. 5. Streamwise mean velocity at x/d = 0.5
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Fig. 6. Streamwise mean velocity at x/d = 2.5
Further away from the nozzle exit section, x/d = 2.5 (Fig. 6) and x/d = 5 (Fig. 7), all the velo
city profiles demonstrate flow symmetry and independence of Reynolds number. At these points,
the shape seems to be unaltered but with higher lateral spread. For instance, in Fig. 6, at x/d = 2.5,
y/d = 1.5 while in Fig. 7, y/d = 2.5. Although the shape of the profile is unaltered, the lateral positions of the profile is increased, this is possibly due to gradual entrainment of ambient air. The work
of [1] is used to compare the present result and good agreement is obtained. It should be noted that
their measurements were at x/d = 0.04 and Re = 10,000. Fig. 8 presents velocity profile at x/d = 10
which falls within intermediate region based on this study, the velocity spreads further in the lateral
position to y/d = 3.25 as a result of further entrainment of ambient air.
Fig. 9–11 show the normalised centerline velocity of free jet and in long pipe for Reynolds
numbers 5210, 7000 and 9117. It is observed from Fig. 9–11 that the normalised centerline velocity
has almost constant values for a longer distance in the pipe, while decrease in values exist in the
case of free jet across the downstream (0 ≤ x/d ≤ 30). For instance, in Fig. 9, at jet exit, both cases
have normalised velocity of one while at x/d = 3, free jet is still 1, while velocity in the pipe has
decreased to 0.94. Also, at x/d = 21 free jet has 0.21, while jet in long pipe maintained a linear value
of 0.94 and later decreased to 0.81 at x/d = 29. Also noticed is a sharp decrease in free jet. This is
not surprising since the ambient fluid entrain into the jet. However, it has little or no effect in the
pipe measurements. These variations also respond to change in Reynolds number. Similar trend is
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observed in other Reynolds numbers (7000 and 9117) as shown in Fig. 10, 11. This clearly indicates
that there are mass redistributions in the pipe rather than entrainment of ambient fluid.
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Fig. 7. Streamwise mean velocity at x/d = 5
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Fig. 8. Streamwise mean velocity at x/d = 10
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Fig. 9. Normalised mean centerline velocity for Reynolds number 5210
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45
Chemical Engineering

(2021), «EUREKA: Physics and Engineering»
Number 6

Original Research Article:
full paper

1.2
1

Uc/Uj

0.8

0.6

free jet

0.4

Jet in pipe

0.2

0

0

10

20
x/d

30

40
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Overall result that stems out from all the distributions is that the Reynolds number controls
the magnitude of the parameters rather than the wavelength of the oscillation.
Generally, the overall result showed that Reynolds number controlled the magnitude of the
oscillation rather than the wavelength of the oscillation. Sequel to the foregoing, the objectives of
this work have been achieved through experimental method which is found to be expensive. Therefore, in further work, numerical simulation is recommended to study the effect of Reynolds numbers that are beyond 9117 on round jet flow characteristics as well as other areas not captured in
the scope of the present work due to exorbitant instrumentations cost. The recommended approach
is hoped to further enrich our understanding of the flow development in free jet and its behavior
in the attached pipe over various flow regimes. Furthermore, ambient air plays important role in
the mixing of fluids in this study. Further investigation at well-controlled ambient air is required
to determine the level of mixing in the shear layer. Also, potential core of 8d which is outside the
conventional range (0 ≤ x/d ≤ 6) was obtained at Re = 1140. Further investigation at lower Reynolds
numbers to substantiate this is required.
4. Conclusions
Reynolds number effects on the development of round jet flow were studied in the region
0 ≤ x/d ≤ 50 using hot-wire anemometry. Mean centerline velocity of free jet, spread of mean velocity of
free jet, velocity profiles of free jet, and centerline velocity of the confined jet were measured at the flow
Reynolds number of 1140, 1465, 1791, 5210, 7000 and 9117. The following conclusions were drawn:
1. In the mean centerline velocity of free jet, measurements revealed that Reynolds number
dictate the potential core length such that the higher the Reynolds number, the lower the potential
core which is a measure of mixing of jet and ambient fluid. However, near field could extend
beyond x/d = 6 depending on applied Reynolds number, although further investigation still requi
red at very low Reynolds numbers.
2. Spread of the free jet as measured by jet-half width revealed that the higher the Reynolds
number, the higher the spread of the mean velocity.
3. Also, velocity profiles of the free jet showed that round nozzle jet has a top-hat shape at
the exit of the nozzle irrespective of the Reynolds number with higher magnitude away from the
nozzle exit section.
4. In addition, centerline velocity of the confined jet revealed almost constant value of normalised velocity in axial direction when compared with free jet. This was largely due to mass
redistribution rather than entrainment of ambient fluid in the pipe.
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