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Abstract. This research concerns on the axial measurement 
of a pulsed-axisymmetric jet to investigate the decay of inverse 
of mean centerline axial velocity with the use of a single normal 
hot-wire anemometer. The measurement is performed by 
controlling mean exit velocity and pulsing frequency.  

The axial measurement reveals that the pulsation 
method leads to the appearances of two distinct regions namely 
the pulsed dominated- and the high turbulence steady jet-
regions. However, the existence of the two regions can be 
controlled by adjusting the mean exit velocity and pulsing 
frequency. At a high mean exit velocity and low pulsing 
frequency, the high turbulence steady region is not seen, hence 
the transition region can not be found. Furthermore, at a high 
pulsing frequency and a constant mean exit velocity, the pulse 
dominated region becomes shorter.  

The present study has provided a comprehensive 
knowledge in that the trend of the decay rate is very clear under 
the wide range of pulsation method imposed on the jet. This 
inclusive understanding becomes a substantial consideration for 
mixing processes as well as can be used to verify the k-ε 
turbulence model to predict the decay of normalized mean 
centerline-axial velocity.  
 
Keywords. Pulsed-axisymmetric jet, pulsation method, 
decay rate of mean centerline velocity, hot-wire anemometer. 
 
 
1. Introduction 
In many widespread industrial applications such as 
mixing processes, unsteady jets can be of a considerable 
practical interest due to their more enhanced mixing and 
entrainment characteristics when compared to steady jets 
([1], [2], [4], [5], [6], [10], [11], [12], [13], [20], [21], 
[23]). Such jets can be produced through mechanically 
(for example:, [4], [5], [6], [20]) or acoustically 
perturbation techniques (for example: [10], [18], [25]). 

Of various types of mechanically perturbed jet, a 
fully pulsed jet which is generated by a pulsing valve is 
of the most important consideration in a number of 
studies since such a jet has higher level of entrainment 
than the other jets ([2], [20]). However, the jet still 
provides little structural information in terms of its axial 
properties due to limited measurements performed in the 
past ([3], [4], [6], [9], [12], [22], [23]). 

An early investigation in the fully pulsed jet 
with a single mean exit velocity, Ue of 36.6 m/s and 
pulsing frequency, fp of 10 Hz ([4]) revealed a striking 
interesting phenomenon which is shown by the suddenly 
change of decay growth of inverse of axial-centerline 
velocity, Ue/U0 with a wider area of axial measurement 
(x/d up to 100 diameters downstream) were performed 

from a previous study (x/d up to 17 diameters 
downstream) with a constant mean exit velocity, Ue of 
36.6 m/s and varying pulsing frequencies, fp of 10 and 25 
Hz ([6]). At the upstream positions (x/d < 50) the decay 
rate is slower than that of a steady jet while after the 
downstream position, x/d of 50 the decay growth 
switches to that of a steady jet. 

A few years later, [23] continued the pulsed jet 
study with a constant mean exit velocity, Ue of 35 m/s 
and varying pulsing frequencies, fp of 5, 10, 15, and 25 
Hz. The researcher also found the similar interesting 
results with those of [4] associated with the suddenly 
change of decay rate but is of different scales with the 
results of [4] over 100 diameters downstream. 
Subsequently, [3] simulated the previous results [4] over 
100 diameters downstream using the k-ε turbulence 
model. Nevertheless, they found that this model shows 
significant discrepancy in the further downstream regions 
but is consistent with the experimental results in the 
downstream regions (x/d below 50), therefore, the change 
in slope of the centerline velocity decay of a fully pulsed 
jet still needs more explanation. 

Continuing the former works ([3], [4], [23]), 
[12] experimentally investigated the fully pulsed jet with 
a single mean exit velocity, Ue of 36.6 m/s and pulsing 
frequency, fp of 10 Hz over some downstream distances 
(40 < x/d < 80) which are considered to be the transition 
regions of decay growth. It was shown that the change in 
the decay rate is not clearly seen over this region. 

Furthermore, [22] experimentally examined the 
fully pulsed jet up to 100 diameters downstream with a 
wider range of mean exit velocity (10 m/s ≤ Ue ≤ 35 m/s) 
and a constant pulsing frequency, fp of 10 Hz. [22] 
confirmed that the change in the decay rate was found. 

In attempts to verify the experimental results of 
[22], [9] studied the pulsed jet with a range of mean exit 
velocity (10 m/s ≤ Ue ≤ 36.6 m/s) and a constant pulsing 
frequency, fp of 10 Hz over 100 diameters downstream. 
However, the most recent results do not confirm the 
existence of transition region of the change in the decay 
rate of a fully pulsed jet. 

Considering the abovementioned existing 
problems, it is the purpose of this present study to 
broaden the knowledge of a fully pulsed by carrying out 
an axial measurement up to further downstream in order 
to study the decay of inverse of mean centerline axial 
velocity. In line with the goal of this current work, the 
effects of varying mean exit velocity and pulsing 
frequency on the basic properties of the jet are 
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investigated in a wider range than that of the previous 
works. This present work will provide the opportunity for 
more comprehensive understanding of pulsed jet than 
previously. For mixing process, the present existing 
results of the decay rate will benefit for evaluating the 
entrainment of the jet.  
 
 
2.  Research Methodology 
The measurements were performed in the Pulsed Jet 
Laboratory at the Department of Mechanical 
Engineering, The University of Queensland. Natural or 
forced ventilation was not used during the measurements 
to avoid external effects which might be able to change 
the flow characteristics. The jet obtained air supply from 
the department main compressor which can provide the 
maximum compressed air at up to 600 kPa (gauge).  

Before passing a flow on/off valve, the 
compressed air is filtered by a coarse filter. After the 
valve, the compressed air is subsequently dried and 
filtered by the fine filter to avoid contaminants which can 
break the hot-wire sensor. A pressure reducing valve 
which is a pressure regulator to control the flow rate then 
feeds the air into the flow system which is connected by a 
25 mm hose. An orifice plate designed by [8] to [7] was 
installed to measure the flow rate which corresponds to 
the desired mean exit velocities. 

The fully pulsed jet was produced with 
apparatus as illustrated in Figure 1. The nozzle diameter 
is 12.77 mm with the pulsing valve driven by a pair of 
geared rollers of a 1:2 on-off ratio to generate an 
intermittent flow. A 200 mm disc was mounted on the 
nozzle to avoid directly entrainment of the fluid behind 
the nozzle, hence allowing the flow near the jet exit to be 
axisymmetric. To obtain the required pulsing frequency, 
the shaft of one roller was coupled to a variable speed 
DC motor, the speed of which can be adjusted.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Pulsed jet apparatus 
 
A plenum chamber was used to stabilize flow 

variations caused by the opening and closing of the 
pulsing valve. The chamber can withstand pressure up to 
100 kPa (gauge). For this current research, the pressure 
was measured with a pressure gauge and was found to be 
in a range of 2.5 - 30 kPa (gauge) which corresponds to 
the desired exit velocities. The pressure fluctuations in 
the chamber, as a result of the pulsing flows, never 

exceeded 2% of the chamber gauge pressure ([14]), 
therefore their effects on the exit flow can be neglected. 
From observations during the experiments, the level of 
the pressure fluctuations decreased with increasing 
pulsing frequency. 

Turbulent flow generated by the jet was studied 
with the use of a single-normal hot-wire anemometer 
operated in a constant-temperature mode. The axial 
measurement was performed up to 100 diameters 
downstream. A larger range of mean exit velocities, Ue of 
13.7, 20.6, 27.6, 34.4, and 41.2 m/s and pulsing 
frequencies, fp of 5, 10, 15, and 25 Hz were used to have 
comparable results with those of previous experimenters 
([4], [6], [9], [12], [22], [23]).  

The hot-wire anemometer system incorporates a 
single normal hot-wire probe, DISA 55M01 main unit, 
55M11 CTA booster adapter, and 55M05 power pack. 
The probe was a single normal wire made of Sigmond 
Cohn alloy 851 (79%Pt, 15%Rh, and 6%Ru) mounted on 
the prongs with a spot-welding technique performed at 
the Mechanical Instrument Laboratory, the Department 
of Mechanical Engineering, the University of Queensland 
having the ultimate strength, temperature coefficient of 
resistivity, α20, resistivity, χ20, of 1.724x106 kPa, 0.7x10-3 

oC-1, and 30x106 Ω-cm, respectively. The wire size was 2 
mm long and 10.16 µm diameter. During the 
measurements, this probe was placed with the probe stem 
parallel to the mean flow direction to measure the axial 
velocity components.  

Signal processing and data logging devices for 
digital sampling technique include a Tektronix 2201 
oscilloscope and 8050A digital voltmeter, two 737M 
low-pass (L/P) filters and amplifiers, two signal 
conditioning (715A/B and 715 A/D 
inverter/amplifier/summer) units, an analog to-digital 
(A/D) card, and a personal computer equipped with a 
data logging software. For optimum sampling criteria, the 
hot-wire signal was sampled with the sampling rate of 
1000 Hz and the number of sample of 10000. 

Before the execution of the primary 
experiments, several experimental procedures were to be 
achieved, including hot-wire calibration, optimum digital 
sampling technique, pulsed jet symmetry check. The hot-
wire calibration has been performed within a high degree 
of accuracy, giving a ±0.03% accuracy for the extended 
power-law equation improved by the look-up table 
method and 1.22% rms relative error of the fluctuating 
velocity component, u’. Based on the optimum digital 
sampling evaluation, the appropriate sampling parameters 
are a 1000 Hz sampling frequency; 50,000 number of 
samples, and 50 seconds sampling time, allowing a 
0.26% uncertainty of the estimated mean value, [ ]Uε . 
Furthermore, the jet centerline determination shows that 
the pulsed jet follows a straight line trajectory when 
propagating downstream. Also, a high degree of the 
radial profile symmetry in the horizontal and vertical 
direction is proved by the radial profile test of the jet.    
 
A. Basic Equations 
From the Reynolds decomposition, the velocity 
components of the pulsed jet can be mathematically 
expressed as 

Nozzle 

Circular 
disc 

Plenum 
chamber 

Pulsing 
valve 

Speed 
controller 

Geared 
rollers DC 

motor 

https://doi.org/10.24084/repqj09.320 306 RE&PQJ, Vol.1, No.9, May 2011



uUU i +=  (1) 
where Ui is the instantaneous axial velocity, U is the 
mean axial velocity, and u is the aggregate axial 
turbulence. The flow is statistically stationary for the 
cases of spatial averaging which are demonstrated by the 
results of 0≡u . The mean axial velocity in (1) can be 
determined from a discrete equation applicable to digital 
signal sampling over a finite time period as in 

N

U
U

n

i
i∑

== 1ˆ   (2) 

where Ui is the ith sampled signal, N is the total number 

sampled. is an estimation of U and it holds that 

 as a consequence of the statistically stationary 
flow. 

Û
UU =ˆ

The equation of the decay rate of mean 
centerline velocity formulated by [4] is expressed as in 

⎟
⎠
⎞

⎜
⎝
⎛ +

=

d
x

d
x

A
U
U

e 01

10   (3) 

where Ue is the mean exit velocity, U0 is the mean 
centerline velocity, A1 is a decay constant, x01/d is the 
non-dimensional effective origin for U0, x is the axial 
coordinate and d is the nozzle diameter. 

To evaluate the normalized jet volume flow rate 
formulated over 0 < x/d < 20, [6] and [14] introduced an 
empirical equation as in                
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where Qe is the mean jet volume calculated from a flow 
meter, A2 is the spreading rate constant, x02 is the 
dimensional effective origin which may not essentially be 
the same as x01, and α is a constant. Equation (4) is valid 
both for the steady and fully pulsed jet cases by 
consideration that both of the jets grow linearly to the 
downstream regions 
 
 
3. Results and Discussion 
Figure 2 demonstrates one of the complete results of the 
decay of mean centerline axial velocity, U0 normalized 
by the mean exit velocity, Ue along 100 diameters 
downstream. The mean exit velocity was 34.4 m/s and 
the pulsing frequency was increased from 5 to 25 Hz. It is 
clearly seen that the changes in the decay rate are found 
in the pulsed jet displaying two distinct regions namely 
the pulse dominated- and the high turbulence steady jet-
regions (at the pulsing frequencies, fp of 10, 15, and 25 
Hz). However, the change in the decay rate can not be 
identified at the lowest pulsing frequency of 5 Hz. From 
the figure, the pattern is very clear that the location of the 
change in the decay rate shifts upstream for the higher 
                                                           
1 For the original symbols of this equation, the reader can see Bremhorst 
and Harch (1979) page 45. The formulation of this equation is amended 
to facilitate consistent expressions with the symbols used throughout 
this paper. 
 

pulsing frequencies as a result of the increasing pulsing 
frequency with the mean exit velocity was kept constant. 
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Figure 2. Decay of normalized mean centerline axial velocity 

at Ue = 34.4 m/s 
 

The existence of the aforementioned distinct 
regions is also proved as in Figure 3 which is one of the 
complete results of which the mean exit velocity is varied 
under a constant pulsing frequency. The two distinct 
regions are clearly seen at the lowest mean exit velocity 
of 13.7 m/s. It is clearly seen that as the mean exit 
velocity is augmented under a constant pulsing 
frequency, the high turbulence steady jet region can not 
be identified. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Decay of normalized mean centerline axial velocity 
at fp = 5 Hz 

 
Figure 4 illustrates comparisons of the decay of 

mean centerline axial velocity, U0 normalized by Ue 
between the existing results of the pulsed and steady jets. 
From the figure, it is seen that the patterns of the decay 
among the researchers ([4], [23], the present researcher) 
are the same indicating that there is a significant change 
in the decay of mean centerline velocity in the pulsed jet, 
thus there are two distinct regions. [6] did not find the 
significant change in the decay as they only performed 
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their measurement in the first 17 diameters downstream. 
Yet, the present results are a continuation of [6]’s results 
in the near field region. Considering the results of [12], 
the significant change in the decay rate is less evident as 
[12]’s investigation only covered a limited axial 
measurement (40 < x/d < 80). However, the evidence of 
significant change in the decay of [12]’s result can be still 
be seen from the two different line slopes which coincide 
with each other at x/d around 60. 
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Figure 4. Comparison of the decay of normalized mean 
centerline axial velocity between the pulsed and steady jets2

 
Furthermore, the differences in the levels of 

Ue/U0 between the results of [4] and the present 
researcher may be due to a different sensor used. The 
present results are obtained with a hot-wire sensor while 
[4] used a laser Doppler anemometer. The differences in 
the levels of Ue/U0 are also seen for the present results 
and [23]’s results. Instead of the different sensor used, 
this is because of the different pulsing frequency imposed 
on the jet. Also, as shown in Figure 4, the decays in the 
near field region (x/d < 50) are relatively the same for 
various researchers ([6], [12], [23], the present 
researcher). Moreover, the gradients of the decay in the 
far downstream region (x/d > 50) are parallel to each 
other ([23], [12], the present researcher).  

Viewing the gradients of the decay of steady jets 
([17], [19], [24]), the present researcher, [4], [12], and 
[23] show the same gradients to those of the decay rate of 
steady jets. Therefore, the pulsed jets do turn into steady 
jets after the region of x/d beyond 50.  
 Figure 5 illustrates comparisons of the decay of 
the present study with the previous works by [6], [23], 
and the existing results of steady jets ([17], [19], [24]). 
Again, the similar patterns of the decay of mean 
centerline axial velocity in the pulsed jet as illustrated in 
Figure 5 appear among the pulsed jet researchers ([23], 
the present researcher). Viewing the result of [6], the 
present result is a continuation of the previous result in 
the near field region (x/d < 50). Comparing the present 
results with [23]'s work, the differences in the levels of 
Ue/U0 are because of the different sensor and pulsing 
frequency used. Considering the three previous 
researchers ([17], [19], [24]) of steady jets, the slopes of 

                                                           
2 HWA: Hot-wire anemometer; LDA: laser Doppler anemometer  

the decay rate of the present researcher and [23] in the far 
downstream region (x/d > 50) are seen relatively the 
same. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 5. Comparison of the decay of normalized mean 
centerline axial velocity between the pulsed and steady jets1

 
Moreover, as shown in the figures, the transition 

regions of the present results are found not as sharp as the 
results of the early findings of [4], [16], and [23] showing 
no identifiable ‘kink’. This indicates that the pulsed jet 
does not undergo a sudden change in the decay rate but 
the change grows gradually. [12] also demonstrates such 
an evidence in his transition region (40 < x/d < 80). 

Table 1 summarizes the constants and effective 
origin values of the decay of normalized mean axial 
velocity over 100 diameters downstream. The values are 
obtained from equation (3) (introduced by [4] and [6]) by 
linear curve fitting (for example, illustrated in Figures 6) 
as the decay of the pulsed jet in both of the two distinct 
regions is relatively linear. The linear decay rates of the 
present work confirm the existing empirical evidences 
([9], [12], [13], [14], [16], [22], [23]) as their pulsed jets 
have a linear decay rate over the pulsed dominated region 
(10 ≤ x/d ≤ 50). The similar trend of the decay rate also 
holds in the locations beyond the pulsed dominated-
region (x/d > 50) as found by the present and earlier 
works ([4], [23]) as in Figure 4 and 5.  

As can be seen from the table, the values of the 
jet effective origin, x01/d of the pulsed jet in the near field 
region are always positive. This occurs since the 
unsteady effects generated by the pulsing frequency shift 
upstream the effective origin of the pulsed jet. On the 
contrary, the x01/d values in the far downstream region 
always poses negative values as demonstrated by the 
steady jets ([12], [13], [15], [16], [23], [24]). This 
indicates that the pulsed jet has switched into a steady jet 
as a result of the lessening unsteady effects. Moreover, 
the values of A1 and x01/d vary accordingly as the pulsing 
frequency and mean exit velocity change. In terms of the 
calculation of the jet entrainment, equation (4) can not be 
used as a consequence of the existence of the two distinct 
regions giving two values of A1 and x01/d under the 
corresponding controlled parameters (see the table). 
However, whenever only does the pulsed dominated-
region appear, equation (4) holds to evaluate the jet 
entrainment in the near region of the jet.  
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Table 1. Decay constants of inverse of mean centerline axial 
velocity of the pulsed jet 

Exit 
Velocity, 
Ue (m/s) 

Pulsing 
Frequency, 

fp (Hz) 

Range of 
x/d 

A1 x01/d 

10 – 70 13.11 12.56 5 
80 – 100 5.81 -37.64 
10 – 50 13.03 9.12 10 

60 – 100 8.1 -13.68 
10 – 40 13 7.52 15 
50 – 100  7.97 -10.55 
10 – 30  14.19 7.80 
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25 
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10 – 70 12.65 14.86 5 

80 – 100 10.21 -4.07 
10 – 50 13.27 12.15 10 

60 – 100 8.13 -14.45 
10 – 40 14.16 12.55 15 
50 – 100  7.74 -15.30 
10 – 30  14.52 11.46 
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25 
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Figure 6. Linear curve-fit of the decay of normalized mean 
centerline velocity at Ue = 13.7 m/s and fp = 5 Hz 

In terms of the slopes of the decay in the pulsed 
dominated region, the present results confirm the findings 
by [2] and [6] explaining that the decay rate of the mean 
centerline velocity is strongly dependent on the pulsing 
frequency and level of excitation. From the present 
results, it is demonstrated that the slower decay rates 
appear at the higher pulsing frequencies and lower mean 
exit velocities than those at the lower pulsing frequencies 
and higher mean exit velocities. Consequently, the 
effective origins (associated with the constants of x01/d) 
at the higher pulsing frequencies and lower mean exit 
velocities would be moved more upstream (having a 
smaller value of x01/d) than those of the lower pulsing 
frequencies and higher mean exit velocities in which 
these are associated with the slightly steeper slope of the 
decay rate for the lower pulsing frequencies and higher 
mean exit velocities.  

In addition, the present results also agree with 
the findings of [5] demonstrating that unsteady jets have 
slower decay rates than those of steady jets. This is 
caused by interactions between the jet fluid and the 
pressure field during each cycle of pulsation leads to 
negative pressure gradients permitting increasing 
momentum and large fluctuation of the periodic 
components ([2], [6], [25]3) under a high pulsing 
frequency. [16] and [23] also demonstrate a significantly 
increasing jet momentum in the near field of the jet exit. 
    
 
4.  Conclusion 
The experimental work has been to extend the range of 
the parameters previously considered, thereby having 
filled a gap in the pulsed jet research in that a larger 
range of mass flow rates and pulsing frequencies have 
been used than previously.    

The pulsation method imposed on the pulsed jet 
significantly affects the whole jet flow field. This is 
associated with the existence of the two distinct regions 
namely the pulsed dominated and high turbulence steady 
jet region depending on the level of mean exit velocity 
and pulsing frequency. After the attenuation of periodic 
pseudo velocity component indicating that the pulsed 
dominated region has ended, the pulsed jet behaves like a 
steady jet but with much higher turbulence intensity 
levels after the transition region. However, the transition 
region would not be seen at a high mean exit velocity and 
a low pulsing frequency. Moreover, the pulsed jet would 
start to switch to a steady jet earlier at a high pulsing 
frequency due to the small amplitude of centerline axial 
fluctuating components; hence, the pulse dominated 
region become shorter. 
 In terms of the scope of this project, this study 
does not cover the k-ε turbulence modelling to predict the 
decay rate of the jet. However, the existing inclusive 
results of the decay rate are worthwhile to verify the k – ε 
model as developed by [3] in terms of its failure to 
predict the decay rate in the pulsed jet. Regarding the 
uniqueness of the jet structure under the controlled 
parameters imposed, this however deters the entrainment 
evaluation using the equation suggested by [6] as there 

                                                           
3 This work is a continuation of the same work in 1980 which focused 
on the investigation of coherent structure dynamics of vortex pairing. 
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are two decay constants, A1 and two non-dimensional 
effective origins, x01/d as a result of the two distinct 
regions. Even so, when the pulsed dominated-region 
entirely appears in the jet structure the empiric equation 
by [6] can be used to calculate the jet entrainment. 
 The existing results of the decay rate, hence, are 
of considerable practical interest for mixing process as 
the patterns are very obvious. Varying the mass flow rate 
and pulsing frequency of the jet in proper use can be 
implied to control the effectiveness of mixing process as 
the slope of the decay rate under the corresponding 
controlled parameters affects the decay constant as well 
as the non-dimensional effective origin in the pulsed 
dominated region. 
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