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ABSTRACT 
 
The study was carried out to determine the correlations between local Nusselt number and Reynolds number for 
steady and pulsating circular jet at different radial distance. The pulsating jet frequencies were set at 10 and 20 
Hz. The Nusselt number of a steady heated circular air jet and pulsating air jet at frequencies of 10 and 20 Hz 
were measured and compared in the first part of the study. The experiments were conducted at three different 
Reynolds number of 16000, 23300 and 32000. In the test set-up, an aluminium jet impingement plate was used. 
A heat flux microsensor was placed at different radial positions between 0 to 12 cm away from the stagnation 
point. The value of the recorded heat flux was used to calculate the Nusselt number of the steady and pulsating 
jet. Correlations between the local Nusselt number and Reynolds number at different radial positions are 
determined by plotting the graph of log Nu versus log Re at different radial position. The slope of the graph was 
plotted and compared. The highest 113% increase was obtained for the Nusselt number at radial distance of 12 
cm for the steady jet. 
 
Keywords:  Jet frequency, heat transfer, Nusselt number, Reynolds number, heat transfer coefficient. 
 
 
INTRODUCTION 
 
High convective heat transfer coefficient is a very important factor that leads to the many usage of impingement 
jets in industry for heating and cooling purposes. Jets are widely used in industrial applications over a wide 
range of disciplines and configurations. Applications of impinging air jets include the cooling of electronic 
equipment, aircraft engine nacelle and blade, drying of textiles, annealing of metals and tempering of glass. 
Extensive research has been conducted on steady impinging jet to understand their heat and mass transfer 
characteristics. Numerous studies and reviews on the subject of steady jet heat transfer have been published over 
the last several decades in order to further enhance the heat transfer [1-3].  
 
At present a range of alternative solutions are being investigated for this primary reason. The impinging pulse 
jet is one possible solution to the problem with the improvement in heat transfer was reported by some earlier 
research. Heat transfer in pulsating flows has been the subject of renewed interest in recent years since the 
present of flow pulsations could increased the heat transfer coefficients if certain flow parameters are controlled. 
Due to this wide recognition as a potentially effective solution to heat transfer enhancement problem, pulse jet 
impingement heat transfer are being investigated in this research.Jets are widely used in industrial applications 
over a wide range of disciplines and configurations. The research programme is an in-depth study into the heat 
transfer enhancement obtained by using pulse jet impingement method through experimental investigations. 
While some study of impinging pulse jets has been underway for many years now, very few correlations exist to 
relate heat transfer to a particular pulse jet geometry and flow condition.  
 
The results obtained both from experimental testing will be used to develop a correlation between the heat 
transfer and other relevant parameters of the jet. An accurate correlation of this nature will be a significant 
contribution to the field as it will allow pulse jet impingement heating or cooling to be more effectively applied 
to a wider range of industrial problems. Both the industry and academic community will benefits in terms of 
increasing efficiency and reducing costs as well as new knowledge in the heat transfer field. A second outcome 
of this study will be additional data supporting the currently available numerical models for Computational 
Fluid Dynamics, or alternatively highlight areas where these models are inapplicable or inadequate. This in turn 
provides a stimulus for investigation into new or improved mathematical models that more accurately represent 
the physical reality. 
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Unlike review articles by Martin [3] and Jambunathan [4] which discussed steady impingement in great detail, 
there are no similarly detailed review paper being published for pulsed jet impingement. The reasons why the is 
no study equivalent to the Martin [3] and Jambunathan [4] papers dealing with pulsed impingement heat transfer 
can be accorded to earlier findings regarding the effect of pulsation on heat transfer which have been conflicting 
due to many different factors. Among the earlier and widely referenced paper in pulsed jet impingement heat 
transfer is written out by Nevins & Ball [5]. Their tests on heat transfer between a flat plate and a pulsating jet 
showed that no significant heat transfer enhancement was obtained by using a pulsed air jet. The test was 
conducted at 1200<Re<120 000, 10-4<St<10-2, and nozzle to plate spacing between 8 to 32 nozzle diameters. 
Nevins & Ball [5] did not document the extent of secondary flow structures in their experiments and since the 
experiment was studied at a very low Strouhal number this might affect their ability to demonstrate pulsed flow 
heat transfer enhancement. The application of pulse air jet was left dormant for many years due to this earlier 
finding and the difficulty of accurately controlling many pulse air jet parameters.  
 
Recently, more researchers started to study experimentally and numerically the effect of flow pulsations on heat 
transfer enhancement. Sheriff & Zumbrunnen [6] investigated experimentally the effect of flow pulsation on 
cooling performance using arrays of jet. The present of coherent structures was reported but no significant 
enhancement with respect to the heat transfer characteristics was recorded.  Kataoka & Suguro [7] show 
that stagnation point heat transfer for axisymmetric submerged jets is enhanced by the impingement of large-
scale structures such as vortex rings on the boundary layer which occurred in pulse flow. Further tests carried 
out by Sailor et al. [8] on the effect of duty cycle variation on heat transfer enhancement for an impinging air jet 
showed significant heat transfer enhancement. In this test, the effect of traditional variables such as jet to plate 
spacing, Reynolds number and pulse frequency were studied together with a new parameter, duty cycle 
representing the ratio of pulse cycle on time to total cycle time. Duty cycle was shown to have a significant 
effect on the heat transfer enhancement.  
 
Mladin & Zumbrunnen [9] investigated theoretically the influence of pulse shape, frequency and amplitude on 
instantaneous and time-averaged convective heat transfer in a planar stagnation region using a detailed boundary 
layer model. They reported that there exists a threshold Strouhal number, St>0.26 below which no significant 
heat transfer enhancement was obtained. Results obtained by Zumbrunnen & Aziz [10] on the effect of flow 
intermittency on convective heat transfer to a planar water jet impinging on a constant heat flux surface 
reinforces this finding. This experiment carried out at St>0.26 found that local Nusselt number increases by up 
to 100%. However, Sailor et al. [8] used Strouhal number between 0.009 and 0.042 and still recorded significant 
enhancement in stagnation point heat transfer for pulse flow. Azevedo et al. [11] investigated impingement heat 
transfer using a rotating cylinder valve for a range of pulse frequency. The results show that heat transfer 
degraded for all frequencies. In their experiments, velocity profile of the pulse jet shows the existence of a two-
peak region for every flow cycle. This results in disturbance to the pulse flow and affects the flow structure and 
heat transfer. The dependence of pulse characteristics on convective heat transfer was discussed by Mladin & 
Zumbrunnen [9]. 
 
In order to study the heat transfer characteristics of an impinging pulse air jet, the characteristics of a non-
impinging pulse air jet needs to be initially understood. Farrington & Claunch [12] carried out a test to 
determine the influence of flow pulsations on the flow structures of an unforced planar jet with Re=7200 and 
0<St<0.324. The results of the test were captured using infrared imaging and smoke-wire visualization. They 
concluded that for pulsating jets, the vortices were larger than the steady jet and occurred closer to the nozzle. 
These larger vortices resulted in an increased entrainment and led to a wider angle of the potential core.  Jets 
with large amplitude of pulsations entrained surrounding fluid more rapidly and decayed more quickly than 
steady jets. An increase in turbulence intensity can be associated with the pulse decay. In pulsed flows, the size 
and formation of coherent structures are influenced by the amplitude and frequency [13-14]. Large coherent 
flow structures can evolve from shear layers formed between a free jet flow and a surrounding fluid. The 
formation and interaction of flow structures can be influenced by the mixing within the boundary layer and a 
marked increase in turbulence intensities has been noted with pulse flows. Recent findings [8] on the 
enhancement of heat transfer due to pulse air jets have encouraged new research in this subject. Comprehensive 
data showing the effect of pulse frequency on local and average heat transfer profile are still limited and there is 
need of further investigation.  
 
The purpose of this study is to determine the correlations between local Nusselt number and Reynolds number at 
steady and pulsating single circular jet. The focus of the study is given on the effect of flow pulsation 
frequencies at 10 and 20 Hz on the local heat transfer coefficient and local Nusselt number. Comparison 
between steady and pulsed jet heat transfer was discussed in details together with other published results. In this 
paper the stagnation point Nusselt number of a pulse jet means the time average value at the impingement point 
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of the jet axis. The local Nusselt number of a pulse jet is the time average at a point on the impingement surface. 
The local Nusselt number is assumed to be radially symmetrical about the stagnation point. The average Nusselt 
number of a pulse jet is both a time average and an area average over the impingement surface. The total heat 
flux is proportional to the average Nusselt number. 
 
 
MATERIALS AND METHODS 
 
Pulse flow system 
 
Pulsating air jet was produced by repeatedly opening and closing nozzle exit at high repetition based on the 
desired pulsating frequency. There are a few ways in which a pulsating jet can be produced which includes the 
use of solenoid valve, self-excitation using a speaker and rotating valve such as rotating ball valve or rotating 
cylinder valve. In order to achieve a mechanism which can produce high frequency pulse jet for a high 
pressurised air coming from a compressor, a system consisted of a rotating cylinder enclosed inside a block 
aluminium alloy body was chosen. The reason is due to the advantage of the system in withstanding high 
pressure and high velocity of air coming from the compressor. Very high frequency pulsating jet can be 
produced depending on the maximum speed of the ac motor and variable nozzle exit can be used due to the 
requirement of the tests. Previously pulsating jet was mostly produce by a solenoid valve system. 
 
The pulse air jet is generated using a rotating cylinder valve driven by an electric motor which is controlled by 
an electronic motor controller. A 20 mm diameter hole was bored in the rotating cylinder normal to its axis to 
allow air passage. The aluminium alloy body is fixed to the supporting shaft and has a 40.2 mm hole diameter 
bored through its centre. The cylindrical rotating has a diameter of 40 mm and it was aligned inside the body 
such that a 0.1mm radial clearance is achieved between the stationary body and the cylindrical valve. This is 
important in order to achieve a minimal leakage through the gap with the valve when it is in the closed position. 
The 15 mm diameter shafts at each end of the rotating valve were press-fits on sealed bearings to prevent air 
leakage through the shafts when the valve is closed. A 20 mm diameter hole was bored on each side of the 
aluminium block and the hole was aligned with the hole through the rotating cylinder. One end of the bored hole 
was connected to the compressed storage air tank and the other end was connected to the jet nozzle. In order to 
understand the principle of this system, it has to be visualized the moment after the air is supplied thtough the 
compressor. The compressor was started and the high air pressure is then released through the valve to the 
system, the rotating valve inside the stationary aluminium block will be rotated by the ac motor connected to it. 
Flow pulsation at the nozzle exit was achieved when the hole bored through the cylindrical rotating valve was 
aligned with the opposing holes in the valve body which is the hole for the incoming air and the hole for the 
nozzle. The frequency of the pulsating jet is dependent on the speed of the rotating cylindrical valve which is 
dependent also on the speed of the ac motor. 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
  

Figure 1: Schematic diagram and photo of the rotating cylinder valve pulse jet system. 
  
 
A jet nozzle of 20 mm diameter and length of 50 mm was selected for the whole of the tests configuration. A 
nozzle diameter of 20 mm was chosen because it was wide enough to give a jet exit profile of the flow with the 
use of the hot-wire anemometer. A radial flow velocity measurement of 14 point were taken at each 2 mm 
distance from the centre of the flow towards both side of the plate. This was done by moving the hot-wire using 
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a vertical tranverse system. A smaller nozzle diamater will not be able to give enough exit velocity profile at the 
same measurement distance and if the measurement distance is to be reduced to 0.5 mm, errors associated with 
the measurement will be increased. Figure 1 show schematic diagram and photo of the rotating valve pulse jet 
system. Figure 2 shows the schematic diagram of the experimental test set-up. The pressurised air used in the 
experiment is supplied through the compressor. The air is continuously fed through a permanent piping to the 
heating chamber and the nozzle. The supply pipe of the air storage compressor tank is controlled by a stop 
valve. A pressure regulator was placed in between the air heater and the stop valve to regulate the supply of air. 
An air heater is used to heat the air jet with an associated maximum air temperature of 60°C. 
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Figure 2: Schematic diagram of the experimental test set-up. 
 
  
Heat transfer measurement   
 
Hot-wire sensors were used in constant-temperature mode to measure velocity of the pulsating jet. Hot-wire 
anemometer used in this experimental set-up is model 54T36 mini-CTA from Dantec Dynamics, Inc. Straight 
probes type 55P16 are mounted on a probe holder with the probe axis parallel with the dominant velocity 
direction. The sensor wires are made of etched tungsten wire of 5 µm diameter and approximately 1.2 mm in 
length with length to diameter ratio of 240. The probe is mounted in a probe support which is equipped with a 
cable and BNC connector, one for each sensor on the probe. The probe bodies and the probe support are 
designed so that their outer surfaces are electrically insulated from the electrical circuitry of the probe or 
anemometer circuit. They can therefore be mounted directly to any metal part of the test rig without the risk of 
ground loops. The distance between the probe and the miniCTA is kept as small as possible. The standard cable 
length used is 4 meters probe cable plus 1 meter support cable. The traverse system is used to move the probe 
around in the flow. The anemometer selected for use in this setup is made by Dantec Dynamics, Inc which 
includes 4 channels probe connections. The anemometer set-up consists of CTA hardware set-up and Signal 
conditioner filter and gain adjustment. 
 
In order to obtain a velocity profile of a steady and pulsating jet exiting the nozzle, a hot-wire anemometer was 
used. Before the experiment can start, the hot-wire anemometer is configured, the software system initialized 
and the calibration process has been completed according to the method discussed earlier. After the calibration 
of the hot-wire probe, the system is ready to be used for jet flow profile measurement. Time-averaged velocity 
of the centreline jet exit air close to the nozzle was measured by placing the hot-wire probe at selected locations. 
Figure 3 shows the set-up for the mini-CTA Hot-wire anemometer by DANTEC DYNAMICS and the position 
of the hot-wire probe at centreline of the flow 2 mm from the nozzle exit leading edge. 
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 Figure 3: Schematic diagram of the mini-CTA set-up and the position of hot-wire probe for radial velocity 

measurement at 2 mm from the nozzle. 
 
The heat flux of the heated air jet impinging on the plate was measured using a heat flow and integral 
thermocouple sensor from RdF Corporation. Calibration information and related measurement uncertainties for 
the sensor was provided by the manufacturer. The sensor is bonded on the plate by a laminating adhesive and is 
located at the centre of the plate. The impingement plate surface was covered by a Kapton sheet having the same 
thermal conductivity as the heat flux sensor so that the presence of the sensor would not alter the temperature 
distribution. The sensor provided voltage outputs corresponding to heat flux and plate temperature.  
 
Heat transfer measurements were recorded from a heat flux micro-sensor bonded on the water-cooled 
aluminium block as shown in Figure 4. The impingement block was constructed from two 12 mm thick, 300 
mm by 300 mm wide aluminium plates. Both plates were milled to a depth of 10 mm so that only a 2 mm thick 
wall between the impingement area and the water passage remained. The plates were bonded to each other to 
create a water-tight aluminium block. Three 12 mm connecting nozzles were attached to the lower part on the 
rear of the block to allow the cooling water in and another three on the upper part to allow the discharge of the 
water. Two K-type thermocouples were attached on the rear of the plate at a distance 120 mm apart to monitor 
the plate temperature. The plate was maintained at a temperature of 20°C throughout each of the tests. 
 
Data acquisition system was used to record the temperature and heat flux measurents from the thermocouples 
and heat flux sensor into a computer for data processing and analysis. Data acquisiton module used in this set-up 
is an ADC (analogue-to-digital converter). An ADC was use to converts analogue thermocouples signal into 16-
bit digital signal. The data acquisition module used was “ADAM-4019+” made by Advantech Company 
Limited. The ADAM-4019+ is a 16-bit, 8-channel thermocouple analog input module that provides 
programmable input ranges on all channels. The ADAM-4019+ uses a 16-bit microprocessor-controlled sigma-
delta A/D converter to convert sensor voltage or current into digital data. The digital data is then translated into 
engineering units. When prompted by the host computer, the module sends the data to the host through a 
standard RS-485 interface. The module supported eight input ports for thermocouples (six differential ports and 
two single-ended ports). It was suitable for connecting different types of thermocouples (ie. J, K, T, E, R, S and 
B types) with mV, V and mA input signals. The sampling rate for each channel was set at 1000 samples 
persecond and the accuracy was ± 0.1% of the input voltages. The module is using regulated DC power supply 
from +10 VDC to +30VDC and the power consumption was 0.8 watts per each module.  
 
The values of heat flux and plate temperature for the stagnation point and local measurements at different radial 
positions were monitored and recorded by the data acquisition system. Local heat transfer measurements were 
recorded at radial distances from 0-12 mm from the stagnation point. The instantaneous Nusselt number was 
calculated using the following equation: 
               (1) 
 

j w

q '' DNu
(T T ) k

=
−
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where q” is the stagnation point heat flux measured by the sensor, D is the nozzle diameter, k is the thermal 
conductivity of the air jet evaluated at film temperature, Tj is the temperature of the hot air jet and Tw is the 
temperature of the plate at the stagnation point. The average Nusselt number based on the local temperature 
difference was calculated by numerically integrating the heat flux measurement over the impingement area. 
 
 
RESULTS AND DISCUSSIONS 
 
Table 1 shows the values of the parameters that were investigated. The value the local heat transfer coefficient 
and local Nusselt numbers are considered to be functions of Reynolds number and radial distance from the 
stagnation point. Duty cycle and x/D were not varied in this experiment.  
 
 

Table 1: Flow and nozzle parameters investigated in the experiments 
 
 
 
 
 
 
 
 
 
 
 
Table 2 shows the local Nusselt number at different radial distance for steady and pulsating jet at Reynolds 
number of 16000. Figure 4 and 5 shows a graph of local Nusselt number against radial distance ratio for steady 
and pulsating jet at frequencies of 10Hz and 20Hz for Reynolds number of 16000. Radial distance ratio is the 
ratio of the radial distance over the diameter of the nozzle. 
 
 

Table 2: Local Nusselt number at Radial distance between 0 to 12 cm from stagnation point for steady and pulsating jet at 
Reynolds number of 16,000  

 
 
 
 
 
 
 
 
 
 
 
 

 
 

The graph shows that the local Nusselt numbers for pulsating flow at stagnation point is higher for steady air jet. 
At radial distance ratio of 1, local Nusselt number are comparable for both steady and pulsating jet. However, 
further away from stagnation point, at radial distance ratio between 2 and 6, local Nusselt number for both 10 
and 20 Hz pulsating jet are higher than for steady jet. The increases in local Nusselt number are between 15.7-
166% for pulsating jet at frequency of 10 Hz. The highest enhancement is 166% for radial distance ratio of 6. 
However, the value of local Nusselt number is too low to contribute significantly towards the total average 
Nusselt number. 

 
 
 
 

    
 

Parameters Values 
Reynolds number 16000, 23300, 32000 
Strouhal number 0.008 < St < 0.123 

Ratio of x/D 0 - 6 
Duty Cycle, DC 33% 
Nozzle Diameter 20 mm 

Frequency, F 10 – 80 Hz 

Radial distance (cm) Steady Jet Pulsating Jet 
(10 Hz) 

Pulsating Jet 
(20 Hz) 

0 155.8 130.5 121.7 
2 122.0 113.5 106.9 
4 69.4 80.3 79.6 
6 35.8 48.5 51.3 
8 17.2 25.3 28.1 

10 7.7 14.2 15.7 
12 3.5 9.3 9.9 
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Figure 4: Comparison beween local nusselt numbers of steady and pulsating jet of 10 Hz for for Reynolds number = 16000.  
 

 
 

Figure 5: Comparison beween local nusselt numbers of steady and pulsating jet of 20 Hz for for Reynolds number = 16000.  
 
 

Table 3 shows the local Nusselt number at different radial distance for steady and pulsating jet at Reynolds 
number of 23,300. Figure 6 and 7 shows a graph of local Nusselt number against radial distance ratio for steady 
and pulsating jet at frequencies of 10Hz and 20Hz for Reynolds number of 23,300. The local Nusselt number for 
stagnation point is higher than the Nusselt number at pulsating frequencies of 10 and 20 Hz.  
 

Table 3: Local Nusselt number at Radial distance between 0 to 12 cm from stagnation point for steady and pulsating jet at 
Reynolds number of 23,300.  

 
  
 
 
 
 
 
 
 
 
 
 
 
 
The present results show that the average heat transfer on the impingement area is enhanced quite significantly 
even though the stagnation point heat transfer decreases. These increases are shown to be available for a system 
that uses a single pulse jet impinging on an area with radius up to 6 times the nozzle diameter. The results show 
that higher mass flow rate can influence the heat transfer measurements.  
 
 
 

Radial distance (cm) Steady Jet Pulsating Jet 
(10 Hz) 

Pulsating Jet 
(20 Hz) 

0 197.1 184.1 152.8 
2 156.5 161.7 136.3 
4 94.1 115.9 98.2 
6 50.6 70.4 60.5 
8 24.7 38.9 34.5 

10 11.9 22.8 19.5 
12 6.2 14.9 11.9 
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Figure 6: Comparison between local Nusselt numbers of steady and pulsating jet of 10 Hz for for Reynolds number = 23300.  

 
 

 
Figure 7: Comparison between local Nusselt numbers of steady and pulsating jet of 20 Hz for Reynolds number = 23300. 

 
 
Table 4 shows the local Nusselt number at different radial distance for steady and pulsating jet at Reynolds 
number of 32,000. Figure 6 and 7 shows a graph of local Nusselt number against radial distance ratio for steady 
and pulsating jet at frequencies of 10Hz and 20Hz for Reynolds number of 32,000. The local Nusselt number for 
stagnation point is higher than the Nusselt number at pulsating frequencies of 10 and 20 Hz but at radial distance 
of 2 cm and 4 cm, the pulsating jet Nuseelt number increases slightly over the steady jet. 
 

Table 4: Local Nusselt number at Radial distance between 0 to 12 cm from stagnation point for steady and pulsating jet at 
Reynolds number of 32,000. 

 
 
 
 
 
 
 
 
 
 
 

 
  

 
 

Figure 8: Variation of local Nusselt numbers with radial distance at frequencies of 10 Hz for Reynolds number 32000. 

Radial distance (cm) Steady Jet Pulsating Jet 
( )

Pulsating Jet 
( )0 231.4 230.9 204.8 

2 178.7 208.9 186.1 
4 106.4 150.7 135.6 
6 61.1 89.9 81.0 
8 32.9 51.3 44.6 

10 16.8 29.0 26.2 
12 8.1 19.6 18.2 
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Figure 9: Variation of local Nusselt numbers with radial distance at frequencies of 20 Hz for Reynolds number 32000. 
 
 

At Reynolds number of 23300, stagnation point heat transfer is higher at steady jet compared to pulsating jet at 
frequencies of 10 and 20 Hz. At radial distance ratio of 2-6, pulsating jet at frequency 10 Hz shows an increase 
from 23.3% at radial distance ratio 2 (40 mm from stagnation point) to 140.3% at radial distance ratio 6 (120 
mm from stagnation point). For jet frequency 20 Hz, pulsating jet only shows heat transfer increases between 
19-99% between radial distance 3 and 6. However, this increases does not give potential impact on the overall 
heat transfer value. 
 
Table 4 shows the local Nusselt number for steady jet and jet at frequency of 10 Hz and 20 Hz for highest 
Reynolds number of 32000. At pulsating frequency of 10 Hz, heat transfer at all radial distance ratio 
show higher heat transfer value than steady jet. Higher turbulence intensity at these positions is believed to 
contribute to the increase in heat  transfer.  The higher turbulence obtained could be due to the higher localized 
instantaneous velocity as recorded earlier. The average Nusselt numbers for the pulse jet is higher than the 
steady jet tested by at least 30%. 
 
The present results show that the average heat transfer on the impingement area is enhanced quite significantly 
even though the stagnation point heat transfer decreases. These increases are shown to be available for a system 
that uses a single pulse jet impinging on an area with radius up to 6 times the nozzle diameter. The results show 
that higher mass flow rate will also influence the heat transfer measurements. Graph for pulsating frequency of 
20 Hz also showing a heat transfer increase at all radial distance except at stagnation point. Results from all 
three different Reynolds number show that higher Reynolds number will give higher Nusselt number for 
pulsating jet at 10 and 20 Hz. The average Nusselt number is higher for pulsating jet compared to steady jet at 
Reynolds number of 32000. At Reynolds number of 16000 and 23300, only local Nusselt number at radial 
distance ratio of 3 and above will give a heat transfer enhancement. However, these enhancement is not enough 
to compensate a lower stagnation point heat transfer value as compared to higher steady jet stagnation point heat 
transfer. 
 

 
Table 5: Local Nusselt number at Radial distance between 0 to 12 cm from stagnation point for steady jet at Reynolds 

number of 16,000, 23,300 and 32,000. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Table 5, 6 and 7 gives the local Nusselt number at different radial distance for an increasing Reynolds number 
of 16000, 23300 and 32000. At each radial distance, the correlations between Nusselt number and Reynolds 
number are determined. At each Reynolds number and radial distance, Graph of log Nu versus log Re were 

 Reynolds Number 
Radial distance (cm) 16,000 23,300 32,000 

0 155.8 197.1 231.4 
2 122.0 156.5 178.7 
4 69.4 94.1 106.4 
6 35.8 50.6 61.1 
8 17.2 24.7 32.9 

10 7.7 11.9 16.8 
12 3.5 6.2 8.1 
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plotted as shown in figures 10-12. The slope of the graphs were determined for each linear plot and are listed in 
the figures. From figure 10, for steady jet the slope of the linear plot increases as the distance away from the 
stagnation point increases. The highest 113% increase was obtained for the Nusselt number at radial distance of 
12 cm. As for the pulsating jet (10 Hz), figure 11 shows the linear plot at all radial distance. Only 31% increases 
were calculated at radial distance of 12 cm. Finally, the local Nusselt number for pulsating jet (20 Hz) was 
shown in figure 12.  A maximum increases of 16% was calculated as the radial distance increases. This shows 
that steady jet recorded the highest percentage increases as the radial distance increases as compared to the 
pulsating jet. 

 
 

Table 6: Local Nusselt number at Radial distance between 0 to 12 cm from stagnation point for pulsating jet (10 Hz) at 
Reynolds number of 16,000, 23,300 and 32,000. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 7: Local Nusselt number at Radial distance between 0 to 12 cm from stagnation point for pulsating jet (20 Hz) at 

Reynolds number of 16,000, 23,300 and 32,000. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

y = 0.572x ‐ 0.211

y = 0.554x ‐ 0.237

y = 0.622x ‐ 0.765

y = 0.775x ‐ 1.700

y = 0.936x ‐ 2.700

y = 1.126x ‐ 3.847

y = 1.22x ‐ 4.569

0.00

0.50

1.00

1.50

2.00

2.50

4.15 4.20 4.25 4.30 4.35 4.40 4.45 4.50 4.55

Lo
g 
N
u

Log Re

stagnation point
2 cm
4 cm
6 cm
8 cm
10 cm

 
 

Figure 10: Correlation between Nusselt number and Reynolds number at different radial distance for steady jet. 

 Reynolds Number 
Radial distance (cm) 16,000 23,300 32,000 

0 130.5 184.1 230.9 
2 113.5 161.7 208.9 
4 80.3 115.9 150.7 
6 48.5 70.4 89.9 
8 25.3 38.9 51.3 

10 14.2 22.8 29.0 
12 9.3 14.9 19.6 

 Reynolds Number 
Radial distance (cm) 16,000 23,300 32,000 

0 121.7 152.8 204.8 
2 106.9 136.3 186.1 
4 79.6 98.2 135.6 
6 51.3 60.5 81.0 
8 28.1 34.5 44.6 

10 15.7 19.5 26.2 
12 9.9 11.9 18.2 
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Figure 11: Correlation between Nusselt number and Reynolds number at different radial distance for pulsating jet (10 Hz). 
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Figure 12: Correlation between Nusselt number and Reynolds number at different radial distance for pulsating jet (20 Hz). 

 
 
 
CONCLUSIONS 
 
The results of the experiments show that there is significant enhancement in the local heat transfer of the pulse 
flow at positions of radial distance 3-6 for pulsating frequencies 10 and 20 Hz at Reynolds number of 16000 and 
23300. The degree of enhancement is in the range of 30%. The stagnation point heat transfer does not show any 
enhancement for the three Reynolds numbers investigated. Log Nu versus log Re were plotted for the steady and 
pulsating jet at 10 and 20 Hz. Correlations between local Nusselt number and Reynolds number were obtained. 
As the radial distance increases, the slope of the curve also increases. Steady jet shows the highest percentage 
increases for the slope.  Heat transfer in the pulse flow mode is complex and dependent on the flow structure of 
the jet. The significant enhancement of the heat transfer at local distances away from the stagnation point 
resulted in higher average Nusselt numbers for pulse flow compared to steady flow at these localized point. 
Significant turbulence intensity caused by pulsating the jet resulted in the increase recorded. The degradation in 
heat transfer at the stagnation point for pulsating jet is believed to be due to the distribution of velocity over a 
larger radial distance. 
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NOMENCLATURE 
h heat transfer coefficient    (W.m-2.K-1) 
k thermal conductivity    (W.m-1.K-1) 
 
Nu Nusselt number,  
 
Re Reynolds number,  
 
W average mass flow rate 
D nozzle diameter 
A  nozzle area 
µ dynamic viscosity of air at supply air temperature 
q”  stagnation point heat flux 
Tj  temperature of the hot air jet 
Tw  temperature of the plate at the stagnation point 

wDRe
Ahole

=
µ

j w

q '' DNu
(T T ) k

=
−


