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ABSTRACT 
 
 Jet noise is a topic that has been heavily researched since the early 1950s.  At the 

Gas Dynamics and Turbulence Lab (GDTL), located at the grounds of The Ohio State 

University’s Don Scott Airport, a large research effort is underway to understand the 

nature of jet noise and control and mitigate this jet noise using plasma actuators.  The 

research is supported by NASA and the Air Force Office of Scientific Research.  So far 

room temperature, Mach 0.9 jets have been successfully controlled using plasma 

actuators, but this is not an accurate model of commercial jet engine exhaust because in 

real applications the exhaust gas is heated in the combustion chamber within the engine.  

A facility to heat the jet flow has been developed to examine the differences between 

heated and unheated jet flows. 

 The goal of the research presented here is to use the GDTL facility to obtain data 

for both heated and unheated jet flows.  This data will be used to analyze differences in 

the jet flow as temperature is increased and this comparison will help to inform future 

attempts to control heated, Mach 0.9 jet flow.  Schlieren photographs and acoustic data 

have been collected for a wide range of jet operating temperatures.  This data yield 

preliminary conclusions on the differences between heated and unheated jet flow.  Also 

the use of a boundary tripping device is explored to investigate its effect on the flow and 

the acoustics. 
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CHAPTER 1: MOTIVATION 
 

Understanding and controlling jet noise is an important topic, especially as air 

travel increases around the world.  Because of the large amount of noise jets produce, 

airport locations and flight patterns are restricted from high population areas.  Finding a 

way to reduce the noise of jets will allow the airline industry more flexibility in creating 

airports and flight paths.  With fewer restrictions on where planes can fly, more cost 

effective options could be taken by the airline industry which would result in a lower cost 

to the consumer. 

This undergraduate research effort is part of a larger, ongoing effort to both 

understand the sources of jet noise and to control jet noise using plasma actuators.  The 

undergraduate research effort presented here will be focused on the understanding of 

temperature effects on jet noise. 
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CHAPTER 2:  BACKGROUND 
 

2.1- Jet Noise Research 
 

The study of jet noise theory began in 1952 and was initiated by Sir James 

Lighthill when he established the Acoustic Analogy Theory [7]. The idea of this theory 

was to take the compressible equations of motion and separate terms that represented the 

propagation of acoustic waves from the other terms and place on one side of the equation.  

This meant that the remaining terms were the sources that generated the noise.  The 

important result from this theory was that it was used to show that acoustic power 

generated by the jet was proportional to the 8th power of jet velocity. 

In the early seventies it was discovered that turbulence in the free shear layers of 

jets are made up of large turbulence coherent structures as well as fine-scale turbulence 

[2,3,21]. Previously only random turbulence was considered to occur.  It was also found 

that the different structures each produced a distinct noise spectrum.  Noise from the 

large scale structures was found to be a result of Mach wave radiation in highly 

supersonic jets.  The large scale structures were compared to a high speed wave moving 

in the downstream direction of the jet.  Mach waves are generated because the wave 

speed is supersonic relative to the ambient speed of sound.  The resulting sound was 

found to be highly directional, unlike sound generated by fine-scale structures [13]. 

 This discovery led to the idea similarity spectra.  The concept is that noise 

generated by high speed turbulent jets consist of sources from large scale structures as 

well as fine scale turbulence.  For each source there is a specific spectrum, and these 

spectra contribute to the overall noise spectrum differently depending on the jet operating 
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conditions.  For example, at a 90 degree angle from the jet exhaust one would expect the 

noise spectrum to be dominated by the fine scale turbulent spectrum rather than the 

highly directional noise spectrum generated by large scale structures.  This idea is 

summarized in the following equation: 
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 In the equation, S is the overall noise spectrum found under given jet operating 

parameters such as Mj, T/Tamb, and radiation angle.  F and G are the noise spectra caused 

by fine scale and large scale turbulence.  A and B are the amplitudes of these spectra and 

they are determined by the different jet operating conditions [14]. 

 While initially overall sound pressure was thought to be a function of the 8th 

power of velocity, over the years researchers have determined that the intensity was 

proportional to terms of the 8th, 6th, and 4th powers of velocity.  The importance of these 

terms was thought to vary based on jet temperature and other jet operating parameters.  

Details of the different methods can be found in a review paper by Viswanathan [19], but 

in general the methods can be summarized by the following equation.  In this equation A, 

B, and C are functions involving the jet operating parameters. 

8 6 4
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   (2) 

In an attempt to overcome the ambiguity of these different scaling laws, a new 

scaling method has been introduced by Viswanathan to more accurately describe the 

dependence of jet noise on temperature and is shown below [17]. 
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 Viswanathan suggests that the velocity exponent is a function of the angle from 

the jet axis and the temperature ratio.  He has also demonstrated that the acoustic 

spectrum of jets seems to have a broader peak with a sharper decline at higher Strouhal 

numbers. 

 

2.2- GDTL Research Effort 
 

The facility at the GDTL has been used to create both a Mach 0.9 and a Mach 1.3 

jet at room temperature.  Plasma actuators were used to excite different instabilities in the 

free shear layer of these jets, affecting the radiated noise.  The plasma actuators are pairs 

of electrodes that are spaced closely together.  They are distributed azimuthally around 

the nozzle near the exit.  A spark is created between the electrodes and this spark 

produces an intense, localized heating which causes abrupt pressure fluctuations.  These 

fluctuations enter the shear layer and compete for energy with the naturally occurring 

turbulent structures.  This combination is then amplified by the shear layer and radiated 

to the far-field which results in a reduction in radiated noise compared to the unforced jet.  

This technique has been successfully implemented on the Mach 0.9 and Mach 1.3 jets at 

room temperature [10].   

The problem is that these jets are not a complete model of commercial jet engine 

exhaust because engine exhaust is highly heated from the combustion in the engine.  

Therefore it is necessary to develop heated Mach 0.9 and Mach 1.3 jets and apply the 
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same techniques successfully implemented on the room temperature jets.  The research 

effort presented here examines the effects of higher temperatures on the Mach 0.9 jet. 

 

2.3- High temperature flow 
 

A flow’s Reynolds number determines whether the flow is laminar or turbulent.  

Laminar flows have different characteristics and properties than turbulent flows, but there 

is no established Reynolds number that clearly separates these two flow types leaving a 

transitional region in between.  The Reynolds number is determined by the flow’s 

density, velocity, characteristic length, and viscosity as shown in the equation below.  In 

jet exhaust, the exit diameter is used as the characteristic length. 

Re VDρ
µ

=      (4) 

The GDTL Mach 0.9 jet, when operated at room temperature, produces a flow in 

the turbulent region.  As flow temperature increases, the Reynolds number of the flow is 

decreased.  This is because increasing temperature causes a decrease in density and also 

an increase in viscosity.  Density is a function of the reciprocal of temperature, as shown 

in equation 5 below. 

(5) 

Viscosity of air as a function of temperature is shown in equation 6 below.  

Constants and reference conditions are involved, but viscosity roughly increases with the 

square root of temperature. 

(6) 

mp
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These two factors both reduce the jet Reynolds number.  Since the Mach number 

of the jet is held constant at 0.9, increasing temperature also causes an increase in the jet 

velocity.  This can be seen in equation 7 below. 

(7) 

While this increase raises the Reynolds number, its effect is not as strong as the 

density and viscosity changes because the jet velocity only increases as a factor of T0.5.  

Using a nozzle with an exit diameter of 1 inch, the density decrease and viscosity 

increase significantly lowers the jet Reynolds number.  This could cause the flow to 

move into transitional or even laminar regime, significantly changing the flow 

characteristics.  This is not desirable because in commercial jet engines the flow is heated 

while remaining in the turbulent region since the exit diameter of a commercial jet engine 

is much larger than 1 inch.  To control the noise of heated jets at the GDTL using 

techniques that were successful on room temperature jets, the heated jets must retain the 

same turbulent characteristics exhibited by room temperature jets. 

Boundary layer tripping devices have been examined to help solve this problem.  

While there have been several different types of devices, the basic idea is to cause a 

disturbance in the flow just upstream of the nozzle exit.  This prevents the flow from 

having an orderly, laminar-like profile and causes the flow to be turbulent.  At the GDTL 

the device used to cause this disturbance has been designed [8].  The device is a ring with 

a set of grooves that run along the inner circumference.  A picture of the ring, and its 

location on the nozzle, is shown in Figure 1 below. 

* *V M a M RTγ= =
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Figure 1. (Left) Boundary trip extension and trip ring. (Right) Boundary trip 
extension attached to Mach 0.9 nozzle. 
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CHAPTER 3 EXPERIMENTAL SETUP 
 

3.1- GDTL Jet Facility 
 
 All experiments in this effort were performed at the Gas Dynamics and 

Turbulence Laboratory located at the Ohio State University Don Scott Airport.  Ambient 

air is compressed, dried, and stored in two large cylindrical tanks with a 36 m3 capacity 

and is held at pressures up to 16 MPa.  Through a series of pipes, the air is directed to a 

stagnation chamber before entering a nozzle and exhausting into an anechoic chamber.  

Recently a heating system has been added to the facility.  The heating system has been 

created in such a way that the air is moved through heated plates before entering the 

stagnation chamber.  This heating system was created in parallel with the existing system, 

enabling the user to bypass the new system if desired.  Previous tests at the GDTL have 

shown that this heating system contributes no noticeable level of noise contamination, 

which allows for clean, reliable, heated jet data to be recorded. 

 To generate Schlieren photographs, a light source was used along with two 

circular mirrors with a focal length of 6 ft.  The light source was positioned at the focal 

length and directed towards one of the mirrors.  This mirror was then facing the other 

mirror and was positioned in such a way that it reflected the light through the jet exhaust 

before being reflected from the second mirror.  The light was then directed through a 

polarizer and into a camera using a smaller mirror.   

Two ¼ inch B&K microphones are located in the anechoic chamber and angles of 

30 degrees and 90 degrees from the nozzle exit.  The 30 degree angle was chosen based 

on a previous study at the facility which revealed the maximum amount of noise can be 
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observed at this angle.  The acoustic signal from each microphone was then band pass 

filtered from 25 Hz to 100 kHz, processed by a data acquisition board, and saved to the 

computer using LabView software.  An average spectrum was created from 100 short-

time spectra and used in analyzing the data. 

3.2- Approach 
 
 The first experiment chosen to analyze the effect of jet temperature on the Mach 

0.9 jet was the Schlieren test.  This test was used by Strykowski and Russ in 1991 to 

generate the images shown below in figure 2.  Strykowski and Russ used the schlieren 

test to show a dramatic visual difference between turbulent and laminar flow conditions 

at the nozzle exit [12].   The intent of using the Schlieren experiment for the current 

research effort was simply to get a qualitative visualization of the flow.  Definitive 

differences similar to figure 2 were not expected since high temperatures were projected 

to move the flow to the transitional, not the laminar, region. 

 

Figure 2. (Left) Schlieren photograph of laminar jet. (Right) Schlieren photograph 
of turbulent jet [12]. 
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This test uses a light source along with a series of mirrors to pass a column of 

light through the jet.  The light is affected by the density changes in the air and gives an 

image of the jet.  The light is routed into a camera which records these images.  The 

intent of this test was simply to get a qualitative visualization of the flow and the effects 

of temperature on the flow.   

 The next experiment was to examine the spectrum of the jet noise.  The jet 

exhausts into an anechoic chamber and in this chamber, microphones were placed 30 

degrees and 90 degrees from the jet.  Previous experiments at the GDTL determined that 

the maximum peak amplitude occurred around 30 degrees from the jet exhaust, making it 

a key location to examine jet noise.  Sound was also measured at 90 degrees from the jet 

exhaust because at this angle the sound profile is dominated by fine-scale sources; since 

the noise generated by large scale structures is highly directional, one would expect this 

source to be important downstream of the jet.   

 For the acoustic tests, the jet was to be operated at several temperature ratios 

ranging from 1 to 2.5.  This gave a baseline showing the properties of the GDTL jet 

operating as temperature was varied.  Acoustic tests were also performed using the 

boundary layer tripping ring at the same temperature ratios.  This allowed a comparison 

with the baseline case to determine the effect of boundary layer tripping.   

 To analyze the acoustic results, Viswanathan’s scaling law [19] would be applied.  

Unlike Viswanathan’s research, the current research only examines the jet noise at two 

angular locations with a varying temperature ratio.  The jet velocity exponent would be 

found by taking the difference in the peaks of the corrected jet noise spectra and using 

that value to solve for the velocity exponent.  Using the exponent values for each 
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temperature, the spectra would be corrected for this variation, assuring that differences in 

the spectra are purely characteristic differences associated with a changing jet Reynolds 

number. 

Based on the results of these two sets of data, a smaller set of temperature ratios 

were to be selected at which acoustic data from plasma actuator forcing would be 

collected.  Two sets of forcing parameters were to be used; one that resulted in maximum 

mixing enhancement and one that resulted in maximum noise reduction.  In previous 

experiments on room temperature jets at the GDTL the two main forcing parameters, the 

forcing frequency and azimuthal mode of the plasma actuators, were varied to determine 

optimum settings.  For maximum mixing enhancement the optimum forcing Strouhal 

number was found to be 0.33 and the optimum mode was found to be m=±1.  For 

maximum noise reduction the optimum forcing Strouhal number was determined to be 

around 1.5-2.0 at a 30° angle and around 3.0-3.5 at a 90° angle.  Higher modes were 

found to reduce noise at 30°, however at 90° there was no conclusive trend. 

 Another experiment planned was to use Particle Imaging Velocimetry, or PIV, to 

obtain a visualization of the jet exhaust in the form of a velocity vector field.  This test 

gives both qualitative and quantitative results.  The process works by seeding small 

particles into the flow.  A laser sheet is generated and passed through the jet flow exhaust 

and high speed cameras were used to record images.  Velocity vectors are calculated by 

tracking the distance a given particle has moved and dividing by the time lapse between 

the images.  This is carried out by sophisticated computer software which generates a 

field of these velocity vectors.  In previous experiments at the GDTL, small oil droplets 
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were used as the particles, however this is not viable for high temperature flows.  

Because of this, a system was designed to inject alumina powder into the flow. 
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CHAPTER 4 RESULTS 
 

4.1- Schlieren Results 
 
 Schlieren photographs of the jet were acquired at 6 different temperatures, 

ranging from room temperature to around 350 °C.  For each temperature, roughly 15 

instantaneous images were captured and these images were used to create an average 

image for each temperature.  Instantaneous images for each temperature can be found in 

Figure 3 and the averaged image for each temperature can be found in Figure 4.  

One characteristic that was looked at to analyze the differences in these images 

was the spreading angle, which is the angle between the jet centerline and the edge of the 

jet exhaust as seen in the image.  At 23.4°C and 51.1°C the spreading angle is noticeably 

smaller than the spreading angle seen at 105.4°C.  At 105.4°C and higher, however, the 

spreading angle seems to be roughly the same.   
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23.4 °C 51.1 °C 

105.4 °C 187.0 °C 

256.7 °C 327.5 °C 

Figure 3. Instantaneous Schlieren Photographs at Various Temperatures 
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23.4 °C 51.1 °C 

105.4 °C 187.0 °C 

256.7 °C 327.5 °C 

Figure 4. Averaged Schlieren Photographs at Various Temperatures 



 
 

16

MATLAB was used to find differences in the images by “subtracting” the 

averaged images of two different temperature cases.  This was done using the values of 

individual pixels, meaning that a value of 0 corresponds to a pixel that has not changed 

from one image to another.  A color map was used to graphically display the results.  The 

differences between 105.4°C and 23.4°C can be found in Figure 5 while the differences 

between 256.4°C and 187.0°C can be found in Figure 6 and differences between 327.5°C 

and 256.4°C can be found in Figure 7.  There was a difference in the overall intensity 

between the averaged images at 256.4°C and 187.0°C so a breakpoint of -40 was used 

instead of 0. From these three images it appears that the most significant changes occur 

between 23.4°C and 105.4°C while the images at 187.0°C, 256.4°C, and 327.5°C appear 

to be very similar by comparison.   

 

Figure 5. Difference of Averaged Images; 105.4°C and 23.4°C 
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Figure 6. Difference of Averaged Images; 256.4°C and 187.0°C 

 

 

 

 

 

 

 

 

 

 

Figure 7. Difference of Averaged Images; 327.5°C and 256.4°C 
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The Schlieren images show differences in the flow and temperature increases, 

with the biggest differences between about 20°C to around 100°C.  A reason for this 

could simply be that around 20°C the temperature is very similar to the surrounding 

ambient air.  Compared to higher temperatures the jet would look different for this reason 

since the higher temperature jets produce significant density changes relative to the 

ambient air because of temperature changes.  Thus the differences observed between 

around 20°C and around 100°C could be attributed to the temperature increase rather 

than any properties of the actual flow. 

4.2- Acoustic Results 
 
 The far field sound pressure level generated by the jet was measured using 

microphones located at angles of 30 and 90 from the jet axis and the distances from the 

nozzle exit are 83D and 45D respectively.  The acoustic signal from each microphone 

was conditioned and band pass filtered from 20 to 100 kHz and amplified by a 

conditioning amplifier. The microphones were calibrated using a 100 kHz, 114 dB signal.  

The signals were sampled at 200 kHz by a National Instruments A/D board.  100 short-

time spectra were generated and averaged to produce a spectrum for each signal. Rather 

than using frequency as the x-axis value for the jet noise spectrum, the non-dimensional 

Strouhal number was used.  The Strouhal number includes the frequency, jet velocity, 

and exit diameter and the equation is shown below. 

fDSt
V

=      (8) 

 Since the jet noise was measured by two different microphones at two different 

radial distances from the jet exit, the microphone distance was normalized to a distance 
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of 80D from the jet exit.  This was done to show the jet noise at 90 degrees and the jet 

noise at 30 degrees so they are on the same intensity level with respect to the radial 

distance from the jet at which they were observed.  The dimensions of the anechoic 

chamber at the GDTL do not allow for the microphones to be placed the same distance 

away from the jets while maintaining angles of 90 and 30 degrees from the jet axis.   

 The microphone distance correction was applied first and the results for the jet at 

30 degrees and 90 degrees can be found in Figures 8 and 9 below.  A low pass filter was 

applied to show the shape of the spectra more clearly.  These figures show that as the 

temperature ratio was increased the peak SPL grew in magnitude.  The spectrum’s 

downward slope past the peak became steeper as the temperature ratio was increased.   

The recent scaling law proposed by Viswanathan was also used to find the proper 

velocity exponent for each spectrum.  While the computations were performed in 

separate MATLAB steps, all corrections and scaling performed on the original data can 

be summarized by the following equation. 

8020log 10 *log jV
SPLcorr SPL n

R a
⎛ ⎞⎛ ⎞= − − ⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠
               (9) 

 After the corrections for microphone distance and area were applied, the resulting 

spectra were used to calculate the proper velocity exponent for each temperature ratio.  

This was done by taking the difference between a given spectrum’s peak, and the peak of 

the ambient, “reference” spectrum.  This difference was then placed in the following 

equation and the equation was solved for the velocity exponent, n. 

10 *log jV
PeakDifference n

a
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

    (10) 
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 This method collapsed the spectra to the same peak, allowing for a comparison of 

the shape of each of the spectra.  It should be noted that the complete scaling formula for 

the narrow band spectra includes the additional term shown in the equation below [17]. 

8020log 10 *log 10*logj

j

V DSPLcorr SPL n
R a V

⎛ ⎞⎛ ⎞⎛ ⎞= − − − ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠
        (11) 

The additional term corrects for spectrum changes that occur when shifting the x-

axis from frequency to the Strouhal number.  This term results in a vertical shift in all of 

the spectra so incorporating the term into the method used in this paper would simply 

change the values of the velocity exponent.  This is because the velocity exponents were 

selected by simply forcing the peaks of each spectrum to be equal and equating the 

difference with the velocity exponent term.  The additional term would be added to this 

equation, thus changing the value of the exponent while still forcing the peaks of the 

spectra to be the same.  The actual value of the velocity exponent is not important since 

the goal is to compare the shapes of the different spectra.  

The result of the velocity exponent corrections at 30 degrees and 90 degrees can 

be found in Figures 10 and 11 respectively.  Figures 12 and 13 show a low pass filtered 

version of Figures 10 and 11 to provide a better examination of trends in the shape of the 

spectra.  After applying the corrections it becomes clear that the spectrum shape is 

becoming more narrow as temperature increases.  This follows trends observed by 

Viswanathan [18] who has shown that when the Reynolds number is increased, the 

spectral shape broadens.  Increasing temperature decreases the Reynolds number, so the 

spectral shape has become more narrow, as expected.
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Figure 8. Acoustic Spectra at 30 degrees 
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Figure 9. Acoustic Spectra at 90 degrees 
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Figure 10. Corrected SPL at 30 degrees 
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Figure 11. Corrected SPL at 90 degrees 
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Figure 12. Corrected, Smoothed SPL at 30 degrees 
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Figure 13. Corrected, Smoothed SPL at 90 degrees 
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Since the spectra have been corrected for microphone distance and temperature changes, 

the differences in the corrected spectra at each temperature ratio are based on the characteristics 

of the flow.  At 30 degrees there appears to be a more dramatic change with increasing 

temperature ratios than at 90 degrees.  To gain a quantitative assessment of the difference in the 

shape of the spectra, a linear line of best fit was applied to the downward slope that occurs past 

the peak of each spectrum.  The slope of this line was then plotted against the temperature ratio 

of the spectrum and this was done for each data point taken.  Figures 14 and 15 below show the 

slopes with black error bars at ±3 standard deviations.  Figure 14 shows this trend at 30 degrees 

and figure 15 shows the trend at 90 degrees. 

 

Figure 14. Downward Slope of Spectrum vs. Temperature- 30 degrees 
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Figure 15. Downward Slope of Spectrum vs. Temperature- 90 degrees 

 At 90 degrees the slope data points are scattered over the temperature range with no 

discernible correlation to the temperature ratio.  At 30 degrees the spectrum shape, as defined by 

the downward slope past the peak, has a dependence on temperature ratio that resembles a high 

order polynomial function.  This could mean the flow has left the turbulent regime and entered 

the transitional area between turbulent and laminar flow since the shape is changing somewhat 

dramatically with increasing temperature.  Using the same acoustic techniques, the jet was 

operated using the tripping ring.  The plots from Figures 8 through 15, showing the acoustic 

results for the untripped cases, were created for the tripped cases as well.  Figures 16 and 17 

below show the low pass filtered noise spectra for the jets at different temperature ratios with the 

use of the tripping ring.  Figures 18 and 19 show the spectra after the corrections for microphone 

distance and velocity exponent were applied and figures 20 and 21 show the low pass filtered 

versions of figures 18 and 19. 
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Figure 16.  Acoustic Spectra at 30 degrees With Tripping Ring 
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Figure 17. Acoustic Spectra at 90 Degrees With Tripping Ring 
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Figure 18.  Corrected SPL at 30 Degrees With Tripping Ring 
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Figure 19. Corrected SPL at 90 Degrees With Tripping Ring 
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Figure 20. Corrected, Smoothed SPL at 30 Degrees With Tripping Ring 
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Figure 21. Corrected, Smoothed SPL at 90 Degrees With Tripping Ring
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For the tripped flow, the shape of the smoothed, corrected spectra were quantified by 

drawing a linear line of best fit through the downward slope of the spectrum.  The slopes of these 

lines were recorded and plotted against the temperature ratio.  A comparison of the calculated 

slopes for the tripped and untripped flow is shown below in figures 22 and 23, with the tripped 

flow results in red. 

 

Figure 22. Tripped and Untripped Spectrum Shape Comparison- 30 degrees 



 
 

36

 

Figure 23. Tripped and Untripped Spectrum Shape Comparison- 90 degrees 

 At 30 degrees, the slopes change by about 2.5 over the temperature range tested.  The 

tripped case shows a near linear dependence of slope on temperature ratio in the majority of the 

range whereas the untripped case appears to resemble some sort of high order polynomial 

function.  At a temperature ratio of 2.4, the slope of the untripped jet and tripped jet are very 

close.  This could be the two trends converging or they could be passing each other.  

Unfortunately, this is the high temperature ratio limit of the facility in its current form so more 

data to explore this will not be available. 

 At 90 degrees, the slopes have a range of about 1.0 meaning the spectral shapes at this 

angle are more similar than at 30 degrees.  The untripped case appears to be very scattered with 

no discernible relationship between slope and temperature ratio.  For the tripped case, from 

temperature ratios of about 1.3 to around 2.2 the slope increases, but only by about 0.2, with the 

increasing temperature ratios. 
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 Overall, the use of the tripping ring causes a more flat slope than the naturally occurring 

untripped case.  The untripped and tripped cases seem to follow similar trends with increasing 

temperature ratios; however the use of the tripping device produces slope data that is 

significantly less scattered.  The tripping device seems to create more ordered relationships 

between spectrum shape and temperature ratio, especially in the temperature ratio range between 

about 1.3-2.2.   

The effect of increasing temperature on spectrum shape at 30 degrees is much more 

dramatic than at 90 degrees.  The microphone at 90 degrees is much less likely to record the 

highly directional noise generated by the large scale turbulent structures.  This directional noise 

resulting from the large scale structures is more likely to be recorded by the microphone at 30 

degrees.  Along with the results from each microphone, this suggests that large scale structures 

may be affected by increasing temperatures more dramatically than fine scale structures.   
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CHAPTER 5 SUMMARY AND FUTURE WORK 
 
 Schlieren photographs and acoustic data were collected for a Mach 0.9, 1 inch diameter 

jet operating at temperature ratios ranging from about 1.0-2.5.  This data provides a good set of 

baseline data from which a further understanding of the differences between heated and unheated 

jet flows.  This has been part of a larger, ongoing research effort at the GDTL to model 

commercial jet engine exhaust and use plasma actuators to control the flow and achieve noise 

mitigation. 

 Schlieren photographs gave a qualitative visualization of the flow at varying 

temperatures; however they yielded no conclusive results.  While there were some differences in 

the appearance of each flow, there were no dramatic changes to suggest fundamental 

characteristic changes in the flow as temperature was increased.  Since the GDTL plans to use 

similar forcing techniques on heated flows that have been successful on unheated flows, the 

similarity of the images suggests this may be possible. 

 Acoustic results showed trends that have been observed by other researchers in this area.  

A technique was used, based on recent proposed scaling laws, to create a quantitative analysis of 

the shape of the acoustic spectrum of each jet flow as the temperature ratio was increased.  At an 

angle of 30 degrees from the jet axis the spectral shape seemed to vary with temperature ratio in 

the manner of a high order polynomial function.  When a boundary layer tripping device was 

used at this angle, a linear dependence of spectral shape on temperature ratio emerged.  At 90 

degrees the spectral shapes at varying temperatures were more similar and had no discernible 

correlation.  When the tripping device was used at 90 degrees the spectral shapes had less 

variation and appeared to be almost unchanging over the temperature range tested.  These results 

suggest that the use of a boundary layer tripping device results in more ordered, predictable 
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spectra as jet temperature is increased.  Also the different effects observed at 30 and 90 degrees 

could mean that varying temperature affects noise generated by large scale structures more than 

noise generated by fine scale structures.  

  In general the results show that as the temperature ratio of the jet increases there are 

some noticeable trends in the jet’s acoustic spectrum.  The results do not reveal that the high 

temperature jets have undergone any kind of drastic changes that one would observe between 

laminar and turbulent flows.  For the larger ongoing research effort, this means that forcing 

techniques used successfully on room temperature jets have not been eliminated as effective 

tools to use on high temperature jets. 

 At the time of this thesis, acoustic data has been collected and is beginning to be 

processed.  Different forcing strategies that have been successful on ambient temperature jets 

have been applied over a temperature ratio range of 1.2 to 2.2.  These results will reveal whether 

the forcing methods used previously can be successfully applied to heated jets.  Trends with 

increasing temperature will help guide the ongoing research effort in finding a successful forcing 

strategy for high temperature jets. 

 PIV tests for baseline and tripped cases over a variety of temperatures have also been 

planned for the future.  This powerful measurement tool will give more quantitative data to 

analyze flow differences as temperature ratio is increased.  In order to get good results from PIV 

experiments, the new seeding strategy which uses alumina powder must be verified.  Currently 

the concentration of the powder-ethanol mixture and the size of the particles are being examined 

to determine a reliable seeding of the jet.   
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