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Abstract 

With a higher standard of living and education, engineers are paying more attention on 

how the surrounding environment affects the public's comfort. Aircraft cabin noise is one 

of the main concerns for most airlines with surveys done to understand what customers 

feel and research to understand how noise can be modeled with state-of-the-art aero 

acoustic theories. In this work, computational aero acoustics was performed to simulate 

flow through a duct with an orifice plate as part of an aircraft environmental control 

system and to compare the results with experimental data. Experimental results of a low 

velocity flow with large orifice demonstrated better agreement than a high velocity flow 

with a small orifice plate. The numerical solution and experimental results were found to 

agree within 10% for broadband noise. Further research is required for better 

computational results for flow through a small orifice plate. 
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Chapter 1: Introduction 

As transportation in general, and air travel in particular, has become more 

common and more advance, passenger comfort expectations have increased. For 

example, ten years ago, heaters were the only standard feature in the climate control 

system of most European cars, however since the 1990s, mobile air conditioning has 

become one of the standard climate control feature in most European vehicles as well. 

[14] As transportation usage increases, passenger comfort expectations now demand air 

conditioning as a standard feature in both private and public vehicles. For example, the 

Toronto Transit Commission included air conditioning in subways as early as 1977, 

model H5 [37], and has had air conditioning in buses since 1991, model OBI Orion 

V.[38] 

Clearly, environmental control systems are very important because they help 

customers feel comfortable. Furthermore, airplane environmental control systems are 

more sophisticated than the simple air conditioning systems found in cars, buses, and 

ships. [25] The environmental control systems found in airplanes must control not just 

temperature, but also pressure, density and humidity. As airplanes fly at different 

altitudes, the outside air temperatures, pressures and densities are significantly different 

than the environmental conditions found inside the passenger cabins. For example, if the 

airplane is flying at 2000m above sea level, the outside air pressure is 80 kPa , 

temperature is 2.0 °c, and density is 1.0 kg/m3 [4], however, for passenger comfort, 

conditions inside the cabin must be maintained close to sea level standard, 101.2 kPa, 20 

°c and 1.2 kg/m3
, correspondingly. 

In aircraft, the performance of the environmental control system is interconnected 

with many other sub systems. The proper operation of the jet engine, the avionics system, 

the electrical systems, and the power generator all affect the overall performance of the 

environmental control system. Furthermore, varying environmental conditions in one 

section of a cabin will alter the temperatures and pressures throughout the aircraft. 
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Clearly, these varying environmental conditions will affect passenger comfort and 

equipment perfonnance. For example, since the cabin needs to be pressuiized, the 

fuselage must not buckle under this pressure difference. The environmental control 

system itself is made up of many different structures. These structures include the pipes, 

junctions, valves, and orifice plates that are required to deliver the conditioned air to the 

various part of the cabin. Pipes are the metal tubes that the air flows through and 

junctions are used as connectors between multiple pipes. Valves control the direction of 

the flow while orifice plates control the flow rate within the piping system. [31] The 

overall climate control system is constructed from a number of combinations of these 

four basic components. Each of these combinations are grouped to define a specific sub 

system. Examples of these sub system include the cabin cooling pack heat exchanger, and 

the bleed air manifold. These sub systems are combined to fonn the basic infrastructure 

of the entire environmental control system. [40] 

Increasingly, to lower operating costs, airlines are requiring manufacturers to 

reduce aircraft weight. This can be achieved by using lighter materials such as carbon 

fibre and light weight alloys, or by minimizing the number and size of as many parts as 

possible. For instance, the pipes used to construct the environmental control systems are 

often reduced to the smallest diameter possible. [36] The weight of the environmental 

control system is significant, and thus any reduction in the sizes of the pipes, the 

junctions, the valves and the orifice plates would significantly reduced the overall weight 

of the aircraft. However, any reduction in the weight and size of the environmental 

control system cannot compromise its overall perfonnance. In particular, while a change 

in the dimensions of the aircraft environmental control system might help reduce its 

overall weight, it often results in other significant problems. For example, the benefits of 

reduced pipe diameters are offset by the problems associated with the increased flow 

velocities and the noise that is generated across orifice plates. [36] When high velocity 

flows crosses orifice plates, the flows become vortical and thus create significant amount 

of noise. Therefore, flow generated noise has become significant. [2] 

Identifying acceptable levels of noise are difficult because there are no standards for how 

quiet are "good" or how noisy are "bad". [3] Music to one person could be noise to 

another. However, in general, sound that causes human discomfort and fatigue is more 
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easily defined as noise. [15] High power or high intensity sound can lead to pennanent 

hearing damage. [16] However, as found in several Boeing surveys, zero cabin noise is 

also not desirable. [33] If the background cabin noise is reduced to zero, or close to zero, 

conversations between seatmates can be heard several rows away; noises such as toilet 

flushing could be heard throughout the cabin; and private conversation would be non

existent. Thus, total silence is not desirable. Currently, manufacturers like Boeing are 

looking for the optimal customers' cabin conditions. With existing technologies the noise 

generate outside the cabin can be reduced. However, noise generated within the cabin is 

not as easily controlled. 

However, the best way to avoid a significant noise problem is to be aware of all the 

potential sources of noise and to minimize them throughout the design. Currently, 

externally generated noise can be controlled by mechanical noise reduction systems. 

However, since internally generated noise is fluid dynamic in nature, it cannot be reduced 

by these existing mechanical noise reduction systems. Currently the modeling of internal 

noise is not well established and requires high computational power. [36] 

While significant knowledge and understanding of fundamental aero acoustics has been 

established [1, 2, 24, 25, 35, 36], an understanding of internal cabin noise is complicated 

by the interactions between the flow and the various components of the environmental 

control system When investigating the source of internal cabin noise the flow through the 

environmental control system, is modeled by its simplest fonn; the flow through pipe and 

an orifice. 

In this work we will simulate the flows through the ducts and orifice plates of an aircraft 

environmental control system and then compare these results with experimental data 

provided by Bombardier Aerospace. The numerical flow simulations were obtained using 

the Star-CD program which is also provided by Bombardier Aerospace. 

First, steady state simulations were conducted to verify appropriate grid resolution, to 

obtain the correct inflow boundary conditions needed to produce the required velocity 

profile crossing the orifice plate, and to ensure that the average pressure drop across the 

orifice plate matched experimentally verified values. 
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Then, transient simulations were conducted to obtain total pressure distributions at 

various locations behind the orifice plate. These total pressure values were then pt:ocessed 

through a Discrete Fourier Transform to obtain sound pressures which were then plotted 

vs. sound frequency. 

Finally, these results were compared to experimental data which showed that the noise 

level predicted by the computational simulation were within 10% of the experimental 

result. 

This work demonstrated that with the proper grid resolution, the proper inflow boundary 

conditions needed to produce fully developed flow in front of the orifice plate, and the 

correct combination of inflow and outflow boundary condition needed to create the 

average pressure drop across the orifice plate, one can reasonably predict the noise level 

generate by the orifice plate in a pipe. And once again, the orifice plate in a pipe 

combination is the basic building block of any aircraft environmental control system. 
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Chapter 2: Sound and Noise 

Sound can be defined as any pressure variation in an elastic medium in the form of sound 

waves from the sound source to the receptor. [3] These pressure waves can travel in air, 

water, or others from the sources to human ears or microphones. If these pressure waves 

are too slow or the changes are too gradual, human ear might not be able to detect the 

pressure variation. Pressure changes could be caused by any vibrating object which 

alternately compresses and expands the air surrounding the vibrator. Pressure waves of 

lower and higher pressure are sent out in all directions from the source. The sound waves 

change from the lower to higher pressure that is detected by the ear drum is what 

expresses as sound. [15] 
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2.1 Period Vs. Frequency 

One cycle of the pressure change is called a period, express in unit of time. [26] The 

measure of the rapidity of alterations of a periodic signal per unit time is called 

frequency, expressed in cycles per second or Hertz (Hz). [15] Therefore, frequency is 

also called the reciprocal of period or vice or versa, and is given as follows: 

Period[ s] = 1 
frequency[ Hz] 

(1) 

2.2 Wave Length 

As shown in Figure 1, period is one complete cycle from one peak to the next peak on the 

graph, in unit of time. And wavelength is the distance a sound wave travel in one 

complete cycle in unit of distance. 

Period 

Time 

Distance 

Wavelength 

Figure 1: Wavelength and Period 
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Speed of sound is the speed of the sound wave traveling through a medium. Speed of 

sound varies with the properties of the medium, for example, density of the medium, 

temperature of the medium, etc. [5] For purpose of sound measurement, the speed of 

sound in air is expressed as 340 mls or 372 yard/s at sea level and 15 DC atmospheric 

temperature. 

Wavelength can be calculated with, 

I h 
speed of sound 

wave engt = ~---=----
frequency 

(2) 

In general low frequency has large wavelength, and high frequency has small 

wavelength. [15] Figure 2 shows the relationship between wavelengths at three different 

frequency levels. An object in the sound path must be larger than a wavelength in order 

to significantly disturb the sound. 

Low Frequency ~Iid Frequency High Frequency 

Figure 2: Wavelength and Frequency [15] 
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Speed of sound is the speed of the sound wave traveling through a medium. Speed of 

sound vanes with the properties of the medium, for example, density of the medium, 

temperature of the medium, etc. [5] For purpose of sound measurement, the speed of 

sound in air is expressed as 340 m1s or 372 yard/s at sea level and 15°C atmospheric 

temperature. 

Wavelength can be calculated with, 

I h 
speed of sound 

wave eng! = -=----"-----
frequency 

(2) 

In general low frequency has large wavelength, and high frequency has small 

wavelength. [15] Figure 2 shows the relationship between wavelengths at three different 

frequency levels. An object in the sound path must be larger than a wavelength in order 

to significantly disturb the sound. 

Low Frequency Higb Frequency 

Figure 2: Wavelength and Frequency [15] 
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2.3 Music vs. Noise 

The two main families of sound are music and noise. However, what is the difference 

between noise and music? For example, when rock music is played, people who like it 

might think it is music, but people who do not appreciate it, might think it is noise. And 

again, people who like classical music verses people do not. A German poet and humorist 

Wihelm Busch once mocked: "Music is always noise - related - and often not 

appreciated." [29] Therefore, sound/noise is a very difficult to define. In general and 

widely accepted definition for noise is sound that average people do not appreciated and 

find irritable. [16] Sound that does not carry useful information is also called noise. [10] 

\Vhen exposed to noise for long periods of time, it would cause human discomfort and 

fatigue. [16] 

The lowest pressure change that normal adult can detect is 20 micro-Pascal of a pure tone 

at 1000Hz, which is equivalent to OdB. Decibel (dB) is a logarithmic scale to measure 

pressure change, it was devised to make calculations of noise levels manageable. The 

human ear's range starts at the threshold of hearing, OdB, and ends at the threshold of 

pain, 140dB. Human ear is more sensitive to high frequencies sound pressure variations 

than low frequencies. [16] 

Here, shown in table I, are the references for noise level at different environment. 

Sources Decibels [dB) I 

\Vhispered Voice, library 20-30 

Urban Home, Average Office 40-60 

Noisy Office, Low traffic Street 60-80 

Jet Transports (Cabin) 60-88 

Public Address System 90-100 

Busy City Street 80-100 

Single Rotor Helicopter 80-102 

Power Lawn Mower 100-110 

Rock Concert 115-120 

Jet aircraft at takeoff 130-140 

Table 1: Sources of noise/sound [16] 

8 



L 

Cabin noise is around 60 - 88 dB, which is equivalent to a noisy office. It is necessary to 

reduce cabin noise, but in a public area, it might not be a good to reduce the noise level to 

a threshold of hearing. If the cabin is as quite as a library, flight attendants and passengers 

might need to move very . carefully or slowly, in order not to make noise to disturb the 

others, which might make the passenger even more uncomfortable. Noise level in a 

public area might not be a case of "the lower the better"; it is good enough to reduce the 

cabin noise level to urban home or average office noise level. 

2.4 Spectrum 

As known, light is made up of different colours called the colour spectrum which can be 

seen when light passes through a transparent prism. Similarly sound can be analyzed with 

a noise spectrum, as sound is made up of different frequencies. Therefore, frequency is 

used as an independent variable for most of the sound analysis application. 

Noise can be classified into two main families, steady noise and non-steady noise. The 

term itself is self explanatory, steady noise is noise with negligibly small fluctuations of 

level within the period of observation, and non-steady noise is noise whose Ie~el varies. 

significantly during the period of observation. [31] 
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2.5 Steady Noise 

Discrete frequency noise is steady noise with audible discrete tones, this type of noise 

often has the pure tone over a number of frequencies. Each pressure level jump at various 

frequencies in Figure 3 is a discrete tone. Discrete frequency noise is the most common 

noise found in industry and it can caused by rotating parts of machines such as fans, 

internal combustion engines, transformers and pumps. [7] 

--~ 100 
'-" -~ ;... 90 ~ 

....:l 
~ 

= SO -~ 
~ 
~ ;:... 70 
~ 

-= -= 60 .... 
Q 

~ 

10 10 3040 60 SO 100 200 300 4006008001000 

Frequeury X 101 (Hz) 

Figure 3: Example of Discrete Frequency noise [15] 

Broad band noise is steady noise whose sound pressure level distribution over the 

frequency spectrum has no dominant peaks, varying smoothly with frequency. [15] 

Acoustical energy might be heavily concentrated in one or more area of the sound 

spectrum. Pink noise is, when noise level is up in the low frequency, and down in the 

high frequency in a board band noise, an example of a pink broad band noise is shown in 

Figure 4. [7] Pink is analogous to the pink light at the lower frequencies of the colour 

spectrum. [15] 
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90 

2.6 Noise Band 

31.5 6J 125 250 500 1000 2000 4000 8000 

Freqnenry (Hi) 

Figure 4: Example of Broad Band Noise [15] 

A band is a range of frequencies between two limits. [7] Similar to measuring speed of an 

object, one can measure the distance the object traveled in each second, or every minute 

(60 second), or every hour (3600 second), depends on how frequently the speed changed. 

Obviously, if measuring with the same period of time, the smaller the scale, the more data 

needed to be collected. When studying a noise spectrum, it is not practical to examine the 

acoustic energy generated at every frequency at the same time, massive amounts of data 

would be generated. The three most common types of frequency scales that were used to 

measure sound are, narrow band, one-third octave band and octave band, listing from the 

most detail to least. [7] The scale is done by dividing the frequency range into a set of 

broader ranges, each containing less information. 
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Octave band just like the octaves on a piano, each set of frequency is exactly double of 

the previous set of frequency. [15] Nine octave bands are the most often used when 

measuring industrial noise, starting from 31.5 Hz, then doubling to 63 Hz, then 125 Hz, 

250 Hz, 500 Hz, 1000 Hz, 2000 Hz, 4000 Hz, and end at 8000 Hz. [7] For example, the 

500 Hz octave band is centered at 500 Hz and it will extends from mid-point between 250 

Hz to 500 Hz, and mid-point between 500 Hz to 1000 Hz. It can be calculated by, 

S " (log250Hz + log 500Hz ) 353 IT tartmg: = nZ 
2 

Ending: (Iog500Hz + log! OOOHz) = 706Hz 
2 

(3) 

(4) 

Figure 5 shows the three most common bands that were used in measuring noise, from 

most detail on the left to the least on the right. 

In this project, one-third octave band was used to measure the noise generated by an 

orifice plate in the experiment. Even though the octave band did provide a sufficient level 

of detail, a couple sound pressure levels were concentrated in different frequency, and 

one-third octave band can capture these tonal noise. 

Nan"ow 
Band 

SOlUul 
PrE'SSlUE' 

(dB) 

o CI 
o 0 
... N 

CI 0 C 0 
: g g g 

... ,.. 1/1 

Frequellcy (Hz) 

Oue-TIlird 
Octave Baud 

SOlmd 
PrE'Ss\ue 

(lB) 

f. 

eo 

'10 It 
g g ... N 

,IJ 
1:1 CI 0 

" 0 0 
1ft " " ... N 

Fl E'qUE'llCY i,Hz) 

0 
0 
0 .,. 

SOlUHI 
PIE'ssme 

(dB) , 

1011 

to 

M 
0 
0 .. 0 

" N 

Oct'lve 
Band 

0 0 
C g 11\ ... 

0 g 
N 

FnqUE'llfY (Hi) 

Figure 5: Example of Different Frequency Band [15] 
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Octave band just like the octaves on a piano, each set of frequency is exactly double of 

the previous set of frequency. [lS] Nine octave bands are the most often used when 

measuring industrial noise, statting from 31 .S Hz, then doubling to 63 Hz, then 12S Hz, 

250 Hz, SOO Hz, 1000 Hz, 2000 Hz, 4000 Hz, and end at 8000 Hz. [7] For example, the 

SOO Hz octave band is centered at 500 Hz and it will extends from mid-point between 2S0 

Hz to SOO Hz, and mid-point between SOO Hz to 1000 Hz. It can be calculated by, 

S 
. (log2S0Hz + 10gSOOHz ) 3S3H 

tartmg: = z 
2 

Ending: (log SOOHz + log 1000Hz) = 706Hz 
2 

(3) 

(4) 

Figure S shows the three most common bands that were used in measuring noise, from 

most detail on the left to the least on the right. 

In this project, one-third octave band was used to measure the noise generated by an 

orifice plate in the experiment. Even though the octave band did provide a sufficient level 

of detail , a couple sound pressure levels were concentrated in different frequency, and 

one-third octave band can capture these tonal noise. 
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Figure 5: Example of Different Frequency Band [15] 
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2.7 Decibels and Weighted Decibels Scale 

As explain in the previous section, Music vs. Noise, decibel is a logarithmic scale to 

measure the size or amplitude of pressure change. The lowest sound pressure change that 

normal adult can detect is 20 micro-Pascal of a pure tone at 1000Hz, in which the normal 

atmospheric pressure is 101 kilo-PascaL [16] A pressure change of the lowest sound 

pressure change that normal adult can detect is equivalent to five billion times less than 

atmospheric pressure. Since the range of sound pressure in a standard atmosphere is 

huge, to the order of billionths, using the Pascal scale to measure is hard to manage. 

Sound Pressure Level (SPL) unit Decibel (dB) is a logarithmic scale to help measure 

pressure change, and it was devised to make calculations of noise levels manageable. [3] 

(5) 

Or 

(6) 

Where: 

SPL = Sound Pressure Level 

P = root-mean-square sound pressure [Pascal] 

Po = international reference pressure of2.0x 10-5 [Pascal] 

The human ear's range starts at the threshold of hearing, OdB, and ends at the threshold of 

pain, 140dB. [16] The human ear is able to react to exponential changes in sound 

pressure, and decibel scale is a closer approximation to the sounds heard by the human 

ear than the Pascal scale. However, human ear is more sensitive to high frequencies 

sound pressure variations than low frequencies: [16] The range from 1,000 to 5,000 Hz is 

the frequencies where human ear is most sensitive t6 sound. [15] Therefore, a' correction 

factor is created to quantify the sensitivity of humans to sound. 
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There are four weighting networks, A-weighted decibel dBA, B-weighted decibel dBB, 

C-weighted decibel dBC, and D-weighted decibel dBD. [7] To quantify the sensitivity of 

humans to sound the A-weighted decibel is applied, it can reflect adjusted sound volume 

perceived by the human ear in different frequency. B-weighted decibel emphasizing 

middle frequencies; C-weighted decibel were used to attenuate low frequencies much 

less than the other weightings; D-weighted decibel were used for very high frequencies 

like those emitted from jet engines. [7] 

For purpose of noise control, A-weighted decibel is the most common weighting network 

in use defined in the International standard IEC61672:2003. [7] For example, most of the 

time machine manufacturers would provide noise levels of a machine in dB, whereas the 

regulation of community noise requirement is stated in dBA. It is necessary to convert 

from dB to dBA or sometimes vice versa. The various national standards relating to the 

measurement of sound pressure level, as opposed to actual sound pressure as shown in 

Table 2. C weightings are used because they attenuate low frequencies much less than the 

other weightings. D weightings are used when very high frequencies and B weightings 

emphasis on the middle frequencies which are no longer in use. 

For example, a 100 dB sound in the 31.5 Hz band has a correction factor of -39.4. 

Subtract 39.4 from 100 dB (i.e., 100 dB - 39.4 = 60.6 dBA). The answer is 60.6 dBA, 

which is how "loud" the 100 dB sound is perceived by the human ear in the 31.5 Hz 

band. By contrast, the same 100 dB sound is perceived by the human ear exactly as 100 

dBA when frequencies are in the] 000 Hz band (i.e., 100 dB 0 = 100 dBA). [3] 

Figure 6 shows the equal loudness contours, these equal loudness curves show the 

relative lack of sensitivity of the human ear to'low frequency. 
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I Frequency 
• (Hz) 

CurveAdB Curve B dB Curve C dB Curve 0 dB 

10 -70.4 -38.2 -14.3 -26.5 
12.5 -63.4 -33.2 -11.2 -24.5 
16 -56.7 -28.5 -8.5 -22.5 
20 -50.5 -24.2 -6.2 -20.5 
25 -44.7 -20.4 -4.4 -18.5 

I 31.5 -39.4 -17.1 -3 -16.5 I 

40 -34.6 -14.2 -2 -14.5 
I 50 -30.2 -11.6 -1.3 -12.5 

• 
63 -26.2 -9.3 -0.8 -11 

I 80 -22.5 -7.4 -0.5 -9 
100 -19.1 -5.6 -0.3 -7.5 
125 -16.1 -4.2 -0.2 -6 

i 160 -13.4 -3 -0.1 -4.5 
200 -10.9 -2 0 -3 
250 -8.6 -1.3 0 -2 ! 

315 -6.6 -0.8 0 -1 i 

400 -4.8 -0.5 0 -0.5 
500 -3.2 -0.3 0 0 
630 -1.9 -0.1 0 0 
800 -0.8 0 0 0 
000 0 0 0 0 

1250 0.6 0 0 2 
1600 1 0 -0.1 5.5 
2000 1.2 -0.1 -0.2 8 
2500 1.3 -0.2 -0.3 10 
3150 1.2 -0.4 -0.5 11 
4000 1 -0.7 -0.8 11 
5000 0.5 -1.2 -1.3 11 
6300 -0.1 -1.9 -2 10 
8000 -1.1 -2.9 -3 8.5 
10000 -2.5 -4.3 -4.4 6 
12500 -4.3 -6.1 -6.2 3 
16000 -6.6 -8.4 -8.5 -4 
20000 -9.3 -11.1 -11.2 -7.5 

Table 2: A. S, C and 0 Weighting Networks [7] 
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Figure 6: Sensitivity of human ear at different SPL with respect to different 
frequency (Equal Loudness Contours) [16] 

2.B Loudness 

Loudness is very subjective, it varies from one person to another. What is interpreted as 

loud noise by one individual may not be loud or noise to the other person. That is the 

reason why loudness is rarely used to describe the situation in noise control. 

From a mathematical point of view, a 10 dB increase in sound pressure is equivalent to 

doubling in the loudness of the sound occurs. [8] Similarly, for each 10 dB decrease in 

sound pressure, the loudness is cut in half. [3] Doubling the loudness does not mean 

doubling the noise source. As stated, doubling the loudness means 10 dB increase in 

sound pressure, however, sound pressure is in logarithmic scale, doubling sound pressure, 
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2.8 Loudness 

Loudness is very subjective, it varies from one person to another. What is interpreted as 

loud noise by one individual may not be loud or noise to the other person. That is the 

reason why loudness is rarely used to describe the situation in noise control. 

From a mathematical point of view, a 10 dB increase in sound pressure is equivalent to 

doubling in the loudness of the sound occurs. [8] Similarly, for each 10 dB decrease in 

sound pressure, the loudness is cut in half. [3] Doubling the loudness does not mean 

doubling the noise source. As stated, doubling the loudness means 10 dB increase in 

sound pressure, however, sound pressure is in logarithmic scale, doubling sound pressure, 
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is just equivalent to increase of 3 dB. This only applied when the added noise source is 

identical to the original one. 

For example, adding two 85 dB sources yields: 

85 85 

85dB + 85dB ::::: 1010 +1010 ::::: 1O*10g(632455532):::::88dB (7) 

Therefore, in order to double the loudness, increase by 10 dB, 

Noise Source Noise Level 

1 120 dB 
2 123 dB 

4 126 dB 

8 129 dB , 

Table 3: Doubling loudness [7] 

8 identical noise sources are needed. Engine noise produced by an aircraft with four 

identical jet engines, does not make twice as much noise than an aircraft with two 

identical engines, if and only if identical engines mounted on both aircrafts. The human 

ear's ability to hear logarithmic changes in sound pressure also explains why loudness 
. ' 

increases 10 dB but the noise level from identical sources increases by only 3 dB. [7] 
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2.9 Aircraft noise 

Aircraft noise is defined as sound produced by the aircraft in different stages of a fl~ght 

mission; during run~up, taxiing, take~off, cruising, and landing. [27] Especially during 

takeoff and landing, aircraft noise needs to be controlled, in order to not affect the 

neighbourhood of about 100 km2 around the airport. [17] When in the take-off stage, 

aircrafts generally produce an average sound level of more than 100dB at ground level. 

[27] 

Landing usually begins at 60 meters above roof level where a sound level of 100dBA can 

be realized.[17] Aircraft noise is the second largest (after roadway noise) source of 

environmental noise. [27] This is just half of the problem; aircraft noise can be separated 

in to two main sources, external and internal noise. 

Any object moving through air would cause compression and rarefaction, producing 

motion of the air molecules. This movement of the air will generate pressure waves. If 

these pressure waves were strong enough and propagate within an audible frequency 

spectrum, sound would be detected by human hearing sensation. Aircrafts are moving 

through air in high speeds, climate controlling systems constantly adjust pressure and 

temperature inside the cabin which will compress and expand the air.[25] The change in 

pressure difference would generate noise in different frequencies, intensities, and noise 

levels; and the audible noise will be propagated into the passengers' ears. 

Three main contributions to the total noise level originate from aerodynamic noise, 

engine and other mechanical noise, and noise from aircraft systems.[27] 

2.9.1 Aerodynamic noise 

Aerodynamic noise arises from the airflow around the aircraft fuselage and control 

surfaces. This type of noise increases with aircraft speed and also at low altitudes due to 

the density of the air. [27] Jet-powered aircrafts create intense noise from aerodynamics, 

which is typically broadband. [15] Aerodynamic noise would vibrate the skin of the 

aircraft, and then transfer to the internal wall of the cabin. [10] Noise generated by this 

source would not be very significant, cabin sound levels may be controlled in civilian 

commercial airliners due to added sound attenuating material. [19] Exposure to this noise 
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in long period of time can lead to damage, since hearing loss is cumulative. [16] In a long 

haul flight mission, this noise may continue for more than 10 hours. The shape of the 

nose, windshield or canopy of an aircraft can greatly affect the sound produced. Much of 

the noise of a propeller aircraft is of aerodynamic origin due to the flow of air around the 

blades. This type of aerodynamic noise is mostly low frequency determined by the rotor 

speed. [19] 

2.9.2 Engine and other mechanical noise 

Much of the noise in propeller aircraft comes equally from the propellers and 

aerodynamics. [1] The mechanical sources produce narrow band high intensity peaks 

relating to the rotational speed and movement of the moving parts. [7] Noise is 

propagated through the skin to passengers' ears as the aerodynamic noise. In 

computational aero acoustics terms, noise from a moving aircraft can be treated as a line 

source. [25] Also with the new technologies, this noise can be reduced before it is 

transferred into the cabin. [8] 

2.9.3 Noise from aircraft systems 

Cabin pressurization and conditioning systems are often a major contributor to noise 

within cabins of civilian aircrafts. [25] In order to reduce operational cost, the weight and 

dimension of the different systems inside the aircraft are being scaled down to minimize 

the total aircraft weight. [36] In a constant decreasing in the dimension of the pipe in the 

environmental control system, air mass flow rate is increasing. More noise is generated 

by the air flowing in narrower pipes with a higher mass flow rate. Most of the 

commercial aircraft have a gasper above each passenger's seats; noise from the 

environmental control system is propagated directly to their ears. This noise is generated 

through fluid movement. Thus, it is harder to control than noise generated by mechanical 

vibration. [7] This is the reason why a computational model is needed to simulate the 

flow and monitor noise propagation. 

19 



?II' 117 W· '···z 'uwtmmrmrc ;;. z 77 01277 r GP--S r -

Chapter 3: Environnlental Control System and Pipe 
Theory 

me 

When an aircraft is in service, no matter if it is on the ground or in the air, the pilots, 

flight attendants, and passengers must be kept in an adequate environment. The 

environment cannot be too hot or too cold, crew members and passengers must have air 

to breathe, and the atmospheric humidity and pressure conditions must be able to keep 

people aboard in the aircraft comfortable. [25] Temperature usually kept in between 18 

°c (65 OF) and 24°C (75 OF). Due to cabin pressurization, pressure would be lower than 

sea level condition, and nonnal passenger cabin pressure is around 77.22 kPa (11.2psia). 

[40] Air in high attitude, for example 12.19 km (40,000 ft), is not as dense as at ground 

level, and has less oxygen, lower temperature, and lower pressure. [4] Table 4 is the 

comparison between different air properties in two different altitudes. 

Ground level High Altitude 12.19 km (40,000 ft) 

Temperature 15.01 °c (59.02 OF) -56.34 °c (-69.68 OF) 

Pressure 101,325 Pa (14.696 psi) 18,799 Pa (2.73 psi) 

Density 1.225 kglmJ (0.0764 lb/ftJ) 0.30229 kglmJ (0.01887 lb/ftJ) 

Table 4: Air worthiness vs. Altitude [4] 

The mass (amount) of the gases contained in a given volume of air is directly related to 

the amount of pressure (compression) applied. As oxygen is a gas in the air, the mass of 

oxygen in a given volume of air is affected by atmospheric pressure. At a higher 

atmospheric pressure (lower altitude) there is more oxygen in a given volume (e.g. in a 

given breath) than at low atmospheric pressure (higher altitude). [12] 

Therefore, the environmental control system needs to work with widely differing 

temperature conditions, it must be able to extract moisture and provide air with optimum 
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humidity, last but not least, it must ensure that the air in the aircraft always contains a 

sufficient concentration of oxygen. (25] 

The environmental control system is not just for the passengers and the crew members. 

The system must also provide the right environment for the instruments and equipment to 

operate accurately and efficiently. For example the computer system in the cockpit 

generates heat and needs cool air to lower its temperature in order to remain working. 

The lubrication oil between different mechanism on the aircraft needs to be maintained in 

a certain temperature range in order to smooth the motion. [23] Therefore, the main 

purpose of the environmental control system is to provide safe and comfortable 

conditions for each fare-paying passengers. (25] 

With the high operational speed, aircraft in used now have more emphasis on cooling 

systems, because hot air can be bled from the engines to provide heat for the aircraft air 

conditioning system. Rather, heat rejection is a more important issue in modem civil jet 

transportation. The three key elements of an environmental control system are provision 

of bleed air, environmental control and cabin pressurization. [25] 

3.1 Bleed air 

When the engines are running, hot air can be bled from the intermediate- or high-pressure 

compressors to provide adequate environment for people in the passenger cabin. In 

modem civil aircraft engine bleed air is the main source of conditioning air and it is also 

used to provide cabin pressurization. [25] 

Open loop and closed loop bleed air systems are the two most common bleed air systems. 

Both systems bleed hot air from engine, refrigerate the air to a reasonable working 

temperature, and then use it to cool the passengers and crew members, as well as 

equipment. For closed loop system, air will be collect after it has been used for cabin 

conditioning. Warm air will be refrigerated again and recycle it to be used. In this way, 

bleed air is used only to provide pressurization, a low venting air supply, and sufficient 

flow to compensate for leaks in the closed loop system. However, open loop system bleed 

which large amounts of air from the engines, use it once and then rejected it~ use more 
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bleed air than the closed loop system and therefore have a correspondingly larger effect 

on the engine. On the other hand, constantly changing air will provided a healthier and 

more comfortable environment for the passengers, and it can effectively reduced risk and 

infection from airborne viruses. [25] 

For example a Boeing 737-800, with a 100% passenger capacity (176 passenger), the 

environmental control system requirements usually include a total flow rate of 0.5663 

cubic meter per minute (20 cubic feet per minute) per passenger. Air supplied to cabin 

should be 50% fresh air and 50% re-circulated air, for most modern environmental 

control. Complete cabin air exchange is done every 2.5 minutes. For this specific aircraft, 

supplied air is comprised of 49.83 cubic meter per minute (1,760 cubic feet per minute) 

of re-circulated air and 24.92 cubic meter per minute (880 cubic feet per minute) of fresh 

air per cooling pack (aircraft model has two cooling packs.) [40] 

3.2 Bleed flow and temperature control 

At different stages of the operation of a Boeing 737-800, outside air temperature can 

changes significantly. At ground level on a hot day, outside air can reach 49°C (120 OF). 

[40] However, at high altitudes in frigid locations, outside air can be dropped to -82°C (-

115 OF). The cabin temperature was designed to be between 18°C (65 OF) and 24°C (75 

OF). [40] Opinions of tolerable limits can vary. 

When bleed air enters, hot air is needed to refrigerate entering air at a workable pressure 

of about 650 kPa absolute (6.5 atm) and high temperature air of about 100°C is needed to 

provided sufficient system flow and for services such as rapid demisting and anti-icing. 

[25] Tapping air from the low pressure compressor stage can provide the right 

temperature and pressure for environmental control system used, however, it will lower 

the engine performance. [4] Therefore, on many civil aircraft, air is tapped from 

intermediate- and high-pressure compressor stages, even air often at higher pressures and 

temperatures than required, while bleed tapping can be adjusted depending on the engine 

speed. [25] Figure 7 is a schematic view of how a common bleed air system looks like. 
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Figure 7: Common bleed air system [25] 

To make sure the air serviced is in the pre-design pressure, a Pressure Reducing Shut-Off 

Valve (PRSOV) is used. [25] Once design pressure is reached, temperature needs to be 

reduced. Low pressure air from the core exhaust is used usually as heat exchangers to 

reject unwanted heat to a cooling medium. [22] 

3.3 Environmental control 

Before bleed air gets into the mixing chamber, bleed air passes through two air 

conditioning packs that cool the bleed air as shown in the top view of the environmental 

control system in Figure 8. This figure places more emphasis on the bleed air system 

from the environmental control system viewpoint. The most common. Air Conditioning 

pack (AIC pack) for cooling the bleed air is to use ram air from outside the aircraft 

together with an Air Cycle Machine (ACM). Then, air is fed to different zones around the 

aircraft from the mixing chamber where each zone has its own individual temperature 

level. [25] This will keep passengers in comfortable environment as well as providing 

designed environment for avionic equipments. 
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To make sure the air serviced is in the pre-design pressure, a Pressure Reducing Shut-Off 

Valve (PRSOV) is used. [25] Once design pressure is reached, temperature needs to be 

reduced. Low pressure air from the core exhaust is used usually as heat exchangers to 

reject unwanted heat to a cooling medium. [22] 

3.3 Environmental control 

Before bleed air gets into the mixing chamber, bleed air passes through two air 

conditioning packs that cool the bleed air as shown in the top view of the environmental 

control system in Figure 8. This figure places more emphasis on the bleed air system 

from the environmental control system viewpoint. The most common Air Conditioning 

pack (A/C pack) for cooling the bleed air is to use ram air from outside the aircraft 

together with an Air Cycle Machine (ACM). Then, air is fed to different zones around the 

aircraft from the mixing chamber where each zone has its own individual temperature 

level. [25] This will keep passengers in comfortable environment as well as providing 

designed environment for avionic equipments. 
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Figure 8: ECS Overview (bleed air system) [25] 

For Boeing 737-800, cooling pack uses engine bleed air for supply keeping pressure at 

206.84 kPa (30 psia). Bleed air temperature ranges between 177°C - 288 °c (350 of -

550 OF); depending on the flight stage. At cruise altitude, bleed air supply temperature is 

approximately 204°C (400 OF). [40] And it is similar for different aircraft with similar 

size. 

A common Air Cycle Machine (ACM) with three rotors is used on majority of passenger 

aircraft as shown in Figure 9. [25] Bleed air will go into the ACM through a primary heat 
. . 

exchanger operated with cool ram air. After certain amount of heat is taken out, then the 

air will go through the compressor in the ACM, which will raise the air temperature. Hot 

air will go through the secondary heat exchanger, which is also cooled by ram air. Part of 

the resulting air is fed through a re-heater and condenser before being applied to the first 

of the ACM turbine. Afterwards, air is passed through the second ACM turbine to adjust 

to a designed temperature before passing to the ECS mixing chamber. Output 
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For Boeing 737-800, cooling pack uses engine bleed air for supply keeping pressure at 

206.84 kPa (30 psia). Bleed air temperature ranges between 177°C - 288 °c (350 of -

550 OF); depending on the flight stage. At cruise altitude, bleed air supply temperature is 

approximately 204°C (400 OF). [40] And it is similar for different aircraft with similar 

size. 

A common Air Cycle Machine (ACM) with three rotors is used on majority of passenger 

aircraft as shown in Figure 9. [25] Bleed air will go into the ACM through a primary heat 

exchanger operated with cool ram air. After certain amount of heat is taken out, then the 

air will go through the compressor in the ACM, which will raise the air temperature. Hot 

air will go through the secondary heat exchanger, which is also cooled by ram air. Part of 

the resulting air is fed through a re-heater and condenser before being applied to the first 

of the ACM turbine. Afterwards, air is passed through the second ACM turbine to adjust 

to a designed temperature before passing to the ECS mixing chamber. Output 
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temperature is monitor by combination of a series of actuators and valves that operate 

under the control of the pack temperature controller. 

In Figure 9, there are eleven temperature sensors, some of them a duplicated for reasons 

of redundancy. Also, this air conditioner pack can run in reversionary mode if key 

components failed, however, cooling will not operated at the same degree as the primary 

mode. [25] 

For large aircraft, bleed air comes in from the left and from the right cooling system from 

the air conditioning pack, and mixed in the mixing manifold. If it is a closed loop system 

or a 50% fresh air and 50% re-circulate air system, air will also enter the mixing manifold 

via the upper (passenger zones) and lower (mix manifold) recirculation fans. [25] A 

typical large aircraft cabin environmental control system is shown in Figure 10. 
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Figure 9: Air Cycle Cooling System [25] 
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Figure 10: ECS of large airplane cabin temperature control [25] 

3.4 Cabin Pressurization 

Flying at high altitudes can save airline operating costs because air is less dense and has a 

lower viscosity which means less drag. [4] Base on Boyle's Law, at high altitude, air 

pressure is lower, which leads to fewer molecules present in a give volume of air [18]. 

Even though there is still 21 % oxygen in the air, however, thinner air means there are 

fewer molecules of everything, including oxygen. [6] Table 5 shows at different altitudes, 

the equivalent percentage of oxygen available at sea level. 

Flights above 3,000 m (10,000 ft) in unpressurized aircraft put crew and passengers at 

risk from four separate sources, hypoxia, altitude sickness, decompression sickness and 

barotraumas. [21] Therefore, cabin pressurization systems maintain a cabin altitude lower 

than the actual flight altitude. This allows for flight at high altitude without the need to 

wear oxygen masks. 
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3.4 Cabin Pressurization 

Flying at high altitudes can save airline operating costs because air is less dense and has a 

lower viscosity which means less drag. [4] Base on Boyle's Law, at high altitude, air 

pressure is lower, which leads to fewer molecules present in a give volume of air [18]. 

Even though there is still 21 % oxygen in the air, however, thinner air means there are 

fewer molecules of everything, including oxygen. [6] Table 5 shows at different altitudes, 

the equivalent percentage of oxygen available at sea level. 

Flights above 3,000 m (l0,000 ft) in unpressurized aircraft put crew and passengers at 

risk from four separate sources, hypoxia, altitude sickness, decompressioll sickness and 

barotraumas. [21] Therefore, cabin pressurization systems maintain a cabin altitude lower 

than the actual flight altitude. This allows for flight at high altitude without the need to 

wear oxygen masks. 
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Trm. 

Altitude I 
Equivalent % of Oxygen 

Pressure [kPa] 
available at sea level 

o km (0 ft) 100 101 

1 km (3,280 ft) 89 90 

5 km (16,403 ft) S4 55 

10 km (32,807 ft) 27 28 

Table 5: Altitude vs. Oxygen concentration [6] 

The aircraft fuselage is designed with a pressure vessel encompassing all areas of the 

aircraft to be pressurized. This pressure vessel is subjected to the stresses of pressure 

differential (outside pressure versus inside pressure), and expansion and contraction due 

to changes in cabin pressure. [25] In Figure 11, the pressure vessel receives a continuous 

flow of compressed air from the engines. The outflow valves regulate the amount of air 

which leaves the pressure vessel to maintain selected cabin altitude. Outflow valve 

position is a product of cabin pressure, suction source, and ambient pressure and the 

valve is held closed by springs and open by suction. [34] 

Normallyintemal pressure would be around normal atmosphere pressure at 2.4384 km 

(8,000 ft) altitude, around 77.22 kPa (l1.2psia), the cabin to outside pressure can have a 

difference of 59.29 kPa (8.6psi) when it is 12.19 km (40,000 ft) above sea level. [40] 

There is more than a 70% drop in pressure across the fuselage panel. 
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Figure 13 is a sch~matic view of a section of the fuselage. There are many numbers of 

pipes, orifice plates and valves within a small sub system as shown in Figure 13. The best 

and simple way to model the climate control system is to simulate a pipe flow with an 

orifice plate. Analyzing a simple model as described, it can then be cascaded into a 

bigger matrix to simulate as sub system then further expanded to the whole 

environmental control system. 
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3.5 Pipe Flow 

Internal flow is flow that are confined by rigid boundaries on all sides and the viscous 

boundaries are close enough to constrain the flow in important ways. Substance flow 

through pipe is an example of internal flow. Ackeret defined internal flows with four 

special features [32]: 

1. First, continuity equation must be satisfied. In a long pipe, there are no clear 

distinction between the inviscid and viscous flow, the boundary layer 

displacement thickness on the walls effectively narrows the channel and alters the 

pressure distribution in the centre of the core. 

2. Second, internal flow could have large deflections, ie. Pipe bending, or a 

diaphragm which causes flow separation. Thus, centrifugal forces, and even other 

forces due to turning can be encountered much more frequently in internal than in 

external flows. 

3. Third, separation usually followed quickly by reattachment, as duct walls prevent 

the continued expansion of the free separation streamline and wakes, unless the 

cross section of the duct is changingyery rapidly. 

4. Forth, three dimensional boundary layers often occur on rotating surfaces, for 

example disks and blade rotors of the internal flows. 

3.6 Pressure Loss 

Fully developed flow is when the boundary layer growth along the wall completely fills 

the volume and the flow solution is independent of axial location. Therefore, flow at the 

inlet of the pipe is not important because boundary layer will change the profile of the 

flow, as shown in Figure 14, if the pipe is long enough to produce a fully developed flow. 

Assuming constant properties and steady state situation, combining the continuity 

equation with momentum equations gives: [32] 

30 



Or 

o = -~ dp +~~(r dUJ 
p dx r dr dr 

~ ~(r dUJ = ~ dp = constant 
r dr dr p dx 

... _ ------ .......... _---
.",.------------

.... -

r • R, U • O. T • T .. 

r· 0 
~. aT "0 
ar ar 

I-----..... ,x 

E nuance rl'9ion Fully developed region 
(x/R»> 1 

(8) 

(9) 

-+---<i-

Figure 14: Schematic of the flow in a pipe [32] 

Integrated twice to give: 

(10) 

Where v is the kinematic viscosity and j.t is the absolute viscosity 

For no slip boundary condition on the wall, velocity is zero and the change in velocity is 

also zero. [32] As described in the equation, as well as in Figure 14, the velocity profile is 

parabolic. 

A negative sign in equation 8 indicates that there will be a pressure loss along the tube, 

and that pressure loss is caused by the viscous shear on the pipe wall, which can be 

calculate via: [32] 
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Figure 14: Schematic of the flow in a pipe [32] 

Integrated twice to give: 

(10) 

Where v is the kinematic viscosity and j.J. is the absolute viscosity 

For no slip boundary condition on the wall, velocity is zero and the change in velocity is 

also zero. [32] As described in the equation, as well as in Figure 14, the velocity profile is 

parabolic. 

A negative sign in equation 8 indicates that there will be a pressure loss along the tube, 

and that pressure loss is caused by the viscous shear on the pipe wall, which can be 

calculate via: [32] 
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Or 

$* 

L P-2 
/:!p = A.--U 

D2 

nT'mn-

(11) 

(12) 

Where A. is the pipe friction coefficient, L is the length of the pipe, D is the diameter of 

the pipe, p is the density of the fluid and u is the average velocity of the flow. [20] If 

flow is symmetric, the average velocity is equal to half of the maximum velocity 

(velocity at centre line). [32] 

To calculate pressure loss with orifice plates, valves, elbows or any other element in the 
pIpe: 

P-2 
/:!p == ~-u 

2 
(13) 

Where; is the hydraulic resistance coefficient ofthe elements, it is found by practical 

testing and/or vendor specification. The hydraulic resistance coefficient for a straight 
orifice plate can be calculated by: [20] 

(14) 

Where P is the ratio of the diameter ofthe hole of the orifice plate to the diameter of the 

orifice plate, and Reynolds number can be calculate: 

ReD = VD = pVD (15) 
v Jl 

The hydraulic resistance coefficient for an orifice plate can be found in table 6: 
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Chapter 4: Computational Theory 

"A numerical simulation of the flow over an airfoil using the 
Reynolds averaged Navier Stokes equations can be conducted on 
today's supercomputers in less than a halfhour for less than $1,000 
cost in computer time. If just one such simulation had been 
attempted 20 years ago on computers of that time (e.g., the IBM 
704 class) and with algorithms then known, the cost in computer 
time would have amounted to roughly $10 million, and the results 
for that single flow would not be available until 10 years from 
now, since the computation would have taken about 30 years to 
complete." 

- Dean R.. Chapman, NASA, 1977 

There are three possible ways to solve fluid dynamic problems. The two traditional ways 

to solve fluid mechanic problems are through experiments and equations developed by 

pure theory, and analytical solution. In the late 1990s, with the rapid increase in computer 

power available to engineers and scientists, Computational Fluid Dynamic (CFD) 

programs becoming the third main methods to solve fluid mechanic problems. This 

newly developed method can provide similar results as traditional experimental method 

with lower operating cost; it can also provided a faster result than theoretical solution; 

furthermore, it is capable to provide intractable results for classical analytical methods. 

That is the reason why computational fluid dynamic is the new revolution for airplane 

design, and it has changed modem aeronautical research and development. [5] 
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4.1 Theoretical (Analytical) Solution 

The governing equations of aerodynamics, such as the continuity, momentum, and energy 

equations, represent the basic physical fundamentals of the flow fields. 

Continuity equations: 

am 1(--
-m{Xiv+JjPV.dS = 0 
at u s 

(16) 

Or 

(17) 

Momentum equations: 

Or 

o(pu) (-)_ op () 
~+ 'V. puV - - ax + PIx + Fx viscous 

(19) 

o(pv) + 'V • (pv v) = _ op + pi, + (F ) . at Oy Y Y VISCOUS 
(20) 

o(pw) + 'V • (pw v) = - op + Ph + (F: tisCOILr 

at oz 
(21) 

Energy equations: 

a (V2 J (V2 J - -_mp e+- dv+#P e+- V·dS= 
otJF' 2 s 2 . 

fflq{Xiv + QVisCO'Lr - #PV. dS + {ffp(l. v ~v + wvisCOILr 

U S U 

(22) 

Or 
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:1 He+ ~2)] + V .He+ ~2)v] - pq - V • (pv)+ Pli. V)+Q'~_+Ii",,~~ 
(23) 

These equations are highly non-linear, coupled set of partial differential equations, which, 

to date, no general analytical closed-form solution. These equations are very powerful 

and by themselves represent a sophisticated intellectual construct of the understanding of 

the fundamentals of a fluid flow. However, assumptions have to be made in order to 

solve and then to obtain the actual flow fields over specific body shapes with specific 

flow conditions. [5] 

For example, flow properties change only in the direction of the flow when crossing a 

normal shock wave, therefore, for the above governing equations, if flow is in x direction, 

which means the derivatives term for the y and z direction will be identical to zero. [5] 

Equations will be simplified and reduced to a one dimensional equation which can be 

solved with the developed mathematical techniques. And indeed this one dimensional 

solution is an exact solution because assumptions were made according to the exact value 

of the flow conditions. There are other cases that the actual flow is not one dimensional 

but the derivative of the y and z terms were assumed to be zero, since the change in the 

other dimensions (y and z directions) is small enough to be neglected, compared with the 

flow direction (x direction). [5] This analytical solution is called an approximate solution . 
. ' 

4.2 Computational Fluid Dynamic (Numerical) Solution 

Computational Fluid Dynamic program makes use of mathematic numerical analysis to 

solve the aerodynamic governing equations listed above. The continuity, momentum and 

energy equation are solved either in integral equation or partial differential form. To 

solve these non-linear equations by using numerical analysis, the continuous flow 

problem would be discretized algebraically, which in tum are solved to obtain numbers 

for the flow field values at discrete points in time and/or space. [5] Numerical analysis 

generates massive amount of data. Before computer power was advanced, numbers are 

calculated by hands, large books were produced with formulas and tables of data such as 
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interpolation points and function coefficients. Using these tables, often calculated out to 

16 decimal places or more for some functions, one could look up values to plug into the 

formulas given and achieve very good numerical estimates of some functions. [9] In the 

last third of the twentieth century, high speed digital computers advanced, leading 

numerical analysis to be more common: When compared with the closed form analytical" 

solution, although the output of the computational fluid dynamics program is an 

approximation to the solution of the governing equations, the objective of most 

engineering analyses is just a quantitative description of the problem. [5] 

4.3 Grid / Meshing 

In order to get a result from computational fluid dynamic program that will agree with the 

actual experimental result, obviously, both setups have to be near as identical as possible. 

The flow geometry and boundary conditions in computational fluid dynamic program has 

to be model in the same way as the conditions of the flow in the experiment. However, in 

addition to setting the right boundary conditions, a fine grid is needed in order to get a 

accurate result from the computational fluid dynamic programs. 

The beauty of CFD is that it can deal with the full non-linear equations of continuity, 

momentum, and energy. CFD programs would divide the flow field into a number of 

discrete points, with lines connect these points to form a grid. The discrete points are 

called grid points. In different cases, different grids would be used to retrieve flow 

properties at user point of interest. For example, when modeling a flow field around an 

airfoil, if viscous flow near the boundary is the main concern, the space between grid 

points will be formed closely together neat the body while the grid uses a wider spacing 

in the far field. The flow field properties, such as pressure, density, velocity will only be 

calculated at the discrete grid points and nowhere else, and the partial derivatives or the 

integrals in the governing equations are approximated using the flow-field variables at 

grid point only. [5] 

In general the process of using a CFD program is to solve an aerodynamic problem is: 
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1. Geometries would be drawn with Computer Aided Three dimensional 

Interactive Application (CATIA) program. 

2. Mesh would be generated by grid generator software. The grid generator 

that was used in this project is CentaurS oft. 

3. Geometries with discrete grid point will be submitted to CFD program to 

complete the analysis. 

4.4 CentaurSoft 

CentaurSoft provides a complete grid generation package that can be used in all phases of 

computational engineering. CENTAUR ™ grid generator use hybrid grids with minimal 

user interaction to produces meshes composed of unstructured prismatic (wedge), 

hexahedral, pyramidal and/or tetrahedral elements. [13] 

Traditional grid generator used block-structured, usually composed of hexahedral, or 

unstructured, usually tetrahedral, techniques to generate mesh for the input geometry. 

Hybrid grid generators use prismatic element, for ,viscous regions of the flow, and 

tetrahedral elements for inviscid regions of the flow to improve the spatial accuracy of 

the solution while minimizing the number of grid points. [28] Hybrid grids also couple 

the 3D isotropic division of tetrahedral and 2D directional division of prisms to refine the 

grid. [28] CENTAUR TM grid generator combines both traditional and hybrid techniques, 

using prismatic and hexahedral elements for high solution gradients regions, and 

tetrahedral with pyramids for transition location between prismslhexahedra and the 

tetrahedral. [13] The 2D and 3D elements that were used in CENTAUR ™ are displayed 

in Figure 15. 
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20 Elements 3D Elements 

Tridllgle Tetrahedron 

Quadrilateral Prism Hexahedron 

Figure 15: 2D and 3D Elements [13] 

CentaurS oft believes the main advantages of the hybrid system that they use are: [13] 

1. The prismatic or hexahedral layers close to wall surfaces exhibit good 

orthogonality and clustering capabilities characteristic of structured 

mesh generation approaches. 

2. The structured nature allows for the implementation of multi-grid 

convergence acceleration schemes, implicit methods, and also results in 

memory savings. 

3. The use of tetrahedral elements to fill the rest of the domain allows 

single-block generation for extremely complex geometries since the 

tetrahedron is the simplex element in 3-D. 

4. The unstructured tetrahedral elements are well suited for cell adaptation, 

thus allowing the resolution of active features in the domain. 

S. The flexibility of the hybrid mesh generation approach automates an 

otherwise highly interactive procedure. 
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6. The hybrid prismaticlhexahedral/tetrahedral strategy requires no solution 

interpolation or grid interfacing techniques as in the traditional block

structured approach. 

7. The prismatic and hexahedral portions of the grid reduces the memory 

requirements when compared with an all tetrahedral grid of the same 

resolution, and also reduces grid generation time substantially. 

4.5 Procedure 

The CENTAUR™ grid generator that was used in this project is Centaur IGES Converter 

(setupgrid) CAD Conversion Engine Version 7.0.1.2. 

The CENTAUR™ mesh generation process can be split into 4 stages. After importing the 

CATIA IGES file into Centaur IGES Converter, 

First run a CAD diagnostics and cleaning to convert CAD data into CENTAUR™ 

format, setting boundary conditions that are specified in the original input file and set the 

types for the basic cell element. CAD converter has the capability to identify potential 

problems with the incoming geometry and to fix most of them prior to mesh generation. 

During data conversion, the converter will add simple geometric features like bounding 

boxes and missing surfaces to an existing geometry to avoid discretizing error. 

Second, when cleaning is done, unstructured triangles or quadrilaterals are generated to 

discretize the surface mesh. 

Third, boundary layer surfaces are covered with thin elements for .prismatic and 

hexahedral mesh, i.e. triangles are extruded to form layers of prisms, and quadrilaterals 

are extruded to form layers of hexahedra. 

Forth, the remainder of the computational domain is then automatically filled with 

tetrahedral elements, and the tetrahedral elements will automatically match local 

prismatic and hexahedral thickness to form the tetrahedral mesh. 
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Due to the topic of this research project, the main interest is noise generation in a pipe 

flow in the flow separation behind the orifice plate, therefore, a function in CENTAUR™ 

gird generator called "source" was used. The CENTAUR™ grid generator allows the user 

the ability to specify mesh clustering in regions where the mesh would not automatically 

cluster due to geometric features or in areas where the user would like additional mesh 

clustering. Both geometric (line, sphere, cylinder, hexahedron) and CAD-based (curve, 

panel, group) types of sources are supported. These sources control the clustering either 

by specifying a length scale in the source region or by specifying an additional amount of 

clustering relative to the pre-existing clustering. Relative sources can also be used to 

locally coarsen the mesh. Figure 16 shows the difference the use of a "source" function 

provides. An example of a wing was shown in Figure 16. The wing geometry show in the 

bottom of Figure 16 has two cylindrical sources which is represented by the shaded part 

on the top view of the wing. 

A cylindrical source is placed behind the orifice plate for this research. In Figure 17, the 

black region behind the orifice plate and near the top and bottom of the pipe is simply the 

computer graphics way of showing a very large number of closely spaced grid points. 

Detailed flow properties at these regions will be collected in the result. . 
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(Isotropic Elements) 

Normal Surface Mesh with No Sources 
9640 faces 

Surface Mesh with Two Cylindrical 
Sources 

13830 faces 

Figure 16: Use of source function [13] 
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Figure 17: Source function is used behind the orifice plate 

There are three output files from CENTAURlM grid generator which were edited before 

inputting in a CFD program: the Prismatic INput (PIN) file, Tetrahedral INput (TIN) file 

and Surface INput (SIN) file. 

The maximum tetrahedral size was limited in the tetrahedral input file, so that each 

tetrahedral cell is smaller which will increase the total number of cells and increase the 

spatial accuracy of the results. 

The automatic curve pull back angle from prismatic input file is used in all geometries 

with sharp corners so that every curve does not need to be identified for local pullback 

separately. This maintains good quality cells at these sharp corners. An example is 

illustrated in Figure 18 and shows the different setting for the pull back angle on an 

example geometry. Figure 19 is the result for the sharp comers at the orifice in the pipe 

flow geometry. As can be seen the cell size is uniform throughout the comers. After 

adjusting all the setting in the input files corresponding to these research required, the 

final mesh for the pipe is shown as in Figure 20, 21 and 22. 
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Figure 17: Source function is used behind the orifice -plate 

There are three output files from CENTAUR ™ grid generator which were edited before 

inputting in a CFD program: the Prismatic INput (PIN) file, Tetrahedral INput (TIN) file 

and Surface INput (SIN) file. 

The maximum tetrahedral size was limited in the tetrahedral input file, so that each 

tetrahedral cell is smaller which will increase the total number of cells and increase the 

spatial accuracy of the results. 

The automatic curve pull back angle from prismatic input file is used in all geometries 

with sharp comers so that every curve does not need to be identified for local pullback 

separately. This maintains good quality cells at these sharp comers. An example is 

illustrated in Figure 18 and shows the different setting for the pull back angle on an 

example geometry. Figure 19 is the result for the sharp comers at the orifice in the ipe 

flow geometry. As can be seen the cell size is uniform throughout the comers. After 

adjusting all the setting in the input files corresponding to these research required, the 

final mesh for the pipe is shown as in Figure 20, 21 and 22. 
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Typical Range: 0. 05-0_50 

Auto PuUb .. ck = F 

l ayers 

DefOlult 
Auto PulibOlCk = T 

Pullb .. ck = 0.33 

Surface Intersected otter 8 
Layers 

Auto Pullb .. ck = T 
Pullb3Ck = 0.05 

l ayers 

Figure 18: Curved Pull Back example [13] 
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Figure 19: Curve pull back angle is set to be true 
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Figure 20: Grid (Surface view) 



Figure 21: Grid (Sectional view) 
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Figure 22: Grid (Sectional view, zoom in at inlet) 

There are 3,588,989 number-of-cells in total. More cells are clustered behind the orifice 

plate and grid spacing within the boundary layer is small enough to reflect as much detail 

as this experiment requires. Curvature at the sharp turning angle is smooth, therefore 

more flow properties data would be collected at those regions. 

48 



Figure 22: Grid (Sectional view, zoom in at inlet) 

There are 3,588989 number-of-cells in tot 1. More cells are clustered behind the orifice 

plate and grid spacing within the boundary layer is small enough to reflect as much detail 

as this experiment requires. Curvature at the sharp turning angle i~ smooth, therefore 

more flO\! properties data would be collected at those regions. 
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Chapter 5: CFD Result 

S.l Star-CD 

The process of computational flow simulation should not start with the direct use of a 

CFD code without knowing the input data. Star-CD as well as any other CFD programs is 

a tool to assist the engineer in understanding physical phenomena. The accuracy or 

reliability of the result from fluid flow simulation depends not just on the CFD coding, 

but also upon the input data, such as 1) geometry of the flow domain, 2) setting of the 

fluid properties, 3) use of boundary conditions and 4) solution control parameters. The 

model must be physically realistic and correctly presented to the analysis code in order to 

have any chance of success in the simulation. Star-CD version 3.24.000 was used in this 

research project. 

As provided by Bombardier Aerospace, Star-CD is reliable enough to perform the flow 

simulation for this project. As explained above, in order to get realistic results from Star

CD, the boundary condition are as important as the choice of CFD code. Both the 

experiment and CFD geometries and dimensions are shown below in Figures 23 and 24. 

Detailed settings will not be shown in this report; however, some key information will be 

listed below. 
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Figure 24: CFD Geometry 

5.2 Boundary Conditions and Flow Properties 

As seen in the experiment geometry, the experiment will be perfonned starting with flow 

vacuumed in from the far right side of the pipe. The length of the pipe behind the orifice 

plate is long enough to let boundary layer grow to produce a fully developed flow. The 

bell mouth inlet is specially design to avoid flow separation at the inlet as well as 

simplify the modeling process for CFD simulation. 
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5.2 Boundary Conditions and Flow Properties 

As seen in the experiment geometry, the experiment will be performed starting with flow 

vacuumed in from the far right side of the pipe. The length of the pipe behind the orifice 

plate is long enough to let boundary layer grow to produce a fully developed flow. The 

bell mouth inlet is specially design to avoid flow separation at the inlet as well as 

simplify the modeling process for CFD simulation. 
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Due to the setup constrains of the computational fluid dynamic program, the simulation 

cannot match the experimental setup exactly. However, the flow conditions and the 

physical boundary conditions of the flow will be model exactly the same, therefore, the 

result will be realistic and matched to the experimental data. 

For an inlet without a bell mouth, when flow is vacuumed in from the outlet, air will 

come in at all directions at the inlet, producing vortices which reduce the effective inlet 

area and create more noise than expected. CFD analysis showing random velocity vector 

build up at the inlet of a pipe without the bell mouth is shown in Figure 25. 

The bell mouth design in the experimental setup helped to eliminate flow separation by 

reducing the flow turning at the inlet, which also reduces the noise from the inlet. Instead 

of modeling flow coming in at all direction at the inlet in the CFD simulation, a half 

sphere geometry is added in front of the bell mouth to simulate that flow coming in 

straight in farfield and curving at the bell mouth inlet. A schematic is shown in Figure 26. 

The simulation can be simplified as a one-dimensional flow. Flow enters at the inlet, the 

left side in CFD geometry, at an average velocity of O.28485m1s in axial direction and 

exits at the right hand side of CFD geometry. In order to match the physical experiment, 

the outlet is set to match the ambient pressure. As seen below in Figure 27, flow 

separation is avoided at the inlet. 
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The Spalart-Allmaras model is a one-equation model that solves a modeled transport 

equation for the kinematic eddy (turbulent) viscosity. This model was designed 

specifically for low-Reynolds-number aerospace applications involving wall-bounded 

flows and has been shown to give good results for boundary layers subjected to adverse 

pressure gradients. [35] The Spalart-Allmaras model required the viscous-affected region 

of the boundary layer to be properly resolved. This may make it the best choice for 

relatively crude simulations on coarse meshes where accurate turbulent flow 

computations are not critical. Furthermore, the near-wall gradients of the transported 

variable in the model are much smaller than the gradients of the transported variables in 

the k- E energy equation models. [35] This can make the model less sensitive to 

numerical error when non-layered meshes are used near walls. As suggested by George 

Waller, senior of advanced aerodynamics engineering and product development at 

Bombardier Aerospace, in personal communication, the Spalart-Allmaras / Low 

Reynolds turbulence model is suitable for this project. 
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For output control, 10,000 iterations were used, and the output frequency was set to be 

100. The time step was set at a constant 0.1 millionth of a second for the entire simulation 

The smaller the time step, the more computational time is required to get a result from the 

simulation. However, from an acoustic point of view, a small time step is required In 

order to get accurate and detail flow properties as the flow passes the orifice plate. For 

other applications, i.e. CFD analysis for flap or other high lift device, a bigger time steps 

may be used. For example, normal CFD analysis for the whole aircraft with super 

computers would only take two hours to get result that are sufficient to solve most 

aerodynamic problems.[5] For this simple geometry, transient flow through orifice plate 

in a pipe, it takes almost three days to complete 10,000 iterations with 8 super computer 

processors. To prepare for post process noise analysis, a set of reference points are 

monitored in Star-CD during iteration and air pressure value is recorded. The total 

pressure and velocity contour graph from CFD transient flow simulation are shown in 

Figure 28, 29, 30 and 31. 

The main focus of this research is to determine the noise generation due to flow passing 

through orifice plate. Total pressure is constant at the inlet which demonstrates that there 

is no significant pressure fluctuation creating noise at this region. Total pressure dropped 

when crossing the orifice plate which matched with the pipe flow theory. Total pressure 

is constant at outlet as well, which is equivalent to the experiment setup. 

Figure 29 shows that there are no vortices before the flow passes the orifice plate. 

Velocity in the half sphere is low, which is best simulating constant velocity entering the 

pipe from far field. The transient velocity profile indicates that boundary layer is fully 

developed before it entered the orifice plate. After flow separation due to the orifice plate, 

the velocity goes back to uniform at the exit of the pipe. These boundary conditions 

matched the experimental setup. Figure 30 shows a clearer view of the velocity profile as 

well as the flow separation generation due to the orifice plate. 

54 



Figure 28: Total pressure contour graph 

Figure 29: Velocity contour graph 
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Figure 30: Velocity contour graph behind orifice plate 

Figure 31: Velocity vector graph behind orifice plate 
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Figure 31 gives a clearer view of where the vortices are and how they developed. High 

velocity air coming out from the small diameter orifice hole, expands to fill a big 

diameter pipe, created a reversal flow at the top and bottom boundary layer. This reversal 

flow caused the formation of the vortices at the corners and areas between the jet stream 

and the boundary. As explain in the previous chapters, large vortices will generate low 

frequency noise and broadband noise is as expected. 

With the flow properties calculated from Star-CD, the Ffowcs Williams-Hawkings 

(FWH) equation and Discrete Fourier Transform (OFT) is applied to convert air pressure 

into sound pressure, and then transform sound pressure to a noise signal. With FWH and 

OFT one can propagate the source of the sound pressure to any location which in this 

simulation is the location of the microphone in the experiment. In-house developed code 

was provided by Bombardier to perform this transformation. Therefore, the noise signal 

can be compared with noise collected from experiment numerically, which is at the inlet 

of the pipe" and is given in Figure 32. The average percent error is less than 10%. 
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Bombardier had run an experiment with different flow speeds with different sized orifice 

plates. Large orifice plate with high speed is what being model in the computational 

simulation. 

Microphone sensitivity and background noise caused the actual measured sound pressure 

to be lower than the computed aero-acoustic value. As explained before, sound pressure 

fluctuated across a wide range of frequencies and it is almost impossible to measure the 

actual pressure level, at least at the time of this writing. Loss in signal is hard to avoid 

during measurement, which leads to a higher computational dB. However, the percent 

error is low and it is within an acceptable range. [39] 

5.3 Grid Refinement and Accuracy Check 

These comparisons, shown in Figure 32, indicated that the lowest percent error in the 

average sound pressure levels could be achieved when a few critical flow parameters 

were met. Our results showed that the fully developed velocity profile entering the orifice 

region and the total pressure drop across the actual orifice plate were the two most 

important parameters to be controlled. These can be achieved by refining the gird and 

adjusting the inlet and outlet conditions. 

5.4 Tonal noise 

When flow passes through an orifice plate or a comer of a turning pipe, flow separation 

can occur. Large vortices generate low frequency noise, therefore, sound pressure level at 

low frequency is high and sound pressure level is low at high frequency. [39] Therefore, 

when air flow though an orifice plate inside a pipe, broad band noise tends to be 

produced. 

The octave band was used to measure the noise in the experiment, however the results 

were not as detail as expected, therefore the experiment was repeated again with one

third octave band. In the experimental data collect from the one-third octave band, a high 
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frequency tonal noise was detected at high speed flow with a small diameter orifice hole. 

These experimental results are shown in Figure 33. 

It is believed that when the mass flow rate of the internal flow reached its critical speed, a 

jet stream is coming out from the exit of the orifice plate. [24] This jet stream effect may 

be the cause of the high frequency tonal noise, generated by the shear of the jet stream. 

For example, tonal or discrete frequency sound might be emitted in flow through a pipe 

in a similar way to most musical wind instruments. However, further study is needed to 

confirm this information, and it is beyond the scope of this research topic. 
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Chapter 6: Summary and conclusions 

6.1 Summary of accomplishments 

This goal of this work was to simulate flows through ducts and orifice plates of an 

aircraft environmental control system and to compare the results with experimental data. 

As our focus was to investigate broadband rather than tonal noise, the percent error of the 

average sound pressure level was calculated over a range of frequencies and used to 

determine the reliability of the computational aero acoustics analysis that was performed 

in this work. With CA TIA generated geometry, both steady and transient flows were 

simulated with the Star-CD computational fluid dynamic program provided by 

Bombardier Aerospace. 

In this work a simple orifice plate in a pipe was used to model a single sub-configuration 

within a larger aircraft climate control system. Numerical simulations of this single sub

configuration were compared to experimental data. These comparisons showed that the 

lowest percent error in the average sound pressure levels could be achieved when a few 

critical flow parameters were met. Our results showed that the fully developed velocity 

profile entering the orifice region and the total pressure drop across the actual orifice 

plate were the two most important parameters to be controlled. With the experience and 

knowledge gain from simulating this single sub-configuration, the hope is that this 

success could extend, ultimately, to the full aircraft climate control system. 

6.1.1 Computational Aero Acoustics 

First, steady state simulations were conducted to verify appropriate grid resolution, to 

obtain the correct inflow boundary conditions needed to produce the required velocity 

profile crossing the orifice plate, and to ensure that the average pressure drop across the 

orifice plate matched experimentally verified values. 

In this work, the computational inflow velocities and the exit pressures were adjust to 

obtain a fully developed flow entering the orifice plate region and to ensure the accuracy 
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of the total pressure drop across the orifice plate. Since a significant region of flow 

separation and vorticity was found immediately behind the orifice plate, a grid resolution 

study was conducted to optimize the accuracy of our results. The error in the total 

pressure drop across the orifice plate was found to be within 6.63%. 

Then, transient simulations were conducted to obtain total pressure distributions at 

various locations behind the orifice plate. These total pressure values were then processed 

through a Discrete Fourier Transform to obtain sound pressures which were then plotted 

versus sound frequency. 

Total pressures were recorded at one- and ten- diameter-length behind the orifice plate 

during the 10,000 iterations needed to achieve time periodicity. Given these results, the 

Ffowcs Williams-Hawkings Equation was used to transform these total pressures into 

sound pressures at the inlet. 

6.1.2 Experiment 

Based on our initial computation simulations, it was shown that a bell mouth inlet would 

be required to minimize any flow separation at the entrance to the pipe and orifice plate 

configuration. Preliminary simulations showed that without this inlet, flow separation 

would occur and thus the noise measured at the inlet would no longer be just the noise 

generate by the orifice plate. 

With this new experimental setup, a microphone was placed at the center of the bell 

shaped inlet to record the noise propagated upstream from the orifice plat. 

This experiment was performed for 3 different mass flow rates and 2 different orifice 

plate diameters. However, in this work numerical simulation was only compared to the 

results obtained from the largest orifice plate diameter. While experimental results were 

obtained for a smaller diameter orifice plate, these flows contain significant amount of 

tonal noise and thus were not included in our broadband noise investigation. 
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6.1.3 Comparison between computation and experimental result 

The computational predictions compared well with the experimental data. Because sound 

pressure waves travel in all directions, and with constant expansion and contraction, there 

will always be some variation in the sound measurements that cannot be avoided. In this, 

work the differences between the experimental and numerical results were found to be 

less than 10%, and given the variations that are sure to exist in the experimental data, 

these numerical results were consider acceptable. 

6.2 Future research 

In this work a simple orifice plate in a pipe was used to model a single sub-configuration 

within a larger aircraft climate control system. With the success of these simulations, the 

next step would be to extend these results to the simulation of the full aircraft climate 

control system. However, within the full aircraft climate control system, both broadband 

and tonal noises are likely to exist. 

Further study is needed to optimize flow simulations and acoustic calculations for the 

tonal noise that is likely to be produced by small diameter orifices. In fact an 

understanding of both broadband and tonal noise, and their ultimate effect on passenger 

comfort, may lead to an optimization of the sizes and shapes of the orifice plates found in 

future aircraft environmental control systems. 
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