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ABSTRACT

The acoustic properties of porous materials are usually measured at room temperature
Howeverin industrial applicationsporous materials amometimegequired to povide sound
absorption in high temperatusnvironmentssuch as in Heat Recovery Steam Generators
(HRSG) applications, automobile silencers and aero engine linsrtheAaflow resistance
can be related tthe sound absorption of porous materi#iiés is an important parameter to
measureat the operating temperatutdRSGapplications tend toperateat temperaturse of
800°C and abovehowever,the highest temperature irpeeviouslyreported study odirflow
resistivity measurementsn rock wool was 500 °C. Hence this researcimvestigatedthe
measurement odirflow resistanceat room temperature according to I19@631 and in a
bespoke test rig side a kiln at temperatureffom room temperaturap to 800°C. For the
relevanthigh temperature applicans, three different densities of Alkaline Earth Silicate
(AES) fibrous materialgvere measured

The design for the high temperature test rig required usatb Simulink to carry outigh
temperaturesimulationsbefore it was builtln addition,Simuink and analytical calculations

were used to assess the effect of measuring the differential pressure after significant cooling of
the air adjacent to the test sample. This showed that the differential pressure measured with the
high temperature test rajter cooling of the air is significantly lower than at room temperature.
The implicationof this finding was that thickest samples were need®densure measurable

differential pressure.

Measurements from thiESO 90531 and high temperature test 8gat room temperature
confirmed that there was no significant difference between the twarhgshigh temperature
tessindicated thathere washo significanteffect of temperature on specific airflow resistance

for AES materiabetween 20 and 10 but rot at higher temperaturegp to 800 °C Above
600°C, the effect of crystallisation and the change in material thickness meant that specific
airflow resistance (rather than airflow resistivity) was used in regression analysis to identify
empirical relatioships for the three different density materials at different temperatares.
addition,it was found that the specific airflow resistancetwse materialgp to 600°C was

on averageproportional tcabsolute temperature toe 1.8 power.



To my Parents in gratitude



ACKNOWLEDGEMENT

| would like to acknowledge my primary supervisor, Professor Carl Hopkins, for his guidance,
support and advices during this project. Moreover, | would like to thank for the opportunity he

gaveme to enter and experience the world of acoustics.

Also, | would like to extend my gratitude to my secondary supervisor Dr. Gary Seiffert for his
support, advices and his positive thoughts throughout my time in Acoustics Research Unit
(ARU).

| am thakful to all my colleagues in the Acoustics Research @nd myfriendsin both

Liverpool and Sri Lanké#or their kind support anthe cooperation.

| would like to gratefully acknowledge, the funding and the facilitation provided by Morgan
Advanced Mateals Plc and especially, Miss Jilly Knox for her valuable support during in the
project.Also, | would like tothanktheir industrial partneBi bby ds Preci si on En

for their support in fabricating the high temperature test rig.

Finally, 1 woud like to thank my parenteand my brotherfor their love, support and

encouragemerthroughout my studies.



TABLE OF CONTENT

LIST OF TABLES viii
LIST OF FIGURES Xi
CHAPTER 1.INTRODUCTION 1
1.1 Background and aim of the thesis 1
1.2 Aims 7
1.3 Outline of the thesis 8
CHAPTER 2.LITERATURE REVIEW
2.1 Measurement of airflow resistivity at room temperature
2.1.1 Room temperature experimental apparatus assembly.......... 9
2.1.2 Empirical nodels for materials at room temperature............ 15
2.2 Measurements of airflow resistivity at high temperatures 18
2.2.1 Empirical relationshipsdr airflow resistivity at high temperatus
2.3 Summary 23
CHAPTER 3. EMPIRICAL THEORY 24
3.1 Empirical relationships between airflow resistivity and material properties
24
3.2 Empirical relationships between airflow resistivity and characteristic
impedance 27
3.3 Empirical relationships for airflow resistivity, air viscosity and temperature
33
3.4 Summary 37
CHAPTER 4. DESIGN OF EXPERIMENTAL APPARATUS 38
4.1 Test samples 38
4.2 Measuring equipment for airflow 39
4.3 Air supply 40
4.4 Room temperature test rig 41
4.5 High temperature test rig 43
4.5.1 Initial design considerations............cccuuvuiiiieeeeeneeeeeiiiieeeeeeeeans 43
A.5.2 KilN e aaaaaa e 45
4.5.3 Assessing a suitable length for thelpeating chamber............ 47
4.5.4 Assessment of potential materials for the testrig................. 92
4.5.5 Thermal stress analysis of the high temperatuteitgs............ 55

Vi



4.5.6 Pipe CONNECLIONS.......ccceiiiiiiieieiiiieeme e e e e e e eeeeees 59
4.5.7 Simulink modelling to determine the length of pipe needed to ensure

SUFICIENT COOIING.....evviiiiieie e reee e 60

4.6 Choice of preheater material 70

4.7 Measurement of differential pressure 72
4.7.1 Simulink modelling of differential pressure measurements in the high
temperature teSt Fig.........coeeeiiiiiiieeeeeee e LD
4.7.2 Manual calculation for differential pressure variation according to the
TEMPEIALUIES. ...t vmmmr e e enn e eenn

4.8 Summary 77

CHAPTER 5. RESULTS AND ANALYSIS 78

5.1 Room temperature measurements 78
5.1.1 Comparison of ISO 9053 and ASTM C522 results..............78
5.1.2 Assessing the effect of air leaks in the pipes.......ccccccceeeene. 80
5.1.3 Comparison of the ISO and high temperature test.rigs........ 82
5.1.4 Regression analysis for different density materials............ 102
5.1.5 Effect of airflow velocity on the specific airflow resistance of double
T2 10 1] 0] [T SR PPPP PP P PP PP 110

5.2 High temperature measurements 114
5.2.1 Change in material thickness at high temperature............. 114
5.2.2 Differential pressure variation at high temperature............ 116
5.2.3 Spedfic airflow resistance and airflow resistivity of double samples at
SPECIfIC tEMPEratUreS.....cccee i e e 119
5.2.4 Influence of temperature on the specific airflow resistance of double
samples in high temperatitest rig.......ccccoeeeeeeieeeiiiiiieeeiiee e, 121
5.2.5 Effect of airflow velocity on double samples...................... 133
5.2.6 Regression analysis to relate specific airflow resistancenple mass for
different density materials..........ccccccveiiiiiiiecc e 140

5.2.7 Regression analysis to identify the power law relationship between specific
airflow resistance and temperature for different density materialsi44

5.3 Summary 147

CHAPTER 6. CONCLUSIONS 150

6.1 Limitations of the research and recommendations for future work152
REFERENCES 154

APPENDICES 162

Vii



LIST OF TABLES

Table 1. Linear airflow velocities and their corresponding SPLsat2G& nd 8.0.0.5
Table 2. Garacteristic impedance calculatig@oefficients and exponents of the Meckear

L ToT0 = 53 = SRR 32
Table 3. List ofAES materials used for the measurements.............cc.evvveeeieenievvvnnnenene. 38
Table 4. Measured change in temperature along the length of pipe that was thetdtie
when the inside of the Kiln was at 9QD.............ccccviiiiie e 65
Table 5. Temperature changes of pipework with cooler arrangement........................ 66
Table 6. Measted expansion for connectors of the test.rig.......ccccceveeeeeiiiieeeeciieeeeee. 67
Table 7. Measured expansion of external conNecting PIPES........vvvvviviiieiieemreeeeeeeeeenn. 67
Table 8. Measured expansionshrinkage of test rig connectars...........ccccccvvvveevieeeeneee. 67

Table 9. Measured pipe diameter change for external connecting tubes after heatingxo 900
and cooling down to room temperature (measurements carriedt@uthe tube had cooled

dOWN tO rOOM tEMPEIALUIE).......ccciieiiieeeeeeitteeee e e e e e e ettt rmmme e e e ann e e e e e e e e emenes 68
Table 10. Airflow resistivity results of material before heating the test rig without pipes and
after heat up and cool down the test rig vetimnected pipes..............evvvvvvveiiiiicceeernnnnnns 69

Table 11. Thermal conductivity of the packing material along with the temperature..70
Table 12.Comparison between roomemperature airflow resistivity measurements using

ISO 90531 and ASTM C522 for different AES materials................cccccceeneiiiiiicnnnn 48
Table 13. Statistical test results on the comparison of ISO-9@&Bsamples) and ASTRI522
(GSIEST= T ] 011 T PUPPSRRY 4 ©
Table 14 Airflow resistivity results without leaks sample of material ID No.0055 (64kgim
.................................................................................................................................... 80
Table 15 Airflow resistivity results with a 2 mm diameter hole in the air supphample of
material ID N0.0055 (64 kg/fh Percentage error is based on the valugalsle 14.......... 81

Table 16.Airflow resistivity resuls with a 2 mm diameter hole in the air supply and the
differential pressure pipé sample of material ID No0.0055 (64 kgimPercentage error is

based on the value TBDIE 14...........ouiiiiiiiiiiii e 81
Table 17 Airflow resistivity results without leakis20 mm porous aluminium................ 82
Table 18 Airflow resistivity results with a 2 mm diameter hole in the air sup@mmporous
aluminium. Percentage error is basedloe value infable 17...........c.ccooeeeeiiiiiieeeeeeenn. 82

Table 19.Airflow resistivity results with a 2 mm diameter hole in the air supply and the
differential pressure pip 20 mm porous aluminium. Percentage error is basethe value

1 I 1= o= 00 OSSR 82

Table 20. Airflow resistivity measured in the ISO test rig for single sangbl&&ES material

=Ll Lol I (=T 0 0] 01T =Y LU OSSP 84

Table 21. Airflow resistivity measured in the high temperature test rig for single savhples
AES materiaBt room temMPerature............oooivuiiii i e reeer e e 85

Table 22. Statistical output from an independent santgdt$or the ISO and high temperature

test rigs: Single samples of material ID NO.OO4ASKGAT). ........ccoeeveeeereceieceemeeee e 86

Table 23. Statistical output from an independent samples test for the ISO and high temperature
test rigs: Single samples of material ID N0.0064 (96 RP/ML.........ccoeovvreevreiieeeciee e 87

Table 24. Statistical output from an independent samples test for the ISO and high temperature
test rigs: Single samples of mateti@2IN0.0058 (128 KG/M). ......cceevevriceriieiereeeeer s 88

viii



Table 25 Airflow resistivity results at room temperatuia the ISO test rig.................... 89
Table 26. Airflow resistivig from the ISO test rig for double samptdsAES materiabht room

Table 27. Airflow resistivity from the high temperature test rig for double sanopl&&ES
materialat ro0M tEMPEILUIE...........ccoeiiiiiieeeeieeee e e e e e e ean 91

Table 28. Statistical output from an independent samples test for the ISO and high temperature
test rigs: Material ID N0.0048 (BY/MY). .....cueereeceeecee e s eme e, 92

Table 29. Statistical output from an independent samples test for the ISO and high temperature
test rigs: Material ID N0.0OB4 (FEY/MS) .....veiveeieieeieeee e eteemme et ete e emeneeeneeeneas 93

Table 30. Statistical output from an indegent samples test for the ISO and high temperature
test rigs: Material ID N0.0058 (12@)/MY). .....cueeiueeieeeeee ettt menae s 94

Table 31. Statistical output from an independent samples test for the thickness of single samples
and the equivalent single sample thickness from double sami3€xstest rig.................. 95

Table 32. Statistical output from an independent samples test for the thickness of single samples
and the equivalergingle sample thickness from double samplaigh temperature test rig6

Table 33. Statistical output from an independent samples test for single and double samples in

the ISO test rig: MateridD N0.0048 (B4KG/MTY). ...c.vvieeireeceeeeee et 98

Table 34. Statistical output from an independent samples test for single and double samples in
the ISO test rig: Material ID N0.00B4 (BE/MTY). .....vvierivieereeee e eeeeeeee e ens 98

Table 35. Statistical output from an independent samples test for single and double samples in
the ISO test rig: Material ID N0.0058 (1RE/MY). .....ooiveiiviecieeie e Q9

Table 36 .Statistical output from an independent samples test for single and double samples in
high temperature test rig: Material ID N0.0048 [BANT). .......ocveieeeereir e ceemrie e 100

Table 37. Statistical output from an independamples test for single and double samples in

the high temperature test rig: Material ID N0.00B4KGB). .......c.ccvevereverieecvveeeer e 101

Table 38. Statistical output from an independent samples test for single andsdoaples in

the high temperature test rig: Material ID N0.0058 (R@B). ........ccovevvvveeiveeiericeene 102

Table 39. Regression coefficients for single samples in the ISO and high temperature test rigs
L= R (0T0) 0 TN (<10 0] 01T = 1L | = PP 103

Table 40. Relationship between airflow resistivity of single samples and bulk density at room
temperature: ANOVA for regression variables in the order fitted.................ovvveeee.... 104

Table 41. Likelihood ratio teSt reSUIS..........ccooviiieiiiiiieeee e 106

Table 42. Regression coefficients for single and double samples in the ISO and high
temperature test rigs at room tEMPEratUIe...........ooooi i 107

Table 43. Relationship between airflow resistivity of single and double samples and bulk
density at room temperature: ANOVA for regression variables in the order.fitted....108

Table 44. Likelihood ratio teSt reSUILS..........coeeeeiiiiiiir e 109

Table 45. Likelinood ratio teSt reSUILS...........uuuuiiiiiiiiiieeeiiiiiiieeeee e 109

Table 46. Specific airflow resistance values for different airflow velocities at room
L0 0] 01T = LU PSSP 110
Table 47. Statistical test results on comparison of specific airflow resistance at room
temperature fofour different airflow velocCities..............ccoouiiii i 111

Tabl e 48. Change in thickness of thellboubl e
Table 49. Differential pressure variation of double samples in the high temperature test rig with
= Lod 14 T PP 116



Table 50. Corrected specific airflow resistance and airflow resistivity values for double samples

in the high temperature test rig with packing inside the preheater.....................ce...... 119

Table 51. Statistical test output for specific airflow resistance of double samples at high
temperatures for material ID N0.0048 (64 KBYM......c.ccvieeieeeeeeceeee e 123

Table 52. Statigtal test output for specific airflow resistance at high temperatures for material
ID NO.OOBA (96 KG/IP) ...t ee ettt ettt emeee e te e teene s vmmnasenes 127

Table 53. Statistical test output for specific airflow resistance at high temperatunestérial

ID NO.0O58 (128 KO/TT) ..ottt e ettt emee et teeeae e eneeete e sennnens 130

Table 54. Specific airflow resistance values for different airflow velocities............... 133

Table 55. Statisi c a | comparison of specific airflow
AUMTIOW VEIOCITIES. ...ttt ere e e e e e e e ettt e ae ettt mmme e e eeeeeesennes 133

Table 56. Regression lines for each individual temperature..............c.oevvieeeiivvvinenne. 140

Table 57.Relationship between airflow resistivity and mass of the double samples at
temperatures between 20 and 800 Multiple regression analysis................ccccceeeeueee. 142

Table 58.Relationsip between airflow resistivity and mass of the double samples at
temperatures between 20 and 800 ANOVA for variables in the order fitted.............. 143

Table 59. Exponents for the absolute temperatune fpower law regression for individual

STz 18] 0] (=TS 144

Table 60. Statistical test output for exponents of power curves for each material 10146



LIST OF FIGURES

Figure 1. Cross section sketch of an HRSG indicating where the acoustic silencer can be

incorporated. Image taken from reference [3]........ccccouviiiiiiiieeeiiiii e 1

Figure 2. Dauchez et al 6s measuri.ng..alpar atu
Figure 3. Resistometer use for variable airflow method according to ISO 9053.[2]....10

Figure 4. Mendibil's test rig. Image taken from reference [11]............oooiiiiiiieeneenenn, 11
Figure 5. Bies and Hansend6s measur.i.ngl2appar a
Figure 6. Apparatus used in Brown et al. Image taken from reference.[16]................ 13

Figure 7. Apparatus used by Dragonetti et al. Image taken from reéefEn.................. 14

Figure 8. Flow resistance apparatus. Image taken from reference [34].................... 19

Figure 9. Apparatus used by Miglietta et al. Imademafrom reference [36].................. 20

Figure 10. The relationship between air viscosity and absolute temperature according to
Sut herl anda.s..e.qUal . 0. e 35

Figure 11. Experimental data for viscosity of nitrogen at different absolute temperatBées.
Figure 12. Experimental data for viscosity of oxygen at different absolute temperatugés.
Figure 13. Experimental data for viscosity of carbon dioxide at different absolute temperatures.

.................................................................................................................................... 37
Figure 14. Flow rate and differential pressuneasuring instrument................ccccccovvveeee. 39
Figure 15. Pressure regulator with the filter............ccooooiiiiiiiceciiiii e 41
Figure 16. ISO test rig for room temperature eXperimentS........cccoevveeeeeececerieeeeeeennn. 42
Figure 17.1SO test rig for room temperature measurements and associated measurement
L= T0 [U]] o] 1 U= oL PR 43
Figure 18. 3D model of high temperattiest rig................uvvruiiiiiiiiceeeere e 45
Figure 19. The Kill.....ooooiiii et e e e s s e e e e e e e O
Figure 20. Kiln diMENSIONS. .......oiiiiiii et eeer e eeea e e e e e e e e e e e e e s eemms 46
Figure 21 Matlab Simulink: Model for the preheater length............ccccooiiiiiiiic 49
Figure 22. Matlab Simulink: Kiln temperature subSyStem..............ccccoviiiieemiiieiiiinnnenn. 49
Figure 23. Matlab SimulinkDownstream temperature measurement subsystem....... 50
Figure 24. Matlab Simulink: Upstream temperature measurement subsystem.......... 51
Figure 25. M#dab Simulink: Results for PoA (downstream temperature)..................... 52
Figure 26. Matlab Simulink: Results for P&{upstream temperature)............ccccccc...... 52
Figure 27. Temperature distribution of specimen holder.cap........cccccccoeeiiieecinnnnnnnn. 57
Figure 28. vorMlises stress distribution of specimen holder.cap..........ccccccccvvvieeennnnen. 57
Figure 29 Temperature distribution of specimen holder................cc.evvieemiiiiiiiiiiienee. 38
Figure 30. vorMises stress distribution of specimen holder.............cccovvvveeen 58
Figure 31. Temperature diitution of preheater................ccoeooiiiiieeeeei e 58
Figure 32. vorMises stress distribution of preheater.................vvvvicccriiiveveviiiicceen, 58
Figure 33. AutoCAD 3D model of high temperature testitlp connecting pipes........... 59
Figure 34. Photo of high temperature test rig with connecting pIpes............cccccvvvueens 59
Figure 35. Matlab Simulink: System tes®ss pipe COOlING........ccoovviiiiiiiiiiiiiiine 60
Figure 36. Matlab Simulink: Results ftive temperature of pipe........cccoovevvviiiiiiiieeennn. 63
Figure 37. Experimental sep used to assessaling of the connecting pipes................ 64
Figure 38. Experimental cooler arrangement indicating temperature measurement points A and
PP U P PPU PP SSURPPRR 66

Xi



Figure39. Packing material inside preheater..................viiiicccvveveviviniiiiiiies e eeeeeeenn L L

Figure 40. High temperature experimental assembly..............ccccceevveeeeeiiieeieieeeeeeenennn A2
Figure 41. Simulation of the high temptna rig measurement using a local restriction to
simulate a POroUS MALEIIAL...........uuuuuruiiiii it e e e e e e e s eeenrer e e e e e e e e e eeaeeeeeerenneas 74

Figure 42. Arrangement of high temperature test rig and the measuring insttument.75
Figure 43. Relationship between airflow resistivity of single samples and bulk density at room
temperature: Regression plots for the ISO test rig (blue) and the high temperature test rig (red).

Figure 44. Relationship between airflow resistivity of single and double samples and bulk
density at room temperature: Regression plots for the ISO test rig (blue) and the high

temperature teSt Mg (FEA).......ooi ittt iee e eeer e e e e e e e e e e s e 107
Figure 45. Specific airflow resistance at room temperature for four different airflow velocities.
................................................................................................................................... 113

Figure 46. Corrected differential pressure variatmmdouble samples of AES materiall18
Figure 47. Specific airflow resist.and¥» at 80
Figure 8. Relationship between specific airflow resistance and mass of the double samples at

temperatures between 20 and 8Q0...........c.ceeeiiiiiieiiiireee e e 141
Figure 49. Power law relationship for Material ID NO.OO48A...........coovvvvvvvvieemeeeeeenn. 145
Figure 50. Power law relationship for Material ID N0.OO48B.............ccccvvvvvieemeeeenene. 145
Figure 51. Power law relationship for Material ID NO.OOB4A.............oovvvvvvvieemeeeeenen. 145
Figure 52. Power law relationship for Material ID N0.OO64B...............cccvvvvieeeeeeneeee. 145
Figure 53. Power law relationship for Material ID N0.OO64C..............oovvvvvvieemeeeeennne. 145
Figure 54. Power law relationship for Material ID NO.OO58A...........coovvvivvvvieemeeneeenn. 145
Figure 55. Power law relationship for Material ID N0.OO58B................covvvvvieemeeenneee. 146
Figure 56. Exponents for individual material ID NQS.............cceovviiiiieeeii e 147

Xii



Xiii



Chapter 1. INTRODUCT! ON

1.1 Background and aim of the thesis

Sound absorbing materials are used to reduce reverberant sound pressure levels and the
reverberation timé acoustic space3he sound absorptiatepends omaterialcomposition,

thickness, surface finish and method of mountwmigich results infrequencydependent
absorptionIn thebuilding industry, porous materials aggimarily usedfor room temperature
applicationsHowever, in other industries it is common famrpus materialso be needeth

high temperature applicatiorte provide sound absorptiosuch asin aereengine liners,

passive damping in combustion chamber, automotive sifen@and gas turbine exhaust
silencers in Heat Recovery Steam Generators (HRGplications Alkaline Earth Silicate

(AES) porous material is used in order to reduce sound levels inside the silencers and near to
the exhaust areas of HRSG which operateraperatures between 8003 0 (Q1]. At present

there is very limited understanding of how sound absorption at room temperature relates to the
performance at temperatungg to 1000 . The highest temperature in a previous|yorggd

study of airflow resistivity measurements o
investigated the measurement of airflow resistance at room temperature according to SO 9053

1[2] and in a bespoke testriginsidea | n at temperatures from roo
For the relevant high temperature applications, three different densities of Alkaline earth

silicate fibrous materials were measured

Silencer
(Option)

Inlet Plenum

Figurel. Cross section sketch of an HR&@icating where the acoustic silencer can be
incorporatedimage taken from referenfd.



The absorption coefficiems definedto describéhe sound absorption of planar absorbansl
takes valuebetween 0 and 1. The imisity in a plane wave is proportional to the mean square
pressure; hence the absorption coefficeencan be defined in terms of the reflection

coefficientR as follows

| p e )

The reflection coefficienR can be expressed as follows.

v o —h )

where® ;; denotes the specific acoustic impedance-aisithe incident anglef the sound

Examples of porous aterialswhich are sound absorbeirsclude fiberglass, ceramicand
plastic foam with open cell§Vhen a porous material is exposed to incident sound waves, the
air particlesat the surface of the material and within the pores of the material vibrate and in
doing so lose enerdliroughconvesioninto heat due to theral and viscous losses at the walls

of the interior poresNormally the process is isothermal at low frequencies and adiabatic at

higher frequenciee.g. se¢4]).

The bulk acoustic properties of porous materals be usetb asseshow sound propagates
within it. Sound propagatioim porousmaterials is dependent on the airflow resistivity (or the
related parameters of airflow resistance and specific airflow resistagweg itcan be used to
predictboth sound absorptimandsound attenuatiofe.g. sed5]). The airflow resistivity of
fibrous materials is due to friction between the fibres and the air particles moving between the
fibres. Therefore, the airflow resistivity depends on the fibagneter, shape/type of fibres,
density of fibres, number of fibres per unit volume and the fibres tend to lie in planes which
are parallel to the place of the sheet and the orientation of the fibres within each plane being
random, the airflow resistivityn the lateral direction is significantly lower than in the
longitudinal directior{6].



Airflow resistance can be used to determine the sound absorption by ormopadation
through porous material and the resistance eoaitflow is quantified by airflow resistance,

specific airflow resistance and airflow resistivij. The airflow resistanc®, is defined as

<

©)

whereY0 is the air pressure difference across a layer of porous material with respect to the

atmosphere (Pa) anf is the volumetriairflow rate passing throughematerial(i  7Q.

The volumetric airflow ate qv, can be defined as folloWg]

iy @

whereu is the linear airflow velocity (m/s) an8l is the crossectonal area of the porous
material (n3).

According to ISO 90534 [2] which is the International measurement standard for airflow
resistance for acoustical purposte recommended value of linear airflow velocity should be
in the rangdrom 0.5 10°to 15 10° m/s. Inthe AmericarmeasuremergtandardASTM
C522[7], it is recommended that the linear velocitae in therange from 0.5 102 to

50 103 m/s.In order to understand the reasontliese rangesf airflow velocity at room
temperaturat is useful to relate the values to the Sound Pressure Level,(8Rd.)then to
calculate the corresponding SRir these valueat 800

The sound pressurp, and particle velocityy, are relatedo the speed of soupdhand the air
density?’ hby

- 6 ©)



where thespeed of sounid a temperature dependent paederthatcan be calculatedsing

[6]

(I) - — = = — - (6)

where” the gas density) is the compressibilityV is the volume which is occupied hynoles

of a gasM is the molar mass of the gas in kg/rwhich is 28.97 p 1 kg/mol for air),[ is

the ratio of specific heats at constant pressure and constant volume (which is &aig1Has

static pressure which @8t p o p 1tPa for air at atmospheric pressuras the universal gas
constahwhich has the value of 8.3I4molK andTi s t e mp e r Here,ut Is assumad

that the conditions are adiabatic. For room temperatu ( 2 0 ), the corresctg

soundis 344 m/sandfor800 t he value is 659 m/ s.

The density of airs also a temperature dependent parameter which can be calculated from

(7)

The corresponding density of air for the room temperature (R0 i s 1 2andfor k g/ m
800 the value®is 0.329 kg/m

By assuming that the linear airflow velocity represents the partielocity, he SPL in

decibelsd can then bealculated from

0 ¢micly (8)
where po is 20nPa.
The SPL values for room temperatunel00 atdifferent linear airflow velocitieare given

in Table 1. This indicates that the choice of 0.510° m/s is reasonable for most building

acoustics design calculations in spaces where sound absorpteedied to reduce the SPL of



approximately 80 dB to levels that are suitable for occupation by people. It is also seen that the
SPL at800 is lower than at@

Tablel. Linear airflow velocities antheir corresponding SPLa& 20 and 800

Linear airflow velociy (m/s) Sound pressure level at Sound pressure level at
20 (dB) 800 (dB)
05 103 80.32 74.68
1 103 86.34 80.70
2 10° 92.36 86.72
4 103 93.38 92.74
8 103 104.40 98.76
16 103 110.42 104.78
32 108 116.44 110.78
64 103 122.46 116.82
128 103 128.49 122.84

The specific airflow resistancd, i(Pa.s/m) applies to a specific thickness or a porous material.
The specific airflow resistance is an appropriate specification parameter for butlydrmus

and norhomogenous materials as well as materials with a porous surface coating or perforated
surface layer and materials where the thickness is not known exactly. The specific airflow
resistanceés defined as

YOYY (9)

The airflow resistivity r, (Pa.sf ) is only appropriate as specification parameter for

homogenous materiaéad is defined as

P L - (10)

whered is the thickness of the layer of porous material in the direction of airflow (m).



The airflow resistivity in the fibrous material dapls on the direction of airflow through the
material[2]. Usually, these materials are manufactured in rectangular sheets as slabs or in a
roll; hencethe airflowresistivitycan be measured in two directions; in the planéefsheet
(lateralairflow) and perpendicular to the plane of the sheet (longitudinal airfldepending

on the orientation of these shewtisen installed to provide sound absorptiing either the

lateral or longitudinal direction that is needed taakdte the absorption coefficieji].

Porous materials can be considered as a skeletal frame surrounded [8}. gadsund
transmission through porous materials takes place due to airbornggtiopahrough the

pores and structwigorne propagation via the frame. Due to the varying degrees of coupling
between these types of propagation, sound propagation through porous materials is more
complex than in air. Two basic parameters that descrédprtbperties of porous materials are

the porosity and the airflow resistance. However, in order to describe them more completely,

the structure factor, shape factor and tortuosity are often req8jred

For porous materialsheporosity" , is calculatedas follows

noo— (11)

wherew is the volume of air within the material acd is the bulk volume of # material.

Porous materials which are used in buildings typically have a porosity in the range between 0.9
and 0.99. If the material that binds solid fibres together has negligible mass, the porosity can
be estimateds follows:

n p — (12

where” is the bulk density of the material ahd is thefibre density[6].

Usually, the airflow rastance of the porous materiahereasesith increagng bulk density
(e.q. sed6]). However, it is notertainthat the porous materials with low or high airflow

resistivity will always give the highest absorption coefiitssover a widefrequency range.
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The airflow resistance of fibrous materials is due to friction between the fibres and the air
particles moving between the fibrégence this makeslink to sound absorptiof®]. Therefore,

the airflow resistance depesidn the size of fibres, shape/type of fibres, density of filzed,
numberof fibres per unit volumelt also depends athe orientation of the fibresecausehe
airflow resistivity in the lateral directioan sheet materiak significantly lower than in the
longitudinal directionin the plane of sheet material (the more common orientation for sheet

material used to provide sound absorpti@ih)

To estimate the sound absorption of a range miygomaterials with different bulk densities it

is possible to take a sufficiently large number of airflow resistivity measurements and
determine an empirical relationship against a material property such as bulk deorsttys
purpose, hiis work descbes the measurement of airflow resistiigngitudinal directionfor

Alkaline Earth Silicate (AEgfibrousmaterials at high temperatures.

1.2 Aims

To investigate the material properties that are relevasdund absorption at higamperatures
throughthe measurement of airflow resistatice main aims were
1 Design and build a test rig to measure airflow resistance according to IS€1 )53
T Design and build a @AdAhigh temperatair e
tenmperatures up to 1000 (for practicalreasonsndfor costimplicationsthis was later
limited to 800 C in the projeck
1 Validate the high temperature test rig through comparison of the airflow resistance
measured at room temperature with the ISO 9DB] test rig.
1 Establish empirical relationships for the variation of airflow resistivity with temperature

for AES materialsusing the high temperature test rig.

t
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1.3 Outline of the thesis

Chapter 2 contains a literature review of previous workidiow resistivity measurements

including empirical models.

Chapter 3 describes the theory related to the airflow resistivity, characteristic impdbance

sound absorptioand the air viscosity

Chapter 4 describes the design of the experimentalapgao measure airflow resistivity at

room temperature and high temperature.

Chapter 5 presents and analyses the resultseofoomtemperature antligh temperature

airflow resistivity measurements.

Chapter 6 contains the conclusions.



Chapter 2. LITERATURE REVIEW

2.1 Measurement of airflow resistivity at room temperature

Many of theapplicationdor porous materialassound absdrers isinside buildingshencehe
material properties aresually measured at room temperatufer this reasonthis section

reviewsthe literature on room temperature measurement of airflow resistivity.

2.1.1 Room temperature experimental apparatus assembly

The literature indicates that room temperature airflow resistivity measurements are carried out
using ether constant or variable flow which was described by ISO-Aq2Bor ASTM C522

[7].

Dauchez eal [10] usedthe constant airflow methdd measure airflow resistivityfo generate
constant airflow they used a vacuum pump with a water collima types of porous materials
were consideredone material with a known airflow resistivity , which was used as a
reference material and the other material whose airflsistreity 'Y is to be measured. These
two materials(crosssectioral aread and thickness) were placed in seriesnd nanometers
were used to measutiee differentialpressureY0 andY0 across the two samples shown

in Figure2. Thereforethe airflow resistivity can be determinading

Py - (13

Since, the airflow is constarithefollowing relationshipmust be fulfilled

y

<

(14

Therefore, by considering equat®id3 and 14 the airflov resstivity can be determirtkas

follows:



Y (15)

(AXt)

Figure2. Dauchez et @l measuring pparatusimage taken fromeferencg10].

Mendibil [11] useda variable airflow methodo measure airflow resistivity whictequired

oscillating air pressuréom a moving piston. Due to thmovement of hie piston, the air

pressure inside the measuring cell increases and decreases at the same frequency as the piston.
A condenser microphone was used to measure the air pressure and the microphone was
calibratedat 2 Hz using a pistonphone in order to fulfiie ISO90531 [2] requirement®of

alternating airflow method.The piston movement Enusoidal and can be achieved using a

/-Porous material

lever or a mechanical system.

E[:j: Ao

Piston
Frequency f
Volumetric airflow g,

O\

Figure3. Resistometer use for variablefmw method according to 1ISO 90%3].
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As shown in the Figurg, 6 g ghcan be defined as follows

6gg —C0— (16)

where"Qdenotes the piston frequencé§is the peako-peak rage of strokep is the piston

surface area ant is the sample surface area.

The airflow resistivity can be calculated as follows

y

17

8 8

Based on theneasurement requirements for tfaiable airflow method (illustrated in Figure
3), Mendibil developed t he4[llResi stometero as

e

s

D —

Figure4. Mendibil's test rig. Image taken from referefitg].

Stinson and Daigl§l2] used an electronic system which involved a calibrated laminar flow
element of known resistance that was placed inseiith the sample materials. The difference

in pressure across the laminar element and the sample were measured using electronic
manometers of variable capacitance. An electronic flow controller was usegosteady

airflow. The airflow resistivity wasstimated using the flow resistance and pressure difference

11



measurements. According to Pan and Jacks8}) the accuracy of the apparatus in terms of

the airflow resistivity was more than 1.6%.

Il n Bi es al[i4] expeéamesta invessigation, the apparatus which they used, met the
requirements of American standard ASTM C&22[15]. The specimen holder shown in
Figure5 was degned so that it also served as the specimen cutter. To prevent the leakage of
air around the edge of sample they used a coating of silicon grease on the cutter. When
investigating soft materials they recommended using perforated plates with a largéagercen
open area. An @ing seal was used to prevent air leakage around the holder. The funnel shape
of the apparatus ensured the flow across the sample surface is uniform. The pressure on the
upstream side of the sample is measured using a barocell amgited whanometer. The
manometer was capable of measuring differential pressure with a resolution of 0.014 Pa. (The
lowest value tested was 1.3 Pa). The airflow was measured using an airflow meter and a control
valve to control the flow through the samplée€eTltested specimens had a diameter of 102 mm
[14].

Figure5.Bi e s a n dmedsarmg appa@tss. Image taken from referfivje
1). Sample holder and cutter 2). Poronaterial sample 3). €@ing seal 4). Conical tube to
ensure uniform airflow through the sample 5). Tube 6). Valve 7). Flow meter 8). Manometer

9). Pressure regulator 10). Air supply 11). Barocell 12). Electronic manometer

12



Brown and Bolff16] used the apparatus shownHFigure6. By siphoning water from a tank,
steady airflow was maintained. As the water flowed, the void was replaced with an equal
volume of air. The slowest flow used svapproximately 0.1 cffs and the fastest flow was
approximately 200 cifs. The pressure difference across the sample was measured using a
manometer and connected to the sample holder by a tube. A disc of acoustics material was
mounted into a cylindrical antainer. To prevent air leaks between the sample and the
container, the container consists of a slightly conical taper. Brown anflBptoncluded that

the airflow resistance varied by 25% for different samples of the satsziat and itouldbe

measured with an accuracy of + 2% for a given sample.

—l!

o e ¢ e v off b —— — —

g' é C Water

A TS

| Smulﬁ( F:.' ﬂ

‘]ﬂ m\’
fa)

Figure6. Apparatus used in Brown et al. Image taken from referjdi&g.

Dragonetti et a[17] performed airflow resistivity experiments on porous materials at room
temperature based on the alternating airflow method in ISO-9(08BThey noted that the
alternating airflow method requotlehe measurement of sound gsare at a frequency as low

as 2 Hz and this podesignal acquisition problems due to inadequacies of typical
instrumentation. To overcome those drawbacks, a Rusteen piston was used in the research.
Two cavities were associated in the apparatus tiegt ised for the measurements. The side
length of two cavities was 10.4 cm and the heights of two volumes were 9.2 and 21.3 cm for

the lower and uppecavities respectively. For the apparatus, they selected the vertical

13



arrangement and the wire net wasoassted with the sample holdéme cross section of the
cavities was chosen according to the requirements of ISO 9D%3] which specified a
parallelepipetlike sample holder a square cross section with a side dimensionaoh 20

least. The height of the lower cavity was chosen to be as small as possible for compatibility
with the loudspeaker dimensions to ensure its behavior as an acoustic complasiugha

frequency as possible. The apparatus is shovgure?.

Upper
cavity

Microphone

Loudspeaker—| ‘. .4

Microphone
Lower P

cavity

Figure7. Apparatus used by Dragonetti et al. Image taken from refefgite

Based on ISO 9053 [2], Garai et al[18] conducted airflow resistivity measurements to
determine the repeatability and reproducibility standard deviation values. They considered two
melamine foam sheets of different thickness and carried out measurements in repeatability
conditions either on a single sample or on different samples. They investigated the influence
of the sample cutting and ndénomogeneity of the foam on airflow resistivity and the results
showed that the higher internal repeatability, particularly for single sarHpleever, the

14



overall reproducibilitywasnot found to be satisfactorgue to systematic deviatiotisat were

inherent in the laboratogyrocedures

Kino and Uend19] measuredhe surface impedance and physical parametessven glass

wool samples and six polyester fiber samples with flow resistivity between 4100 and 69,900
Pa.¢m?. A comparison wasmade between the measuregormal incidenceabsorption
coefficients anehormal surface impedance for comparison whnJohnsn-Allard model[20,

21] that is considered to be an improvement onDk&any and Bazlej22] empiricalmodel

[22]. The JohnsorAllard model required airflow restivity as an input variable for which
measurements were carried out using a device based on I1S@L 9Ph3Comparison of
measurements with tRlhnsopAllard model indicated differences up to 20%. An ioyed

model was develaad which introduced a correction factor that was a functioairfibw

resistivity.

Nichols et a[23] conducted an experiment to investigate the flow resistance characteristics of
fibrous material. The apparatus which was used very similar to the apparatus used by
Brown and Bol{16]. However, there were some modifications added to the apparatus in terms
of the techniques of measuring the flow rate and sample hdldermain finding from the
experimental data was an empirical relationship between airflow resistivity and fibrous

material properties.

Venzke et a[24] experimentally determined the airflow resistance of porous layers normal to
their surface without cutig out samples and fitting them in to a sample holder. With its partly
radial airflow through the layer under test the method resembled a method for measuring the
lateral flow resistance. It wasoted[24] that the method carls® be used to determine the
airflow resistance of the single parts of a combined layer without separating the two
components for the measurement provided that the one of larger resistance is thin compared
with other.

2.1.2 Empirical models for materials at room temperature

The acoustic properties of fibrous materialatesto the airflow resistivity; hence the sound

absorption at room temperatuwran be modelled with the aid of suitable appropriate empirical

15



formulae.Usually the airflow resistivity is meased under steady Poiseuille flow conditions

for laminar flow speeds.

According to Lambert and TesgR5], nonnegligible flow resistance versus frequency
variation can arise in stratified fibrous materials like Kevlar. Theeetdorse and Ingar®6]
suggestedsingairflow resistivity parameters to define the fluid flow characteristicdorse
and I ngardos phen R26hehe equatigiandesns ofaaifiopy resistivatyn
relate to motion, continuity and state for esfimension as follows.

" 6 — (19

n— "— 1 (29

" S (20)

where” is the @nsity of air,o is the speed of sound in dirrepresents the structure factor
and the structure factor to distinguish between mass density and inertial mass densisy and

the average air particle velocity.

In its more commorform, this approachrequires the flow resistivity to be a function of
frequency to concern the transferring of fluid flow to turbuleain steady state type flow

within the material.
Zwicker and Kosten[27], Lambert et al[25] and Biot [28] used a cylindrical pore

approximation to quantify thairflow resistancger unit thickness of the fibrous material. The

empirical relationship can be presented as a function of the Reynolds n&alasrfollows.
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YQ — — (21)

where'Q is the fibre diameterg is the air viscosity and is the angular frequency of

excitaton.

According to Zwicker and Kostej27], for the steady state flow regime (iRe<<1), the

specific airflow resistance has an empirical relationship with the porosiag follows.

YR ¢ (22)

For the Helmholtz flow regime (i.&e>>1) theairflow resistivity behaves as follows.

n —

¢ 1" (23

Picard et a[29], and Ren and Jacobsg0] investigatedhe airflowresistivity for transient

flow regimes.

Delany and Bazle|22] provided the first comprehensive empirical relationship for the airflow
resistivity and sound absorption at the room temperatfine.model estimates the impedance
of the porous material assuming that the material hagi@ skeleton. Qunli[31] and
Cummings[32, 33] later verified this modelisinga large amount of experimental data for
plastic foamsThe model correlates the characteristic impedancehenpropagation constant
to the airflow resistivity of the materiakurther improvements were made Delany and

Bazleyoriginal model to give the Johnseklard model[20].
Bies and Hansef14] devdopedthese empirical relationships for the magnitude and phase of

the complex density and complex compressibility. They built up the relationship based on

properties of porous fibrous materials in which the gas was air, however, these plots can be
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appliedto any gasThe empirical relationshipsereused to calculate fouyuantitiescomplex

density modulus and phas®mplex compressibility modulus and phase flow.

Empirical models ardiighly advantageous as many caseshey only need a single input
variable airflow resistivity, which is measurable. Howevérgr limitation is thatthey may

only be applicable tone type oporousmaterial.

2.2 Measurements of airflow resistivity at high temperatures

For measurements at high temperatures, Ch{iiedeterminedhe Delany and Bazlgp?2]
coefficients forock wool (Stillite SR5)at 19, 255%nd 490 using measurements of airflow
resistivity. Christie[34] designed the sample chamber to fit into a standard laboratory kiln that
had a working area of 150 mm175 mmx 350 mm. Steady airflowas provided through a
bottled airsupply and the speed of the airflow can be varied up to 1 Bashsample has a
diameter of 100 mm and the length of the sample chamber is also 100 mm. The sample is
retained at each end of the chamber by 12 mm open wire mesh attached to retainii@ rings
cut samples they used a cylindrical tubular cutter with a sharp bevelled edge. The cutter
dimensions ensured that the samples had a tight fit in the sample chamber. A preheater filled
with high density mineral wool was used to ensure that the airremtiie sample is at the
correct temperature and the flow is uniformly distributed. They reduced the level of airflow
leakage to 1% and the temperature at each end of sample is measured by thermdtmuples.
volumetric flow of air is measured by a flow rex (Gapmeter before it enters the specimen
holder, andthe actual volume flow of air through the sample is calculated by correcting the
flow meter reading. Christig84] measured the pressure difference across the sampleausing
tilting tube manometer. The configuration of the test rig used by Chf8tjes shown in

Figure8.
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Figure8. Flow resistance apparatus. Image taken freferencg34].

For measurements at high temperatures, the apparatus was heatedto 499 d t he ai r
passed through the sample until the temperature at each end of the sample was steady before
readings were taken of pressure difference and volume flow. To heat the acoustic apparatus
they used a kiln. Measurements were carried out onnaplsacut from a standard

60C 90C¢ 500mm semi rigid board of starch bonded mineral wool (nominal density of
80kg/m®). The flow velocity for measurements was in the range between 1340d¢ #/s.

The measured flow resistance varied between 15,000 anddZz5€'m It was found that the

airflow resistivity for Stillite SR5 was proportional to tR®.6" power of the absolute
temperature and that the airflow resistivity i
no change observed in the flow resistance due to the thermal cycling of the material and the
flow resistance measured at a particular temperature did not seem td depfeow velocity

within the range of velocities that they ugéd].

Christie[34] also carried out acoustic impedance measurements ateinngleraturdased on
closed cavity experimental apparathat was previouslgescribed by Mawardi and Wigan
[35]. This allowed comparison of the measured impedance with that predicted from the
Delaney and Bazley empirical formy2]. This indicated thpotential to use the Delaney and
Bazley empirical formula over a wide temperature rg@gé¢

Miglietta et al[36] measuredhe variationof airflow resistivitydue to temperature using the
alternaing flow method. Theyoted that the effect of temperature was expected to change the
airflow resistivitydue to variation of the air viscosity and thermal expansion of the material.
The measurement equipmevds installedn a standard laboratory climatbamber. Steel and

aluminum materials were used for the realization of the measurement appaadios the
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measurements to be performed in a range of temperatures be®@serd 50 without
operational variations occurring due to thermal expan3ibis.temperature range was chosen

as being of relevance to sound absorbent materials installed in automotive véreles.
apparatus is illustrated ifigure 9. The experimental resultsxdicated thatthe airflow
resigivity data, as a function aemperature, increases within a power tawhe1.2" power,

when airflow resistivity increaselslowever, this temperature range is significantly lower than

that investigated in this research wkES materials.

)

L)

-
Loto

Figure9. Apparatus used bliglietta et al. Image taken from referen@s].

For this research it was decided to adbptmainf e at ur e s [84ftesQigwhichsvasi e 6 s
the preleating chamber. However, other features were désigpecifically suithe measuring
instrument, other supporting elements (such as air supply) and environmental constraints (such

as the kiln type, kiln orientation and teeternaltemperature).

2.2.1 Empiri cal relationships for airflow resistivity at high temperatures

After modifying the flow resistivity to account for the higher temperatures Chii34ip
demonstrated considerable agreement between both Delany and Bazley[22pcdmhd

Chri st i ¢48]sChristie[@4 toncluded that the power law relationship for the flow

resistivity was successfulhe characteristic impedande; is acomplex numbewhichcan
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be denoted in the form o&+iB. According to Delany and Bazlgj22], 6 and 6 can be
expressed in terms afrflowr esi sti vity and frequenc[34] par am

modified empirical formulae can be expressed as follows:

38
— p TBIL QY (24)

— TBIYeP (29

where the frequency parame}€is given by:

w " (26)

The formulae abovere based orair density {  of 1.19 kgl and for temperature and

pressureof20 and 750 mm respectively.

However, according to Wang et[8l7, 38] the acoustic properties at room temperature are not
always deperehton the air densityAs mentioned in above section, Giese 88| carried

out research on novel porous sound absorbent ceramic tiles asieddd 81 combustion
chambers with respect to their sound absorption. For this, a theory describing the bulk
properties of a homogenous porous absorber layer was combined with a transfer matrix

approach to account for the temperature gradient within therladr.

Usually, the acoustic losses are mainly caused by viscous friction of the gas and because of
that, theairflow resistance of the material is the most important parameter with respect to sound
absorption. According to Giese et[8B], there are two different approaches to measure the
bulk properties. i.e. two load method or two source method andhtbery ofHomogenous

Medium (THM) method. The two load or two source method establish the parameters by
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measuring acoustitransfer functions in front of and behind the sample and the theory of
homogenous medium follows a phenomenological approach. Accordihgliterature[39],

the THM originated from the theory of lossy electrical conductons Giese et al[39]
investigations, they selected the THM method as the most appropriate method since it allows
the calculation oftdo and t using measurable microstructure properties of the observed
material such aporosityn , airflow resistvity i or structural factoca The structural factox

is defined as the proportion of volume porosity to surface porosity arfigisdescribed as the

ratio of total pore volume to the pore volume, which is directly involved in sound propagation

while the rest othepore volume acts as a spring.

According to Giese et dB9], the values of i RQare not indepenent. Normally, a high
porosity obtains a loweirflow resistance and vice verddowever,the valuek depends on

the pore size distribution and the pores are connected. THM can be used for a wide field of
absorbent material, such as tradiibrused fibres, metallic fibres, and porous ceramic

structures. Based on THM, the connection betwieet I can be expressed as follows.

w B
w 8- P (27)
t 0 dordmp - 28)
U o— (29

where® is specific impedance (Km?s), " is volume porosity’ is heat capacity ratia=

N p,Y is afrequency variablandt is thepropagation constait/m).

Giese et aJ39] performed high temperature experimenitsan absorption layer to investigate

the relationship between porosity and airflow resistance at high temperatwresigh

22



numerous observations and regression analysis, they foearidllowingrelationship between

i andn:

x p n 8 (30)

Gies et al[39] built the empirical model for porous ceramic foams which have a porosity
between 0.8 and Q.®lote thatin this project the typi porosityof AES materialss 095.In
this researchihe aim isto build up an empirical model based on experimental data for the

airflow resistivity of AES materialup to8 0 0.

2.3 Summary

It is concluded that the use of direct airflow method for high temperature airflow resistivity
measurement {greferablébecaus¢hevariable airflommethodrequiresmicrophoneshat work

at high temperatures as well as other esp@nequipment that needs to be kept at a cool
operating temperaturélence the direct airflow method wassedfor roomtemperature and
high temperature airflow resistivity measurements of porous matdrs@soom temperature

test rig was desigrd accoding to the ISO 9053 and ASTM C522 standards. For high
temperature test rig, some features of Chrigd# test rig wereincorporated sch as the
preheateto ensure that the temperature of the air in the specimen holdéhéscrrechigh

temperature.

Although the empirical relationship of Chrisi@4] for airflow resistivity was valid over the
temperature range afie acoustic measuremen@ristie [34] only meauredup to 490 C

which can be considered a practical upper limit for the usability of rock fibrous material.
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Chapter 3. EMPIRICAL THEORY

3.1 Empirical relationships between airflow resistivity and material properties

As airflow resistance depend on various enial properties, studies have been carried out to
build up empirical relationship between airflow resistance amgliysical properties. In Bies

and Franker{f40] and Nichols et a[41], empirical réationshis were established between
airflow resistance and bulk density for mineral wool, such as glass and rock wool. The

empirical relationship can be expressed as follgWs41]

J— (31)

whereQ is a constant for a fibre material that is manufactured particular@ay,a constant
that degnds upon fibre orieationandQ s the fibre diameter and units used are microns.
For one type of mineral wool with a known average fibre diameter, the cobstatv can

be found from measured airflow resistivity data for a rangeut densities. Bies et §l4]
plotted] Ti @gainstl 1”C anddeterminedd) and0 through linear regressiotdopkins

[6] carried outa large number omeasurements on rockoal and found that =353 and

0 =0.63 for the lateral airflow resistivity for the bulk density range varying from 31 to 155
kg/l . For the longitudinal airflow resistivity the values for and0 are 780 and 0.59
respectively for a bulklensity range between 38 and 1624 kg/To cover the full density range
for a material it may be necessary to have more than one empirical relationship. This can occur
with fibrous materials that can be produced in a wide range of fibre diameter. étovav

materials other tharock wool the abovempirical relationshipsmay not be appropriafé].

According to Bies and Hansg¢h4], an empirical relationship between flow resistivity, fibre

diameter and fibre densifgr fiberglass batts and blankéssknown to be of the form:

iQ " 8 HEEi OOE0 (32
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This equation assuesuniformfiore s (uni form fi bre diameter |
binder content to give a constant of 38 1 . However, for polyester fibres, the fibre
diameters are uniform for a given denier, the binder is in the form of binding polyester fibres
rather tha sprayed thermocuring resin. Therefore, Narang [@dlinvestigated the effect of
material parameters such as mass or area, fibre type, crimpness and binding fibre content.
Narang[42] measured thairflow resistivity of polyester fibre materials in order to determine

the suitability of an empirical prediction equation developed for fiberglass to polyester fibres.
The equation relating tregrflow resistivity to the number of fibres per volunwves as follows

i 181 pmd& pwi8&8t1T pnd (33

whereU is the number of fibres perm

By applying the BiedHdansen equatiofi4] to polyester fibre saples, Garai and Pomp1i8]

found that the airflow resistivity values were grossly underestimated. They concluded that this
was a result of polyester sample having larger fibre diameters than the fibre glass samples Bies
Hansn[14] originally modelled. Therefore, the constants of 1.53 and 3481 which were

fitted in the BiesHansen mod€l14] were not sufficiently accurate for the prediction of the
actual value of airflow resistivity. Garai and Pomga8] proposed another two values toe
eqguation instead of above mentioned constants. They modified the Bies and Hansen equation

[14] as follows

P8 (34)

whereA=3.18 p mQ andB=1.53. According to Garai and Pomp[B], A andB are

free parameters and can be calculated for varying sample compositions to obtain the best fit.
They reported thatalues ofA= 25.989 and=1.404 provided the best fit for polyester fibres.

Furthermore, Garai et dlL8] presented their analysis of four different types of fibrous

25

e

S



materials, the binder fibre percentage did not seem to #ffilegirecision of the equation and

it was not affected by surface smoothing treatments.

By considering, Bies and Hans¢t¥] and Garai and Pompolj18] equations, it can be
concluded that the aldw resistivity of a sample is inversely dependeerhe fibre diameter

squared. However, the coefficients in these equations differ from eacti4&hé#]

Attenborough45, 46]developed an empirical model which predicts the airflow resistivity of
rigid fibrous absorbents such as sands and soils which was same as-Karerwy[43] based

on the characteristic lengéhTheairflow resistance per unit length in a single porécan be

preseted as follows

= (39

wherei denotes the steady floor static shape factor which is equal to one if the pore is
cylindrical and to 1.5 if the pore is parallel side slit. If the pore has a cylindrical shape, the
characteristic length is equal to the radius and equal to semi width if the pore is pakllel si
slit [47].

Inadditon the fluid velocity, averf@Qemubemiatedd a si
to the velocityd, averaged over unit cross section of the porous medium can be denoted by as

follows.

wO n on (36)

wheren is the volume porosity of connected pores anid the tortuosity factor.

Based orthe above formulaethe pressure gradient along a stream line in a single pore during

laminar flow gives,
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— ni (37)

Il n Attenbor ol46], hassuniny phatalbaf the pores are identical, the flow

resistance through a porous medium can be denoted as follows.

(39)

TheVoronina mode[48] is another model which is based on the porosity of a material. This

model uses the fregacy, porosity of the material and the average pore diameter for defining

the acoustical characteristics of the material. They extended the empirical model for porous
materials with a rigid frame and high porosi
approach47]. There can be seen a significant agreement between both model and the structural
characteristicQ, which represents the quantitative estimation of the energy losses in the porous
medium is defined as followd9].

0 — — (39)

where the air viscosity=1. 85x1 Pa.s.

3.2 Empirical relationships between airflow resistivity and characteristic impedance

The characteristic impedance for air in a porous matebial, hcan be defined as the ratio

between the acoustic pressup@ &énd volume velocityl) [6].

27



Gp  -=" @ (40)

where” s the effective density and the sound velocity through the porous méterials

given by

e

(41)

=1

Characteristic impedance is a measure of the ability of a sound wave propagates through a
particular medium and can be calculated from ¢fective density and the effective gas
compressibilityQ . The effective density and the effective gas compressibility can be
calculated if the structure of the porous material can be represented using idealized geometry
[6, 50].

As note in previous sectionfelany and Bazley22] provided the first comprehensive
empirical relationship relatg airflow resistivity to the characteristic impedance at room
temperature. Delany and Bag[22] investigated the acoustical properties of a range of fibrous
absorbent materials. The propagation of sound in an isotropic homogenous material is
determined by the characteristic impedance and the propagation coefiitiertharacteristic
impedance and the propagation coefficient can be easily evaluated by using the specific flow
resistance per unit thickness and the specific flow resistance is mainly depended on the bulk
density and the fibre diamet¢bl]. Measured values of characteristic impedance and
propagation coefficient were used with measured airflow resistance to give simple power law
functions. Delaney and Bazley provided empirical expressions derived from many

measurements as fols[22].

O "op TETIL Y WS PGy 8 (42)
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where,"Q is for complex wave number amdlis representing the sound velocity of the air

andX is the frequency parameter.

Delaney and Bazlej22] proposed the followindgpounds for the validity of their empirical

expressions in terms of the frequency parameter as follows:

™ip @ pdr (49

However, based on measurements, Bl®$suggestethefollowing limits for small and large

values of the frequency paramexer

ILEE S 1" ¢ (45)
el - (46)
I EDSr T - (47
el - (48)
ILEDSr O - (49)
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1 E4=0.0 (50)

1 E® §” P8t (52)
I B (52)
ILE®Yr 0 p8r (53
I E+ e (54

As noted in the following literatur§s2, 53, 54] the empirical expressions of Delaney and
Bazley[22] approach the correct limits and therefore, the upper bound which they proposed
may be rel axed. [R]eehuationscandea ubsed Baletdine y dasdK for
medium and large values of the frequency parameter. However, their empirical expressions do
not approach the correct lower limits and an alternative means is for necessary to calculate

andK small values of the frequency parameter.

I n addi ti on t o [2B|erpaicalrelatiomshipsBetveeenahe aiglow resistivity

and the characteristic impedance, Allard gRdlpr ovi ded al ternati ve ex
equationg21] provide similar predictions as Delany and BaZ[23] in the range of validity

However, their equations are valid at low frequencies where the equations of Delany and
Bazley providenon-physica predictions. These equations were built on the general frequency
dependence of the viscous forces in porous materials proposed by John$68]etreAllard

et [21] aproach they consideréao functions which had different frequency parameter

values 'O @ andO & respectively.
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O w p Q@ - (59

O® O &1l (56)

where?d is the Prandtl number

The relationship between the characteristic impedance and the frequency parameter (which can
be considered as the function of airflow resistivity) is givep2dy

" " v " - 8 8 8 7
A o8& o @I AP p TOT P TP OE F— — (57

The equation is valid for atmospheric prassof 101,320 Pa, air density of 1Rym’, a
Prandtl number of 0.702 amdspecific heat capacity ratio of 1.4.

As an improvement on the Delany and Bazley m¢a2], Yasushiet al[56] publishedan
empirical model giving a relationship between the characteristic impedance and the airflow

resistivity. They applied modifications to the Delany and BajZ8))model in order to improve
the model across a broader frequerarge, where

D p TEIX * AP T X— (58)

From Vor oni pM8),Ghe characfenistic aimpddance was calmdadased on the

structural characteristic parameter by mearns@followingsimplified equations.

WhenQ<1

& p U R (59)
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WhenQ>1

W F p 0 — (60)

Although these empirical models are highly advantageous since they only need a single input,
flow resistivity which is eayf measurable, they are only suitable for one type of material and

a certain frequency ranggs/].

The model fromMechel and \&§[58] differentiates two families of absorbing materials and
two aras for the normalised frequency parameteX.okccording to Beranek ande§[58],

the Mechel and ¥ model[58] can be considered as a more refined adjustment than the
Delanyi Bazley model[22]. The definedan empirical relationship for the characteristic

impedance in Mechel andegmodel[58] as follows

WP W D w (61)

The values of the coefficients and exponentsarmmarisedn Table2.

Table2. Characteristic impedanamlculation:Coefficients and exponents of thesthel
Vegmodel[58].
Material Region @ f @ ]
T8t ¢ v 0.0810 | 0.699 | 0.1910| 0.556
T8t ¢ v 0.0563 | 0.725 | 0.1270| 0.655
T8t ¢ v 0.0668 | 0.707 | 0.1960| 0.549
T8t ¢ v 0.0235 | 0.887 | 0.0875| 0.770

Rock wool and basa

Fibre glass

E:| &:| &:| &
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3.3 Empirical relationships for airflow resistiv ity, air viscosity and temperature

The viscosity/ of a gas was first defined byaxwell [59, 60]showing that it was independent
of static pressurexcept at very low< 0.02 atm)nd very high pressuré¢s 1 atm) [59, 61}
Maxwel |l 6s kinetic theory of gases also show

root of the absolute temperaty62].
Ma x w e[$9]60] kinetic theory is given by Maitland et @3] as

_y o — 1 (62)

where() is the Avogadro constan®Q is the Boltzmann constant, is the Lennardlones

diameter, and is the molecular mass.

However, Sutherland[64] noted that experimertavork with natural gases showed that
viscosity changed more rapidly with temperature and was proportiofialvtberen ranged

from 0.7 for hydrogen to 1.0 for less perfect gases.

Following from Equation &, Gies et al [39] developed theory to predict the absorption
coefficient at different temperatures ammted thatthe airflow resistancgl “Y at a

temperatureT, is a function ofair viscosity as follows

LY ==Y =Wy (63

wherero and /o are the airflow restance and air viscosity respectively at a specified

temperatureJo.

Based on the Poiseuille law, Miglietta et[@5] noted from Biot[66] that for air flowing
through a capillary in the lovirequency range, the airflow resistance is directly proportional

to air viscosity such that

(64)
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where® Y is the radiugm) of the capillaryat a temperaturd..

Hence when relationships are sought between the airflow resistance and temperature it is
reasonable to assume thatflow resistance will be proportional t®" becaus airflow
resistance is directly proportional to air viscosifijglietta et al[65] carried out measurements
between 0 and 3C on a range of materialm¢luding generic materials suchadyethylene,

rubber, glass wool, ok wool, cotton waste, polyesjandshowed thathe airflow resistivity

varied withT 12

Christie[34] stated thathe air viscosity varied witfi ©’; howeverno referencevas giverto

indicate the source of the exponeft0.7. In thisworkSut her | an @d]hasbegruat i on
used to analyse the relationship between the air viscosity and the absolute temperature
Sut h e requations given by[64]:

- - — (69)

where— correspond to temperatupé. If these formulakold for any given choicef Y, they

also hold for any other choiad “Y. The constantY= 110 K for"Y=300 K and- = 1.846

pt kg/(ms).Sut herl andés equation is valid Kor a w
and 1900 K[67]. Using Equation &, the viscosityd is plotted againsa range ofabsolute
temperature fromroom temperaturéo 873 K asshown inFigure10. Power law regression

was then used to identify the exponent for the abstdat@eratureThis indicates that the air

viscosity varies with the absolute temperatuvbere the exponent i9.68 As this is
approximatelyequal t00.7 which wasquoted by Christig34]i t i s assumed t hat

eguatian was the source of this value
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Figurel0. The relationship betweair viscosityand dsolute €mperature according to

Sutherl andds equation

Experimental data for constituent gases that make air can be found in tabulatedl floem
monograph byresen{62] for nitrogen, oxygen and carbon dioxide. These data are plotted in
Figuresll to 13 andpower law regressiois carried out to determine the exponent valiés
exponent rangesrom 0.72 to 0.79 which is similar to the value of 0.7 derived from

Sutherl anf4ls equation
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Figure12. Experimental data for viscosity okygenat different absolute temperatures.
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Figurel3. Experimental data for viscosity airbondioxide at different absolute temperatures.

3.4 Summary

According to empirical theories dirflow resistivity and materiaproperties,the airflow
resistivity of aporous materiadampleincreases with increasirmlk densityand isinversely
dependent to the fibre diameter squared.

The airflow resistivity can be used to calculate the chaergtc impedance and the
propagation constant. According to9],fherl aney
frequency parametevhich is dependent on airflow resistivitgn be used to calculate the both
characteristitmpedance and the propagation constamtthermore, since theory indicates that

the airflow resistivity is proportional to the air viscosity and the absolute temperature, it is
useful to develo@ specificpower lawrelationshipbetweerabsolute temperate and airflow

resistivity (or specific airflow resistanc&®r AES materials.

37



Chapter 4. DESIGN OF EXPERIMENTAL APPARATUS

The experimental apparatus assembly for both room and high tempeuatsiists of a specific

test rig,differential pressurefjlow meterand a pressure regulator. The relevant information

regarding to each componestescribedn this chapter

4.1 Test samples

The funde supplied ten differenAES materials with three different densities as indicated in

Table3.

Table3. List of AES materials used for the measurements.

Density 64 96 128

(kg/m?)
Superwool® HF0034 | Superwool®Plu€059 | Superwool®Plu058
(Material ID N0.0034) | (Material ID No.0®9) | (Material ID No.0058)
Superwool®AC20048 | Superwool®Plu€062 | Superwool®Plu061

' (Material ID N0.0048) | (Material ID No0.0062) | (Material ID No.0061)
Material Superwool®Plug055 | Superwool®Plu€064 | Superwool®Plu063

name and ID
No.

(Material ID No.0055)

(Material ID No.0064)

(Material ID No.0063)

Superwool®Plug057
(Material ID No.0057)

Superwool®Plu€060
(Material ID No.0060)

Cylindrical samples were cut using a 101.8 mm diameter metal cutter. Each sample was

weighed using scales (Ohaus Explorer 627) to an accofdc01g.
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4.2 Measuing equipment for airflow

A FurnessControl FCS523 measuring instrument is used to measuréditferential pressure
and theairflow ratei seeFigurel4.

Differential

. - . / Pressure Indicator

Flow Rate Indicator

Laminar Flow Element

Figurel4. Flow rate and differential pressure measurmgfriument

This consists of two main parts including a laminar flow element and a differential pressure
meter. The laminar flow element has the ability to measure volumetric gas flow rates from 0 to

2 I/min. The element measures volumetric gas flow rate and is based on ties piiybe
Poiseuille guation[68].

o~

Yoo — (66)

where¥0 is the pressure loss (Pascal)is thedynamic viscosity (Pa.s), is thelength of

laminar flow elementm), Q is thevolumetric flow rate (r/s) and is theradiusof thelaminar
flow element(m).
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Since the equation is valid only forcompressibldluids which are Newtonian, the laminar

flow element only can be used to measure the flow rate of Newtonian and incsibipriésws.

The flow is laminar through the pipe of constant circular cross section which is substantially
longer than its diameter; and there is no acceleration of fluid in the pipe. Furthermore, the flow
element forces the gas flow to be paraltelthe pipe This eliminates flow turbulence and
produces a very small differential pressub@)(which isproportional tovolumetric flowrate

[69]. The linear relationship between differential pressure and the flow of laminazl#avent

gives avery largeturndown ratio. According to the manufacturer, the device generates a very
low differential pressure, while offering little restriction to flow, typically a pressure drop of
100 Pa at fulflow rate of 2 I/min The differential pessure devicean measure to two decimal
places withanaccuracy of <0.25%0nly the displaywas calibratedThe reference flow was
measured using a standard laminar flow element and digital micro manometer. For the

apparatus, the calibration medium wa air with a relative humidity less than 8Q78].

4.3 Air supply

Since the measuring instrument for airflow can only withstand pre¢306:Pa, it is necessary

to reduce the supply air pressure which is aBa® In addition,it is an essential requirement

to dehumidify the supply air before enter to the measuring instrument. By considering all these
factors,a pressure regulator with an air filter wasedwith the main air supply for both room
temperatureand high temperatar experiments. The pressure regulator has the ability to
regul ate the pressure b em’wfdiration71]5Thegpressurel 6 b ar

regulator is showm Figurel5.

ISO 90531 [2] and ASTM C5277] require aminimum flow velocity of 0.5x16 m/s, and

with the control on this valvié is possible taontrol the flow ta+0.01x10® m/s.As the cross
section of the gaple holders are all 1200 mm diameter, this gives the range of volumetric flow
rates as between 0.231 and 0.240 I/mimorder to assess the effect of other airflow velocities
on the airflow resistance at room temperature and at@Q8irflow velocitiesof 1x103, 2x10

3and 410° m/s were also tested; these correspond to sound pressure levels inditatad in

1
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Figurel5. Pressureagulator with the filter

4.4 Room temperature test ig

The room temperature test rig was designed to satisfy the requirements of ISO[2D%6d
ASTM C522[7]. Using the direct airflow method with controlled unidirectional airflow
through the testpecimen. The test rig consists of three parts; specimen holder, plunger
assembly and a metal sleeve. A thdgaensional model was created usingt@CAD software

and the drawings are in Appendix Ahe fabricated room temperatutest rig is shown in
Figurel6.
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E Plunger Assembly

Airflow Outlets

Specimen Holder

Metal Sleeve

Air Inlet Differential Pressure Tap

Figurel6. ISO est rig for room temperaturggeriments

A transparent material (Perspex) was used to manufactuspéogmerholder to allow the
position of the test sample be visually checked.This holder is a cylindewith aninternal
diameter of 100nm. The height of the specimen holder is 200 rAmperforatednetalmesh
is usedo supporthesample at the bottom tfie specimen holdefhemeshhasanopen area
of 50% whch satisfies the requirementsIBO 90531 [2] and ASTM C5237] standards. The
mesh is formed from a metal plate that is perforated matbsof 3 mm diameter.

At the top of the specimen holdisrametal plunger assembly which consists of a lid and a

perforated metal screen.

At thebottom of thespecimen holdethere is a metal sleeve with @) air inlettube(12 mm
diameter)and (b) a tube to measure differential pressusenim diameter). e differential
pressure is measured between the volume of air underneath the sample and atmospheric

pressure.

At room temperaturthe airflow resistivity was measured using the room temperature test rig,
the differential and flow measuring apparatus #edprecision air regulatérseeFigurel?
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Flow and Differential
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Apparatus Differential Pressure

\ indicator
- -

Air Supply

Air Pressure
Regulator

Figurel?. ISOtest rigfor room temperaturmeasuremenisnd associated measurement

equipment.

4.5 High temperature test rig

In order to cary out the high temperature measurementarflow resistance, vas necessary
to designa newtest rigthat would satisfy the requirements of #8©® 90531 [2] and ASTM
C522[7] standarddut withstand high temperatgerhefollowing stepsdescribe thelesign

of the high temperature test rig.

4.5.1 Initial design considerations

The test rig for high temperature airflow resistance measurements was desiggied
nominally identical resultatroom emperaturgo the ISO test rig described iI5O 90531 [2]
andASTM [7] standardsHowever, as it needed dperate at temperatures up t@Q0C (later
the operating temperature was reduced to 8Q)Ghe test rigdesign fromChristie [34] was

used as a starting point because it was used bROcC.

Christie[34] introduceda preheateinto thedesign thatvas packed with high density minera
wool. It was stated that this was necesgargnsure thafl) the air entered the sample at the
same temperature as the internal kiln temperature and2htte flow of air was uniform

across thesurface of thesample.The first reason is logicdlecaisethe cool air from the
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compressor reservoir needs to be heatefdug valid measurement. The second reason seems

to have been given because the air inlet comes from a tube that has a diameter which is a
fraction of the test sample diameter. Howetais may not be a critical reason due to the low

flow velocity and the fact that small air inlet is also usad the ISO 9053l test rigwhere no

issues have been reported with auomiform flow through the sampldt is possible that the
perforated metalcreen helps tavoid such g@roblem,and this is also incorporated in the high
temperature test rigt is assumed thaC h r i J3]i peeldeater achieved the required air
temperature because they used thermocouples to checkrttemperatureCh r i 434]i e 6 s
preheater used mineral wool as the preheater packingtsbotaterial properties change
significantly above 500C [34] soa similarAES materialto the test samplasas considered

instead.

In contrast to the room temperature test rig where the differential pressure was referenced to
atmospheric pressure outside the test rig, the high temperature test rig measures differential
pressure across the samipgeause theutlet from the test rig does not enter the Kilherefore,

it wasnecessaryo measure the differential pressure across the sample.

A threedimensional model of the high temperature test rig was created in Auta€ABown

in Figure18 with additionaldrawings given in Appendix.B

As shown inFigure 18, the rig consists of cylindrical specimen holder andylindrical
preheating chambeFhere is one air inlegne airoutlet, two outlets fothedifferential pressure
measuremerdandone tapping point fothe temperature probe. The specimen holder has two
perforated meshes to hold the saniplplaceand a preheating chamber consisted of air inlet
and the differential @ssure meter probe inlet. One meshnsoweable mesh and the other is
fixed in the preheater. Theternaldiameter of theylindersis 97 mm(NB It was not possible

to purchase 100 mm internal diameter tubes for compatibility with the room tempeeature t
rig) and the specimen holder hakeight of 150 mnwhich allowed verticabrientation of the

test rig within thekiln.
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Air Outlet

Specimen Holder Cap

Specimen Holder

Thermocouple Tap

Differential Pressure Taps

Preheating Chamber

Air Inlet

Figurel18. 3D model of high temperature test.rig

4.5.2 Kiln

The kiln used for the high temperature experitaas a front loading, mediwsized kiln(see
Figurel9)thatwas r ated for a maxi mum temperature o

coated steel with internal insul acks on provid

The kiln door is eheavyduty doorwith the hingeon the leftside The door can open all the
way so that the door opening is completely unobstructed. There is a tadpole gasket around the
door for tightness of seal.

To provide uniform distributio of heatinside the kiln the heawyduty heating elements are

positioned on three sides of the kiln. The kiln has a control panel to set the required temperature
and temperature ramp rate.
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Figurel19. The Kiln

450

1422.4

700

660.4

Figure20. Kiln dimensions
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4.5.3 Assessing a suitable length for the preheating chamber

Asthe hidh temperatureest rig in this projecheededo work upto 1000 wdas necessary

to checkwhetherthe length of thg@reheating chambenight need to be significantly longer

than that used by Christj@4] to ensure that the air reached the same temperature as the air in
thekiln. The procesis modelledusing Matlab Simulink software to identify a suitable length

for the preheating chamber to achieve the required temperature dutpas. assumed that

heat transfer occurs from tkén to the preheating chamber due to convection and ctinduc
(ignoring the radiatiorfrom the surfaces of the kilnAs it is not possible tgimulatefibrous

ceramic material as the preheater packing in the simulation, an empty tube is used under the

same effective temperature and environmental conditions.

The inside diameter of the preheating chamber is identical to the room temperature test rig
(100mm), and the cylindeis 10 mm thick austenitic stainless sté&kdsed on these values and

the input data below, different lengths for the preheating chambermadelled until the air

in the chamber reacheti373 K (1100 ) which was slightly beyond the temperature

requirement of 100
According to the simulation results, the air in the preheating chamber reaches 1170tK after
has travelled distance of 250nm withoutpreheatematerial Hence,250 mmwasproposed

asthe length of preheating chamber.

The simulatiordataare as follows

Input d ata
Room temperature » 291.15K( 18 )
Kiln temperature :1400.15 K (1127.15 )

Air at room temperature

Specific gas constagiv) »0.287 kd/kg/K
Density of air { : 1.198 kg/nd
Compressibility facto(Z) »0.9999

47



Specific enthalpy at reference  : 291.544 kJ/kg
temperaturdhg)
Specific heat at constant pressu : 1.005 kJ/kg/K

(o

Thermal conductivityof : 15MW/mK

austenitic stainless ste@)

Preheating chamber
Length of preheating chambéy ( : 0.25m

Thicknesst) : 0.01m

Outside diametefdoutside : 0.11m

The simulation was built up based on the following equati@ht(6includeconduction anc

convection hat transfer from the kiln to th@reheating chambér2].

ad Y Y @ Y Y — Y Y (67)
where;
a Mass flow ratgkg/s)
Y Temperature at preheagithamber outlgfk)
Y Room temperaturé)
Q Convection heat transfer coefficigfw/m?K)
o) Surface ared'( Q a (m?)
Y Kiln temperatur€K)
Y Preheating chamber wall temperat(iKg

0 Thermad conductivity of austenitic stainless st€@l/mK)
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1
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Figure21l. Matlab Simulink Modelfor the preheateehgth

The heat transfer from thaln wall to the test rig occsrthrough convection and then heat
transfer occug from the heatedhir to the preheatetube wallthrough conductionThis was
shown inMatlab Simulink (Figure21) using convective and conductive heat transfer blocks
and using thekiln temperature blockTdown @and Tupstreamblocks wereused to indicate the

temperature change of both downstream and upstream respectively.

- A
C e
1YV R
Ideal Temperature
Source

Kiln
Temperature

N

1l

Thermal Reference

Figure22. Matlab Simulink Kiln temperature subsystem
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Thekiln temperature subsystem represdghe temperature of the oven and consiétéhiee

main blocks kiln temperature, thermal reference and the ideal temperature source. In the
subsystem, th&iln temperature is assigned #oPhysical Signal RS constantblock that
generates a constant value of 1400KL5epresentingthe kiln tempeature. The thermal
reference block represents a thermal reference gmhis atabsolute zero temperature with
respect to albthertemperatures in the system. The ideal temperature source block represents
an ideal source of thermahergy thats poweful enough to maintain specified temperature at

its outlet regardless of the heat flow consumed by the syst8nHere in the subsystem,
connectios A andB are thermal conserving ports and @i$ a physical signal porthtough

which the control signal that drives the source is applied. The temperature difference across
the source is directly proportional to the signal at the controSa@ond therefor¢he subsystem
generates 1400.15 as the final output.

Absolute Reference
(G)

B

% — olps s —><sz
Pressure & =

Temperature Sensor PS-Simulink Tdown
(G) Converter

f(x)=0 —_—

Solver
Configuration

Figure23. Matlab Simulink Downstream temperature measurement subsystem
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GO—KApp
=4 T P Ps SF——»( Tup
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Temperature Sensor PS-Simulink Tup
(G) Converter

Figure24. Matlab Simulink Upstream temperature measurement subsystem

The downstream and upstream measurement subsystems are to mheasun@erature of the

main system.This subsystem consssbf four elements such as pressure and temperature
sensor, PS Simulink converter, solver confi
indicated aSdownandTyp. The pressure and temperatunesse block represent an ideal sensor

which measure pressure and temperature in a gas network. No mass or energy flow is associated
with the sensof73]. The physical signal por® andT report the pressure difference and the
temperature difference respectively. The measurements are positive when the values at port
are greater than the values at [®rin order to measure the absolute temperature af\ptiré

port B connected to the absolute reference block. PS Simulinkeciam is used to convert the
physical signafor the port A temperature to a Simulink output signal. The solver parameters
such as tolerance is associated with the solver configuration and the vpluepigt for

current systemTheiGo t o0 bl ock is wused to pass the
corresponding block.

The results relatingo Port A temperature(i.e. downstream temperatiyirand the PortB

temperaturdi.e. upstream temperatQrare show in Figure25 andFigure26 respectively
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Figure25. Matlab Simulink Results forPortA (downstreamdamperaturke
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Figure26. Matlab Simulink Results forPortB (upstreamémperaturg

4.5.4 Assessmenbf potential materials for the test rig

200

200

The most demanding applications for high temperature materials are found in aircraft jet
engines, industrial gas turbines and nuclear reactors. Other tharctmos®mnapplications,

furnaces, ducting arelectronicdevicegsuch as electronics in downhole instrument in oil and
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gas industry, control circuits mounted in aircraft engines , high temperature printed board
circuits (PCB) and etcglso can be identifieds high temperature applicatidiel]. For high
temperaturg@erformancea material must have at least two essential characterististy,
sinceincreasing temperature tends to reduce strength, the material must be Stamully

since oxidation and corrosion attack also increase with the temperature, it must have resistance
to its environment. Materialsvhich can be usedt high temperaturegre considered in this

section.

4.5.4.1 Quartz

Fused quartz, as an industrial raw eratl, can be used to make various refractory shapes such
as crucibles, trays, shrouds and rollers for high temperature thermal pemeds assteel

making investment casting and glass manufacture.

Refractory shapes made from quartz glass have excélermal shock resistance and are
chemically inert to most substangés, 76] Translucent fused silica tube options are normally
used to replace electric elements in room heaters, industrial furnaces and othear simil
applicationg[77]. When compaikto other materials, quartz is extremely hard esglires

specialists for processing.

4.5.4.2 Ultra-high temperature ceramics

According to William et al[78], ultrahigh mperature ceramics are an emerging class of
materials thahaveme | t i ng p o i n[7% 80pUitra-Righ te@ki@tQre ceramics are
binary compounds in whidboron,carbon, omitrogen combine with one of the eatfansition
metals such aairconium titanium, andtantalum Due to the strong covalent bonds with one
of two those elements, these ceramic matenakghigh hardness, stiffness and meltpaints
Furthermore, these compounds also exhibit higherredakttind thermal conductivities than
oxide ceramics because of their varying degrees of metallic bond chdBddtethey are

mostly used in furnaces, rocket motors, heat shields and structural components of aircrafts.
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4.5.4.3 Nickel basal super alloys

Nickel base super allog are mostly used in boilershoiler tubes and turbines at steam
temperatures of 700 where they haveeen thoroughly testg82]. Thesealloys havebeen
evaluatedat temperaturesup to 7 6 0 haaenbden modified to meet the services

requirements of those componefgs].

45.4.4 Stainlesssteel

Stainless stedbr high temperature applications da classifiedy two types:martensiticand
austeniticstainkesssteel[84]. Martensiticstainlesssteelis classified as creepresistant steel

in European standards EN 1068&nd EN 1030885] and die to their low chromium content,
they are not primarily sgified as heat resistant grades. However, they are specified when the
application requires good tensile strength. Normad&rtensitic stainless steel can withstand
650 [86].

Austenitic stainless steels provide the best combination of high temperature corrosion
resistance and high temperature mechanical strength of any alloy ijemge there are heat
resistant austenitic grades listead5N 10095 and creegsistant austenitic grades in EN 10302
[87]. Heat resistant austenitic grades are widely used in high temperature applications up to
41000 in dry air[88]. Typical examples ifade supporting elements and pipes in furnaces,
annealing bells, cementation and hardening boxes and annealifi§&ots

Stainless steel for high temperature applications is designed to have a protective oxide such as
chromium oxide (CpOs), aluminium oxide (AdOs) and silicon dioxide (Sig) [89, 90]The
effect of chromium oxide iIs particularly evi
of chromiumi rich oxide on the surface of the metal, retarding the inward diffusion of oxygen

and impeding further reaction. Other elements, besides chrontéonb@ added to stainless

steel to increase oxidation resistance. Silicon and aluminium act very similarly to chromium.
Stainless steel can mpplied in either wrought orast forms. Although their chemical

compositions are similar, the properties anstsof the two forms vary.
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4.5.4.5 Choice of material for the test rig

Based on the above review mterialsfor high temperaturepplications, austenitic stainless
steelwas chosetfor the high temperature test rig fabrication purpdsges is because when
conmparel to ceramic and quartz, austenitic stainless sseedadily available, costffective,
can easilypemachired According totheliterature[91, 92] they can be useat temperatures
uptol1 000 and dnhaf themaestenitic stainlegs steel is much alddi@s

[93]. Whilst ceramic and quarican also withstand high temperatared quartz could provide
a transparent test rigspecialised labour is needddr machining which tyes higher
manufacturing cost Nickel based alloysvere notchosendue toa lower range of service
temperature thastainless steel

By consideringhe above factorsgrade 31Qaustenitic stainless steel wiadtially selectedo
fabricae the test rigHowever, due tthelack of availability ofgrade 310 in theizes required

and the cost of making hollow tube from grade 310 austenitic stainless steel bar is high, the
only option was to usgrade 316 austenitic stainless steel to fabricate the mgbetature test

rig. Since grade 316is not designed taithstand a temperature of 1100, tmaxanum
temperaturdeasible for measurements this projectwas reduced tapproximately900

[94]

In the following sectionghermal analysis is carried out on grade 316 austenitic stainless steel

to assess any differencescasefuture projects need to go to higher temperatures.

4.5.5 Thermal stress analysis of the high temperature test rig

As theupper temperature limaf grade316 austenitic stainless steel is not known exactly but
for measurements 800 ithe lower temperaturdimit usedin Finite Element Analysis
(FEA) to assess the thermal stability and thermal stress for components of the wes rig
900 . The aim with FEA is to calculate the thermal stress von Mises over each component
of the test rig and check that the maximum value is less than the stiedlgdls andnake a
comparison with the ultimate tensile stress for the grade of austenitic stainlessst®lites
stresss usually used to analyse the yield point of design under thenaaticomplex loads.

The stress value indicates the load per unit area at which material will yield or fracture. It helps

designers to check whether their design will withstand a given load con{®omR6]
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Thermal stresss simulated by coupling heat transfer and structural aesfgs which the

process consistsf two main steps

1. Perform heat transfer analysis to determine the temperature distribution
2. Apply the temperature results as a load in a structuedysis to determine the stress

caused byhetemperaturdoad.

FEA was carried out using mechanicihulation Autodesksoftware with transient heat
transfer analysifor grade 31@ustenitic stainless ste8iince the model will be analysed using
brick dements solid mesh type was selected ahd gelectedinite elementmesh size was 6
mm [97].

It is assumed that the heat transfer occurs due to both convection and conduction inside the test
rig. Based on the available kilih,can beassumed that the temperature could rise from 800

to 00 1540 s @mins)which allows timevarying temperature to be assessed towards the

upper temperature limiThe initial temperature of the inner and outer surfaces of the test rig

are assumed to be 800.  Tainflew velocity (u) is the samesathe experimental situation,

i.e.0.5 x10° m/s. However, when consideg the resultsthe grade316 austenitic stainless

steel design failed at temperatusgsilar andabove 90 and because of t hat

experimental temperature was reduceusfa0

The calculations which were conducted as follows for the convection heat transfer coefficient.

Prandtl number of the aat800  (Pr): 0.70538[98]

Kinematic viscosity of air at 800 ( :13.17 p 1 m?%s[98]

Thermal conductivity of air at 800 (k) = 7.0746 p 11 W/mK [98]

The hydraulic diameterD): (For this case the internal diameter of the cylinder was

considered) 100 mm

Therefore the Reynoldsuber Re =— = 3.7965

The Nusselt numbeN{) =— =0.989Y'(® 0 [ (For0.4 <Re<4)[72]
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From calculationNu =1.3673 therefore, the convection heat transfer coefficignt 0.9673
W/m?K

Tempeature distributiorand von-Misesstresddistribution result$or main three components

of the tesrig arepresentedn Figure27 to Figure32.

According tothe materiapropery data of Grad&16 austenitistainless stedias the yield

stress o250 MPaand 565 MPa&f ultimate tensile stre§93]. As shown inFigure28, mostof

the partsof the specimen holderap havehe stress less than the yield stress of the material

and howevertheconnecters excedtle yield stress of 250 MPa. In the specimen holder (see
Figure30), the stress of most of areaisthebody as wells the connecting parts exceed the

yield stress.Furthermore, both of those dessgmave a maximum stress which exceé#oe

ultimate tensile stress of the material. Therefore, the specimen holder cap and the specimen
holdercannot be considere$ safatt he t emper at ur e Bigure®0adly . As
thepreheater hathe stress which is lower than the yield stress. Therefore the preheater can be
considered as safe at 900

Stress
von Mises
Ni(m'2)

7.810959%e+08
7.029863e+408
6.248767e+08
546767 1e+08
46865756408
3.905479%+08
3.124384e+08
2.343268e 08
1.562192e+08
78109592407
2.053147e-16

Temperature
°C

900
8899034
879.8068
869.7102
8596136
849.517
839 4204
829.3238
819.2272
809.1306
799.034

Time: 540 s Load Case: 101
Time Step: 108 of 108 Load Case Description. Thermal Stress
Maximum Value: 900 °C Magmum Value: 7.81096e+08 N(m*2)
Minimum Value; 799.034 °C o e Minimum Value: 2.083158-16 N/(m"2) S e
1< Design Scenario 1> O 2 Desigr Stenaiio 2> —=’"
Figure27. Temperature distribution of Figure28. von-Mises stress distribution of
specimen holder cap specimen holder cap
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Temperature Stress
o€ von Mises
900 NA{m*2)
869,607 7.392122e408
879214 6.663949e+08
8688209 5935776e+08
0564279 5.207603e+08
8480349 4.479429e+08
0376419 3.751256e+08
827.2488 3.028083e+08
8168558 2.29491e+08
6064628 1.666737e+038
796.0698 8.38564e+07
1.103909e+07
Time: 540 5 Load Case: 1of1
Time Step: 108 of 108 Load Case Description: Thermal Stress
Maimum Value: 900 °C Maximum Value: 7.39212e+08 N/(m*2)
Minimum Value: 796.07 °C Minimum Value: 1.10391e+07 N/(m*2) o o
1 <Desgnsceann 1> 2 <Desgn Scenaro 2> =si————
Figure29. Temperature distribution of Figure30. von-Mises stress distribution of
specimen holder specimen holder
Stress
Temperature von Mises
°C NA(m*2)
900 2.471549e+08
889.9992 2.22439%4e+08
879.9984 1.97724e+08
869.9976 1.730085e+08
859.9968 1.482931e+08
849.996 1.235776e+08
839.9951 9.886214e+07
8299943 7.414669%e+07
819.9935 4.943123e+07
8099927 2471577e+07
799.9919 316.3142
Time: 540 s Load Case: 10f1

Time Step: 108 of 108 Load Case Description: Thermd

Maximum Value: 900 °C Maximum Value: 2.47155e+08

Minimurm Value: 799.992 °C Minimum Value: 316.314 N/(m*2) 4 |

1< Design Scenario 1 > _ < Design Scenario 2 > o = _

Figure31 Temperature distribution of Figure32. von-Mises stress distribution of
preheater preheate
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4.5.6 Pipe mnnections

The airflow anddifferential pressure measuring instrunseate situated outside the kemd

are connected vigrade 316ustenitic stainless steel pipes to the test rig inside theTkila

can be seen ifrigure 33 and Figure 34. Details on the connections and the components
associated witthe whole system are in Appendix C and Appendix D

Figure33. AutoCAD 3D model ohigh temperature test rigith conneting pipes

High temperature test
rig

Pressure  taps  for
measuring apparatus

Inlet for thermocouple

Air inlet

) L % v:. 1 B"‘ :
Figure34. Photo of gh temperature test rig wittbnnecting pipes
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An assessment was neededaiwoid the heat damaging the instruments becausehéa) t
measuring instrumentannot withstand thair temperaturetha are generateidside the kiln
and(b) the high temperaturef the pipes inside the kilcould potentiallybe conducted outside

the kiln and melthe connectins to the measuring instruments

4.5.7 Simulink modelling to determine the length of pipeneededto ensure sufficient

cooling

The measuring instrument used to measure the differential airflow and flow rate is intended for
air temperaturebelow 34 ; however, the exhaust air & ahigh temperaturdnence it needs

to be cooled before measurements e&e placeAs the kiln is rated t€100 |, this is chosen

as the upper temperature for this analysis.

A heat exchangds designed fothe exhaust air tubes consist of a wrapped copper pipe
containing cold water and austenitic stainless gige The temperaturef the cold water
from thechiller is 5

Simulink modelling was use® aissesshe length of austenitic stainless steel tthz would
be needed to ensure that theiagide the pipavas cooled before it reached the measuring

instrument

= = Tdown1

Gas Properties (G)

downstream

. | A
<A o A B & A

upstream Mass Flow Rate H
Source (G)
Pipe (G)

Ideal Heat Flow

Source A=p H=—=PF
A Convective Heat Conductive Heat
s B s Transfer Transfer
Thermal Reference
‘ .
‘Heat Out '
Temperature
|

2

Figure35. Matlab Simulink:System to assess pipe cooling.
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As shownin Figure35, the heat outflow from pipe wall to the environmistepresergdusng
conductive and convective heednsfer blocks. They represent heat transfer from the pipe wall
to the copper wrapping through conductivity and from copper wrapping to the cold water from

convection.Typ1 andTaownirepresent the upstream and downstream temperatures respectively.

Properties of chilled water at 5 °C arg99]:

Density () : 1000 kg/n Prandtl numberRr): 11.2
Thermal conductivityK): 0.571 W/nC

Kinematic viscosity[( = dynamic viscosity/density £ 1319x1Fmis

Properties of air at 1100°C are [98]:

Density ( : 0.26156 kg/rh Prandtl numberRr): 0.72168
Thermal conductivityK): 0.082142 W/rfC Kinematic viscosity ( : 1.920x1¢"

Heat transfer coefficient for 1100°C ( hp):

Hydraulicdiameterfor thepipe (Dn): 6.25 x10° m

Mean velocity of air\{m) : 5x 10*m/s

Reynolds numbéior air (Re = = 8 :0.01627604167

As the Reynolds numbes significantly lower than 4000, the flowean be assumed to be

laminar.

Since 100Re Nusselt numbemNu) from Nusselt number data takflé2, 100] with respect to
the value oDi/D, (6.25/7.35) = 0.85

NU=6.62 =——

Thereforehy = -2 : 87.0048064 W/RC
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Heat transfer coefficient for 5°C chilled water (hc):

Chiller outlet diameter =12 mm = 12.7x18 m (According to manufacturérdata)

Chilled water outlet flow rate (#s) = 0.00025 fimin= 4.1667x16 m*/s
8

Therefore the mean velocity ) = 5 — 0.0329m3

8

Reynolds numbelRRe = 88—8

= 316.8648 (flow remains laminar)

Since 100< Reynolds numbédrd) <2000[72];

Ni=—— 0.664 R&SPr*=0.023x (316.8648Px (11.2)*=26.445
Thereforeh. = 1188.98 W/ri°C

The overall leat transfer coefficient)) =——= =81.072 W/ri°C

According tothe manufactured data, the capacity of the chiller is 2500 W,
By assuming the efficiency is 50 %,
2500 0.5 = 81.072 “ ‘(x{(1100- 34)
=81.072 "3 6.25 10% |3 (1100- 34)
L=0.7366 m = 73.7cm
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Figure36. Matlab Simulink:Results forthe temperature of pipe

Upstream
Temperature

Downstream
Temperature

FromFigure36, it is seen thathe upstream temperature is at a constant temperature of 1400 K

( 1 1 2 Wwhilstthedownstram temperatureeducesfrom 1400 K( 1 1 2)70307 K@ 4

due toconductive and convective heat transfer

4.5.7.1Experiments to assesthe effect of heating andcooling the pipe connections

)

Experimentsvere carried out to assdssat transfer alongrade316 austenitic stainless steel

tubes and the coolingrovided bythe proposed heat exchanger. These experimentsused

to check the efficiency othe heat exchanger to cool the exhaust tube before reaching the

differential pressure and flow measuring appesabecause the operating range of t

apparatus is limited to 34 . The kiln temperat ur e withdhe

his
t he

€

dwell time set at 4 hours. The applied ramp rate for the Wis 400 and within

approximately 4 hours the kiln achieved the target temperature of 89% i t hi n 4

The measurements us@ebto0 cmlong, grade316 austenitic stainless std@llow tubeswhere
30 cm of the tube was inside the kiln and 60 cm was outside theTki&rsmaller diameter
tube for the differential pressure tap had iaternal diameteof 3.85 mm and an external
diameer of 6.43mm. The larger diametetube for the air inlet had aimternal diametepf

10.37 mmand arexternal diametenf 12.79 mm
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Thetubeswereinsertedinto the kiln(througha holethat was a slightly larger diameter than

the largest pipe diamej)docated in the kiln front doas indicatedn Figure37.

Thermocouple

Austenitic Stainless Steel Tube

_30cm 60 cm

Kiln

Figure37. Experimentaletup usedto assess cooling tiie connectingipes.

The temperature in the kiln was 98D and tke room temperature was 2. Measurements
were taken 30 minutes after inserting the tube into the Kila.Bmperature along the tube was
measuredat 20 cm intervals using a digital thermomet&NMA 72-10390Aand aK-type
thermocoupleThetemperatureesultsfor the twodifferent diametepipesaregivenin Table

4. The larger diameter pipggas alower temperatureéhan the small diameter pipaitside the
kiln at a distance d20 cm. Thiscan be caused lilielarge surfacearea thats exposed to the
cool air outside the kilsotherate ofheat transfefrom the pipe surface to the outside is higher
than the small pipeas described biye following equation

0  Y&YTO (69)

where0 is the heat transfer rate from the pipe surface to the outdiiethe overall heat
transfer coefficienfW/m2.K), A is the surfacearea,t is time and & is the temperature
difference(eel= Tsurtace-Tenvironmen). AS U, Tenvironmery @andt are constant, thlarger surface area
of the larger diameter pipe gives a higher heat transfer rate; hence the larger (pgpaater
cooler than the small diameter pipe at a distance of 20 cm from theédkNmever after this

distancehe temperature dfoth pipeds similar to room temperature.
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Table4. Measured bange in émperatur@along thdengthof pipethat wasoutside the kiln

when the inside of the kiln was at 90D.

Pipe diameter (mmgt Temperature®C)
room temperature
Internal External | Outside the| Outside the| Outside the
kiln at a kiln at a kiln at a
distance of | distance of | distance of
20cm from | 40cm from | 60cm from
the kiln door| the kiln door| the kiln door
Smaller 3.85 6.43 37.1 15.1 13.5
diameter pipe
Larger diametel 10.37 12.79 15.0 14.8 14.2
pipe

Theheat exchangersed in the experiment consisted of 5 mm diameter copipieg wrapped
around the austéit stainless stegbipe thatwas surrounded by foam. The chiller supplied
cool water at 4 . One end of thausteniticstainless steel tube was inserted into the Hile
temperature in the kiln was 900 and the room temperature was’C2and theneasurements

weretaken after 30 minutes.
Surface temperature measurements were taken oretlgigte and the foam wrapping and air

temperature measurements were taken at the exhaust of th&hmparangement ghownin

Figure38 andthe resultsare givenn Tale 5.

65



Austenitic stainless steel tube wrapped with copper tubing and surrounded by foam

-Thermocouple

NV A1

Austenitic Stainless Steel Tube

Kiln

Chiller

Figure38. Experimental oolerarrangemenindicating temperature measurement points A
and B

Table5. Temperature ltangef pipework with cooler arrangement

Inside pipe Outside pipe Surface Surface Surface Air temperature
diameter at diameter at temperature at| temperatureat temperaturat | inside the tube
room room Point AT near to| Point Bi at ar Point Ci on at Point Di
temperaure temperature kiln door outlet foam underneath the
(mm) (mm) (°C) (°C) (°C) copper cooler

(°C)
3.85 6.43 37.1 14.6 15.3 11.1
10.37 12.79 32.8 14.7 14.1 10.9

At the exhaust point which would connect to the measuring instrument, ttesngerature

with andwithout the coolers below 34°C; hence there was n@ed to use a heat exchanger.

4.5.7.2Expansion of pipes

To assess the expansion of taps and their external connecting pipes based on ddmeters (
somemanual calculations werarried out These usedquation 70) and the results are given

in Table6 andTable7. Herg the room temper at andiisassumeas s u me
that the kiln temperature is 900. The ther mal e X pfarrmagstemitic c o e f
stainless steel is 15.6 x§0 [93].

yQ="Q|Y'Y (70)
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where;

Y'Y Temperature difference

aal: Diameter change

Table6. Measured epansion for conectors of the test rig

Test rig tap type Expansion (mm)Q|Y"Y Expansion (%)
Air inflow Differential Air inflow Differential Air inflow Differential
pressure pressure pressure
Inside Outside Inside Outside Inside Outside Inside Outside Inside Outside Inside Outside
diameter | diameter| diameter| diameter | diameter| diameter| diameter| diameter| diameter| diameter| diameter| diameter
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (%) (%) (%) (%)
8.00 | 10.25| 295 | 3.72 | 0.110| 0.141| 0.040| 0.051| 1.38 | 1.38 | 1.38 | 1.38

Table7. Measured expansiasf external connecting pipes

External pipe type Expansion (mm)Q|Y"Y Expansion (%)
Air inflow Differential Air inflow Differential Air inflow Differential
pressure pressure pressure
Inside Outside Inside Outside Inside Outside Inside Outside Inside Outside Inside Qutside
diameter | diameter | diameter| diameter | diameter| diameter| diameter| diameter| diameter| diameter| diameter| diameter
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (%) (%) (%) (%)
10.37| 12.79| 3.85 | 6.43 [0.143|0.176| 0.053|0.088|1.38 |1.38 |1.38 |1.38

The experiments were performed for test rig connectors anchakpgpes for the expansion

and the results for the change in pipe diameters are givieabie8 andTable9. These results

indicate that the pipes shrink after heating

900

and

cool i

ng

down t

the test rig will be used on multiple heating cycles, the shrinkage is not expected to cause air

tightness problems over time.

Table8. Measured expansion or shrinkageest rig ©onnectors

Test rig tap type After heaingt o 9 0 Ohavingaaled | Percentage of expansion or shrinkéye
down to room temperature
Air inflow Differential Air inflow Differential Air inflow Differential
Pressure Pressure Pressure

Inside | Outside | Inside | Outside | Inside | Outside | Inside | Outside | Inside | Outside | Inside | Outside
diameter| diameter| diameter| diameter| diameter| diameter| diameter| diameter| diameter| diameter| diameter| diameter
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
8.00 10.25 2.95 3.72 8.08 10.36 2.36 3.53 1.05 1.12 -0.20 -0.05
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Table9. Measured jpe diameter chander external connecting tubester heating to

900 C and cooling down to room temperatunge@surements carried out after the tube had

cooled down to room temperature)

Inside pipe| Outside | Pipe end which wag Pipe end which Pipe end which was Pipe end which

diameter at pipe inside the kiln remained outside inside the kiln remain@ outside the
room diameter at the kiln kiln

temperature room Inside | Outside | Inside | Outside | Shrinkage| Shrinkage| Shrinkage| Shrinkage
(mm) temperature diameter| diameter| diameter| diameter| of inside | of outside| of inside | of outside
(mm) (mm) (mm) (mm) (mm) diameter | diameter | diameter | diameter

(%) (%) (%) (%)

3.85 6.43 3.83 6.35 3.79 6.34 0.52 1.24 1.56 1.40

10.37 12.79 9.84 12.78 10.27 12.69 511 0.078 0.96 0.78

In order to make sure there is no issue with the airtightreess temperature airflow resistivity

of samples were measured for two randomly selectedriaat®s and the results before

heatng up the test rig without external connecting pipes and aftemigagt the test rig with

external connectingipes are given iifable10.

Since the percentage differencethre majority of airflow resistivity valuesbetweenboth
scenarios i¢ess than 1% it is concluded that there is no significant issue associated with the

airtightness of the assembly.
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Table10. Airflow resistivity results of mateal before heating the test rig without pipes and

after heat up and cool down the test rig veitimnectegipes

Material | Before heating the test rif After heaing the test rig Percentage
ID No without pipes withpipesup t o difference of
and coaihg down to room| airflow resistivity
temperature values without
Thickness |  Airflow Thickness |  Airflow pipesand with
(mm) Resistivity (mm) Resistivity pipes @o)
(Pa.s/m) (Pa.s/m)
53 44,646 48 45,954 -293
534 43,749 50 48,126 -10.00
50 43,929 50 41,932 4.55
51.3 43,780 50 48,527 -10.84
50 44,495 46 44,901 -0.91
0063
48 42,015 47 43,091 -2.56
50.3 43,853 48 41,292 5.84
52 44,159 50 40,105 9.18
50 44,937 49 42,970 4.38
50.6 39,630 50 44,116 -11.32
40 36,630 48 34,527 5.74
48 34,528 50 36,095 -4.54
46 36,029 50 36,897 -2.41
47 36,265 45 36,540 -0.76
0064 40 36,596 48 33,696 7.92
39 36,506 50 37,140 -1.74
38 36,411 47 35,838 1.57
43 35,292 46 37,606 -6.56
50 36,897 54 35,278 4.39
40 36,630 49 36,422 0.57
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4.6 Choice of peheater material

Following the approach of Christi@4], a preheatewas used to try and ensure that the
temperatureof the airinside the test rigs nominally identicato thekiln temperatureTo
achieve thigt is necessaryo use packing material inside the preheater. After performing
several experiments with different packing materi@lperwool plus tank car blanket
(64kg/m?) was selected as the preheater materiak iftaterial hasa high melting pointis
mechanically stableith very low shrinkagethigh temperatureand is mechanically needled
for added tensile strength and surface integiis/thermal conductivity is 0.27 W/mK at
816 . One issue occurs becaudg® material is therm&} insulating Initial experiments
showed that if the preheater was filled with tmaterialthen the air temperature at the top of
the preheater (just before it enters the test specimen holdeonyes36 . Therefore only

a 50 mm ayer was used as indicatedFigure 39.
According to the manufacturer, the thermal conductivity values of the packing material are as
indicated inTablel1l. According to the EN 12939:200001] since, all of those values are less

than 0.3 W/mK, the material can be considered as a thermally insulating material.

Tablell Thermal conductivity of the packing material along with the tentpeza

Temperature ( Thermal conductivity (W/mK)
260 0.07
538 0.14
816 0.27
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Preheater -

Pressure and
/ temperature taps
>

_— s Packing Material

Flow inlet —

Figure39. Packing material insiderpheater
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4.6.1.1 Sample thickness measurement

The material thickness varied between 40 and 6Gamufrwasneasued before placing it inside
the test rigusinga standard pimnd disc technique according to ISO 106B32]. After the
sample was positioned inside the test chamber it was possdbledk thathe compression of
the sampleusing the five groovesthat were marked as indicatarside the test rig(25 mm
spacing)

4.7 Measurement of differential pressure

The Furness Control FCS 52Beasurement instrumerthat was used to measure the
differential airflow and flow rate is intenddor air temperatures below 34. However,
the high temperature rig it is necessary to measure the differential pressure for air in the kiln
that varies between room temperature and 800rhe air from the two tapping points for
differential pressureon the test rigis connected tqipesthat lead to the measurement
instrument. These pipes lose heat along their length so that air temperatures are below 34

when the air reacheke instrument.

Pressure Taps

Kiln — Power Supply

Pressure Regulator

Diflerential Pressure and

Insulating Blanket 7 " Flow Meter

Centre hole to enter
the thermocouple~

N Air supply
Test Rig

Air inflow

Figure40. High temperature exgsimental assembly
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4.7.1 Simulink modelling of differential pressure measurements in the high

temperature test rig

To assesghepotentialchange in thelifferential pressurbetween measurements at 18and

800 , simulations werearried outusing Matlab Snulinki see model ifrigure4l.

The local restriction block Simulinkwasusedto represené porous materiaby changing its
parameters to recreate experimental data®rmm Rockwool(100 kg/n¥) from Hopkins[6]

at room temperature (assumedtobe 8 whi ch gave a differenti al

The laminar flow velocity for the model is 5p 1 m/s(i.e. the same as the measurement).
The Simulink model requires the mass fl@ie thats calculated fronthe product of theross
sectionakrea, flow velocity and air density. At18, t he mass f Ipoiwkg/s at e i

whereas a8 0 0 (where aiitisl@epsraikdsy i s | ower)

The differential pressure result from the simulatiod.&2Paat800 , which is significantly

lower than the room temperature value of 2.3F®a thisreasonthe next sectiomvestigates

the correction that is needed &msure that thalifferential pressuremeasured at room
temperature corresponds to the diftial pressure that exists at high temperature
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—
PS-Simulink Temperature
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Figure4l. Simulationof the high temperature rig measurement using a local restriction to

simulate a porous material

4.7.2 Manual calculation for differential pressure variation according to the temperatures

Calculations and simulations related to the differential presgere performedccording to

temperature variation using ideal gas [@®3]. The relationship linking differential pressure
at roomtemperature and high temperature is discussed here.
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v 20cm 20cm 20cm

496°C 37.1°C 15°C

w Measuring Instrument

P

Figure42. Arrangement of high temperature test rig and the measuring instrument

Calculations werearried outusingthe ideal gas equatioiik) as follows.

The ideal gasaqudion is given by

0w £Y"Y (72

where,

Pressure (Pa)
Volume ()
Number ofmoles(mol)

Universalgas constani8.314 J/mol/K)

- X S5 < T

AbsolutetemperaturéK)

Number of molesn =—

where:

m : Mass ofair (kg)
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M : Molecularmass of ai{c & p m kg/mol)

Applying the ideal gas equation to the prelmgpthamber taalculate the pressursand
P2 which is given in thé=igure41l.

0 “ PpTUMPpTM T8 U PUTIP T 8 S 8 8 8

0 ocTd@ A

Using the crosssectional area with thporosity which is calculatedrom the previously
conductedViatlab Simulink program, and assuming the quantity of moles are éqjumth

situationsgives

O X TpuLUERT PUTPT
™ pm -~ WX pm TRUV MCYWdpipmnyao
C® pm

0 o1& @A
Hence the differential pressureds30Pa(344.26i 341.96 Pa)
By considering the longipe the gas volume along theipe is constantand aly the
temperature and the pressuegy along the tubeBecause of that, from the ideal gas equation,

pressure iproportional to temperature; hence it is possible to relate the pressure at high and

low temperatures using

Therefore,

=92.74Pa
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. 0"Y

U v
- 8
=93.36Pa

Therefore, the differential pressuseonly 0.62Pa(93.361 92.74 Pajat 291 K (18 ) Since
the manual calculation results are same as the simulation results which is indicated in above, it

can be concluded that the differential pressure varies with temperature

4.8 Summary

The design of room tempaure test rig and high temperature teshag beeiwlescribedlong
with the measuring apparatus for airflow and differential pressamd,other supporting
elements which were associated with the airflow supply and the kiln. Simulations were carried
out in order to determine the length of the preheater of the high temperature test rig by

considering the heat transfer between the test rig and the Kiln.

The materiad selectedfor the fabrication of high temperature test are discussedand

assessed. I to the lack of availabilitpf Grade310 austenitic stainless steel hollow tubes,

Grade 316 austenitic stainless steel was used for the fabrication. Since it was found that the
thermal stability of high t emp eaturaéxperimentale st r
temperatur e was Calaldtions avele carned 8ud tissesghe effect of
temperature on the differentigiressure and tlse calculations were checked using the

simulation results.
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Chapter 5. RESULTS AND ANALYSIS

5.1 Room temperature measurements

5.1.1 Comparisonof ISO 90531 and ASTM C522results

Airflow resistivity measuredising the 1SO 9053 standards compared withmeasurments

according to ASTM C52ftom another laboratoyat were provided by the funddihe results
for the sixteen different material ID numbers are showralrie12. Average values of airflow
resistivity are shown from 10 samples for ISO 90538nd 5 samples for ASTM C522

measurements.

For the majority of mateals there is <10% difference between the two sets of measurements.
The agreement between the average values indicates that the samples had a similar fitting in
the different test rigsThe differences attributedto the following factors: different sartgs
(although they were cut from the same production batch), different measurement standards and
different operators inserting the samples in the test chamber. However, a statistical independent
samples test imable13shows that the results of both methods have equal variance at the 95%
confidence interval of the difference (singe0.05).It is concluded that the ISO 9083and

ASTM C522 measurements can be considered to be similar.

Tablel2 Comparison between room temperature airflow resistivity measurements using
ISO 90531 and ASTM C522 for differenAES materials.

_ Airflow resistivity Airflow resistivity
Material _ _ Percentage
according to IS®0531 according to ASTM .
ID No. difference (%)
(Pa.s/m) C522 (Pas/nv)
0048 8,981 7,338 22.4
0050 82,366 78,742 8.7
0051 54,249 48,527 11.8
0052 42,765 42,805 0.1
0053 36,368 36,841 1.3
0054 28,373 26,899 5.5
0055 18,714 19,355 3.3
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0056 14,397 14,749 2.4
0057 90,692 97,378 6.9
0058 102,016 105,496 3.3
0059 82,664 88,087 6.2
0060 50,211 54,493 7.9
0061 48,291 46,065 4.8
0062 33,728 36,677 8.0
0063 44,366 44,150 0.5
0064 36,479 37,345 2.3

Table13. Statistical test results on the comparison of IB631(10 samplesand
ASTM C522(5 samples)

Independent Samples Test

Levene's Test for
Equality of Variances

t-test for Equality of Means

95% Confidence

Sig. Interval of the
2- Mean Std. Error Difference
F Sig. t df |tailed)| Difference | Difference| Lower Upper
Airflow Equal variances .022 .884 - 30 .950 -642.938 | 10068.14| -21204.83| 19918.96
resistivity assumed 0.064
(Pa.s/m) Equal variances - | 29.929| .950 | -642.938 | 10068.14|-21206.88 19921.01
not assumed 0.064
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5.1.2 Assessing the effect of air ks in the pipes

To assess the effect of a leak in the air supply and the differential pressureithpés ISO
test rig two materials were chosem sample of material ID No.0055 (&4/m®) which had a
low airflow resistivity and a 20 mm thick poroatuminium disk which had a high airflow

resistivity.

The experiment was usealdssessvhatwould happenf therewas aleakin theair supplyand
when there are leaks in both the air supplythedifferential pressurpipe which is connected
to the test rig (i.e. the pressure tap underneath the saomptlee ISO test rig These leaks were
artificially created by drilling  mm diameter holé the plastic pipe close to the taps on the
ISO 9053 test rig.

The airflow resistivity result$or one (randbmly selectedsample of material ID No.0055
(64 kg/n?) is given in (a)Table14 whenthere are néeaks, (b) Table 15when there is a 2 mm
diameter hole in the air sulypand (c)Table16 when there is a 2 mm diameter hole in the air
supply and the differential pressure pipée results indicate that thereasegligible effect
when there is a leak in the supply because the e isalways manuallyadjusted to give the
required flow velocityHowever,the leak in the differential pressure pipe causes a drop in the

differentialpressure thagives a 0.42% error in the airflow resistivity.

Tablel14. Airflow resistivity resultavithout leaks: sampleof material ID No.0055

(64kg/n?)
Thickness | Flow velocity | Differential Airflow
(mm) (I/min) pressure (Pa)] resistivity
(Pa.s/m)
43 0.236 0.37 17,181
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Table15. Airflow resistivity resultswith a 2 mm diameter hole in the air supplgample
of material ID N0.0055 (6&g/n?°). Percentage error is based on the valuEaisie14.

Thickness | Flow velocity | Differential Airflow Percentage
(mm) (I/min) pressure (R) resistivity error (%)
(Pa.s/m)
43 0.236 0.37 17,181 0.00

Table16. Airflow resistivity results witha 2 mm diameter hole in the air supply and the
differential pressure pipesample of material ID No.00564 kg/n). Percentage error is

based on the value Table14.

Thickness Flow Differential | Airflow resistivity | Percentage errof
(mm) velocity Pressure (Pa.s/m) (%)
(I/min) (Pa)
43 0.236 0.35 17,254 0.42

The arflow resistivity results for the 26hm porous aluminiundisk aregiven in (a)Table17

when there are no leak®) Table1l8when there is a 2 mm diameter hole indiresupply and

(c) Tablel9when there is a 2 mm diameter hole in the air supply and the differential pressure
pipe.As with the low airflow resistivitgample the result€onfirmthata hole in the air supply

has negligible effect buhehole in the differential pressure pigeves rise ta higher error in

the airflow resistivity (2.7%}ith the high airflow resistivitysample However,considering

the similar differences between 1ISO 96b8] and ASTM C5277] this error wouldnot be

problematic; hence the test rig designesistant to errorom air leaks

The results from the 2Gm porous aluminium disk are useful in trying to assess the ertor tha
might occur if there were leaks in the high temperature test rig because when measurements
are taken at high temperatures, it has been shosattion5.2.2 that the differential pressure

is much lower at high temperature$elvalue of differential pressure of 1.08 Paliable19

is similar to the lowervalues thatare expected for the fibrous ceramic materials at high
temperatures. Hence, if leaks were to occur due to thermal éxpanthe test rig and/or pipes

the resulting error in the airflow resistivitpuldbe consideredegligible.
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Tablel7. Airflow resistivity results without leaks 20 mm porousaluminium

Differential Flow velocity | Airflow resistivity
Pressure (Pa) (I/min) (Pa.s/m)
1.11 0.235 111,292

Table18. Airflow resistivity results with a 2 mm diameter hole in the air supply
20mmporousaluminium. Percentage error is based on the valukaivie17.

Differential _ ' o
Flow velocity | Airflow resistivity | Percentage
pressure _
(I/min) (Pa.s/m) error (%)
(Pa)
1.11 0.235 111,292 0.0

Table19. Airflow resistivity results with a 2 mm diameter hole in the air supply bhed t

differential pressure pipie20 mm porousaluminium. Percentage error is based on the value

in Tablel7.
Differential _ . S
Flow velocity | Airflow resistivity | Percentage
pressure _
(I/min) (Pa.s/m) error (%)
(Pa)
1.08 0.235 108,284 2.7

5.1.3 Comparison of thelSO and high temperature test ligs

To check that the high temperature test rig gave nominally identical results to the ISO 9053
rig both
werecarried ot with three different densitiesf alkaline earthsilicatefibrous materials64,

96 and 128 kg/mi(i.e. Material D Nos. 0048, 0064 and 0058) these measurements, the

high temperature test rig incorporates the packing material in the preheatingecham

test when measur ements weermentsarri e

The reason to look for differences using different density materials is that the test sample

hol ders are different and therefore 6softd

be fitted differently in the two test righis is partlydue to the ISQig being transparent which
allows the experimenter to see the fitted sam@ich is not possible with the high
temperature righnd partly due to the different length of the sample holder tubes.
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Single samples

Theresultsfor single samlgsat room temperaturare given infTable20andTable21. These

results show that the airflow resistivity increases with increasing delmsdyder to asseshe

extent of variability in relation to the mean populat@md the reproducibility of the data
coefficient of variation (CoV) is also calculated. CoV is defined as the ratio of the standard
deviation to the meaandtheyshow thathe CoV is highestfor the low density materiathis

could be due to distortion (e.g. compression
the test holdeor due to larger variation in the physical properties between sarfipie€oV

is also higher for the 128 kgf sampleghan the 96 kg/rhsamples; this mighbe due toair

gaps around the edgescurringwith the relatively stif, high density samples that would have

led to lower values of airflow resistivity.

The next step is to carry out statistical testsaimgare the results from the two test riger

material ID No. 0048 (64 kg/f differences between the ISO 9053 and high temperature test
rigs for single samples are assessed using an independent samples test for which the SPSS
output is given inTable 22. Equal variances can be assumed; hence there is a statistically
significant differencefd<0.05) between the airflow resistivity of single samples in theté&SO

rig (M=10,303.05D=1063.6) and the high temperattest rig M=7940.2SD=1158.5). Single

samples in the I1SO test rig have higher airflow resistivity than those in the high temperature
test rig;t (18) = 4.750=0.00.
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materialat room temperature

Table20. Airflow resistivitymeasured ithe ISO test rigor single smplesof AES

_ _ _ Differential | Volumetric | Airflow Average Std. CoV
Density | Material | Thickness S o
pressure flow rate | resistivity | (Pa.s/m) | deviation| (-)
(kg/m® | ID No. (mm) _
(Pa) (/min) (Pa.s/m) (Pa.s/m)
40 0.25 0.236 12,480
43 0.23 0.236 10,680
44 0.23 0.236 10,438
38 0.18 0.236 9,633
44 0.23 0.236 10,438
64 0048 10,373 983 0.094
56 0.26 0.236 9,271
50 0.24 0.236 9,585
46 0.23 0.236 9,984
40 0.23 0.236 11,481
41 0.20 0.236 9,740
50 0.94 0.237 37,381
54.8 0.97 0.236 35,344
48 0.88 0.235 36,763
43 0.78 0.236 36,220
49.8 0.92 0.236 36,888
96 0064 36,479 706 0.019
49.2 0.91 0.235 37,089
49 0.89 0.235 36,422
48.8 0.90 0.235 36,982
54 0.95 0.235 35,278
49 0.89 0.235 36,422
51 2.36 0.235 92,793
42.6 2.26 0.226 110,619
48 2.32 0.235 96,921
45 231 0.235 102,937
51 2.35 0.235 92,400
128 0058 102,016 6710 0.066
45 2.32 0.236 103,383
47 2.35 0.235 99,839
42 2.34 0.234 111,722
46 2.34 0.234 102,443
44 2.31 0.231 107,100
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sampleof AES materialat room temperature

Table21. Airflow resistivity measured ithe high temperature test rig for single

_ _ _ _ Average| Std. |CoV
_ _ _ Differential | Volumetric| Airflow o
Density| Material | Thickness | (Pa.s/m) | deviation| (-)
pressure | flow rate | resistivity
(kg/m® | ID No. (mm) ' (Pa.s/m)
(Pa) (I/min) | (Pa.s/m)
48 0.18 0.236 7,488
50 0.20 0.2% 8,021
42 0.14 0.236 6,656
41 0.20 0.236 9,887
43 0.15 0.236 6,965
64 0048 7,940 1158 | 0.146
48 0.23 0.236 9,568
50 0.17 0.236 6,789
51 0.23 0.236 9,005
48 0.18 0.236 7,488
53 0.20 0.236 7,535
42 0.78 0.236 37,083
35 0.65 0.236 37,083
40 0.74 0.236 36,940
46 0.87 0.236 37,765
40 0.75 0.236 37,439
96 0064 37,448 624 0.017
35 0.68 0.236 38,794
35 0.66 0.236 37,653
39 0.73 0.236 37,375
35 0.64 0.236 36,512
38 0.72 0.236 37,834
47 2.54 0.236 107,829
44 2.33 0.236 105,738
48 2.57 0.236 106,766
46 2.49 0.236 108,078
45 2.41 0.236 106,938
128 0058 107,102 2349 | 0.022
49 2.67 0.235 109,145
52 2.65 0.236 101,759
49 2.65 0.236 107,989
48 2.64 0.236 110,552
50 2.66 0.236 106,228
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Table22. Statistical outpufrom anindependent samples tdést the ISO and high

temperature test rig§ingle samples of aterial ID No.0048&4 kg/m®).

Group Statistics

Mean Std. Deviation | Std. Error Mean
Test ig N (Pa.s/m) (Pa.s/m) (Pa.s/m)
Airflow resistivity ISOrig 10 10303.0 1063.6 336.3
(Pa.s/m) High temperatureestrig 10 7940.2 11585 366.3
Independent Samples Test
Levene's Test for
Equality of Variances t-testfor Equality of Means
95% Confidence
Sig. Interval of the
(2- Mean Std. Error Difference
F Sig. t df |tailed)| Difference | Difference| Lower Upper
Airflow Equal variances .267 611 4.751| 18 .000 2362.800 | 497.331 | 1317.94 | 3407.654
resistivity assumed
(Pa.s/m) Equal variances 4.751| 17.870| .000 | 2362.800 | 497.331 | 1317.401| 3408.199
not assumed

For material ID No. 0064 (96 kgAp differences between the 1ISO 9053 and high temperature

test rigs for single samples are assessed using an independdesdasigor which the SPSS

output is given inTable 23. Equal variances can be assumed and there is a statistically

significant differencef<0.05) between the airflow resistivity of single samples in thetéSO
rig (M=36,478.95D=706.3) and the high temperature test Ng-87,447.8SD=624.4). Single
samples in the high temperature test rig have higher airflow resistivity than in the 1ISO 9053
test rig;t (18) =-3.25p=0.004.
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Table23. Satistical outpufrom anindependent samples test for the ISO and high

temperature test rig§ingle samples of materid No.0064 (96 kg/r¥).

Group Statistics

) Std. Deviation Std. Error Mean
Test rig N Mean(Pa.s/rf)
(Pa.s/m) (Pa.s/m)
ISO rig 10 36478.9 7064 2234
Airflow resistvity
High temperature tes]
(Pa.s/m) ) 10 37447.8 624.4 1975
rig

Independent Samples Test

Levene's Test for
Equality of Variances

t-test for Equality of Means

95% Confidence
. Sig. (2 Mean Std. Error Interval of the
F Sig. t df ) . ) .
tailed) | Difference | Difference Difference
Lower Upper
i Equal variances
Airflow .244 .627 -3.25| 18 .004 -968.900 | 298.144 | -1595.28 | -342.522
o assumed
resistivity _
Equal variances
(Pa.s/m) -3.25 |17.733] .005 -968.200 | 298.144 | -15%.96 | -341.845
not assumed

For material ID No. 0058 (128 kgfy differences between the ISO 9053 and high temperature

test rigs for single samples are assessed using an independent samples test for which the SPSS

output is given in Table24. Equal variances can be assuntezhcethere is a statistically nen

significant difference>0.05) betweethe airflow resistivity okingle samples in the ISO test
rig (M=102,015.7SD=6709.8) and the high temperature test kig-{07,102.2SD=2348.9);t
(18) =-2.263p=0.066.
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Table24. Statistical outpufrom anindependent samples test for the ISO and high
temperature test rig§ingle samples of materid No.0058 (128 kg/r).

Group Statistics
Mean Std. Deviation | Std. Error Mean
Test ig N (Pa.s/m) (Pa.s/m) (Pa.s/m)
Airflow resistivity ISO rig 10 102015.7 6709.8 2121.8
(Pa.s/m) High temperature test rig 10 107102.2 2348.9 7428

Independent Samples Test

Levene's Test for
Equality of Variances t-test for Equality of Means
95% Confidence
Interval of the
Sig. (2 Mean Std. Error Difference
F Sig. t df tailed) | Difference | Difference| Lower Upper
Airflow Equal variances 7.498 .614|-2.263 18 .066 -5086.5| 2248.085 -9809.552 -363.448
resistivity assumed
(Pa.s/m) Equal variances -2.263| 11.173 .065 -5086.5| 2248.085 -10025.1¢ -147.841
not assumed

The findng that there were significant differences tioe lowest density and nesignificant
differences for the highest densdguld be due tdifferent fixing of the londensity samples
in the test rigsThe 1SCtestrig is transparenivhichallows a clear check on the sample position
and therefor¢he fitting is expected to be better with this test rig than withithie temperature
test rigwhich is opaque

The airflow resistivity was measured at room temperaisieg the 1ISQestrig according to
ISO 90531 [2] (which also satisfies the requiremeaf ASTM C522[7]). Ten samples wer

measured for each of the sixteen differgmpies ofmaterial. The measured airflow resistivity

dataaregiven inTable 25
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Table25. Airflow resistivity resultsat room tempeturefor the 1SO test rig

Airflow resistivity

Material ID No of samples Average (Pa.s/m)
No. tested thickness (mm) Std. CoV ()
Average o
deviation
0048 10 64 8,981 353 0.039
0050 10 49 82,366 8,709 0.106
0051 10 46 54,249 1,418 0.026
0052 10 48 42,765 1,110 0.026
0053 10 47 36,368 933 0.026
0054 10 47 28,373 1,657 0.058
0055 10 43 18,714 1,198 0.064
0056 10 48 14,397 270 0.019
0057 10 45 90,692 6,944 0.077
0058 10 46 102,016 6,710 0.066
0059 10 50 82,664 4,605 0.056
0060 10 50 50,211 4,255 0.085
0061 10 45 48,291 13,237 0.274
0062 10 48 33,728 2,088 0.062
0063 10 52 44,366 935 0.021
0064 10 50 36,479 706 0.019

Double samples

From Section5.2.2 the differential pressuret high temperatures is lower than etom
temperature; hengeis expected thahstead of a single samplteo samples might need to be
stacked on top of each other (ieedouble sample) to give a measurable differential pressure

Measurements oflouble sampleat room temperaturevere caried outfor the same three

densitieof materialas with the single sampleResultsare given infable26 andTable27.

The CoV values for all double samplase lower than the corresponding single samples,
particularly forthe low density materidthisis attributedto the mixingof two different samples

of this more variable materjalThe lower CoVis beneficial as iallows for a more rigorous

assessment @any differences between theO and higltemperature tesigs.
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room temperature

Table26. Airflow resistivity from the ISO test rig for double samplelSAES materialat

] ] Average Std. CoV
) . . ) ) Volumetric Airflow o
Density | Material | Thickness | Differential o (Pa.s/M) | deviation “)
flow rate resistivity
(kg/m?) | ID No. (mm) pressure (Pa] ] (Pa.s/m)
(/min) (Pa.s/m)
103 0.55 0.236 10,662
106 0.53 0.236 9,984
96 0.48 0.236 9,984
100 0.51 0.236 10,184
82 0.41 0.236 9,984
64 0048 10,106 331 0.033
100 0.52 0.236 10,383
96 0.47 0.236 9,776
86 0.44 0.236 10,216
84 0.40 0.236 9,508
102 0.53 0.236 10,375
80 1.50 0.236 37,439
75 1.43 0.236 38,072
80 1.51 0.236 37,689
77 1.46 0.236 37,861
82 1.53 0.236 37,257
96 0064 37,312 605 0.016
80 1.50 0.236 37,439
85 1.55 0.236 36,412
82 1.55 0.236 37,744
80 1.48 0.236 36,940
87 1.58 0.236 36,263
90 4.64 0.236 102,945
96 4.68 0.236 97,343
86 4.60 0.231 109,116
90 4.69 0.236 104,054
87 4.68 0.236 107,413
128 0058 103,145 4879 0.047
85 4.53 0.236 106,416
100 4.71 0.236 94,048
95 4.70 0.236 98,788
87 4.63 0.236 106,265
88 4.63 0.236 105,057

90




Table27. Airflow resistivity from the high temperature test rig for double sampies

AES materialat room temperature

] ) Average Std. CoV
Density | Material | Thickness | Differential volumetric A|r-fI(.)vT/ (Pa.s/m) deviation O]
(kg/m?) | 1D No. (mm) pressure (Pa) flow 'rate resistivity (Pa.s/m)

(/min) (Pa.s/m)
90 0.48 0.236 10,649
88 0.43 0.236 9,757
92 0.44 0.236 9,550
90 0.47 0.236 10,428

64 0048 i 042 023 2152 9,961 581 0.059
87 0.46 0.236 10,558
85 041 0.236 9,631
83 0.40 0.236 9,623
84 0.45 0.236 10,697
98 0.44 0.236 8,965
79 1.49 0.236 37,661
74 1.41 0.236 38,047
80 1.49 0.236 37,190
77 1.45 0.236 37,602
80 1.50 0.236 37,43

96 0064 79 148 0236 37.408 37,766 394 0.010
79 1.52 0.236 38,419
80 1.53 0.236 38,188
78 1.47 0.236 37,631
75 1.43 0.236 38,072
87 4.61 0.236 105,806
88 4.65 0.236 105,511
90 4.80 0.236 106,494
92 487 0.236 105,699

128 0058 i 55 023 106,886 105,284 1948 | 0.0185
98 4.92 0.236 100,246
100 5.20 0.236 103,832
93 4.94 0.236 106,065
87 4.63 0.236 106,265
87 4.62 0.236 106,035
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For material ID No. 0048 (64 kghn differences between the ISfd high temperature test

rigs for doublesamples are assessed using an independent samples test for which the SPSS
output is given irnrable28. Equal variances can be assumed and hence thestdsstically
nonsignificant difference at the significance level of 0.05 for airflow resistivity of double
samples inthe ISO testrig (M=10,105.6SD=331.2) andfor double samples inthe high
temperaturgest rig M=9,961.0SD=583.0); t (18) = 0.682p=0.504.

Table28. Statistical outputrom anindependent samples test for the ISO and high
temperature test rigs: Material ID No.0048 {@f#m>).

Group Statistics
Test ig N Mean Std. Deviation Std. Eror
(Pa.s/m) (Pa.s/m) Mean
(Pa.s/m)
Airflow resistivity ISO testrig 10 10105.6 3313 1048
(Pa.s/m) High temperature test rig 10 9961.0 583.0 1844

Independent Samples Test

Levene's Test for
Equality of Variances t-test for Equality of Means

95% Confidence
Interval of the

Sig. (2 Mean Std. Error Difference
F Sig. t df tailed) | Difference | Difference| Lower Upper
Airflow Equal variances 5.704 .068 0.682| 18 .504 -144.600 | 212.040 | -300.879 | 590.079
resistivity assumed
(Pa.s/m) Equal variances 0.682|14.263| .506 -144.600 | 212.040 | -309.396 | 598.596
not assumed

For material ID No. 0064 (96 kgAxn differences between the ISO and high temperature test

rigs for double samples are assessed using an independent samples test for which the SPSS
output is given infable29. Equal variances can be assumed and hence there is a statistically
nonsignificant difference at the significance level of 0.05 for airflow resistivity of double
samples irthe ISO rig M=37,311.6SD=604.8) and airflow resistivity of double samples in

high temperature test rigyic37,765.7SD=394.4);t (18) =-1.99p=0.062.
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Table29. Statistical outputrom anindependent samples test for the ISO and high
temperature testgs: Material ID No.0064 (9&g/m®)

Group Statistics

Mean Std. Deviation | Std. Error Mean
Orientation N (Pa.s/m) (Pa.s/m) (Pa.s/m)
Airflow resistivity | ISO test rig 10 37311.6 6048 191.2
(Pa.s/m) High 10 37765.7 394.4 124.7
temperature
testrig
Independent Samples Test
Levene's Test for
Equality of Variances t-test for Equality of Means
95% Confidence
Interval of the
Sig. (2 Mean Std. Error Difference
F Sig. t df tailed) | Difference | Difference| Lower Upper
Airflow Equal vaiances 1.369 .257 -1.99| 18 .062 -454.100 | 228.325 | -933.794 | 25.594
resistivity assumed
Equal variances -1.99 |15.483| .065 -454.100 | 228.325 | -939.445 | 31.245
not assumed

For material ID No. 0058 (128 kgAn differences between the 1ISO and high temperature test

rigs for double samples are assessed using an independent samples test for which the SPSS

output is given in Tabl80. Equal variances can be assumed and hence there is a statistically

nonsignificant difference at the significance level of 0.05 for airflowstesty of double
samples in 1IS@estrig (M=103,144.55D=4878.8) and airflow resistivity of double samples in
high temperature test rig/105,283.95D=1948.0);t (18) =-1.29p=0.21.
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Table30. Statistical outpufrom anindependent samples test for the ISO and high
temperature test rigs: Material ID N0.0058 (k28md).

Group Statistics
Mean Std. Deviation | Std. Error Mean
Rig N (Pa.s/m) (Pa.s/m) (Pa.s/m)
Airflow resistvity ISOtestrig 10 103144.5 4878.8 1542.8
(Pa.s/m) High temperatureestrig 10 105283.9 1948.0 616.0

Independent Samples Test

Levene's Test for
Equality of Variances t-test for Equality of Means
95% Confidence
Intervalof the
Sig. (2 Mean Std. Error Difference
F Sig. t df tailed) | Difference | Difference| Lower Upper
Airflow Equal variances 7.549 213 -1.29 | 18 214 -2139.4 | 1661.256| -5629.57 | 1350.77
resistivity assumed
(Pa.s/m) Equal variances -1.29 | 11.799| .222 -2139.4 | 1661.256| -5765.83 | 1487.03
not assumed

These statisticaksts show that for double samples, there is no significant difference between
the two test rigs. This is a more reliable conclusion than with single samples because the CoV

values are lower with double samples.

Thicknessof single and double samples

The next consideration is whether the use of double samples ldadeetisedompresmn of

the materialinside the test rigthan with single sample€ompression of fibrous materials
means that the airflow resistivity is related to the material demsige the test rig rather than

the density quoted by the manufacturénis makes it important to measure the thickness of
the sample when fitted inside the test rig as this thickness is needed to calculate airflow

resistivity.

The dfference betweerthe thickness of single samples and the equivalent single sample
thicknesg(i.e. the double sample thickness divided by tar@assessed using an independent
samples test fagach test rigvhich the SPSS output is givenTiable31 and Table32. Equal

variance can be assumed and hence there is a statistically significant differe®@5)(

94



between the thickness of single sampiesboth ISO rig(M=49.56 SD=3.24) and high
temperature test rig{=43.45SD=4.34) and equivalent single sample thickness wheth

ISO rigs have double sample®£40.40 SD=1.74 and high temperature rig have double

samples (1=40.92SD=1.02) t (18) =7.88p=0.000, t (18) = 3.59p=0.002(p<0.05). This

statistical test indicates that with double sampies material is more compreskhan when

singlesamples arased

Table31. Statistical output from an independent samples test for the thickness ef singl

samples and the equivalent single sample thickinessdouble sampleslISO test rig

Group Statistics
Std. Deviation Std. Error
Sample type N Mean (mm) (mm) Mean(mm)
Thickness Single 30 49.56 3.24 1.02
(mm) Double 30 40.40 1.74 0.55
IndependenSamples Test
Levene's Test for
Equality of Variances t-test for Equality of Means
95% Confidence
Interval of the
Sig. (2 Mean Std. Error Difference
F Sig. t df tailed) | Difference| Difference| Lower Upper
Thickness | Equal variances  .906 .354 7.880| 18 9.1600 1.1625 6.7177 11.6023
(mm) assumed
Equal variances 7.880 | 13.826 9.1600 1.1625 6.6638 11.6562
not assumed
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Table32. Statistical output from an independent samples test for the thickness of single

samples and the equivalent single sample thickinessdouble sampleshigh temperature

test rig
Group Statistics
Std. Deviation Std. Error
Sample type N Mean (mm) (mm) Mean(mm)
Thickness Single 30 43.55 4.34 1.31
(mm) Double 30 40.92 1.02 0.29
Independent Samples Test
Levene's Test for
Equality of Variances t-test for Equality of Means
95% Confidence
Interval of the
Sig. (2 Mean | Std. Error Difference
F Sig. t df tailed) | Difference| Difference| Lower Upper
Thickness | Equal varianes | 40.717 .000 3.592( 18 .002 4.6288 1.2887 1.9489 7.3087
(mm) assumed
Equal variances 3.448 | 11.008| .005 4.6288 1.3425 1.6743 7.5832
not assumed

Comparison of airflow resistivity from single and double samplem each test rig

In theory, the airflow restivity measured for single and double samples should be the same if
the fitting, andany compression of the sampleside the sample holderidentical However,

as there was evidence of compression when fitting double samples the following analysis
conmpareghe average airflow resistivifpom single samples with double sampikat were all
takenfrom the same material code/bat@lhis assessment was carried out for bloehSO and

high temperatureestrigs.

For the I1SO test rig
For material ID NdD048 (64kg/nT) differences between single and double sampldaien
ISOtestrig are assessed using an independent samples test for which the SPSS output is given

in Table 33. Equal variancesannotbe assumed and there istatistically norsignificant
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difference (p=0.05 for airflow resistivity of single sampledvi10,373.0SD=983.5) and
airflow resistivity of double sampleME10105.65D=331.3) indicating both single and double
samples inside the IS@strig hawe approxmately similar airflow resistivityt (18) =-0.815
p=0.432.

For material ID No: 0064 (96 kgfindifferences between single and double samples in the
ISOtest rig are assessed using an independent samples test for which the SPSS output is given
in Table34. Equal variances can be assumed and there is a statistically significant difference
(p=0.05) for airflow resistivity of single sampletM£36,478.9 SD=706.4) and airflow
resistivity of double sampledE 37,311.6SD=604.8);t (18) =-2.83p=0.01.

For material ID No.0058 (128 kgAndifferences between single and double samples in the

ISO test rig are assessed using an independent samples test for which the SPSS output is given
in Table 35. Equal variances can be assumed and there is a statisticaligigndficant
difference =0.05) for airflow resistivity of single sampldgl£102,015.7SD=6709.8) and of

double sampledf=103,144.55D=4878.8);t (18) =0.43p=0.67.

In conclusion for the ISO test rig, there is a statistically significant difference in the airflow
resistivity between single and double samples of the 96°kmterial but not for the 64 and
128kg/m® materials.
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Table33. Statistical outputrom anindependent samples test for single and double

samples irthe SO test rig: Material ID No.0048 (Gdy/nr).

Group Statistics

Mean Std. Deviation | Std. Error Mean
Sample type N (Pa.s/m) (Pa.s/m) (Pa.s/m)
Airflow resistivity Single 10 10373.0 9835 311.0
(Pa.s/m) Double 10 10105.6 3313 1048

Independent Samples Test

Levene's Test for

Equality of Varianceg

t-test for Equality of Means

95% Corfidence
Interval of the

Sig. (2 Mean Std. Error Difference
F Sig. t df tailed) | Difference | Difference| Lower Upper
Airflow Equal variances 5.434 .032 0.815| 18 426 267.400 | 328.166 | -422.050| 956.850
resistivity assumed
(Pa.s/m) Equal variances 0.815| 11.01| .432 267.400 | 328.166 | -454.758 | 989.558
not assumed

Table34. Statistical outputrom anindependent samples test for single and double

samples irthe SO test rig: Material ID No.0064 (36)/nr).

Group Statistics

Mean Std. Deviation | Std. Eror Mean
Sample type N (Pa.s/m) (Pa.s/m) (Pa.s/m)
Airflow resistivity Single 10 36478.9 7064 2234
(Pa.s/m) Double 10 37311.6 6048 1912

Independent Samples Test

Levene's Test for
Equality of Variances

t-test for Equality of Means

95% Confidence

Interval of the

Sig. (2 Mean Std. Error Difference
F Sig. t df tailed) | Difference | Difference| Lower Upper
Airflow Equal variances 0.155 .698 -2.83 | 18 .011 -832.700 | 294.065 | -1450.507| -214.893
resistivity assumed
(Pa.s/m) Equal variances -2.83 |17.583] .011 -832700 | 294.065 | -1451.560| -213.840
not assumed
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Table35. Statistical outputrom anindependent samples test for single and double
samples irthe SO test rig: Material ID No.0058 (12&)/nr).

Group Statistics

Mean Std. Deviation | Std. Error Mean
Sample type N (Pa.¢m?) (Pa.s/m) (Pa.s/m)
Airflow resistivity | Single 10 1020157 6709.8 2121.8
(Pa.s/m) Double 10 103144.5 4878.8 1542.8
Independent Samples Test
Levene's Test for
Equality of Variances t-test for Equality of Means
95% Confidence
Interval of the
Sig. (2 Mean Std. Error Difference
F Sig. t df tailed) Difference | Difference| Lower Upper
Airflow Equal variancey 0.816 378 | -043| 18 672 -1128.80 | 2623.442| -6640.448| 4382.848
resistivity assumed
Equal varianceg -0.43| 16.438 .673 -1128.80 | 2623.442| -6678.240| 4420.640
notassumed

For the high temperature test rig

For material ID No: 0048 (6kg/m?) differences between single and double sampléhen

high temperature test rig at room temperature are assessgcansndependent samples test

for which the SPSS output is givenTiable36. Equal variances can be assumed and there is a

statistically significant differencgp=0.05) for airflow resistivity of single sanies (M=7,940.2
SD=1158.4) and of double samplé#<10105.65D=331.3);t (18) =-5.68p=0.00.

For material ID No: 0064 (96 kgfindifferences between single and double samples in the

high temperature test rig at room temperature are assessed using andedégamples test

for which the SPSS output is givenTiable37. Equal variances can be assumed and there is a

statistically norsignificant difference g=0.05) for airflow resistivity of single samples
(M=37,447.85D=624.4) and of double samples in the high temperature tedl+#i@7,765.7
SD=394.4;t (18) =-1.36p=0.19.
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For material ID No: 0058 (128 kgAndifferences between single and double samples in the
high temperature test rig at room tempemitare assessed using an independent samples test
for which the SPSS output is givenTiable38. Equal variances can be assumed and there is a
statistically norsignificant difference(p=0.05) for airflow resstivity of single samples
(M=107,102.2SD=2348.9) and of double sampleg<105,283.9SD=1948.0;t (18) =1.88
p=0.08.

For the high temperature test rig, there is a statistically significant difference in the airflow
resistivity between single and doublnples of the 64 and 1X8/m® materials but not the

96 kg/m® material. These esults areppositeto the ISO rig which indicatesan effect due to
thedifferentfitting of the samples in the twiestrigs. The commercial implication is that when
measuremds are made using double (or more) stacks of samples, the measured airflow
resistivity will not always correspond to the thickness of the product which is sold and installed.
Since different fitting of samples in the two test rigs cauaestatisticaly significance
difference in the airflow resistivity of samples in the two test rigs, it is recommended to
fabricatefuture high temperature test sgusing a material which is transparehiowever

fabrication cost for material such aguartzwill often be pohibitive.

Table36. Statistical outputrom anindependent samples test for single and double
samples in high temperature test rig: Material ID No.0048&(Bdr).

Group Statistics
Mean Std. Deviatbn Std. Error Mean
Sample type N (Pa.s/m) (Pa.s/m) (Pa.s/m)
Airflow resistivity Single 10 7940.2 11585 366.3
(Pa.s/m) Double 10 10105.6 3313 1048

Independent Samples Test

Levene's Test for Equalit
of Variances t-test for Equality of Means

95% Confidence

Interval of the

Sig. (2 Mean Std. Error Difference

F Sig. t df tailed) | Difference | Difference | Lower | Upper

Airflow Equal 12.135 .003 -5.683| 18 .000 | -2165.400 | 381.026 -1364.895
resistivity variances 2965.9
assumed
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Equal
variances not

assumed

-5.683 (10462

.000

-2165.400

381.026

- -1321.475
3009.3

Table37. Statistical outputrom anindependent samples test for single and double
samples irthe high temperature test rig: Material ID N0.0064 k@gnr).

Group Statistics

Mean Std. Deviation | Std. Error Mean
Sample type N (Pa.s/m) (Pa.s/m) (Pa.s/m)
IAirflow Single 10 37447.8 624.4 1975
resistivity Double 10 37765.7 394.4 124.7
(Pa.s/mf)
Independent Samples Test
Levene's Test for
Equality of Variance t-test forEquality of Means
95% Confidence
Interval of the
Sig. (2 Mean Std. Error Difference
F Sig. t df tailed) Difference | Difference| Lower | Upper
Airflow Equal variances 0.712 410 -1.361 | 18 .190 -317.900 233.556 | -808.583 |172.783
resistivity assumed
(Pa.s/m) Equal variances -1.361 |15.195 .190 -317.900 233.556 | -815.156 |179.356
not assumed
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Table38. Statistical outputrom anindependent samples test for single and double
samples irthe high temperature test rig: Maia! ID N0.0058 (12&g/nr).

Group Statistics

Mean Std. Deviation | Std. Error Mean
Sample type N (Pa.s/m) (Pa.s/m) (Pa.s/m)
Airflow resistivity Single 10 107102.2 2348.9 7428
(Pa.s/m) Double 10 105283.9 1948.0 6160

Independent Samples Test

Levene's Test for

Equality of Variances

t-test for Equality of Means

95% Confidence
Interval of the

Mean Std. Error Difference
F Sig. t df |Sig. (2tailed)| Difference | Difference | Lower Upper

Airflow Equal 12135 .003 | -5.683 18 .000 -2165.400 | 381.026 - -1364.895
resistivity variances 2965.9
(Pa.s/m) assumed

Equal -5.683 |10.462 .000 -2165.400 | 381.026 -1321.475

variances not 3009.38

assumed

5.1.4 Regression analysis for different density materials

In Chapter 3a review of the literature indicatéuht it is possible to use regression analysis to

give relationships between airflow resistivity and bulk densjtyaking the logarithm of both

parametersThis section assess the regression curves from théestoigs for which linear
regression usinghe three densities of material (64, 96, 128 Ky/ms noted there are

differences between single and double samples which gives a reason to carry out two different

regression analyses. The first considers only single samplgs/e regression lines tha

correspond to the manufactured thickness. The second considers both single and double

samples to give the best estimate of a relationship be@dw resistivity and bulk density

that could apply to any thickness of material.
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5.1.4.1 Single samples

For shgle sampleghe straightline regression coefficientare shownin Table 39. These

regression lines are plotted along with the individual data poiriigure43.

Table39. Regression coefficients for single samples in the ISO and high temperature test

rigs at room temperature.

Test rig No of | Gradient| Intercept| Coefficient of Standard
Samples determinationR? error

ISO 30 3.36895 | -2.0808 0.9975 0.0210
High temperature 30 3.526 |-2.41167 0.9941 0.0371
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Logqo(Airflow Resistivity)
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Figure43. Relationship between airflow resistiviby single sampleand bulk density at
room temperature: Regression plots for the ISO test rig (blue) ahibthéemperature test

rig (red).

To assess whether there is a statistically significant difference between the regression lines
from the two test rigs, the following analysis\arianceconsiders the combination of data

from both test rigsFor this conbination of test rigs,his givesthe following regression
equation with ar? of 0.995
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logio(r) =-2.41167+3.526 log(” ) +0.331241(Rig0.157048*0go’  )*(Rig)
(72)

where Rigs an indicator variable/hich take the value 1fiit is the ISO test rig and O if it is
the hgh temperature test rig.

The results of aneway analysis of varianaen thesdwo linear regression modedse showm
in Table40 by considering intercept$ (1, 3) =8.94 p<0.05) and gradient$=((1, 3) =6.46,
p<0.05) This shows thathere is a statistically significant differen{g=0.05) between the
intercepts and gradients ftite twodifferent types of rigs.It is thereforeconcluded that the

airflow resistivityatroom temperaturdepends on #arig type.

Table40. Relationship between airflow resistivity of single samples and bulk density at

room temperaturéANOVA for regressiorvariables in the order fitted

Source Sum of square DegreesMean square |F-ratio p value
of
freedom
logzo(” ) 11.4678 1 11.4678 12612.73| 0.0000
Intercepts 0.0081328 1 0.0081328 8.94 0.0041
Slopes 0.00587577 1 0.00587577 6.46 0.0138
Model 11.4819 3

To try and gain more insight into tiluence of the test rigwio different types ofegression
models were considered

Model 1considered the effect of the test rig asaddition effect onlyi.e.

logio(r) ~logwo (" ) +Rig

Model 2considered the effect of the test rig asadditionand interaction effect.e.
logio(r) ~logio (" ) * Rig
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For Model 1the regression analysis gives the following

logio(r) =-2.27155+3.45451*log ("

) +0.02329(Rig)

Parameter Estimated | Standard | T p value
values error Statistic
Constant -2.27155 | 0.06339 |-35.835 | 0.0000
loguo(” ) 3.456451 | 0.032D | 107.265 | 0.0000
Rig 0.02329 | 0.00815 | 2.857 0.00596
R?=99.51%

R? (adjusted fodegrees of freedoy+ 9949%
Residuaktandarderrorof estimate=0.03157

For Model 2the regression analysis gives the following:

l0g10(r) =-2.41167+3.526008g10 (" ) +0.33124*(R@) - 0.15705*logo ("  )*(Rig)

Parameter Estimated [Standard |T p value
values error Statistic

Constant -2.41167 |0.08188 |-29.452 |0.00®M0
loguo(” ) 3.52600 [0.04168 84.594 |0.00(0
Rig 0.33124 |0.12139 2.729 |0.00848
logmo(” )*Rig -0.15705 |0.06178 -2.542  |0.01381

R? = 99.56%

R? (adjusted for D.F.) = 9934
Residuaktandarderror= 0.03015

Null HypothesisModel 1 is stastically better than Mode?.
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Table41l. Likelihood ratio tesresults

Model 1: logio(Output)~ logio(” ) + Rig

Model 2 :logio(Output)~logio(” ) * Rig

Model | Degres | Log likelihood | Degree of Chi square | Pr(>chi square
of freedom value value)
freedom

1 4 123.75
2 5 127.02 1 6.5528 0.01047

The likelihood ratio test was conducted for two nested regression models basednoi t
hypothesighatModel 1 is gatisticallybetterfitted than ModeR. The test is based on the ratio
of the likelihood of the two models. The ratio expresses howynisnes more likely the data
are under one model than the other. This likelihood ratio can be used to comppuatiei@, or
compared to a critical value to decide whether to reject the null mdsiece there is a
statistically significant differencg€0.05),the null hypothesis isejected by the likelihood
ratiot e s t 6 swhich endiaateshagaModel2 is better fitted than Model, i.e. the effect of

the test rig is anultiplicative variable.

5.1.4.2 Combination of single and double samples

Forthe canbination of single and doubtamples thatraightline regression coefficients are
shownin Figure44. These regression lines are plotted along with the individual data points in
Table42.
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Table42. Regressionaefficientsfor singleand doublesamples in théSO andhigh

temperature test rigat room temperature.

Test rig No of | Gradient| Intercept| Coefficient of Stardard
Samples determinationR? error
ISO 60 3.43456 | -2.21386 0.9959 0.0265
High temperature 60 3.40916 | -2.16585 0.9945 0.0475
5.2¢
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Figure44. Relationship between airflow resistivity of single and double samples and bulk
density at room temperature: Regiies plots for the ISO test rig (blue) and the high
temperature test rig (red).

To assess whether there is a statistically significant difference between the regression lines
from the two test rigs, the following analysis of variance considers the cdiohird data

from both test rigs. For this combination of test rigs, this gives the followaggession
equation with arr? of 0.992:

logio(r) =-2.16585+3.40916gio" ) -0.0480106(Rig)+0.025%bg10o”  )*(Rig)
(73).

where Rigis an indicator variableshich takes the value 1fiit is the ISO test rig and O if it is
the high temperaturtest rig
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The results of aneway analysis of varianoan thesdwo linear regression modedse show
in Table49 by considering intercept$((1, 3) =0.07 p>0.05) and gradients=((1, 3) =0.20
p>0.05) This shows thatiere is a statisticallyon-significant differencép=0.05) between the
intercepts and gradients ftire twodifferent types ofigs. It is thereforeconcluded that the
room temperature airflow resistivifgr single and double samples does not depentthe rig

type.

Table43. Relationship between airflow resistivity of single and double samples and bulk

density at room temperatur@NOVA for regression variables in the order fitted

Source Sum of square§Degrees/Mean square |F-ratio p value
of
freedom

logio(” ) 21.7752 21.7752 14678.65| 0.0000

Slopes 0.000297907 0.000297907 0.20 0.6549
Model 21.7756

1

Intercepts 0.0000985115 1 0.0000985115 0.07 0.7971
1
3

To gain more insight into thefluence of the test rigwo different types ofegression rmdels
were considered:

Model 1considered the effect of the test rig asddition effect onlyi.e.
l0g10(r) ~logio (" ) +Rig

Model 2considered the effect of the test rig asadditionand interaction effect.e.

logio(r) ~logio (" ) * Rig

For Model 1 the regression analysis gives the following:

loguo(r) =-2.188653+3.42079%g10 (" ) +0.001812%(Rig)
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Table44. Likelihood ratio test results

Parameter Estimated | Standard | T p vaue
values error Statistic
Constant -2.188653| 0.055378| -39.522 | 0.0000
logio(” ) 3.420795 | 0.028141| 121.558 | 0.0000
Rig 0.00182 | 0.007009| 0.259 0.796
R2=99.2P6
R? (adjusted for degrees of freedom) =285
Residual standard error of estima®(3838
For Model 2the egression analysis gives the following:
log1o(r) =-2.16585+3.409160g10 (" ) -0.0480X(Rig) - 0.02540l0g10 ("  )*(RiQ)
Table45. Likelihood ratio test results
Parameter Estimated| Standard T p value
values error Statistic
Constant -2.16585 | 0.07535 | -28.744 | 0.00000
logio(” ) 3.40916 | 0.03836 | 88.871 | 0.00000
Rig -0.04801 | 0.11140 | -0.431 0.667
logio(”  )*Rig -0.02540 | 0.05667 0.448 0.655
R?=99.22%

R? (adjusted for D.F.) = 999
Residual standard error0=03852

Null HypothesisModel 1 is stastically better than Mode2.

Model 1: logio(Output)~ logio(”

) + Rig

Model 2 :logio(Output)~ logio(”

) * Rig

109




Model | Degrees | Log likelihood | Degrees of Chi square | Pr(>ch square
of freedom value value)
freedom

1 4 222.46
2 5 222.56 1 0.2076 0.6487

The likelihood ratio test was conducted for two nested regression models basednoi t
hypothesis that Model is gatistically better fitted than Mode&. Since there is aon
statisticallysignificant difference§=0.05),the null hypothesis is acceptég the likelihood
0s r esul t sModehliisbditer fitteddthaic Modet 2 i.et the aftect of

the test rig is an additive variable.

ratiot e st

In conclusion,t is reasonabléo conclude that theoom temperature airflow resistividoes
not depend on the rig type (even though the statistical tests for single samples indicated this)
because the combined dataset for single and double samples is larger and potentially more

reliabe.

5.1.5 Effect of airflow velocity on the specific airflow resistance oflouble samples

Specific airflow resistance measurements were carried out for four different airflow velocities
(0.53 103 m/s, 13 103 m/s, 23 10° m/s and 4 103 m/si thesecorrespondto the sound
pressure levels indicated Trable1). Three different density materials were measairedi he

resultsare shown inrable46 andFigure45.

Table46. Specific airflow resistance values for different airflow velociiesoom

temperature.
Mass (g) Specific airflow resistance values for different airflow velocities
(Pa.s/m)

05 pm m/s| 1 pm m/s 2 pmtm/s | 4 p1mt mls
22.12 799 800 800 799
24.21 859 880 870 855
29.57 2995 2941 2906 2922
30.86 3015 3122 3027 2892
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30.87 3095 3012 3047 3195
47.61 9505 9525 9575 9570
48.32 9604 9645 9665 9650

As shown inFigure45, the specific airflow resistance at room temperature for four different
airflow velocitiesis proportional to the sample mass @nefour regression lines areminally

identical

A oneway analysis of variandNOVA) with T u k e y 6i koctpsbveasconducted on all
specific airflow resistance values for four different airflow velociti€&ee Table4d7. Tu k ey 0 s
post hoetest can use to determine whiclogps among the sample have significant differences.

It calculates the difference between the means of all the groups and test values are number
ch
known as Honest Siificant Difference HSD)[104]. Considering the results from four airflow

whi acts as a di st anc ehobtestwsrseby definimgea vglueo u p s .
velocities, it can be concluded that there is no significant difference between the specific

airflow resistance values.

Table47. Statistical test results on comparison of specific airflow resistance at

room temperature for four different airflow velocities

Specific airflow resistance (Pa.s/m)
) 95% Confidence Interval fg
Airflow Std.

. o Mean(Pa.s/m) o )
\velocities Mean Deviation | Std. Error Minimum | Maximum
(m/s) N (Pa.s/m) (Pa.s/m) (Pa.s/m) | Lower Bound Upper Bound (Pa.s/m)| (Pa.s/m)
0.5E3 m/s 7 4267.428€ 3744.34622|1415.22985 804.4859 | 7730.3713 | 799.00 | 9604.00

1E-3 m/s 7 4275.0000 3757.33026|1420.1373F§ 8000491 7749.9509 | 800.00 | 9645.00
2 E3 m/s 7 4270.000(¢ 3780.4590€ 1428.8792] 773.6585 7766.3415 800.000 9665.00
4E-3 m/s 7 4269.000Q 3777.47870|1427.75275 775.4149 7762.5851 | 799.00 | 9650.00

Total 28 4270.3571 3549.61384| 670.81396| 2893.9606 | 5646.7537 | 799.00 | 9665.00
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ANOVA

Specific airflow resistance (Pa.s/m)

Sum of Square: df Mean Square Sig.
Between Groups 224.714 3 74.905 .000 1.000
Within Groups 340193251.714 24 14174718.821
Total 340193476.42¢ 27
Multiple Comparisons
Dependent Variale: Specific airflow resistance (Pa.s/m)
Tukey HSD
Mean 95% Confidence Interval
() airflow velocities| (J) airflow velocities| Difference (}
(m/s) (m/s) J) Std. Error Sig. Lower Bound| Upper Bound
0.5E3 1E3 -7.57143 | 2012.44122| 1.000 -5559.1@8 5543.9669
2E3 -2.57143 | 2012.44122| 1.000 -5554.1098 | 5548.9669
4E-3 -1.57143 | 2012.44122, 1.000 -5553.1098 | 5549.9669
1E3 0.5E3 7.57143 2012.44122| 1.000 -5543.9669 | 5559.1098
2E3 5.00000 2012.44122| 1.000 -5546.5384 | 5556.5384
4E-3 6.00000 2012.4122 | 1.000 -5545.5384 | 5557.5384
2E-3 0.5E3 2.57143 2012.44122| 1.000 -5548.9669 | 5554.1098
1E3 -5.00000 | 2012.44122| 1.000 -5556.5384 | 5546.5384
4E-3 1.00000 2012.44122( 1.000 -5550.5384 | 5552.5384
4E-3 0.5E3 1.57143 2012.44122| 1.000 -5549.9669 | 5553.1098
1E3 -6.00000 | 2012.44122, 1.000 -5557.5384 | 5545.5384
2E3 -1.00000 | 2012.44122| 1.000 -5552.5384 | 5550.5384
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Figure45. Specific airflow resistance at room temperature for four different airflow velacities
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5.2 High temperature measurements

High temperature experiments were condutbedhree types of material samplesaterial ID
Nos. 0048, 0064 and 0058prresponding tthree different densities of f86and 128 kg/rh
All the test results at high temperature used tosdmples to ensure a measurable differential

pressure.

5.2.1 Change inmaterial thickness at high temperature

During initial experimentstiwas observed thahé measured thicknes$ the materiawas

different before and afteexposure tchigh temperatui® hence,the airflow resistivity was
calculatedusing the initial thickness at room temperatdimeorder to make sure thiattvas not

the test rigthat causedhe thickness reduction, experiments were conducted under the same
experimental condition as tletualhigh temperature experiments except without an air supply
connected to the test rigpside the kiln,wo separate sets of double samples were considered
oneinside andneoutside the test rig. Both setere heated together up to 800 w iatatnp

rate of 100 . I niti al e X per upmeentOs wearned cnoon dsuicgtnei df i
changeoccurred However, t was observed that reductionin thicknessoccurredabove

700 . The thickness of 96 and 128 kg/samplesvere measureahd shownin Table48.

Theseesults indicate that thdoublesamplehicknessisreduceslf t er heatwheng t o &
inside and outside the test rig; hence this effect is not caused by the containmemtatétres
inside the test rig.

According to the literaturfgl05, 106] alkaline eartrsilicate is almost amorphous at the room
temperature but the material undezgacrystallisation and shrinkage with increasing
tempeat ure. Crystallisation is expected to st a
bet ween 750 [1Gb)n @he ®ibkOess reduction is likely to occur due to the

compression of the material atoms before the crysastbn.

When there is an unknoweduction in thickness dtigh temperaturd is not appropriate to
guote the airflow resistivitgsthe calculation requires knowledge of the thickn@serefore

whenthe thickness is unknown it is appropriate to dal@ithespecific airflow resistance
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instead The results in sectio®d.2.3are included for both the specific airflow resistance and
airflow resistivity as it seems feasible to contimumting theairflow resistivity up to 60
However, in sectionS.2.4and1.1where trends are assessed across the range of temperatures

it will be necessary to use only one parameter, the specific airflow resistance.

Table48. Change in thickness of tliublesamplesvhen heateth the kilnto8 0 0.
Material ID No. 006496 kg/n¥)

Materials outside the test rig

Thickness before haay 96.5 mm
Thickness after heiaig 88.7 mm
Percentage change in thiclesg%) 8.1

Materials inside the test rig

Thickness beforbeating 98.1 mm
Thickness afteheating 95.3 mm
Percentage change in thickness (%) 2.9

Material ID No. 0058128 kg/n?)

Materials outside the test rig

Thickness before haay 104.9 mm
Thickness after heag 87.0 mm
Percentage change in thickness (%) 17.1

Materials inside the test rig

Thickness before haay 106.0mm
Thickness after heiaig 87.0 mm
Percentage change in thickness (%) 17.9
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5.2.2 Differential pressure variation at high temperature

Above 600 t her e wa sductiontin sample thicknekat alsoa reduction in the
differential pressurédn sectiord.7, it was shown that was necessary to correct the differential
pressure; both the uncorrected and correateslilts are givenn Table 49 for the high
temperature test rig with packingside the preheateHowever, as it is only the corrected
differential pressure that issed to calculate the airflow resistivityjs only these valuethat
areplotted onFigure46 for the high temperature test rig with packingide the preheater

For material ID Ns.0048, 0064and0058 from2 0 t o #éréshlts indicate a general
increase in the correctetifferential pressuravith increasing temperaturg to600- 700
wherethere is a pealibove which there isr@ductionin the correctediifferential pressure

Table49. Differential pressure variatiaof double samplem the high temperature test

rig with packing

Material ID No. | Thickness (mm)  Differential Corrected | Temper at
pressure (Pa) | differential
pressure (Pa
0.40 0.40 20
0.47 0.60 100
0.56 0.90 200
0.68 1.33 300
0048 90 0.73 1.67 400
0.86 2.26 500
0.90 2.67 600
0.58 1.93 700
0.05 0.18 800
0.43 0.43 20
0.45 0.57 100
0048 100 0.55 0.89 200
0.60 1.17 300
0.68 1.56 400
0.70 1.84 500
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0.81 241 600
0.50 1.66 700
0.04 0.15 800
1.55 155 23
1.62 2.04 100
1.65 2.64 200
1.68 3.26 300
1.70 3.86 400
0064 82 1.92 5.01 500
1.94 5.53 571.4
1.92 5.51 576
1.85 5.46 600
1.67 5.24 657.4
1.55 5.10 700
1.10 3.99 800
151 151 21.8
1.55 1.97 100
1.62 2.60 200
1.68 3.26 300
1.88 4.29 400
0064 50 2.19 5.74 500
2.28 6.45 562
2.28 6.75 600
1.84 6.07 700
1.02 3.71 800
1.50 1.50 21.3
1.54 1.96 100
1.62 2.61 200
1.65 3.22 300
1.96 4.49 400
0064 80
221 5.81 500
2.30 6.53 563
2.26 6.71 600
1.87 6.19 700
1.08 3.94 800
4.76 4.76 15.6
0058 100 4.90 6.32 100
6.35 10.41 200
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Average Temperature (°C)

8.28 16.48 300
9.78 22.79 400
10.64 28.52 500
12.33 37.24 600
11.21 32.15 700
10.54 30.18 716
5.83 24.80 800
4.81 481 18.1
4.96 6.35 100
6.23 10.09 200
7.51 14.79 300
9.84 22.73 400
0058 96
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12.41 37.23 600
11.22 32.28 700
10.67 30.11 708
5.23 24.22 800
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Figure46. Correded dfferential pressurevariationfor double samples AES material
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5.2.3 Specific airflow resistance and airflow resistivity of double samples at specific

temperatures

Since the differential pressure values were measured at room temperature, thie padsssi
were corrected based on the temperature ratio of high temperature to room temperature.
calculatedand correctedalues of specific airflow resistance and airflow resistifitgsed on
the initial thickness in the test rig at room temperataregivenin Table50for double samples

of thethree materiatlensities (other measured data isAppendixE).

Measurements were taken two sets of double samples oftarial ID Nos.0048, 0064 and
0058.

Tale 50. Corrected specific airflow resistance and airflow resistivatipgsfor double

samplesn the high temperature test rig with packingidethe preheater

Material Initial Temperatue | Specificairflow Corrected Airflow Corrected
ID No. thicknessat () resistance specific resistivity airflow
room (Pa.s/m) airflow (Pa.s/m) resistivity
temperature resistance (Pa.s/m)
(mm) (Pa.s/m)
20 859 859 8,586 8,586
100 899 1,141 8,985 11,412
200 1,103 1,776 11,029 17,757
300 1,198 2,336 11,981 23,362
0048 100 400 1,358 3,109 13,578 31,094
500 1,398 3,676 13,977 36,761
600 1,617 4,804 16,174 48,036
700 998 3,305 9,984 33,047
800 80 201 799 2,907
20 799 799 8,875 8,875
100 938 1,192 10,428 13,243
0048 % 200 1,118 1,800 12,424 20,003
300 1,358 2,648 15,087 29,419
400 1,458 3,338 16,196 37,089
500 1,717 4,516 19,080 50,181
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600 1,797 5,337 19,968 59,304
700 1,158 3,845 12,868 42,722
800 100 365 1,109 4,060
20 3,095 3095 37,744 37,744
100 3,249 4,093 39,616 49,916
200 3,295 5,271 40,179 64,286
300 3,369 6,536 41,084 79,702
0064 82 400 3,409 7,738 41,573 94,370
500 3,850 10,049 46,953 122,546
600 3,710 10,944 45,241 133,460
700 3,095 10,183 37,744 124,177
800 2,206 8007 26,90 97,647
20 2,995 2,995 37,439 37,439
100 3,075 3,905 38,438 48,816
200 3,235 5,208 40,435 65,100
300 3,295 6,425 41,183 80,308
0064 80 400 3,930 9,000 49,129 112,506
500 4,451 11,705 55,632 146,313
600 4,475 13,290 55,935 166,126
700 3,734 12,359 46,675 154,493
800 2,157 7,871 26,956 98,391
20 3,015 3,015 37,689 37,689
100 3,095 3,931 38,687 49,133
200 3,235 5,176 40,435 64,695
300 3,355 6,508 41,932 81,348
0064 80 400 3,754 8,559 46,924 106,987
500 4,373 11,457 54662 143,213
600 4,572 13,533 57,150 169,164
700 3,674 12,124 45,926 151,555
800 2,037 7,414 25,459 92,670
20 9,505 9,505 95,046 95,046
0058 100
100 9,784 12,622 97,842 126,216
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200 12,680 20,794 126,795 | 207,944
300 16,394 32,625 163,943 | 326,247
400 19,780 46,087 197,799 | 460,871
500 21,336 57,181 213,361 | 571,806
600 24,620 74,353 246,202 | 743,530
700 24,484 82,512 244,843 | 825,122
800 20,738 77,147 207,384 | 771,470
20 9,604 9,604 100,047 | 100,047
100 9,904 12,677 103167 132,053
200 12,493 20,238 130,134 | 210,816
300 14,996 29,542 156,206 | 307,725
0058 96 400 19,732 45,581 205,540 | 474,797
500 21,617 57,501 225,175 | 598,965
600 24,780 74,340 258,124 | 774,373
700 24,401 81,498 254,172 | 848,936
800 20,467 75,523 213,197 | 786,697

5.2.4 Influence of temperature on the specific airflow resistance of double samples in

high temperature test rig

Having established that ttspecific airflow resistances the preferred parameter to assess the
material properties over a widenge of temperaturestatistical tests were conduct®edassess

the effect of temperature dhe corrected specific airflow resistance values.

For material ID N0.0048 (64 kg/A), aoneway analysis of variance was conducted on the
influence of temperater on the specific airflow resistance of double samples in high
temperature test rigseeTable51. Temperature variable included nine different temperatures
{20 100 , 200 300 400 , Ibdffécts ,were6 00
statistically significant at the 0.05 significance level. The main effect for the temperature
yielded anF ratio of F (8,9=64.32 p=0.000 0<0.05), indicating a significant difference
between room temperaturd€829.0,SD=4 2 . 4 ) , M£1066.5, SD=36.0), 200
(M=1788.0 SD=17.0), 300 M=2492.0 SD=220.6), 400 M=3,223.5 SD=161.9),
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500 (M=4,096.0, SD=594.0), 600  M=5,070.5, SD=376.9), 700 (M=3,575.0,
SD=381.8) and 800 M=328.0,SD=52.3)

According to the resultsf ANOVA with Tukey 6p®sthoc testwas conductedthe specific
airflow resistance at room temperat(@8 ) has asignificantdifference(p=0.05)to all other

temperature values except 1®h d 200

The specific airflow resistancat 1 0 0 has asignificant difference (p=0.05) to all other

temperatures except 20 (room temperatuje and 200

The scific airflow resistanceat 100,200and 300 ar e n o tly ddéfereptnpF0EOb)c a n t
howeverthey aresignificanty differentto other temperatures.

The specificar f | ow r es i st asigeifieanty differdnd (©=0.05) frons200rarad
700

The specific airflow resistance at 400 is significanty different (=0.05) from other
temperaturesxeept 300, 50@nd 700

The gpecific airflow resistance at 500 i s s ilygdifferént E=8.05) from other
temperatures except 400,0/énd 800

The peci fic airfl ow igsegsificaty diffeccet (p=0.05) fidrd Other
temperatures exceptO 0

The specific airflow resistance a0QO i snificantygdifferent =0.05) from other

temperatures except 30@Mc4and ®O

The specific airf |l osgnificanty diffeterda (p=©.85) feomall &tBed

temperatures except 20 (room temperatuje and 100
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Table51. Statistical test output for specific airflow resistantelouble sampleat high
temperatures for aterial IDN0.0048 (64 kg/m)

Specificairflow resistancéPa.s/m)

95% Confidence Interval fo
Std. Std. Mean(Pa.s/m)

Temperature Mean Deviation Error Upper Minimum Maximum
( ) N (Pa.s/m) | (Pa.s/m) | (Pa.s/m)| Lower Bound| Bound (Pa.s/m) (Pa.s/m)
20 2 829.0 42.4 300 447.8 12102 799 859
100 2 1166.5 361 25.5 8425 1490.5 1141 1192
200 2 1788.0 17.0 12.0 1635.5 19405 1776 1800
300 2 24920 220.6 156.0 509.8 44742 2336 2648
400 2 32235 161.9 114.5 1768.6 46784 3109 3338
500 2 4096.0 594.00 4200 -1240.6 9432.6 3676 4516
600 2 5070.5 376.9 266.5 1684.3 8456.7 4804 5337
700 2 3575.0 381.8 270.0 144.3 70057 3305 3845
800 2 328.0 52.3 37.0 -142.1 798.1 291 365
Total 18 2507.6 15714 370.3 17262 3289. 291 5337

ANOVA
Specificairflow resistanc€Pa.s/m)
Sum of Squares df Mean Square F Sig.

Between Groups 41256594.778 5157074.347 64.315 .000

Within Groups 721663.500 80184.833

Total 41978258.278 17

Multiple Comparisons

Dependent Variable: Speciféirflow resistancéPa.s/m)

Tukey HSD
n Mean 95% Confidence Interval
Temperaturg (J) Temperaturq Difference (} | Std. Error

() () J) (Pa.s/m) (Pa.s/m) Sig. Lower Bound Upper Bound

20 100 -337.500 283.169 .940 -1457.73 782.73
200 -959.000 283.169 .108 -2079.23 161.23
300 -1663.000 283.169 .004 -2783.23 -542.77
400 -2394.500 283.169 .000 -3514.73 -1274.27
500 -3267.000 283.169 .000 -4387.23 -2146.77
600 -4241.500 283.169 .000 -5361.73 -3121.27
700 -2746.000 283.169 .000 -3866.23 -1625.77
800 501.000 283.169 .699 -619.23 1621.23

100 20 337.500 283.169 .940 -782.73 1457.73
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200 -621.500 283.169 AT76 -1741.73 498.73
300 -1325.500 283.169 .019 -2445.73 -205.27
400 -2057.000 283.169 .001 -3177.23 -936.77
500 -2929.500 283.169 .000 -4049.73 -1809.27
600 -3904.000 283.169 .000 -5024.23 -2783.77
700 -2408.500 283.169 .000 -3528.73 -1288.27
800 838.500 283.169 191 -281.73 1958.73
200 20 959.000 283.169 .108 -161.23 2079.23
100 621.500 283.169 AT76 -498.73 1741.73
300 -704.000 283.169 344 -1824.23 416.23
400 -1435.50" 283.169 .011 -2555.73 -315.27
500 -2308.000 283.169 .000 -3428.23 -1187.77
600 -3282.500 283.169 .000 -4402.73 -2162.27
700 -1787.000 283.169 .003 -2907.23 -666.77
800 1460.000 283.169 .010 339.77 2580.23
300 20 1663.000 283.169 .004 542.77 2783.23
100 1325.500 283.169 .019 205.27 2445.73
200 704.000 283.169 344 -416.23 1824.23
400 -731.500 283.169 .307 -1851.73 388.73
500 -1604.000 283.169 .005 -2724.23 -483.77
600 -2578.500 283.169 .000 -3698.73 -1458.27
700 -1083.000 283169 .060 -2203.23 37.23
800 2164.000 283.169 .001 1043.77 3284.23
400 20 2394.500 283.169 .000 1274.27 3514.73
100 2057.000 283.169 .001 936.77 3177.23
200 1435.500 283.169 .011 315.27 2555.73
300 731.500 283.169 .307 -388.73 1851.73
500 -872.500 283.169 .163 -1992.73 247.73
600 -1847.000 283.169 .002 -2967.23 -726.77
700 -351.500 283.169 .926 -1471.73 768.73
800 2895.500 283.169 .000 1775.27 4015.73
500 20 3267.000 283.169 .000 2146.77 4387.23
100 2929.500 283.169 .000 1809.27 4049.73
200 2308.000 283.169 .000 1187.77 3428.23
300 1604.000 283.169 .005 483.77 2724.23
400 872.500 283.169 .163 -247.73 1992.73
600 -974.500 283.169 .101 -2094.73 145.73
700 521.000 283.169 .662 -599.23 1641.23
800 3768.000 283.169 .000 2647.77 4888.23
600 20 4241.500 283.169 .000 3121.27 5361.73
100 3904.000 283.169 .000 2783.77 5024.23
200 3282.500 283.169 .000 2162.27 4402.73
300 2578.500 283.169 .000 1458.27 3698.73
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400 1847.000 283.169 .002 726.77 2967.23
500 974.500 283.169 101 -145.73 2094.73
700 1495.500 283.169 .009 375.27 2615.73
800 4742.500 283.169 .000 3622.27 5862.73
700 20 2746.000 283.169 .000 1625.77 3866.23
100 2408.500 283.169 .000 1288.27 3528.73
200 1787.000 283.169 .003 666.77 2907.23
300 1083.000 283.169 .060 -37.23 2203.23
400 351.500 283.169 .926 -768.73 1471.73
500 -521.000 283.169 .662 -1641.23 599.23
600 -1495.500 283.169 .009 -2615.73 -375.27
800 3247.000 283.169 .000 2126.77 4367.23
800 20 -501.000 283.169 .699 -1621.3 619.23
100 -838.500 283.169 191 -1958.73 281.73
200 -1460.000 283.169 .010 -2580.23 -339.77
300 -2164.000 283.169 .001 -3284.23 -1043.77
400 -2895.500 283.169 .000 -4015.73 -1775.27
500 -3768.000 283.169 .000 -4888.23 -2647.77
600 -4742500 283.169 .000 -5862.73 -3622.27
700 -3247.000 283.169 .000 -4367.23 -2126.77

*. The mean difference is significant at the 0.05 level.

For material ID N0.0064 (9&g/m?), aoneway analysis of variance was conducted on the
influence of temperatur@en the specific airflow resistance of double samples in high
temperature test rigg seeTable52. A oneway analysis of variance was conducted on the
influence of temperature on the specific airflowsistance of double samples in high

temperatur e
300

200 ,

=66.07p=0.000 p<0.05), indicating a significant difference between room temperatlire (

test
400

ri

, 500
at the 0.05 significance level. The maifeef for the temperature yielded Bmatio of F (8,18)

Temperatur e
600

vari

e

} .

3,035.0SD=52. 9) ,M=3Wr®3SD=1(01. 9) M=5,2188SD=48. 3) M=300

6,480.7SD=57 . 7) , M=84BD3SD=(6 4 0. 5) M=119T0B,SP=893 . 2) ,
(M=12,589.0, SD=1429 . 8 )M=11,558.0 S 1194 . 3)

SD=310.6).

According to the results &NOVA with T u k eppsbhsc testthe specific airflow resistance
at room temperatur€@0 ) has asignificant difference p=0.05) toall other temperature

values except 108 n d

200

125

a N=7,76400 0

600

/

(



The specific airflow resistancat 1 0 0 has asignificant difference p=0.05) toall other

temperatures except20(r oom t emper ature) and 200

The scific airflow resistancgeat 100,200and 300 ar e n o tly ddfereptnpF0EOb)c a n t

howeverthey aresignificanty differentto other temperatures.

The specific airf | otwignificasty déferentnpsCe05)dram20400 I S
and 800

The specific airflow resistance at 400 is significanty different (=0.05) from other

temperatures except 300 ar@D8 .

The gecific airflow resistance at 500 i s s ilygdifferént E=8.05) from other
temperatures except 600 ar@D7 .

Thespeci fic airfl ow r es iissohlyasigaifieantadifferénd(®0.05) and 7
from5 0 0

Thepeci fic airfl owvsonmysnensignificantyadiéereatip=0®%) HGom500
and 700

The specific airflow resistance a0QO i snificantygdifferent =0.05) from other

temperatures except 500 ar@D6 .

The specific airfl ow r ely diffeterda (=0.85) faom allBothér i s

temperatures except@0 and D 0
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Table52. Statistical test output for specific airflow rdsisce at high temperatures for
material IDN0.0064 (96 kg/m)

Specificairflow resistancé¢Pa.s/m)

Std. 95% Confidence Interval fo
Temperature Mean Deviation |Std. Errof Mean(Pa.s/m) Minimum Maximum
() N (Pa.s/m) | (Pa.s/m) | (Pa.s/m)| Lower Bound| Upper Bound (Pa.s/m) (Pa.s/m)
20 3 3035.0 52.9 306 2903.5 31665 2995 3095
100 3 3976.3 1017 58.8 37233 42294 3905 4093
200 3 5218.3 48.3 27.9 50983 53384 5176 5271
300 3 64897 57.7 33.3 63461 66331 6425 6536
400 3 8432.3 6405 36938 6841.3 10023.3 7738 9000
500 3 11070.3 8932 5157 88516 13289.0 10049 11705
600 3 12589.0 14298 8255 9037.2 161408 10944 13533
700 3 11555.3 11943 689.5 8588.6 145221 10183 12359
800 3 7764.0 310.6 1794 6992.3 85357 7414 8007
Total 27 77923 3346.1 644.0 64686 9115.9 2995 13533
ANOVA
Specificairflow resistancéPa.s/m)
Sum of Squares df Mean Square F Sig.
Between Groups | 281521079.185 8 35190134.898 66.067 .000
Within Groups 9587636.000 18 532646.444
Total 291108715.185 26

Multiple Comparisons
Dependent Variable: Specifirflow resistancéPa.s/m)
Tukey HSD
Mean 95% Confidence Interval
n J) Difference
Temperaturg Temperaturg  (Pa.s/m) Std. Error
() () (1-J) (Pa.s/m) Sig. Lower Bound Upper Bound
20 100 -941.333 595.901 .804 -3029.29 1146.62
200 -2183.333 595.901 .036 -4271.29 -95.38
300 -3454.667 595.901 .000 -5542.62 -1366.71
400 -5397.333 595.901 .000 -7485.29 -3309.38
500 -8035.333 595.901 .000 -10123.29 -5947.38
600 -9554.000 595.901 .000 -11641.95 -7466.05
700 -8520.333 595.901 .000 -10608.29 -6432.38
800 -4729.000 595.901 .000 -6816.95 -2641.05
100 20 941.333 595.901 .804 -1146.62 3029.29
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200 -1242.000 595.901 512 -3329.95 845.95
300 -2513.333 595.901 .012 -4601.29 -425.38
400 -4456.000 595.901 .000 -6543.95 -2368.05
500 -7094.000 595.901 .000 -9181.95 -5006.05
600 -8612.667 595.901 .000 -10700.62 -6524.71
700 -7579.000 595.901 .000 -9666.95 -5491.05
800 -3787.667 595.901 .000 -5875.62 -1699.71
200 20 2183.333 595.901 .036 95.38 4271.29
100 1242.000 595.901 512 -845.95 3329.95
300 -1271.333 595.901 .483 -3359.29 816.62
400 -3214.000 595.901 .001 -5301.95 -1126.05
500 -5852.000 595.901 .000 -7939.95 -3764.05
600 -7370.667 595.901 .000 -9458.62 -5282.71
700 -6337.000 595.901 .000 -8424.95 -4249.05
800 -2545.667 595.901 .011 -4633.62 -457.71
300 20 3454.667 595.901 .000 1366.71 5542.62
100 2513.333 595.901 .012 425.38 4601.29
200 1271.333 595.901 .483 -816.62 3359.29
400 -1942.667 595.901 .080 -4030.62 145.29
500 -4580.667 595.901 .000 -6668.62 -2492.71
600 -6099.333 595.901 .000 -8187.D -4011.38
700 -5065.667 595.901 .000 -7153.62 -2977.71
800 -1274.333 595.901 .480 -3362.29 813.62
400 20 5397.333 595.901 .000 3309.38 7485.29
100 4456.000 595.901 .000 2368.05 6543.95
200 3214.000 595.901 .001 1126.05 5301.95
300 1942.667 595.901 .080 -145.29 4030.62
500 -2638.000 595.901 .008 -4725.95 -550.05
600 -4156.667 595.901 .000 -6244.62 -2068.71
700 -3123.000 595.901 .001 -5210.95 -1035.05
800 668.333 595.901 .963 -1419.62 2756.29
500 20 8035.333 595.901 .000 5947.38 10123.29
100 7094.000 595.901 .000 5006.05 9181.95
200 5852.000 595.901 .000 3764.05 7939.95
300 4580.667 595.901 .000 249271 6668.62
400 2638.000 595.901 .008 550.05 4725.95
600 -1518.667 595.901 .273 -3606.62 569.29
700 -485.000 595.901 .995 -2572.95 1602.95
800 3306.333 595.901 .001 1218.38 5394.29
600 20 9554.000 595.901 .000 7466.05 11641.95
100 8612.667 595.901 .000 6524.71 10700.62
200 7370.667 595.901 .000 5282.71 9458.62
300 6099.333 595.901 .000 4011.38 8187.29
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400 4156.667 595.901 .000 2068.71 6244.62
500 1518.667 595.901 .273 -569.29 3606.62
700 1033.667 595.901 720 -1054.29 3121.62
800 4825.000 595.901 .000 2737.05 6912.95
700 20 8520.333 595.901 .000 6432.38 10608.29
100 7579.000 595.901 .000 5491.6 9666.95
200 6337.000 595.901 .000 4249.05 8424.95
300 5065.667 595.901 .000 2977.71 7153.62
400 3123.000 595.901 .001 1035.05 5210.95
500 485.000 595.901 .995 -1602.95 2572.95
600 -1033.667 595.901 720 -3121.62 1054.29
800 3791.333 595.91 .000 1703.38 5879.29
800 20 4729.000 595.901 .000 2641.05 6816.95
100 3787.667 595.901 .000 1699.71 5875.62
200 2545.667 595.901 .011 457.71 4633.62
300 1274.333 595.901 480 -813.62 3362.29
400 -668.333 595.901 .963 -2756.29 1419.62
500 -3306.333 595.901 .001 -5394.29 -1218.38
600 -4825.000 595.901 .000 -6912.95 -2737.05
700 -3791.333 595.901 .000 -5879.29 -1703.38
*. The mean difference is significant at the 0.05 level.

For material ID No.0058 (12&g/m?), aoneway analysis ofariance was conducted on the
influence of temperature on the specific airflow resistance of double samples in high
temperature test rig seeTable53. A oneway analysis of variance was conducted on the
influence of temperature on the specific airflow resistance of double samples in high
temperature test rig. Temperature variabl e
, 200 , 300 , 400 , 500 , 600 , 700
significant at the 0.05 significance level. The main effect for the temperature yieldfechan
of F (8,9) =2,098.48p=0.000 (<0.05), indicating a significant difference between room
temperatureNl= 9,5545SD=70. 0) , M=1)639.5SD=3 8 . 9) , M=2M516.0 (
SD=393. 2) M=31M08355D=2, 180. OM=45,83408D=367. 8) M= 500
57,341.0SD=226 . 3) ,M=®G848.5 SD=0 . 2) , M3BDm5.0,SP=717.0) and
8 0 0 M=76,335.0SD=1148.3),

According to theesults ofANOVA with T u k e y & Boctgsithe specific airflow resistance
at room temperatur€@0 ) has asignificant difference p=0.05) toall other temperature

values except 100 .
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The specific airflow resistan@et 6 0 0 i s -sgifieanttoshe valceaaB 0 § n o n

Considering the results from the three densities, it might be possible to assume no significant
effect of temperature ospecific airflow resistancéor 20 and100 . Whil st there
al ways a significant di f f er e nhoiee waserdasoeablen r e s
although the change in materi al properties
smaller temperature steps to assess changaglow resistanceas the material crystallises.

Table53. Statistical tesbutput for specific airflow resiance at high temperatures for
material IDN0.0058(128 kg/n¥)

Specificairflow resistancéPa.s/m)
95% Confidence Interval fo
Std. Mean(Pa.s/m)

Temperatury Mean Deviation | Std. Error Lower Minimum Maximum
() N (Pa.s/m) (Pa.s/m) (Pa.s/m) Bound Upper Bound (Pa.s/m) (Pa.s/m)
20 2 9554.5 70.0 49.5 8925.5 101835 9505 9604
100 2 12649.5 389 27.5 123001 12998.9 12622 12677
200 2 20516.0 3932 278.0 169837 24048.3 20238 20794
300 2 31083.5 2180.0 1541.5 114969 506701 29542 32625
400 2 45834.0 3578 253.0 42619.3 49048.6 45581 46087
500 2 57341.0 2263 160.0 55308.0 59374.0 57181 57501
600 2 74346.5 9.2 6.5 74263.9 744291 74340 74353
700 2 82005.0 7170 507.0 7556.0 884471 81498 82512
800 2 76335.0 11483 812.0 660176 86652.4 75523 77147
Total 18 45518.3 27573.6 64992 31806.3 592304 9505 82512

ANOVA
Specificairflow resistancé¢Pa.s/m)
Sum of
Squares df Mean Square F Sig.
Between Groups 12918241346 8 1614780168.250 2098.476 .000
000
Within Groups 6925514.000 9 769501.556
Total 12925166860 17
000
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Multiple Comparisons

Dependent Variable: Specifirflow resistance(Pa.s/m)

Tukey HSD
0] J) 95% Confidence IntervgPa.s/m)
Temperaturg Temperature | Mean Difference

) () (1-J) (Pa.s/m) | Std. Error(Pa.s/m) Sig. Lower Bound Upper Bound
100 -3095.000 877.212 .089 -6565.30 375.30
200 -10961.500 877.212 .000 -14431.80 -7491.20
300 -21529.00" 877.212 .000 -24999.30 -18058.70
400 -36279.500 877.212 .000 -39749.80 -32809.20

20 500 -47786.500 877.212 .000 -51256.80 -44316.20
600 -64792.000 877.212 .000 -68262.30 -61321.70
700 -72450.500 877.212 .000 -75920.80 -68980.20
800 -66780.500 877.212 .000 -70250.80 -63310.20
20 3095.000 877.212 .089 -375.30 6565.30
200 -7866.500 877.212 .000 -11336.80 -4396.20
300 -18434.000 877.212 .000 -21904.30 -14963.70
400 -33184.500 877.212 .000 -36654.80 -29714.20

100 500 -44691.500 877.22 .000 -48161.80 -41221.20
600 -61697.000 877.212 .000 -65167.30 -58226.70
700 -69355.500 877.212 .000 -72825.80 -65885.20
800 -63685.500 877.212 .000 -67155.80 -60215.20
20 10961.500 877.212 .000 7491.20 14431.80
100 7866.500 877.212 .000 4396.20 11336.80
300 -10567.500 877.212 .000 -14037.80 -7097.20
400 -25318.000 877.212 .000 -28788.30 -21847.70

200 500 -36825.000 877.212 .000 -40295.30 -33354.70
600 -53830.500 877.212 .000 -57300.80 -50360.20
700 -61489.000 877.212 .000 -64959.30 -58018.70
800 -55819.000 877.212 .000 -59289.30 -52348.70
20 21529.000 877.212 .000 18058.70 24999.30
100 18434.000 877.212 .000 14963.70 21904.30
200 10567.500 877.212 .000 7097.20 14037.80
400 -14750.500 877.212 .000 -18220.80 -11280.20

300 500 -26257.500 877.212 .000 -29727.80 -22787.20
600 -43263.000 877.212 .000 -46733.30 -39792.70
700 -50921.500 877.212 .000 -54391.80 -47451.20
800 -45251.500 877.212 .000 -48721.80 -41781.20
20 36279.500 877.212 .000 32809.20 39749.80
100 33184.500 877.212 .000 29714.20 36654.80

400 200 25318.000 877.212 .000 21847.70 28788.30
300 14750.500 877.212 .000 11280.20 18220.80
500 -11507.000 877.212 .000 -14977.30 -8036.70
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600 -28512.500 877.212 .000 -31982.80 -25042.20
700 -36171.000 877.212 .000 -39641.30 -32700.70
800 -30501.000 877.212 .000 -33971.30 -27030.70
20 47786.500 877.212 .000 44316.20 51256.80
100 44691.500 877.212 .000 41221.20 48161.80
200 36825.000 877.212 .000 33354.70 40295.30
300 26257.90 877.212 .000 22787.20 29727.80
500 400 11507.000 877.212 .000 8036.70 14977.30
600 -17005.500 877.212 .000 -20475.80 -13535.20
700 -24664.000 877.212 .000 -28134.30 -21193.70
800 -18994.000 877.212 .000 -22464.30 -15523.70
20 64792.000 877.212 .000 61321.70 68262.30
100 61697.000 877.212 .000 58226.70 65167.30
200 53830.500 877.212 .000 50360.20 57300.80
300 43263.000 877.212 .000 39792.70 46733.30
000 400 28512.500 877.212 .000 25042.20 31982.80
500 17005.500 877.212 .000 1353520 20475.80
700 -7658.500 877.212 .000 -11128.80 -4188.20
800 -1988.500 877.212 441 -5458.80 1481.80
20 72450.500 877.212 .000 68980.20 75920.80
100 69355.500 877.212 .000 65885.20 72825.80
200 61489.000 877.212 .000 58018.70 64959.30
300 50921.500 877.212 .000 47451.20 54391.80
790 400 36171.000 877.212 .000 32700.70 39641.30
500 24664.000 877.212 .000 21193.70 28134.30
600 7658.500 877.212 .000 4188.20 11128.80
800 5670.000 877.212 .002 2199.70 9140.30
20 66780.500 877212 .000 63310.20 70250.80
100 63685.500 877.212 .000 60215.20 67155.80
200 55819.000 877.212 .000 52348.70 59289.30
300 45251.500 877.212 .000 41781.20 48721.80
800 400 30501.000 877.212 .000 27030.70 33971.30
500 18994.000 877.212 .000 15523.D 22464.30
600 1988.500 877.212 441 -1481.80 5458.80
700 -5670.000 877.212 .002 -9140.30 -2199.70
*. The mean difference is significant at the 0.05 level.

In conclusion, g considering all the statistical tesgsults it is shown that the effeatf
temperature on the specific airflawsistances statistically significant anthat the effect of
temperaturavas highest with @terial ID No.0058 which has the highest nominal density (i.e.

manufacturers quoted density at room temperature)
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5.2.5 Effect of airflow velocity on double samples

Specific airflow resistance measurements were carried out for four different airflow velocities
corresponding to the sound pressure levels indicat@ale 1 and he resultsare shown in
Table54 andFigure4?7.

Table54. Specific airflow resistance values for different airflow velocities

Mass (g) Specific airflow resistance utges for different airflow velocities
(Pa.s/m)
05 pm m/s| 1 p1m m/s 2 pntm/s | 4 pT1t m/s
22.12 365 4032 9010 17312
24.21 291 3972 8759 17052
29.57 7871 16438 23517 33187
30.86 7414 15478 23162 32759
30.87 8007 16268 23227 33178
47.61 77147 53777 48144 30047
48.32 75523 48545 48399 27942

In contrast to the room temperature measurements in sécti@where the effect of different
800

vary with the different airflow velocitiesor the highest density samples there is little change

airflow velocities was negligiblésigure47 shows that thepecificairflow resistanca t

in the specific airflow resistance for the range of airflow velocitiEsvever, with increasing
airflow velocity the change in specific airflow reince with increasing sample mass becomes
less significant such th#te specific airflow resistande2comes almost independent from the

sample mass at tleghestairflow velocity of4 10°m/s .

In this project the main comparisons between the tetaigs are all carried out with an airflow
velocity of 0.58 10° m/s; however, the findings here suggest that the airflow velocity should

be chosen to correspond to tieLSn the specific application.

Table55. Statistical compai son of specific airflow resist

airflow velocities

Dependent variable : Specific airflow resistance (Pa.s/m)
Mass Velocities Mean Std. Deviation
(kg) (m/s) (Pa.s/m) (Pa.s/m) N
2212 | 05 pm 365.00 1
1 pm 403.00 1
2 pm 9010.00 1
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4 pm 17312.00 1

Total 7679.75 7333.972 4

2421 | 05 pm 291.00 1
1 pm 3972.00 1

2 pm 8759.00 1

4 pm 17052.00 1

Total 7518.50 7239.726 4

2957 | 05 pm 7871.00 1
1 pm 16438.00 1

2 pm 23517.00 1

4 pm 33187.00 1

Total 20253.25 10736.390 4

3086 | 0.5 pm 7414.00 1
1 pm 15478.00 1

2 pm 23162.00 1

4 pm 32759.00 1

Total 19703.25 10821.182 4

3087 | 05 pm 8007.00 1
1 pm 16268.00 1

2 pm 23227.00 1

4 pm 33178.00 1

Total 20170.00 10672.667 4

4761 | 05 pm 77147.00 1
1 pm 53777.00 1

2 pm 48144.00 1

4 pm 30047.00 1

Total 52278.75 19425.254 4

4832 | 05 pm 75523.00 1
1 pm 48545.00 1

2 pm 48399.00 1

4 p 27942.00 1

Total 50102.25 19515.953 4

Total 05 pm 25231.14 35072.209 7
1 pm 22644.29 20271.881 7

2 pm 26316.86 16325.800 7

4 pm 27353.86 7207.957 7

Total 25386.54 20943.426 28
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Tests of BetweeiSubjects Effects

Dependent ariable: Specific airflow resistance (Pa.s/m)

Type Il Sum of

Source Squares df Mean Square F Sig.
Corrected Model 8296828679.17 9 921869853.242 4.679 .003
Intercept 18045333476.03t 1 18045333476.03¢ 91.598 .000
Mass 8210869144.214 6 1368478190.702 6.946 .001
Velocities 85959534.964 3 28653178.321 145 931
Error 3546103223.786 18 197005734.655

Total 29888265379.00( 28

Corrected Total 11842931902.96/ 27

a. R Squared =.701 (Adjusted R Squared = .551)

Multiple ComparisonsMass

Dependent variable: Specific airflow resistance (Pa.s/m)

Tukey HSD
() Mass | (J) Mass Mean Difference| Std. Error 95% Confidence Interval
(kg) (kg) (1-J) (Pa.s/m) (Pa.s/m) Sig. Lower Bound Upper Bound
22.12 24.21 161.25 9924.861 1.000 -32634.49 32956.99
29.57 -12573.50 9924.861 .858 -45369.24 20222.24
30.86 -12023.50 9924.861 .881 -44819.24 20772.24
30.87 -12490.25 9924.861 .862 -45285.99 20305.49
47.61 -44599.00 9924.861 .004 -77394.74 -11803.26
48.32 -42422.50 9924.861 .007 -75218.24 -9626.76
24.21 22.12 -161.25 9924.861 1.000 -32956.99 32634.49
29.57 -12734.75 9924.861 .851 -45530.49 20060.99
30.86 -12184.75 9924.84 .874 -44980.49 20610.99
30.87 -12651.50 9924.861 .855 -45447.24 20144.24
47.61 -44760.25 9924.861 .004 -77555.99 -11964.51
48.32 -42583.75 9924.861 .007 -75379.49 -9788.01
29.57 22.12 12573.50 9924.861 .858 -20222.24 45369.24
24.21 12734.75 9924.861 .851 -20060.99 45530.49
30.86 550.00 9924.861 1.000 -32245.74 33345.74
30.87 83.25 9924.861 1.000 -32712.49 32878.99
47.61 -32025.50 9924.861 .058 -64821.24 770.24
48.32 -29849.00 9924.861 .089 -62644.74 2946.74
30.86 22.12 12023.50 9924.84 .881 -20772.24 44819.24
24.21 12184.75 9924.861 .874 -20610.99 44980.49
29.57 -550.00 9924.861 1.000 -33345.74 32245.74
30.87 -466.75 9924.861 1.000 -33262.49 32328.99
47.61 -32575.50 9924.861 .052 -65371.24 220.24
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48.32 -30399.00 9924.861 .080 -63194.74 2396.74
30.87 22.12 12490.25 9924.861 .862 -20305.49 45285.99
24.21 12651.50 9924.861 .855 -20144.24 45447.24
29.57 -83.25 9924.861 1.000 -32878.99 32712.49
30.86 466.75 9924.861 1.000 -32328.99 33262.49
47.61 -32108.75 9924.861 .057 -64904.49 686.99
48.32 -29932.25 9924.861 .087 -62727.99 2863.49
47.61 22.12 44599.00 9924.861 .004 11803.26 77394.74
24.21 44760.25 9924.861 .004 11964.51 77555.99
29.57 32025.50 9924.861 .058 -770.24 64821.24
30.86 32575.50 9924.861 .052 -220.24 65371.24
30.87 32108.75 9924.861 .057 -686.99 64904.49
48.32 2176.50 9924.861 1.000 -30619.24 34972.24
48.32 22.12 42422.50 9924.861 .007 9626.76 75218.24
24.21 42583.75 9924.861 .007 9788.01 75379.49
29.57 29849.00 9924.861 .089 -2946.74 6264474
30.86 30399.00 9924.861 .080 -2396.74 63194.74
30.87 29932.25 9924.861 .087 -2863.49 62727.99
47.61 -2176.50 9924.861 1.000 -34972.24 30619.24
Based on observed means.
The error term is Mea8quare Error) = 197005734.655.
*. The mean differece is significant at the .05 level.

Multiple ComparisonsVelocities

Dependent &riable: Specific airflow resistance (Pa.s/m)

Tukey HSD
() Velocities | (J) Velocities Mean Difference| Std. Error 95% Confidere Interval
(m/s) (m/s) (I-J) (Pa.s/m) (Pa.s/m) Sig. Lower Bound Upper Bound
05 prm 1 pm 2586.86 7502.490 .985 -18617.36 23791.07
2 pm -1085.71 7502.490 .999 -22289.93 20118.50
4 pm -2122.71 7502.490 .992 -23326.93 19081.50
1 pm 05 pm -2586.86 7502490 .985 -23791.07 18617.36
2 pm -3672.57 7502.490 .960 -24876.78 17531.64
4 pm -4709.57 7502.490 .922 -25913.78 16494.64
2 pm 05 pm 1085.71 7502.490 .999 -20118.50 22289.93
1 pm 3672.57 7502.490 .960 -17531.64 2487678
4 pm -1037.00 7502.490 .999 -22241.21 20167.21
4 pm 05 pm 2122.71 7502.490 .992 -19081.50 23326.93
1 pm 4709.57 7502.490 .922 -16494.64 25913.78
2 pm 1037.00 7502.490 .999 -20167.21 22241.21
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Based on observed means
The error term is Mean Square (Error) = 197005734.655.

Interaction effect : Mass * Velocities
Dependent variable: Specific airflow resistance (Pa.s/m)
95% Confidence Interval
Mass Velocities Mean Std. Error Lower Bound Upper Bound
(kg) (m/s) (Pa.s/m) (Pa.s/m) (Pa.s/m) (Pa.s/m)
2212 | 05 pm 7524.357 8388.039 -10098.258 25146.972
1 pm 4937.500 8388.039 -12685.115 22560.115
2 pm 8610.071 8388.039 -9012.544 26232.687
4 pm 9647.071 8388.039 -7975.544 27269.687
2421 | 05 pm 7363.107 8388.039 -10259.508 24985.722
1 pm 4776.250 8388.039 -12846.365 22398.865
p Tt 8448.821 8388.039 -9173.794 26071.437
4 pm 9485.821 8388.039 -8136.794 27108.437
2957 | 05 pm 20097.857 | 8388.039 2475.242 37720.472
1 pm 17511.000 8388.039 -111.615 35133.615
2 pm 21183.571 | 8388.039 3560.956 38806.187
4 pm 22220.571 | 8388.039 4597.956 39843.187
3086 | 05 pm 19547.857 | 8388.039 1925.242 37170.472
1 pm 16961.000 | 8388.039 -661.615 34583.615
2 pm 20633.571 | 8388.039 3010.%6 38256.187
4 pm 21670.571 | 8388.039 4047.956 39293.187
3087 | 05 pm 20014.607 8388.039 2391.992 37637.222
1 pm 17427.750 8388.039 -194.865 35050.365
p T 21100.321 | 8388.039 3477.706 38722.937
4 pm 22137.321 | 8388.039 4514.706 39759.937
4761 | 05 pm 52123.357 8388.039 34500.742 69745.972
1 pm 49536.500 8388.039 31913.885 67159.115
2 pm 53209.071 | 8388.039 35586.456 70831.687
4 pm 54246.071 | 8388.039 36623.456 71868.687
4832 | 05 pm 49946.857 8388.039 32324.242 67569.472
1 pm 47360.000 8388.039 29737.385 64982.615
2 pm 51032.571 | 8388.039 33409.956 68655.187
4 pm 52069.571 | 8388.039 34446.956 69692.187

Two-way analysis of variangg@wo way ANOVA) wasconducted otheeffectof sample mass
and the airflow velocities on specific airflow resistanceeTable55. There was a statistical

significant difference between the specific airflow resistance and the sampleFn(&s28)
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=6.946p=0.001 0<0.05). However, there was a nsignificance difference on the specific
airflow resistance and airflow velocitids (3, 28) =0.145=0.931 £>0.05)

According to the results diwo way ANOVA withT u k eppsbhec testvasconductedThe
specific airflov resistance oboth 47.61and 48.32g sampleshavea significantdifference
(p=0.05) toall other sampms However there is no significance differericethe specific

airflow resistance betvem the sets of lower masgalues and the adium mass values.

Furthermorethere is no significance differende the specific airflow resistance between

individual airflow velocitiedor different sample mass values
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5.2.6 Regression analysiso relate specificairflow resistanceto samplemassfor different

density materials

Section5.2.4confirmed that thepecific airflow resistancearies with temperature. The final

stage is to use regression analysis to identify a relationship between specific airflow resistance
and temperature for each material ID. Referring back to room temperature measurements in
section5.1.4it was feasible to use an independent variable of bulk density. However, over the
temperature range from 20 to 80D, the thickness of the double samgilgnificantlyreduces

above 600 C. This means that the density of the skmgp no longer know across the full

range of temperatures. For this reason, another approach has been taken to identify an empirical
relationship; this is to use the massof eachdoublesample at temperatyr€. For the double
samples thetraightlineregression coefficients are shownlable56. These regression lines

are plotted along with the individual data point$igure48.

Table56. Regression linefor each individual temperature

Temperature No of Gradient Intercept | Coefficientof Standard
( ) Samples determination error
R?

20 7 3.2198 -1.3846 0.953 0.102
100 7 3.1412 -1.1387 0.956 0.097
200 7 3.2684 -1.1666 0.982 0.063
300 7 3.4142 -1.2532 0.982 0.067
400 7 3.6049 -1.4114 0.981 0.071
500 7 3.5683 -1.2488 0.973 0.085
600 7 3.6643 -1.3108 0.976 0.082
700 7 4.2415 -2.2268 0.978 0.091
800 7 7.0712 -6.8665 0.914 0.312
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To identify a single regressionequation that is valid for altemperature between 20
and800 C, multiple regression analysismsconductedising the nine regressi lines together

a single equation that applies to all nine temperammedshe results are as follows:

Dependent variabléogio (Rs)
Independent variabléogio (m)

Conditional \ariable:T

Table57. Relationship betweeairflow resistivity and mass of the double samples at

tenperatures between 20 and 8@ Multiple regression @alysis

Parameter Estimated | Standard T p value
values error statistic
Constant -1.385 0.605 -2.288 0.027
logio(m) 3.220 0.401 8.038 0.000
T=1 0.229 0.812 0.283 0.70
T=2 0.218 0.856 0.255 0.8
T=3 0.131 0.856 0.154 0.879
T=4 -0.027 0.856 -0.031 0.975
T=5 0.136 0.856 0.1 0.8H
T=6 0.074 0.856 0.0% 0.92
T=7 -0.842 0.856 -0.984 0.3
T=8 -5.482 0.856 -6.406 0.000
logio(m)* T =1 -0.068 0.541 -0.126 0.900
logro(m)* T =2 0.449 0.566 0.0% 0.92
logio(m)* T =3 0.194 0.566 0.343 0.733
logio(m)* T=4 0.385 0.566 0.680 0.50
logio(m)* T=5 0.349 0.566 0.615 0.541
logio(m)* T=6 0.445 0.566 0.785 0.437
logio(m)* T=7 1.022 0.566 1.804 0.078
logio(m)* T=8 3.851 0.566 6.799 0.000
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Table58. Relationship between airflow resistivity and mass of the double samples at

temperatures between 20 and 8@ ANOVA for variables in the order fitted

Source Sum ofsquare|Degreey Meansquare | F-ratio | pvalue
of
freedom
logio(m) 14.918 1 14.918 894.63 | 0.0000
Intercepts 3.837 8 0.480 28.76 | 0.0000
Slopes 1.268 8 0.159 9.51 | 0.0000
Model 20.024 17

Multiple linear regression was calculated to preldigio (Rs) bagd on mass and temperature.
A significant regression equation was found withR&rof 0.963. The equation of the fitted

model is as follows.

logio(R) = -1.385+ 3.220%0g10(m) + 0229(T=1) +0.218*(T =2) +0.131*(T =3)-0.027*
(T =4)+ 0136+ T =5)+0.074*(T=6) - 0.842*(T =7)i 5.482*(T =8)-0.0683*l0g o(m)*(T=
1)+ 0.049*logo(m)*( T =2) +0.194*l0go(m)*( T =3) +0.385*logo(m)*( T =4) +0.349*l0gq(

m)*( T =6)+ 1.022*logo(m)*( T =7) +3.851*logo(m)*(T=8) 14
wherTeé fis coded as 0(=20oR)o dm 1t0eDmp e r2at20r0le , 3 =30
5=500 , 6=600 , 7= 700 T=ngwhaeten8 £, 8P 0 3isahh é. t ér

indicator variable which talsd h e v al ue letciThis correspand 9léparate
lines, one for each value demperatureNine linear regression models flmgio (Rs) were
subjected to one way analysis of variance by considering inter€ef@®s1(7) =27.92,p<0.05)
and gradientsH (8, 17) =27.92 p<0.05). There is aatistically significant differencg=0.05)

among intercepts and gradiefis each temperature.

Up t o Tegpecific,airflowresistance is proportional to the temperature as well as the
mass of the samplélowever,there is asignificant changef specific airflow resistance at
800 for the 64 and 96 kg/frmaterials although thespecific airflav resistancaemains

proportional to the sample mass.
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5.2.7 Regression analysis tadentify the power law relationship betweerspecific airflow

resistanceand temperature for different density materials

The final stages to identify the power law relationshyetweerspecific airflow resistancand
temperatureising regression analysas discussed in secti@mB. Previous results discussed in

this chapter indicate that the material changed significantly aboveX0@ncethe regresion
analysis was only carried out from room temperature up to 600he results are shown in
Table59 and plotted inFigure49 to Figure55. Power law regression gives a closetditthe
measured data as indicated by toefficient of determinatioR?>0.99 However, the values

of the exponents are larger than those published in the litethaireere reviewed isection

3.3 The average exponent for the three material densities is 1.6 and individual exponents vary
between 1.17 and 1.98hese exponent values daeger tharthe value of 0.7 that would have
been expected f r o(®4] Sndthe eluefa 6fad by Chrgstigadt for o n
rock wool at temperatures up #0 C. However, Miglietta et al [65] did determinean
exponent value of 1.2 from a varietydifferent materials at temperatutestween 0 and 3CC,

which indicates that exponents >0.7 can occur even at relatively low temperAtutiesre is

no reason to doubt the exponent values for the AES materials tested in this project it would be
worthwhile testing different materials in future projects to see whether the averageofalue

1.60is unusual.

Table59. Exponents for the absolute temperature fpowerlaw regressioffior

individual samples

Material ID No. | Exponenfor the | Coefficient  of
power law determinationR?
0048A 1.5807 0.9965
0048B 1.7653 0.9988
0064A 1.1685 0.9953
0064B 1.4016 0.9867
0064C 1.3857 0.9866
0058A 1.9568 0.9934
0058B 1.9454 0.9907
Average 1.6006 -
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In order toassess whether there wasetationship between the exponefdr the different

materials all exponerdare plottedor theindividual samples as shown kigure56.

A oneway analysis of variancgi t h

T u Ki oy testvasgangutted on all exponents of

power curvedor individual material IDS SeeTable60. Consideringhe results from three

densitiesthe only significant differencep(< 0.05) between exponent values for the different

densities are for Materials ID Nos. 0058 and 0064.

Table60. Statistical test output for exponents ofnyer curvedor eachmaterial 1D
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Exponents
95% Confidence Interval
for Mean Minimum Maximum
Std. Lower Upper
Material ID Mean Deviation | Std. Error Bound Bound
0048 1.673000| 0.1305319 | 0.0923000| 0.500217 2.845783 1.5807 1.7653
0064 1.318600| 0.1302333 | 0.0751902| 0.995083 1.642117 1.1685 1.4016
0058 1.951100| 0.0080610 | 0.0057000| 1.878675 2.023525 1.9454 1.9568
Total 1.600571| 0.3016016 | 0.1139947| 1.321637 1.879506 1.1685 1.9568
ANOVA
Exponents
Sum of Squares df Mean Square F Sig.
Between Groups 495 2 247 19.393 .009
Within Groups .051 4 .013
Total 546




Multiple Comparisons
Dependent Variable: Exponents
Tukey HSD
Mean 95% Confidence Interval
Difference (}
(I) material ID | (J) material ID J) Std. Error|  Sig. Lower Bound| Upper Bound
0048 0064 .3544000 | .1031029| .056 -.013058 .721858
0058 -.2781000 | .1129435| .141 -.680630 .124430
0064 0048 -.3544000 | .1031029| .056 -.721858 .013058
0058 -.6325000 | .1031029| .008 -.999958 -.265042
0058 0048 .2781000 | .11235 141 -.124430 .680630
0064 .6325000 | .1031029| .008 .265042 .999958
*. The mean difference is significant at the 0.05 level.

1.5 § - ante -
» 3 ®  Exponents from power
5, EE curves for individual
8 samples
z @
= 1.0 Average coefficients
for three densities
Regression line for the
0.5 average coefficients for
three densities
0 :
0 0048A 0048B 0064A 0064B 0064C 0058A 0058B
Material ID No

Figure56. Exponens for individual materiallD Nos.

5.3 Summary

This dapter analysed theroom temperature and high temperature airflow resistivity
measurements. Comparisons were carried out between the measurements related to ISO 9053
1 standards and the measurements conducted according to ASTM C522. The results indicates
that for the majority of matials there is less than 10% difference between two sets of

measurements.
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The effects of air leaks in pipes were assess@erimentallyby considering when there is a

leak in the air supply and when there are leaks in both air supply and the diélgresgsure

pipe which is connected to the test rig. Results indicated that there is a negligible effect when
there is a leak in the supplgnd aleak in the differential pressure pipe causes a drop in the

differential pressure which is less than 5%.

To check that the IS@ndhigh temperature test sggave nominally identical results when
measurements were carried out at room temperature, experiments were camigd @4t96

and 128 kg/MAES materialsMeasurements were carried out using singlepdasrand double
samples (i.e. two samples on top of each other) because it was expected that double samples
would eventually be needed to achieve measurable differential pressure drops at high
temperatureCoV values for all double samples melower thanthe corresponding single
samples, particularly for the low density mateaatithis was attributed to the mixing of two
different samples of this more variable material. The lower @a¥beneficial as itlbbwed a

more rigorous assessment of any diffeenbetween the ISO and high temperature test rigs.
The statistical testgsed to assess the difference between test rigs at room tempesatere
more reliable for the combination of single and double sangpldghisconfirmed that there

was no significat difference between the two test rigs.

High temperature experiments were conduciedo 800 for three different densitig$4,

96 and 128&g/nT’) usingdouble samples to ensure a measurable differential presswas |
observed that the measured kimessof the materialvas different before and after exposure to
high temperaturesThe double sample thicknessas reducedafter heating to 800 wh e n
inside and outside the test rig; henicevas concludedhis shrinkagewas not caused by the
containmenbf the material inside the test righen there is an unknowaduction in thickness
athigh temperaturéd is not appropriate to quote the airflow resistivity of the porous material
for which the calculation requires knowledge of the thickné&sen thehickness is unknown

it is appropriate to calculate trepecific airflow resistancenstead However, results were
included for both the specific airflow resistance and airflow resistivity as it seems feasible to
continue quoting the airflow resistivity up 60 0 . Regression analysis was used to identify
relationships concerning tispecific airflow resistanctor thethreedifferent density materials

at different temperatures.
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As ecific airflow resistancis proportional tal", regression analysis waised to identify the

exponentn, as having an average value of 1.6 for these AES materials.
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Chapter 6. CONCLUSIONS

This researchas led to the design and constructiorivad test rigs for the measurement of

airflow resistance of porous materials used foracaugx al applI$Ctesttripons . f D h e
room temperature measurements according to ISO-9@%R38. This is a welkkstablished

standard which provided a useful benchmark against which to desgyrbuilda A hi gh
temperatur e t es tatureiernyimnment Wwas prdvidegl by irtstallmg tkerhigh

temperature test rig within a Kiln.

The high temperature test rig has been designed for measurements at temperat8s up to

by modifying a design used by Chrisfig4] that wasusedfor measurementsp to 500 C. To

aid the design of thikigh temperature test rigvlatlab Simulinkwas used to carry out
simulations from which it was possible to establish suitable dimensions for the test rig, carry
out thermal stress analg, assess thermal expansion of joints and pipes, and assess the cooling
effect of a heat exchanger on the pipework. The differential pressure drop across the test sample
is required but it is only possible to connect the pipes to the measurement equipoeetine

air has been cooled down closer to room temperature. For this rééesttat) Simulinkand
analytical calculations were used to assess the effect of measuring the differential pressure after
significant cooling of the air adjacent to the test glenThis showed that the differential
pressure measured with the high temperature test rig after cooling of the air is significantly
lower than at room temperature. The implication of this finding was that thicker test samples

could be needetb ensurdahat there is aneasurablelifferential pressure.

Initial experimenton a range oAES materials comparedom temperatureneasurements
with the ISO test rig according t80 90531 with measurementsccording to ASTM C522
from another laboratory that wegpeovided by the fundeifen samples were measured for each
of sixteenmateriallD numbersThere was closagreemenin the measured airflow resistivity
(<10% differencgbetween théwo sets of measuremenlisis concluded thatesults from the
ISO testrig andthose from the other laboratory accordingA®TM C522 can be considered
to benominally identical

For the high temperature measurements inside the kiln there is very limited scope to identify

problems such as air leaks in the pipes. For#dasonan assessment was made of the problem
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at room temperature by introducing artificial leak$ie results indicate that therewas
negligible effect when themgas a leak in the supply because the flow rat@vsays manually
adjusted to give the reqenl flow velocity.For typical AES materials it was concluded that

any minor leaks due to thermal expansion in the test rig and/or pipes would result in a negligible

error in the airflow resistivity.

To check that the 1IS@nd high temperature test sggave nominally identical results when
measurements were carried out at room temperature, experiments were camigd @4t96

and 128 kg/MAES materials Measurements were carried out using single samples and double
samples (i.e. two samples on top ofteather) because it was expected that double samples
would eventually be needed to achieve measurable differential pressure drops at high
temperatureThe statistical tests were more reliabletfog combination of single arabuble

samplesvhich confirmel that there is no significant difference between the two test rigs.

An assessment was then made as to whether the fitting of double samples inside the sample
holders leads to a more compressed material inside the test rigs than with single samples.
Compeession was found to occur with both test rigs; hence it is important to measure the
thickness of the sample when fitted inside the test rig if it is required to calculate airflow

resistivity rather than specific airflow resistance.

Comparison of measurerflow resistivity ofsingle and double samplexicated that they

are sometimes significantly different. The commercial implication is that when measurements
are made using double samples, the measured airflow resistivity will not always correspond to
the thickness of the product which is sold and installed.

High temperature experiments were conductedo 800 for three different densitig$4,

96 and 12&g/n?’) usingdouble samples to ensure a measurable differential presswas |
observed thatie measured thicknestthe materialvas different before and after exposure to
high temperaturesThe double sample thicknesss reducedafter heating to 800 wh e n
inside and outside the test rig; heritceras concludedhis shrinkagewas not caused bthe
containment of the material inside the testWinen there is an unknowaduction in thickness
athigh temperaturé is not appropriate to quote the airflow resistivity of the porous material
for which the calculation requires knowledge of thekhess When the thickness is unknown

it is appropriate to calculate ttspecific airflow resistancenstead However, results were
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included for both the specific airflow resistance and airflow resistivity as it seems feasible to
continue quoting the airfle resistivity up to 6 0 . In addition to the thickness change, the

results showed a general increase in diféerential pressurgand correctedifferential

pressure f r om 2 Oabdvewhighbtiei@ wasraductionrb et ween a6Q0 and 8

The hightemperature tests from the three densities indicate that it might be possible to assume

no significant effect of temperature epecific airflow resistancéor 20 and100 . Whi |l st
there was not al ways a signi f i csahmstchodewas er e nc
reasonabl@a | t hough the change in materi al propert
could use smaller temperature steps to assess changascific airflow resistances the

material crystallises.

Regression analysis was used itlentify relationships concerning thgpecific airflow
resistancdor thethreedifferent density materials at different temperatures. To achieve this it
was necessary to use the sample mass (instead of bulk density as used at room temperature)
because thanknown reduction in material thickness aboGe® meant that the density was

also unknown across the entire frequency range.

Theory indicates thapgcific airflow resistances proportional tcabsolute temperatur@, in
terms of T"; henceregression analysis was used to identify the expomerdgs having an

average value of 1.6 for the8&S materials

In this project the main comparisons between the two test rigs were all carried out with an
airflow velocity of 0.58 10° m/s.Whilst it was shown that at room temperature there is little
difference between thgpecific airflow resistance measured with an airflow velocity between

05 pm m/sandd p 1T m/s this was not the case@&t0 0 . Hence for high
applicationghe airflow velocity should be chosen to correspond tatlmd pressure level in

the specific industrial application.

6.1 Limitations of the research and reommendations for future work

SinceAES materials are relatively soft materials, inecessaryo consider the fitting of the
material inside the test rig. Therefore, it is recommended to use transparent rrcatarikl

the high temperature test rigchmlthough the fabrication cost is relatively higher, queaizld
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be considered asbetter optiomrasitcarwi t hst and at the maxi mum t e
Il n addition, because the differential pressu

increase the sample thickness in order to have the measurable value for the differential pressure.

For high emperature measurements where the differential pressure can lieelomeasuring

instrumentwill often need to measure lower values than would occur at room temperature.
Future work could investigate other materials as this research indicated tlawénepponent

relationship withabsolute temperaturand specific airflow resistanceannotbe estimated

usingSut herl andds | aw.
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Table E1. Corrected specific airflow resistance and airflow resistivity values (Without

Packing)
Material | Initial Temperature | Specific Corrected | Airflow Corrected
Index Thickness, Airflow Airflow Resistivity | Airflow
(mm) Resistancd Resistance| (Pa.s/m) | Resistivity
(Pa.s/m) | (Pa.s/m) (Pa.s/mM)
0064 74 20.1 2,835 2,835 38316 38316
100 3,499 4,444 47,290 60,059
200 4,632 7,458 62,601 100,788
300 5,990 11,681 80,950 157,853
400 7,368 16,947 99,569 229008
500 8,699 22,967 117,565 310370
600 9,544 28,441 128974 384,342
700 9,084 30,158 122,755 407,546
800 5,053 18,495 68,288 249932
0064 80 21.3 2,995 2,995 37,439 37,439
100 3,148 4,156 39,353 51,946
200 4,311 7,200 53,892 89,999
300 6,176 12,538 77,203 156,722
400 7,941 18,899 99,261 236,241
500 9,485 25,893 118,561 323,673
600 10,528 32,530 131,596 406,631
700 9,145 31,40 37,439 37,439
800 1,750 6,649 39,353 51,946
0064 74 21.3 2,815 2,815 38,047 38,047
100 3,035 3,855 41,015 52,089
200 4,033 6,494 54,506 87,755
300 5,271 10,279 71,236 138,911
400 6,517 14,924 88,069 201,678
500 7,953 20,917 107,478 282,668
600 8,683 25,788 117,335 348,486
700 7,339 24,293 99,179 328,284
800 5,112 18,658 69,077 252,133
0058 100 14.9 9,904 9,904 99,040 99,040
100 10,124 13,262 101,236 132,620
200 14,816 24,595 148,160 245946
300 17,860 35,540 178,595 355,404
400 21,823 51,065 218,226 510,648
500 24,905 66,996 249,054 669,956
600 24,620 74,599 246,202 745,992
700 21,075 71,235 210,0753 712,347
800 14,872 55,476 148,728 554,756
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Table E2. Corrected specific airflow resistance and airflow resistivity values for all other

values (With Packing)

Material | Initial Temperature | Specific Corrected | Airflow Corrected
Index Thickness, Airflow Airflow Resstivity | Airflow
(mm) Resistancd Resistance| (Pa.s/m) | Resistivity
(Pa.s/m) | (Pa.s/m) (Pa.s/mM)
0063 96 23 4,233 4,233 44,095 44,095
100 4,233 5,334 44,095 55,560
200 4,173 6677 43,471 69,554
300 4,153 8,057 43,263 83,931
400 4,153 9,428 43,263 98,208
500 4,113 10,736 42,847 111,832
600 4,131 12,186 43,030 126,938
700 3,774 12,416 39,311 129,335
800 2,776 10,075 28,912 104,949
0034 97 10.8 2,696 2,696 27,790 27,790
100 3,182 4,168 32,803 42,972
200 3,544 5,919 36,540 61,021
300 4,472 9,035 46,111 93,144
400 5,153 12,214 53,129 125,916
500 5,631 16,102 58,050 157,897
600 5,294 16,305 54,576 168,095
700 5,115 17,545 52,733 180,876
800 5,033 19,026 51,889 196,140
0062 75 8.8 2,556 2,556 34,078 34,078
100 3,297 2,536 33,812 43,956
200 4,177 2,546 33,956 55,688
300 5,007 2,516 33,546 66,756
400 5,887 2,516 33,546 78,497
500 6,491 2,516 33,546 86,548
600 7,837 2,496 33,280 104,498
700 8,031 2,377 31,682 107,085
800 3,501 938 12,513 46,674
0061 90 14 4,153 4,153 46,148 46,148
100 5,373 4,133 45,926 45,926
200 6,701 4,111 45,676 45,676
300 8,107 4,053 45,038 45,038
400 9,438 4,033 44,816 44,816
500 10,635 3,954 43,929 43,929
600 11,776 3,874 43,042 43,042
700 12,015 3,544 39,382 39,382
800 5,550 1,484 16,488 16,488
0060 96 23 4,952 4,952 51,583 51,583
100 4,952 6,388 51,583 66,542
200 4,952 8,121 51,583 84,597
300 5,631 11,149 58,655 116,137
400 6,829 15,911 71,13 165,744
500 7,715 20,676 80,362 215,371
600 7,148 21,588 74,463 224,878
700 6,303 21,242 65,659 221,272
800 926 3,437 9,650 35,800
0059 100 23 8,067 8,067 80,670 80,670
100 8,366 10,542 83665 105,418
200 9,664 15,463 96,644 154,630
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300 10,803 21,065 108,025 210,649
400 11,442 26,087 114,415 260,866
500 11,530 33,553 115,303 335,531
600 11,069 32,986 110,691 329,859
700 8,686 28,664 86,860 286,636
800 5,511 20,060 55,111 200,604

Table E3. Corrected specific airflow resistance and airflow resistivity values for all other

values (Without Packing)

Material | Initial Temperature | Specific | Corrected | Airflow Corrected
Index Thickness Airflow Airflow Resistivity | Airflow

(mm) Resistance Resistance | (Pa.s/m) | Resistivity
(Pa.s/m) | (Pa.s/m) (Pa.s/m)

0057 103.25 14.3 8,307 8,307 80,451 80,451

100 8,706 11,317 84,319 109,615

200 11,042 18220 106,946 176,460

300 14,580 29452 141,212 285,249

400 17,816 42045 172,548 407,213

500 20,164 54443 195,294 527,294

600 20,799 63438 201,448 614,415

700 20,187 68637 195,519 664,765

800 16,294 60938 157,808 590,201

0063 98 16 4,126 4,126 42,101 42,101

100 4,253 5,487 43,399 55,985

200 4,833 8,022 49,313 81,860

300 6,317 12,634 64,459 128,919

400 7,874 18,347 80,348 187,211

500 9,226 24,725 94,142 252,301

600 10,274 31,234 104,839 318,710

700 10,416 35,101 106,283 358,175

800 7,928 29,413 80,899 300,136

003 96 8.8 3,055 3,055 31,824 31,824

100 4,672 6,167 48,670 64,244

200 6,678 11,218 69,558 116,857

300 8,943 18,155 93,161 189,118

400 11,250 26,886 117,183 280,067

500 13,355 36,593 139,115 381,176

600 14,458 44,820 150,604 466,872

700 14,638 50503 152,484 526,069

800 17,432 66,415 181,581 691,825

0062 86 20 3,315 3,314 38,542 38,542

100 3,395 4,481 39,471 52,102

200 3,609 6,028 41,971 70,091

300 4,994 10,089 58,073 117,308

400 6,809 16,137 79,174 187,643

500 8,646 23,604 100,535 274,461

600 10,124 31,181 117,717 362,567

700 10,427 35,766 121,249 415,883

800 7,079 26,828 82,309 311,952

0061 90.51 23 4,353 4,353 48,094 48,094

100 4,354 5,487 60,619 48,110

200 6,130 9,808 108,365 67,728

300 8,086 15,689 173,336 89,348
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400 10,303 23,389 258,409 113,836
500 11,322 27,965 308,967 125,088
600 14,137 40,856 451,401 156,194
700 140,578 41,470 458,181 155,315
800 5,242 17,248 190,5@ 57,923
800 20,738 77,147 207,384 771,470
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