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Measured anisotropic air flow resistivity and sound attenuation
of glass wool

Viggo Tarnow
Department of Mechanical Engineering, Technical University of Denmark, Bygning 358, DK 2800 Lyngby,
Denmark

(Received 31 August 2001; accepted for publication 12 March 002

The air flow resistivity of glass wool has been measured in different directions. The glass wool was
delivered from the manufacturer as slabs measuringxB00x900 mn?, where the surface
600x 900 mnf was parallel with the conveyor belt used in the manufacturing. Directions in the glass
wool are described by a coordinate system with Xhaxis perpendicular to the conveyor belt, the

Z axis in the direction the conveyor belt moves, andYtrexis perpendicular to the two other axes.

It was found that the resistivities in théandZ directions were equal in all cases. For density 14
kg/m® the mean resistivity in thé&X direction was 5.88 kPas™ and in theY direction 2.94

kPa s m?2. For density 30 kg/rhthe mean resistivity in thX direction was 15.5 kPa sThand in

the Y direction 7.75 kPa s iif. A formula for prediction of resistivity for other densities is given. By
comparing measured values of sound attenuation with results calculated from resistivity data, it is
demonstrated that the measured attenuation can be predicted in a simple manrk902 ©
Acoustical Society of America[DOI: 10.1121/1.1476686

PACS numbers: 43.58.Vb, 43.20.Jr, 43.55[BLE]

I. INTRODUCTION the usual methods used to predict the attenuation of acoustic

. L . sinusoidal waves works for the attenuation in different direc-
Many materials used for acoustic isolation and attenua:

. . tions. This paper presents measurements of resistivity in
tion are open so air can flow through them. It has beer% R . . .
) T hree main directions in glass wool, and investigates whether
known for many years that air flow resistivity can be used to, T . :
. . . . ' these resistivities can be used to predict the attenuation of
predict the acoustical properties of acoustical materials. The . .
R . . : ound waves at audio frequencies.
resistivity is measured by sending an air flow with constant
velocity through a sample of the material, and measuring the
air velocity and pressure drop over the sample. II. MODEL FOR COMPUTING THE RESISTIVITY FROM
Delany and Bazleyhave given very popular formulas FIBER DIAMETERS AND MASS DENSITY
for the acoustical properties of fiber materials where the only ' . :
) o . : The arrangement of glass fibers in glass wool is very
parameters are air flow resistivity, air density, and sound ve- . ; . .
T -complicated and one knows only a little about it. Great sim-
locity in air. The researchers of the school of porous materi-_ ... .
Pl|f|cat|ons of the actual geometry are necessary to get a

als in Le Mans, France, have studied the acoustical proper- . : 4 _
: : e odel that yields acoustic attenuation. In the classical theory
ties by using resistivity as one of several parameters. A"

. ! : of porous materials, one assumes that the material is solid

review has been presented by Alldréh parallel with this N . .

. : . with circular holes. This model is very far from the actual

work, Keith Attenborough in England worked on theories for .
- ; : : . geometry of glass wool. Alternatively, one could assume that

predicting acoustical properties of fiber materfals. ' .
. e the fibers all have the same diameter and are parallel but

Bies and Hansérmeasured the resistivity of many sorts

) . 2 laced randomly. In this case it is shown in a paper by the
of fiber materials, and they plotted the resistivity versus théa)luthof3 that the resistivityR, for flow perpendicular to fibers

density of the material. In the following, data for air flow .
resistivity of glass wool as a function of bulk density will be
presented. . Ay

Many different measuring devices have been used. Stin- L= ,
son and Daiglereviewed many earlier setups and presented b*[~0.640In d—0.737+d]
a new one. lannacet al® described a method that uses waterwhere 7 is the viscosity of airb? is the mean area per fiber,
to displace air in a tube with the same diameter as thend d is the volume density of fibers, which equals fiber
sample. The measurement reported in the following uses avolume divided by total volume. The resistivity for flow par-
existing device that produces a constant air flow that can bellel with the fiberR, was shown in Ref. 8 to be half the
measured with error less than 1%. The pressure drop over\alue for flow perpendicular to fiber®;=R, /2. This model
sample is measured by an electronic nanometer with a restras one direction with low resistivity, and perpendicular di-
lution of 0.01 Pa. rections have high resistivity. This is not found in glass wool,

Measurements by the autda@howed that the sound at- where there is one direction with high resistivity and perpen-
tenuation of glass wool is anisotropic, and it is interesting todicular directions have low resistivity.
measure the resistivity of the glass wool used for the mea- We need a model with high resistivity in one direction
surements of attenuatiqand phase velocijyto see whether and low resistivity in all directions perpendicular to this di-
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rection. In glass wool the fibers are mainly placed in denseo place. This model would also require an average over the
layers separated by less dense layers. One could imagine thditections of fibers in therZ plane to get the macroscopic
in a volume of perhaps 1 chthere are 20 parallel layers, and resistivity.

in each layer the fibers are parallel and perpendicular tiXthe To compute the resistivity in th¥ direction it is conve-
axis of a rectangulaKYZ coordinate system, but the direc- nient to use the conductivity tens@;;, wherei andj can
tions of the fibers vary from layer to layer. The fiber direc- take the values, y, z. The conductivity tensor is defined by
tions are evenly distributed in théZ plane, and to get the the following equation:

macroscopic resistivity, an average is done over the direc-

tions. In this model the resistivity in th¥ direction is high, p

and the resistivity is low for directions in théZ plane. The u= > Gij— 2
resistivity R, in the X direction is equal to the resistivity of 1=xy.z IX;
flow perpendicular to parallel fibers, because all fibers in the

model are perpendicular to th¢ direction and interaction whereu; is the macroscopic velocity ang is the macro-
between layers is neglecteR,=R, . In this model the re- scopic pressure. We compute the components of the tensor in
sistivities in theY and Z directions are equal, which is also case all the fibers are parallel to each other. If they are per-
observed experimentally. Other arrangements of fibers couldendicular to theX direction, and the angle from thaxis to

be imagined. One could assume that in a layer the fibers atbe fibers isy, then the conductivity tensor has the compo-
locally parallel but the direction of fibers change from placenents

G, 0 0
G=| 0 G, cog v+G,sifv (G—G,)sinv-cosv|, (3)
0 (G,—G,)sinv-cosv G, sir® v+G, cog v

whereG, =1/R, andG;=1/R,. It is physically reasonable air velocity through the samples ranged from 11 to 6 mm/s.
to assume that a pressure gradient is given in the glass wodlhe pressure drop over the sample was measured by a digital
in this case, from Eq(2) it is seen that one must make an manometer with a resolution of 0.01 Pa.
average over the conductivity tensor. We average over the The resistivityR is found from the present readipgthe
angle and take all angles for equally probable. This gives théength of the samplé and the measured air velocity
average tensafG), which equals
R=—. 6
G, 0 0 lu ©
(G)=| 0 G,/2+Gy/2 0 _ (4) After the pressure and fall velocity of the bell were mea-
0 0 G /24 G2 sured, the sample was removed from the sample holder and
L ! weighed. From the weight and the volume of the sample, the

BecauseG, /G, =R, /R;=2, the resistivity tensor becomes mass density of the sample was calculated.

100 Sample holder
R=R, |0 5 O (5)
00 2 7/ Sample  Bell
; Air
_J 4 O-ring
IIl. MEASUREMENT SETUP ;
Digital Weight
The setup is shown in Fig. 1. The samples are cut from manometer Stop valve — =
glass wool slabs with a tube, which has a sharp edge. The o1 | —=—
diameters of the samples are 76 mm and the length 100 mm. ~——Airin
After the samples have been cut, the tube, with the sample ==
Stop valve

inside, is mounted in the setup shown in Fig. 1. The air
stream t.hro_th the samplg comes from the Cyl'nder'ShaDQQG. 1. The setup for measuring air flow resistivity of glass wool. Air is let

bell, which is a little heavier than the contra weight to theinto the movable bell, which is sealed by an oil reservoir below. When the
right. The fall velocity of the bell was measured with a stopbell is full, the inlet valve is closed and the stop valve before the sample

watch. To find the air velocity through the sample the fa”holder is opened. The bell falls as air flows through the sample. The fall
’ ’ velocity of the bell is measured, and the pressure drop over the sample is

velocity of the bell was multiplied t_)y the ratio 6.27 between measured. From these measurements and the dimensions of the sample and
the area of the bell and cross section area of the sample. Thi® area of the bell, the resistivity is found.
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25 ~ have a tendency to cling together in pairs. This is supported
x Xecut by microscopic inspection of glass wool samples.
(<E~20- g \Zfﬁg * The resistivity curve for ther and Z direction is 0.50
3 x  xX times the one for th& direction. From acoustical measure-
9‘: 15} P> ments Allardet al° deduced the rati®, /R,= 0.6 for glass
N wool with R,= 25 000 Pa s m% The ratio 0.50 found here is
;:‘—%‘ 10 X N not in accordance with the calculation above, which gave the
2 A ratio 0.667. The reason for the discrepancy could be the lay-
¢ 5 ered structure of the glass wool. A cut perpendicular toYthe
or Z axis of glass wool of density 15 kgAshows an irregu-
0 bt . . lar layered structure with dense layers about 0.3 mm thick

0 10 20 30 40

) 3 and approximately parallel with théZ plane. The distances
Mass density (kg/m®)

between the dense layers are about 0.6 mm. This structure is
FIG. 2. Resistivity versus mass density for two types of glass wool withconsistent with the large difference in the elastic moduli for
mean density 14 and 30 kgfniThe resistivity was measured in three per- the different directions. The elastic modulus for compression
pendicular d|rect|_on9(, Y, and.Z: Tr_]ex d|r_ect|c_>n is perpendicular to fibers. in the X direction is approximately 50 times smaller than the
The upper curve is the resistivity in thedirection, calculated from Ed1), f . in th dZ di . 7 Obvi |

and the lower curve is the resistivity for théand Z directions found by one for compression in th¥ an lrec_t|ons. Vlous_y o
dividing the resistivities in th& direction by 2. the less dense layers have a very low stiffness. The resistivity
in the Y direction is smaller than for a homogeneous model

ecause when the air flows through the glass wool inYthe

b ﬂTh? atc_curaC)f/ tor:‘ the pressure rggasurt()a mt;:r:)t (\;Vsai“m_';ﬁairection, most air will flow between the dense layer, where
y fluctuations of the pressure reading about ©. a N6 Jocal resistivity is smallest. This means that the overall

velocity was measured with an accuracy of 0.5%. The OVerreS|st|V|ty measured will be smaller than the resistivity for a

all accuracy of the measurement of resistivity was better thaﬂomogeneous distribution of fibers. Therefore we measure
0 ) ’
2%. the ratio 0.50 instead of 0.667.

IV. RESULTS OF MEASUREMENTS
V. CONSTANT AIR FLOW RESISTIVITY AND SOUND

The glass wool came from a major producer. It was de ATTENUATION
livered in slabs measuring 18G00x 900 mnt. A rectangu-

lar coordinate system is used to describe the directions in the _FOr many years it has been assumed that the sound ve-
glass wool. TheX axis is perpendicular to the large surface, locity and attenuation of sinusoidal sound waves in fiber ma-

600x900 mn?. This surface is parallel to the conveyor belt terials could be calculated from the resistivity measured with
used in the manufacture. Theaxis is in the direction of the St€ady air flow and the frequency. The formulas by Delany
movement of the conveyor belt, and tii@xis is perpendicu- 2"d Bazley are very popular. However, they are empirical

lar to the two other axes. Samples were cut from differenf’md not accurate at low frequencies. A_n gltgrnative is to com-
places and directions in the glass wool slabs, covering thBUt€ the wave number and characteristic impedance by for-
whole slab evenly. No dependence on location was seen iulas for gomqllex mass densify; and compressibility
the resistivity and density, but the variation of the datadiV€n by Wilsom:~ 1 prefer here the complex resistivity,
showed that the glass wool is inhomogeneous in both residnStéad of the complex mass density, because the resistivity
tivity and density. The results are shown in Fig. 2. One carS éal and constant at low frequencies. By definitiéh,
see that the resistivity for a given density is highest inXhe = —@Pd, Wherew 'Sf?? angular frequency, and we use the
direction and the resistivities in thé and Z directions are COMPlex time factoe'“". The complex resistivitR is

equal within the scatter of the data. In the paper by Cast-
agnedeet al.’ it was assumed that the resistivity is propor- _
tional to the mass density, but the direct measurement in Fig. 1-(1—i wTR)_llz,
2 shows this is not the case.

In Fig. 2 the curve for thex direction was computed Wherep=1.20 kg/n is the mass density of air at 20 °C and
from Eq. (1). The densityd was found fromd=p,,/ps, 1 atm pressure, antk is a time constant. The time constant
wherep,, is the density of glass wool ang= 2550 kg/niis is related to the constant air flow resistivify;, wherei
the density of glass in the fibers. The area per fiewas  stands forx, y, or z The low-frequency limit of Eq(7) gives
computed fromb?=7a?/d, wherea is the radius of the
fibers. To fit the curve to the datawas adjusted to 5.1am. _2_P 8
Measurement with a microscope gave a fiber radius of 3.4 TRIT R ' ®)
um with a standard deviation of 1,8m. The fitted radius is
somewhat higher than the directly measured radius. There- The compressibility of air between fibers depends on
fore, the glass wool is more open on a microscopic scale thafiequency, being isothermal at low frequencies and adiabatic
one would expect with a completely random distribution ofat high frequencies. Wilson’s formula for the complex com-
parallel fibers. A possible explanation could be that the fiberpressibility C is

—iwp

)
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1

y—1
=—|1+
yP !

(1-iwc)'?

where y=1.40 for atmospheric aiR is the atmospheric air
pressure, and¢ is a time constant. To find a relation be-
tween constant flow resistivity and the compressibility time
constant we assume the fibers are parallel. Stinson and
ChampouX® derived a relation between resistivity and com-
pressibility. Their derivation assumed flow in tubes, but the
differential equations and boundary conditions for local ve-
locity and temperature are the same for flow in tubes and (1’01 162 163 10°
flow parallel to parallel fibers. Therefore their derivation is Frequency (Hz)
also valid for parallel fibers. Equatid8) in their paper reads , _
C=(UyP)y— (- Dlplpo(Ne)]}. where N s Prandi 0.5 Messued stenater e e for pare sniaves s oo
number, which for atmospheric air =0.71. N=c, 7/, X direction is perpendicular to the fibers. The upper curve is the attenuation
wherec, is the air heat capacity at constant pressyris,the  in the X direction, calculated from the measured resistivities by E8js-
air viscosity, andk is the heat conductivity of airlf py(Nw) _(11). The lower curve is the attenuation in tieand Z directions calculated
is calculated from our Eq7) and set into Stinson and Cham- " the same way.
poux’s equation for compressibility, one gets Ef) with
7c=Nr;, where 7, is the resistivity time constant for flow _ _
parallel with parallel fibers. In Ref. 8 it is shown that for 1€ glass wool layer was perpendicular to the propagation
parallel fibers the resistivity perpendicular to the fibers is twodirection of the sound wave. Further details of the measure-
times the resistivity parallel with the fibers. We now apply Ments were given in Ref. 7. For the light glass wool of mean
Eqgs.(7) and(8) to parallel fibers. It then follows from E¢g) ~ density 14 kg/r, the results are shown in Fig. 3. The lines
that the time constant for flow parallel to fibers is two timesWere calculated from a mean resistivity, which was calcu-
the one for perpendicular flow. We know the perpendiculadated by Eq.(1) from the mean density in the same way as
resistivity R, from measurements on real glass wool, andthe curves in Fig. 2 were found. For mass density 14 Rg/m
from Eq. (8) one gets the time constant for perpendicularthe mean resistivity waR,=5880 Pa s m” and R,=2940
flow with R;=R,. This time constant is multiplied by 2 to Pas m 2. For theX direction the calculated curves are a little
get the time constant for parallel flow, and this is multiplied higher than the measured points in the 700-8000 Hz fre-
by N to give Eq.(10): quency range. In the 50—-600 Hz frequency range, the mea-
sured points are below the curve, due to movements of the
4Np 10 glass wool caused by the sound wave. The glass wool is
R, (10 dragged by the friction between fibers and moving air in the

_ _ ~sound wave$*® Calculation of the wave number by Eg.1)
We assume that the glass wool is restrained mechanicallyssmes the fibers do not move. This may be the case in

from moving ur_1der influence of the sound wave. The sounq,yme applications of glass wool, if the movement of the
wave numbek is then glass wool is mechanically constrained. The measured at-

C 9)

1 200 -

-
[9.]
(=]

Attenuation (dB/m)
)
o

Tc—=

k=\iwRC, (11) tenuations per meter in thg and Z directions are almost
equal and a little higher than the curve calculated from the
and the characteristic impedance is resistivity. The elastic moduli in th¥ and Z direction are
R about 50 times the one for thé direction/ thus the glass
= \/E (12)  wool has much higher mechanical stiffness in these direc-

tions. Therefore, there is little movement of fibers with sound

For plane harmonic waves in glass wool, the real part ofvaves in these directions, and most of the measured points
the wave numbek gives the phase shift per meter of the are above the curve calculated for fixed fibers.
sound pressure amplitude, and the imaginary part of the The attenuation of sound waves in glass wool of density
wave number gives the relative attenuation of sound pressu@0 kg/n? is shown in Fig. 4. The mean resistivity for this
per meter. The phase shift of the wave is mainly determinedensity was computed in the same way as above, and the
by the inertia of the air itself, and it is not very sensitive to resistivities were R,=15500 Pas m and Ry=7750
parameters of a model, but the sound attenuation is sensitiiéa s m2. Most points were obtained from attenuation mea-
to these parameters. Therefore, we compare a calculation sfirements with a glass wool layer 0.200 m thick, but the data
the attenuation from Eq¥9)—(11) with measurements of for X directions in the 1500—8000 Hz frequency range was
attenuation. The measurements were done on a pile of glagseasured with a layer 0.100 m thick. The data for ¥e
wool in which an approximately plane wave could propagatedirection are close to the curve in the 700—-8000 Hz fre-
without reflections from boundaries. The sound pressures oguency range. They are below the curve in the 50-600 Hz
each side of the layer of glass wool 0.200 m thick werefrequency range, because the glass wool moves with the
measured with microphones. The attenuation in decibels wasound wave, which was shown in Refs. 7 and 13. The data
divided by this thickness to give the attenuation per meterfor Y and Z directions follow the curve because the glass
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350 -

low-frequency limit and better theoretical foundation then
the empirical equations of Delany and Bazlégven without
direct experimental data for the characteristic impedance, it
is reasonable to assume that the characteristic impedance
could be predicted from constant air flow resistivity by Eq.
(12) and Eqgs(7)—(10).
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