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FOREWORD

‘ This report ﬁés preﬁared'by the State Engineering Zxperiment Station
of'the Georgia Institutg of Technology under Contract Number AF 33(038)-
1562h and Research and Development Order No. 612-12, "Textiles for High
Speed Farachutes! It Pas adnministered under the difection of the lMate~
rials Laboratory, Directorate of Research, Wright Air Development Center,
with Mr. W. A. Corry and Mr. J. H. Ross acting as project-enginee;s. This
report is one of a,serieé‘to be issued on this project.

Mr. He W. S. LaVier, Research Associate Professor in the St#te-Engi-
"neering Experiment Station of the Georgia Institute of Technology, gnd
Professors J. L. Taylor and G. B. Fletcher of the Georgia Institute of
Technology participated qktensively in thé stud¥. Dr. J. J. Moder's
assistance in the formulation of the statistical analysis is gratefully

acknowledged.
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ABSTRACT.

The air permeability of eight standard nylon parachute cloths was

determined using a‘sample 6.05 1nchg§ in diameter in a wind tunnel whose
~ capacity permitted obtaining static pressure differenti#ls across the

cloth as high as 55 inéhes of water. Fifty-nine experimental nylon cloths
manufactured by the Eally Ribhon Mills were #ubjected to the same test
procedure, as were two experimental fabrics of orlon and dacron, respec-
tively. |

Upon assuming that the pressure gradient in the flow through a para-
chute fabric is proportion}al to the arithmetic sum of an inertial (ﬂfvz)‘
and the viscous contribution «‘uy), one is ;Lle to infer the existence
of a parameter, ﬂﬂ, whose measure is length. This length can be employed
to characterize the geometry of the cloth. Experimental work to date in
the case of the eight standard cloths and the orlon and dacron fabrics
has indicated a verification of the assumption; a high-pressure tunnel
employing pressﬁfe differentials across the cloth approximating ten pounds
per square inch was used for this purpose.

Employing tﬂe characteristic length so determined permits writing a
single relation common to all cloths between a "flow-throﬁgh-drag coeffi-
cient," Cf, and a Reynolds number based on the characteristic length;

Viz-, Cf = 2 +FI-2—~.‘

Re’
PUBLICATION REVIZW
This report has been reviewed and is approved,

FOR THE COMMANDING GENERAL:

M. E. SORTE
Colonel, USAF

Chief, Materisls Laboratory
Directorate of Research
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I. NOMENCLATURE™

Symbol Quantity Dimensions**
A Area . | 12

Cf | Flow-Through-bfag qufficient Nondimensiénal
d Dimensionai Constant '12h, (in ft-l)h‘
G Mass Velocity A Vi

g, Dimensional Constant 32.2, (1bm £t 1b f‘lsec‘z)
K Orifice Coefficient Nondimensional
L Cloth Thickness o

m Mass Flow _ MT%

NRe ’Reynolds Number ’ Nondimensional
P,p Presgsure , | FL™2

R Gas Constant rivt @ *1

T | Temperature ' | E)_

Vv Velocity | 17t

_i .Average Value of a Quantity

o Viscous»Coefficient‘ L2

.} Inertial Coefficient Lt

c*’ (See note in Tabie Iv.)

‘f (See note in Table IV,)

M Viscosity » it

e Densipy ML-B

a #Standard" Deviation

from True Value

*Symbols used on Master Data and Result Sheet (Figure 13) are defined
there.

**The force, F, mass, M, length, L, time, T, temperature, @ , system is
used. Units of quantitles employed are indicated in illustrative
instances of calculations, e.g., on Master Data and Result Sheet.
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Subscripts
1--ﬁpstream of Cloth Sample

2=-=-Downstream of Cloth Sample

II. INTRODUCTION

A. Statement of the Problem

The study reported herein was an outgrowth of a Wright Air Develop-
ment Center project established at the State Engineering Experiment Station
of the Georgia Institute of Technology. It was concerned with the detef-
mination of the air permeability of ny10n-type fabrics used in the manu-
facture of parachutes. The scope of the project included the experimentai
determination of the air flow through samples of the various fabrics under
conditions 6f.pressure differentials across the cloth up to 50 inches of
water.

In order to permit the presentation of results in a general, non-
dimensional manner, a characteriéation by means of a length parametgr of
the geometry of the~fabric is required. A search of the literature indi-
cated that little consideraﬁion'(1,22) had been given to the characteri-

. zation of fabrics from a point of view of the mechanism of air flow
through them. Accbrdingly, an attempt was made, in the case of air flow
thrqugh parachuté fabric, to apply analysis similar to that employed in
dealing with flow through porous media (2). A portion of this report
deals, then, with the anaiysis and technique employed in the determina-
tion of the éharagteristic length for ten parachute cloths. -

B, Definition of Terms

The literature indicates a lack of uniformity in the use. of defi-
nitions concerned with permeability and porosity. For the sake of clarity

the following terms are defined at this>point and a comparison is given
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later (Appendix1I) between their usage here and elsewhere.
Permeability: +the time rate of mass flow of air per unit
projected area'of cloth.
Relative Porosity: arbitrarily defined as the ratio of the
velocity of the air upstream of the cloth to
the theoretical velocity attainable because of
the pressure drop impressed across the cloth.
The illustrative sketch below and the symbols employed serve to implement
trese definitions. Subscripts 1 and 2 in the sketch indicate, respec-

tively, the flow conditions upstream and downstream relative to the fabric.

n
- B 5 A
Fabric '
[:;! ! l . ‘ifi ~_Approsch duct
Fabric Holder |
P,V A
- 117 - lbm
Fermeability = = = *="f9V = (., ——
A VR W b s
V1
Relative Porosity = ————— (dimensionless)
172

{2 —F:I-
In a more general sense, porosity would be measurable as the fraction
repfesenting void space within the volume of porous fabric under con-
sideration; relative pbrosity is employed here as an index of porosity.
In the course of discussion this report will make reference to 10
WADC fabrics in contradistinction to _the 59 Bally Ribbon cloths. The
former are identified in Tables VIII and IX and the latter in Table X.
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The WADC' cloths will be referred to as fabrics numbered 1 through 10 and
the Bally Ribbbn ciothsvas fabrics BR-i,vBR-Z, ete.

Further reference will be made to a low-pressure tunﬁel and a high-
pressure tunnel§ all.clpths uefe subjected to tests in. the 1ow-preésure
tunnel, but only ﬁhe 10 WADC cloths were testéd‘in the high-pressure
‘tuﬁnel; Both tunneis are described completely in Section IV.<A@pafatul;

III. LITERATURE SURVEY
An extensive bibliography, including abstracts dealing with various
phases of parachﬁta design and performanéevas effected by permeability,
is in¢luded as Appendix I. The following discussion is concerred with
" certain aspects 6f these refefences and their relation to the prdblem at |

hand. _
. A. Application of Permeability Data to Parachute Design

1. Increased Precision
'Pre;ent-dqy military and civilian operations employihg.para-

éhutes require a higher degree of precision than was poésible in the past.
In order to yeetlthis‘ﬁemand in precision bombing and in dropping supplieé
".or parachute troaps,'and.to make parachuting safe for untrained.passengeré
in genergl, accurate knowledge of the air permeability characterisiics |
of the parachute fabric becomes necéésary. The length of time foz'thevdpening
of a parachute depgnds_largely upon the rate at which the c#nopyfpermits'
air to pass throﬁg£ itJ LThis knowledge, coupled with information on cross
cﬁrfents and iﬁitial velocity, allows a more exact prediction of the loca~-
tion of the chute and it; cargo at any time after drgopping. The effect
of the least acCurétely’known variables, the directiéns and velocities of

cross currents, is directly dependent on the time of descent and, thus,

on permeability.
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2., Reduced Shock on Opening

At the instant that a parachute openés the pressure developed'
under the canopy is quite high, and the shock is likewise high. It has
been shown that this shock can be minimized by use of a panel of a highly‘
permeable fabric around the central canopy vent (31). A'strip of low-
porosity fabric around the hem line has been recommended as beneficial
to good opening characteristics (L6).

3. Stable Opening

The spontaneous partial collapse of a parachute during descent,
“termed squidding, océurs when a certain critical velocity of descent is
reached. . This critical velocity is increased by the use of less permeable
or porous canopies. (32,41,43,45,47)

4. Safe Loading

The maximum load which a canopy will support safely depends on
the opening charaqteristics and on the drag during the ﬁniform descent
period.  Both of these depend upon canopy permeability. (32,36)

5. Stable Uniform Descent

Parachutes of certain designs tend to pendulate and are dynami-
cally unstable, even in uniform descent. This swinging and oscillating
can be reduced by the use of high-permeability fabrics. (L3,46)

B. Air Permeability of Parachute Fabrics

1. Approach to the Problem Previous to This Investigation

The first recorded air permeability'data for fabrics appears
to be that of Rubner in 1907 (26). Interest in the air permeability of
fabfics for vse in parachutes dates back to the World War I need for
efficient chutes in large numbers. Fermeability of .cloth in general had
been, and still is, of interest to the clothing manufacturer and to the

lighter~than-air ship fabricator as well. Many machines and methods
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(3,8,10,11,19,26,29,59), most of them»as’simplified as possible, were
devised by weavers for measuring the tendency of a cloth to permit the
passage of air or other gases. The calibration (9) and the interrela-
tionship of readings from different machines (7) are carefully described
in the literatufé. Most of these measuring devices utilize vacuum pumps
to draw atﬁospheric air though the fabric at a low pfessure drop across
the cloth (about ten‘inches, or less, of water). To facilitate the
measurement, the instrument is usually mounted downstream from the loom
and the measurement made on-the uncut cloth between the rolls as it
leaves the loom under tension.

While this sort of data may be acceptable to the garment trade, a
higher pressure drop énd more qarefully controlled conditions seemed

necessary to the parachute manufacturer. (1,15,18,30,31,34,49,55,56)

2. Industrial Testing
Air permeability, defined as the volume of air which will flow

through a unit area of a cloth under a given pressure head,* has beén
considered éo be, pfincipally, a function of the type and looseness of
the weave and the yarn twist and diameter. It may also vary with texture,
the amount of cafding, extent of felting, etc. (6,14,19,25,27) The
theory was advanced that fabric could be considered as a multiplicity of
orifides (3,5,22,23,29), and emphasis was pléced on‘the geometry of the -
cloth and its yarns (1&,20,51,60); .Presuming absolute uniformity of pore
size, the theory of models was used to make data on the flow of a liquid

through an idealiied pore applicable to air flow through fabric. Other

*This is a definition of air permeability employed by many; the air
volume is measured at a prescribed temperature, pressure and relative
humidity. Normally the pressure drop impressed across the cloth is 0.5
inch of water. An illustration of the conversion of data reported herein
to this definition is given in sample. calculations in Appendix II.
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investigators theorized that fabrics are not uniform enough to allow
only geometrical considerations in‘establishing orifice dimensions (L).
Photomicrographic-studies discussed in this report clearly indicate the
random variation in the size and shapé of pores.

3. Statistical Variation

The fact that randomness in pore dimensions is of such a nature
that an average value of either porosity or permeability is not obtained
from one sample from one piece of cloth is attested to by a report on the
statistical variation in permeability from one location to another in one
piece of cloth (16,17). This statistical variation, determined for
~several of the'ﬁeaves employed on this project, is of such magnitude as
to render any single permeability determination doubtful fo the extent
of p1u§~or minus 15 per cent.

L. Geometric Concept and Theory of Models

The geometrical analogy used by some investigators assumes per-
fect symmetry, whereas it ié almost universal practice in textiles to use
yarns of different denier and twist in the warp and weft. A more logical
approach appears to follow the theory_of‘flow through porous media (2)
whefe, obviously, the dimensions oflthe individual pores and cavities
are unknown, and yet a characterization of geometry is required. ‘Hoerner
(1) has indicated that fabric permeability data are correlated by a method
similar to Creen's (2).

5, Cloth Deformation

This project has given some consideration to the deformation
of the cloth matrix under the stress of applied pressure. Results indi-
cate a greater cloth porosity with increased flow through the cloth and

an attendant increase in pressure drop across the fabric.
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6. Necessity for Aerodynamic Interpretation

It would seem necessanylto'conciude that the determination of
the statistical va;iation of permeability in a fabric must precede inter-
pretations of permeability'data, and that aerodynamic, rather than geome-
trical, considerations must be followed in establishing the basis for
prediction of flow properties of a cloth.-

C. Methods and Apparatus for Air Permeability Determination

Three methods in general use for measuring the ability of a fabric
to allow passage of air are (26): (1) measurement of the time required
for the passage of a given volume of air through a given area of cloth,
| (2) measurement of the pressure differential required for passage of air
at a given constant volume rate through a given area of cloth and (3)
measurement of the volume rate of flow of air through a giveniarea under
a given pressure differential.

of tne commercially available instruments, the Densometer represents
tne first metho&; the Fabric Porosity Machine, the seoond method;. and the.
tnird“method, which is the one most generally employed in this country in
‘the field of-textiles,iis followed'by the Frazier, the Saxl and the Per-
meameter,instrumentsr

1. Densometer (Gurley)

The Gurley Densometer consists of two self-aligning, coaxial;
circular metal discs which have standard-sized (1.0 or 0.1 square inch)
circular orifices at their centers. The cloth sample whose permeability
is to be neesured is clamped between these orifices. A capstan screw
clamping device permits quick and efficient securlng 'of the sample so '
that no leakage occurs along the face of either disc. The upper disc
serves as the bottom of a vertical cylinder, 3-1/2 inches in diameter

‘and 9-1/2 inches high, into which telescopes another cylinder closed at
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the top. This upper cylinder weighs 5.0 ounces, and its walls telescape
into an oil-filled annulus which serves as a seal between the free- .
floating and the sﬁationary cylinders. The air pressure exerted at the
orifice at the bottom of,thé cylinder by the floating cylinder is equal
to 1.22 inches of water, and, by noting the relative elevations of the
floating cylihder,befpre and after its desceht, the ambunt.of air expelled
through the orifice is measured.

Perﬁeaﬂility readings are expressed in terms of the time required
"for the passage of 300 cc of air through the standard orifice area under
the constant head of 1.22 inches of water.

2. Fabric Porosity Machine

The Albany Felt Company holds a patent on what they call a-
"Fabric Porosity Yachine" in which a low-pressure blower drives air
through a smali measuring orifice and then through the test fabric, which
is held in pneumatic-powered jaws. The back pressure behind the cloth
,ét'a given flow rate is termed a "fair measure of the porosity qf the
' goods to air flow." (29)

3. Saxl Apparatus

The Saxl Instrument Company produces a.machine called the "New
Porosity Tester" which consists of a blower to force air through the fabric
into a rotameter to measure the rate of flow directly (29).

4. Bureau of Standards (Frazier) Apparatus

In the Frazier machine the cloth saﬁple is held by a clamp
horizontally over an orifice at the top of one of two airtight chambers,
an upper and a lower chamber. Air is drawn thfough the sample into the
upper chamber, through a standard measuring orifice 'into the lower cham~
ber, and through a Suqtion'fan'out into the atmosphere. Baffles just

above the fan intake prevent the formation of a vortex at that point.
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Pressure measurements by means of manometers in the upper and lower chame
bers permit a calculation of the rate of flow, and the results are ex- |
pressed in cubic feet/min. of air at e prescribed temperature, pressure
and humidity passing through a given area of cloth under a standard pres=~
sure head of 0.5 inch of water.

It has beep shown onuthe basis of extensive data on many types of

weaves that the results of the Frazier instrument and.the Gurley denso-

_507.5
Gurley'(7)

meter can be correlated. The relationship obtained was Frazier

S. Permeameter (Gurley)

The principle of the Permeameter (29) is comparable to that of
-the electrical Wheatstone bridge in that pressures are balanced to give
an accurate determinéfion of permeability. The apparatus consists of two
'airtight chambers and a suctioﬁ fan. Air is drawn through a fixed orifice
into the first ehamber and out through another fixed orifice, thus maine |
taining a fixed pressure in.thie'chamber. The same fan draws air infe the
second chamber through a calibrated micrometer valve of the plug and ori-
fice type. k tube connects each chember to a veriometer, and the pressures
are adjusted to the same value by the proper setting of the micrometer
valve. This setﬁing indicates the air permeability when the instrument is
properly calibrated against standard orifice plates. Air leakage between
the fabric and the clamping rings is prevented by maintaining the same
vacuum in an annular groove around the sample as that on the sample,

6. Other Types of Testing Machines

A practical apparatus, used in Britain and described in Engi-

neering (London) in 1939, consists simply of a tube of standard cross

section over the end of which the sample is held by rubber bands. Air is
drawn through the cloth by a suction pump and the pressure drop required

.to cause a flow of air of one cubic foot per minute is measured and termed
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the M"porosity," contrary to the usage of that term in this country to
designate the percentage of void space in the volume occupied by a
porous media. |

" The Apermeter developed at Lowell Textile Institute utilizes a
hydrostatic head, developed by adjusting the elevation of a "leveling
bottle".coﬁtain@ng water, to draw atmospheric air through a cloth sample.
No provision is made for maintaining a constant pressure differential
across the fabric. The developers of the Apermeter have rédefined air
permeablility as the ratio of the times required for a given volumerf
flow with and without a cloth sample 6ver the inlet orifice.

Ah instrumént for the measuremént of air permeability of blankets
was designed by Sale and Hedrich;'in this,ﬁhe material is étretched across
the top of a cylinder at a tension of one per cent of its béeading load.
Air drawn through the sample by an aspirator bottle arrangement is meas-

ured by a wet-gas meter, and the pressure drop, by a micromanometer.

IV. APPARATUS

A. Introduction

"Two wind tunnels were employed'dﬁring this investigation; one will
be referred to as the low-pressure tunnel (0-55 inches of water) and the
other as the high-pressure tunnel (0-15 pounds per square inch).

B. Low-Pressure Tunnel

- The fabric sample, cut approximatelyAas a circle at least nine inches
in diameter, was clamped between two flanges of the sample holder. In
turn, the sample holder was mounted in a vertical plane on the end of the
wind tunnel (which is horizontal). A éircle of fabric 0.2 squafe feet in
area was exposed to a flow of air fréﬁ the end of the tunnel; the down-
stream face of the cloth was subjected to atmospheric pressure at all
times.

WADC TR 52-283 1




l. Fan .
Air drawn-frbm-within the Research Bullding was blown into the

upstream end of the tunnel through a Buffalo Forge Centrifugal Blower,
Model 35-1CB, with a airect-eoupleq;'constant-spged, 7-1/2 hp motor. A
pressure drop as high as 53 inches of water was'obtainéd across the fabric
with some of the more“dense cloth samples; the pfessure drop was measured
using vértical glass manometérs filled with water. By throttling the fan |
intakenﬁith a conical plug valve, the pressure drop coﬁldAbe v#ried to

any value down to less than one inch of water.

.2 Wind Tunnel - |
The wind tunnel was made up of three sections of 5-3/} inches

in inside diamster plastic tubing totaling 10 feet in length. Temperature
measurements were made by mercury thermometers installed at the fan inlet |
. and the tunnel outlet,i The rate of flow bf air was measured by an appro-
. priately sized orifice installed in the tunnel duct. These were standard
sharp-edged orifices designed according to specifications of the ASME
Special Research Committee on Fluid Meters (72). In each installation
the orifice was preéedéd and followed by straightening vanes in aécordance
-with the‘ASME spécifipations; One~-fourth-inch upstream and downstream
flange-type pressure taps led to a micromanometef containing glcohbl
(sp. gr. 0.790) in which the pressure was balanced against the alcohol
head in a flexiblemfrubber) tube. The tube's'altitude above.the alcohol
reservoir level ﬁas‘adjuqted by means of a micrometer screw. Since no
liqﬁid flowed into or out of the tube or reservoir, no error was intro-
duced by change in reservoir alcohol coﬁtent.

Photographs of phe'teét setup and instrument bo#rd are shown in

Figures 1 and 2. A typical orifice installation is shown in Figure 3.
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Pigure 3., Typical Orifice Installation.
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3. Sample Holder

The samplé holder, designed for this project, consisted of two
round flat flanges of one-inch aluminum, 12 inches in diameter, and is
shown in Figures L, 5 and 6. 4 holé six inches in diameter‘was cut in
the center of the upstream flange‘so that the"holder fitied over the end
of the tunnel tube. A hole 5-3/L inches in diameter was cut in the center
of the downstream flange; thus the actual area of cloth exposed to flow
of ‘air was 0.2 square foot. A groove of 1/8 inch radius was provided,
forming a concentric circie“with the hole in the center. When élamped
betﬁéen,the flanges, the fabric is forced into this éroove by a ring of
l/h-incﬁ rutber tubing,kthus preventing any slippage of fabric when the
stress of pressure is applied to it. With the saﬁple thus mounted, the
.flanges were held together by seven bolts; the whole holder aésembly is
) clamped-in"blace on a flange on the'end of the tunnel.

The low-pressure tunrel was. employed to-determine the air permea-
bility of the parachute fabriés with pressure drop écross the cloth not
exceeding_approximately 55 inches of water. The high-pressure tunnel
was required-in order'éo determine the characteristic iength for the ten
‘samples..

C. High-Pressure Tunnel

In describing the high-pressure tunnel, reference will be made
to Figure 7 which is.a photograph of the experimental setup. A4 service
air line (upper right hand portion of photograph) supplies air to the
wind tunnel. The air passes in turn through an oil and water stréiner,
through a spring-loaded pressure-regulating valve, through either or both
of twn manually controlled pressure-regulating valves, through either of
two orifice‘meter installations, and, firally, through the fabric sample

and into the atmosrhere. easurements of the zir flow through the cloth
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Figure 4, Exploded View of Low-Pressure Sample Holder.
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Figure | 5. Upstream
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Face of Semple Holder.
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Figure 6, Downstréam Face of Sample Holder,
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and 6f the pressure upstream of the cloth were made with differént

instruments, depending upon’the range of variables-involved. Diagram-
-matic sketches showing design features of the piping and sample holder
are included as Figure 8 and Figufe 9, respectively. A photograph of

the sample holder is Figure 10.

V. TEST PROCEDURE AND METHOD OF HANDLING DATA

A. Selection of Cloth Sample

The position on the cloth yardage from which each sample was cut
was selected as dictated by.statistical considerations described in
Chapter VII of this report, Statistical Analysis. The same procedure
for selectiﬁg the sample was employed for bofh the low-pressure and high-
pressure wind tunnels.

B. Test Procedure for Low=-Pressure Tunnel

1, Sample Mounting Procedure

Tﬁe sample was cut with a pair of hand shears and laid flat on
the face 6f the upstream flange of the sample holder, whichﬁwas described
in the segtion on apparatus‘and is shown in the photograph of Figuré L.

A removéble circle of plywood placed in the center hole provided a flat
stage for the cloth-during mounting. A ring of l/h-iﬂch rubber tubing was
laid on the cloth over the:groove in the flange face. The downstream
flange was carefully placed over the other, allowing the 3/8-inch taper
pins attached to it to center the aligning holes in the other flange.
The face; of the flanges were then preésed together, and, while in this
horizontal position, the two flanges were fastened together with seven
bolts which passed through the upper flange and threaded into the lower
one. |

The fabric was securely hela by the pressure of the ring of rubber
tubing, and there ﬁas no noticeable stress apnlied to the cloth. The
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Mgure 10, High-Pressure Sample Holder.
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statistical analysis showed that any effect on the results which was due
to this technique of mounting, when reasonable tarefully executed, was -
negligible.

2. Prelimin&gy Operations

After completing of the operational procedure of placing the
sample in its holder, the assemblage was mounted over the discharge end
~ of the tunnel. Zero readings were taken from:the manometers.and the
thermométeré. With the plug valve closed, the fan was started and allowed
to come up to speed. The plug valve was then opened quickly, thus simu-
lating the shock of opening the parachute.
3. .Data Obtained

When the flow had become st;ady, 88 indicated gy the constancy
of the static pressure upstream of the sample (a steady temperature,
approximatelyleS’ F, usually obtained downstream of the cloth), a record
was made on the lqg sheets of_this static pressure gnd the orifice pres-
sure drqﬁ, along with the inlet and outlet air temperatures. The relative
‘humidity of the air in the laboratory was determined by a sling psychro-
meﬁer. "The laboratory room was served by the building air conditioning
system; tunnél inlet air at a constant condition was not available.

Similar readings were taken at about twelve different siatic pres-
sures distributed over tﬁe possible range; the entering of the complete
sample identification, the date and the psychrometer data completed the
log sheet. The barometric pressure was recorded twice daily.

Eight more samples from the same piece of fabric, the locations of
which were so selected that the statistical variation of the fabric per=-
meablility would be represented, were treated in the -same fashion as the
first sample. Figure 11, a sample log sheet for test ES-1, dated 29

August 1951, is attached. The test designation ES~l refers to WADC Fabric

No. 3, USAF plain weave white, Table VII.
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Cloth Identification
Style No.  000/100
Fiber Content Nylon

ain - 13}h61A

Weave Pattern
Color Style “White

Remarkss U. S. Air Force

1OG SHEET
Project 170-117

Run No. ES-1 Page No._1l

Date_29 August 51

Room Temperatures
~ Dry Bulb .
Wet Bulb

Baro 29.23

Static
Pressure

Orifice
Pressure Drop

Temperatures °F

Number in, W.G. in. W.G. _ Tnlet _ Outlet
Zero

Readings 0.03 - 0.00 83 83
I 43.02 Le112 90 118
11 40.57 3.826 90 120
III 31.23 3.0L7 90 120
v 25.82 2,288 89 121
v 18.52 1,549 88 121
VI 1L.97 1.218 89 121
VII 9.87 0.759 89 122
VIII 5,87 0.L406 89 122
IX 2.97 0.170 91 12}
X 2.37 0.138 95 12l
X1 9.65 0.619 88 125
XII 18.60 1.300 89 125
XIII 30.55 2.353 89 124
X1V 43.65 j.5b6 91 123

Figure 11. Sample Log Sheet For Low-Pressure Study.
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h. Averaging of Data

From the data for each of these nine samples nine curves were
plotted of the static pressure versus orifice pressure drop. (A sample
plot for test ES-1 is shown as Figure 12.) The nine values for orifice
pressure drop read at various values of static pressure were then aver-
aged. Tﬁis manipulation gave a set of smoothed data which was presumed'
to represent the fabric statistically. A table giving the results of
this averaging process for test ES-1 is included as Table 1.

£. Calculations

These statistically corrected data were used in a series'of.
calculations deséribed in detail by aﬁ itemized list of 28 operatioﬁs
in the Maéter Data and Result Sheeﬁ, which is included herewith as Figure
13. Table II is a record of the results obtained upon applying fhe cal-
culation procedure to the statisfically smoothed data shown in Table I.
In the course of these calculations.the density of the air flowing was
obtained, the rate of flow through the ASME standard orifice was calcu-
lated, and the velocity pressure upstream of the fabric was obtained.

6. Correlation of Calculated Values

The square root of the ratio of velocity pressure upgtream of
the fabric to the static pressure upstream was termed the "relative
porosity™ and ifs variation plotted versus the mass velocity, gzikﬁzz,
of the air upstream of the cloth to give a curve characteristic of the
fabric permeability. The curve in Figure 1l represents this result for
the sample ES-1. Table.III includes the numerical values used in con-
structing Figure 1l.

The following comments serve to illustrate the manner of application

of the Master Data and Result Sheet, Figure 13.
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Figure 13. Master Data and Result Sheet

Item No.
1. Barometer
2. Barometer (0.L91 x item 1)
3. Static pressure (S.P.)
L. Static pressure (0.036? x item 3)
S. Static pressure, P, (item 2 + item L)
6. Inlet air temperature
7. Outlet air temperature, T,
8. Psychrometer Data
Dry bulb temperature
Wet bulb temperature
Relative humidit&
9. Orifice pressure drop, h*,
10. %, (item 5 + item 7)
11. Air density at cloth, @, (0.004672 x item 5)
12. hpP, (item 9 x item 11)
13. /6P, (iten 12)}/2
1. Estimated air flow, M (0.894 x item 13)
15. Air iiscosity%‘¢, at temperature of item 7
16. M+ (item 1k + item 15)
17. Reynolds number at throat, No_ (6179 f}% x item 1L)
18. Corrected orifice coefficient, K,
19. Correct flow, M_ (item 1k x 3§§£5%§)
¢0. Mass velocity at cloth, G, (Eg%%:lg)
21l. Reynolds nuﬁber in tube, Ny, (0.6L4 x item 17)
WADC TR 52-283 30

Dimension

in. Hg

2

lb, in

inches of water

<2
lbf in

. =2
lbf in = abs.
°F abs.

°F abs.

inches of water

b £72
m

b sec™t
m .
1

2

b sec £t~



LY

v

Figure 13. Master Data and Result Sheet (Continued)

22. %- (item 19 & item 11)

23. Velocity in duct, V (item 22 + 0.179™)

2L, Pv2

item 11 x (item 23)3

25. Velocity pressure, V.P., (0.00299 x item 2L)

26. Item 25 = item 3

27. Relative porosity (item 26)

5.2 £

1/2

projected area of cloth sample.
2

**0.179 1" wind tunnel area.

WADC TR 52-283 il

ft sec”

~ in W.C.



*QT We3I BUTPIOOSI JOF PBAU PIYBUTWITS UOT3BTNOTBY QUTYD® !

*POpJOOaI J0U 3JI3M BRED w pue N. qm EmPH*
go* gLO*  €LLO* @WNLO®  TELO®  6TLO° TTLO® 20L0° €690°  €690° §L90°* L2
9900° 2T900°  6S500° 9S00° MES00° LTSO0®  S00° 6M00° gh00°*  TINoo*  9100° 92
26" snee 6LT° 21T g0°*  LT190°* .ONO* 9620° Of20°*  €6T0° QETO* a2
g0t 0°29 Q65 L°LE . 2°l2  €°lT S'€T -26°6 Mo°'g 9y 29°M e
g°LE  GN*€E  9g°Q2 STt g°6T 6°ST TI°NMT 1°2T 6°01 gL°6 0£°y €2
§L*'9 - g6°s 9t°s I ns°€ g°2 25°2  91'2 4983°1 gL't agn°t 17
000TOT 00£gQ 002ML 008LS 009817 OOMGE O009EE 009g2 00sh2  00L22 OO0T6T 2
“G°2 61°2 S8°T  SGhM°'T €2°T sl lag*  sELc  G€9° 65° Q6m° 02
Ts° geEN” oLE:  162° she* G6T* STLT*  MT~ L2t gLT* 9660° '3
L9° .9° 2Ly flg* 9L9* 089° €89° 1g99° 269° 69 ool* - 8T
0008ST 0008ET O0009TT 00€06 0009L = 00009 00925 009N O00EgE  00SS€ 00962 LT
- - -- -~ -~ G6T0° - - - G6TO* S6TO0° ST
0s* nene g9t qge° ohz* égT® 99T° TN 13T 2TT* ohso* T
95 9gh* got* 61 892° 21e* 98T @&T*  9ET” g21* 4Sot° €1
€1 LE2* 9991 ~ 201° T12l0° gho* <ShEo* Lf20* fQTO0° ShWSTO* OTTI0* 2T
GLo* MELO®  QTLO® fOLOo®  1M690° §90° §90° 890° 4Gl90°  6L90° TL9O® 1T
820°  TL20° 6920° 920° 9S20° G20° 620° T420°* 6M20°  6M20°  QmN20° ot
lt°n £€2°¢ FASE AN A § 0’1 §99°  l0s* f9e*  Gé2° 622* motr° 6
T°9T gest  M°s T°4T 6°1tL LT ot 9°MT  S°MI et NNt S
18°T 8M°T 980°T Hal* g£nge 29€°  062° lt2* 19T st 60T |
0s oY of 02 ST - ot 8 9 S L € 12
EENT €E°NT  €C°NT €E°NT  €E°NT  €E°NMT €E°NT €E°NT €€°NT  €E€°HT €E°1T 2
2262 22°62 22°62 2262 2262 22°6T 22°62 - 2262 2262 2262 2262 T
Zoqumy 359 g
£q peynduop Jys.  VIONIET - UTeld uIs3)eg dAROM
*oN 83eq T-SH  °ON 90914 UOTAN  qU8qUO) JOYTJ -
. *oN uny 9}TUM T3S J0T0) 001/000 *oN 8Tf38
qe9yg 307 :Joy 4 UOT3BOTITIUSPT U3OTQ

LITHS LTOSEY ANV VIVA FTdWVS

I FI4VI

WADC TR 52-283




Y

10

91—

8 __Oe—

/’Cr/
/D/
//

1
E7
5 - /0}
o
[v'4
o
a.
17}
>
> 6
-d
i
o

5

4

0 0.5 1.0 1.5 2.0 2.5

WADC TR 52-283

MASS VELOCITY UPSTREAM OF CLOTH, LBy SEC*! FT"2

Figﬁre 14. Poros ity-Permeability Characteristics.

-33-




TABLE

111

EXPERIMENTAL DATA USTD IX FIGURE 1L

G (Item 20, Figure 13)

(1bs sec”

1

0.498
0.590

0.735
0.800
0.857
0.975
1.235
1.450
1.85
2.19
2.5

ft

..2)

nelative 'ﬁorosity
(Item 27, Figure 13)

0.0678
0.0693
0.0693
0.0702
0.0710
0.0711
0.0719
0.0731
0.0748
0.0773
0.078

0.080
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Items 1 through 8 are self explanatory. Items 9 through 19 indicate
the procedure employed to calculate the air flow through the fabric sample
from measurements relating to air density and orifice pressure drops.

The procedure is a standard one wherein the appropriate orifice coeffi-
cient, K, is selected, and an estimate is made of the flow through the
orifice; a Reynolds number at the orifice is now calculable and a corrected
value of K obtainable; in turn the correct air flow is calculated. A
typical Reynolds number vs. orifice coefficient curve is shown in Figure
15. The mass velocity at the cloth is obtained in item 20 as the ratio

of the mass flow through the cloth to the total cloth area subject to

the flow; the latter is fixed at 0.2 square foot. Items 22, 23, 24 and

25 serve to illustrate the manner of arriving at velocity pressure up-
stream of the cloth. Items 26 and 27 show the application of the arbitrary
definition of relative porosityrto the sample data.

C. Test Procedure for High-Pressure Tunnel

1. Introduction

Based on the experiehce of operating the low-pressure tunnel,
the air requirements at a 15 psi pressure drop for a 0.2-square=-foot
sample were estimated as greatly exceeding any service air supply avail-
able at test facilities. Accordingly the sample size for the high~pressure
tunnel was reduced to an effective circular section 2.06 inches in diameter.
In view of this reduced sample size, the sample holder design was changed
in accordance with the description reported in the section on apparatus.
This portion of the study was restricted to the eight standard cloths and

to the orlon and dacron fabrics. None of the Bally Ribbon cloths was

subjected to the high-pressure study.

2. Preliminary Operations
. The specimen fabric, a strip‘approximﬁtely L inches by 10 inches,
wag cut from the cloth yardage in accordance with the technique described
WADC TR 52-283 35
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under statistical considerations. It was placed‘over the upstream flange
of the samplé'holder (this flange was fixed to the tunnel), and the down-
stream flange was lowered and fixed in place, giving an installation
wherein essentially uniform tension could be expected from sample to
sample. No quantitative measure could be put‘on the sméll tension to
which the samples were subjected. As in the case of the low-pressure
tunnel, zero readings of instruments were observed and recorded. Once

the air flow to the apparatus was established, its control was possible
by manipulation of either of the manual control valves or of the spring-
loaded regulating valve or by any combination. The air flow was increased
to permit establishﬁent of desired static pressures upstream of the cloth,
starting with the lowest pressure setting, being based upon the read-
ability of the indication of the micromanometer filled with alcohol as

the manometric fluid. Thus, this series of tests was carried out without
 placing a simulated shock load on the sample, as was the case in the low-

pressure tunnel.

3. Data Obtained
Measurgments.of air flow and static pressure upstream of the

cloth, as well as air temperature, were the quantities required. In order
to measure air flow, three flow-measuring units were employed; for the
low flows a calibrated gas meter (obtained from the Atlanta Gas Company)
was used, for intermediate flows, a 0.488-inch orifice plate meter, and
for high flows, a 0.978-inch orifice meter. These meters were installed
in parallel in 1.96 i.d. brass tubes.

The gas meter, when in use, was installed»in parallel with the mani-
fold of two manual control valves which, of course, were closed when the
gas meter was totalizing flow. (The gas meter was known to indiéate with-

in :‘1.5 per cent on measured flows 0.5 ft3 or greater; gas meters of this
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type are sensitive to the small gas flows required for the pilot light on
common home aprpliances.) When flow reached predetermined values, assur-
ing applicability of standard orifice coefficients, its measurement was
switched in turn to the two orifice plate meters. Pressure differentials
across the orifices were observed using in turn, as required, an alcohol
micrbmanometer and a vertical water manometer.

Static pressure readings upstream of the cloth were observed by using
in turn an alcohol micromanometer, a vertical water manometer and a verti-
cal mercury manometer.

Nine samples from each bolt of cloth were again employed in order
that the statistical variation of thé fabric would be repregented. For
practical reasons, as well as limitations of time, the statistical analy=-
sis employed for the low-pressure tunnel was assumed to be valid'in prin-
ciple for the high-pressure tunnel.

L. Handling of Data

From the data obtained for each sample calculations were carried
out, resulting in a set of points depicting the interrelation between the
pressure square gradient across phe sample versus the mass velocity up-
stream of the cloth. The significance of these two terms and the theo-
retical interrelation involved are discussed in Section IX of this report,
High-Pressure Tunnel Characteristic Length Study.

The pressure square gradient-mass velocity results for the nine
samples of each fabric were plotted on a single log log graph; from this
set of results an equation of the form Yl—_e-z- 0('6' +ﬂ16'zwas fitted analyti-
cally, In view of the range of variables three techniques were employed
in estahblishing the fit: (1) least squares, (2) by eye in the high G range
and least squares in the low G range and (3) method of averages throughout.
The results for the three methods are shown in Appendix IV in Table IV and

in the corresponding graphical presentations, Figures 36 through L5.
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Rather than submit a detailed set of data resulting from the high-
pressure tunnel study, the recommended values of X and/3 are given in
Table IV. Figures 36 through L5 show the extent of variation of the

experimental points from the recommended fit.

VI. PHOTOMICROGRAPHIC STUDIES

A. Appearance

1. Plain Weave

Photomicrographs at 100 diameters were taken of each of the
four fabrics supplied by thé Air Force, of the four Cheyney fabrics ;nd
of the orlon and dacron fabrics manufactufed by the Duplon Corporation.
These are shown as Figures 1% through 25. |

The plain weave (white or camouflage-printed) appeared to have quite
evenly spaced warp and filling, with interstices being generally rectan-
gular in shape and varying considerably in size. The warp showed much
less twist than the filling. (Tﬁe Georgia Tech Textile Laboratory re-
ported the warp to be 7 to 8 turns/inch and the filling to be 1 to 2 turns/
inch.) The filling in the finished cloth was flattened to approximately ,
twice the projected width of that of the warp and the interstices were
about 1-1/2 times as long as they were.in width.

2. Rip=-Stop

The white and the orange rip-stop cloths were also similar in
appearance. Except in those photographs in which the dense rip-stop lines
were shown, the appearance of the rip-stop was similar to that of the plain
weave as would be expected.

Twist appeared in the threads of both white and orange cloth as an
occasional crossing of adjacent pairs of filaments rather than an actual

twisting together of all filaments in one thread.
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FPigure 16, Photomicrograph of WADC Fabric No, 1 (USAF wWhite
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Tigure 17. Photom
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Figure 20. Photomicrograph of ,WADC Fabric No. 5 (Chensy Bros. White Finighed),
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Figure 23, Photomicrograph of WADC Fabric Mo, 8 (Cheney Bros, White Rip Stop
" Greige).
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Figure 4. Photomicrograrh of WADC Fabric No, 9 (Duplan Corp., White Dacron).
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3. Dacron

The photomicrograph of the dacron fabric at 100 diameters showed
the greater denier'and higher twist of its warp and filling, which appeared
to be the same size and céntained more filament per thread than the nylon.

A supplementary view at 50 diameters showed that the birds-eye weave caused
the poré sizes to be irregular and some of the pore‘sﬁapes to be trapezoidal.

L. Orlon

The orlon's appearance was similar to that of the dacron, i.e.,
higher twist, greater denier, more filaments per thread and irregular

pore size and shape.

B. Effect of Finishing

Photomicrographs were taken af plain white cloth and of white rip-stop
in both greige and finished states. The pore shapes in the greige were
rectangular in general but much larger than in the finished cloth. The
warp seemed to be much more closely packed (circular cross section), where-
as in the finished cloth it had been flattened, and thus the spaces between
were smaller. The filling had much the same appearahce in both states.

C. Effect of Dirt in Air

In spite of the precautions taken (using an air-conditioned laboratory
which was kept closed from the corridor and having its floor wet-mopped each
morning), there was some air-borne dirt in the fan discharge. This was
evident from the slight discoloration of that area of the sample exposed to
flow of air. Photomicrographs of this dirty area, Figures 26 and 27, and
of a clean pléce of the same cloth, Figures 16 and 18, respectively, were
made, and a comparison showed the dirt particles to be of the order of twice
the diameter of one of the nylon filaments. It was found that the dirt did
not tend to clog the cloth interstices but did cling to the outer surface

of the threads. Thus, the interstices were left unobstructed.
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Figure 26, Photomicrograph of WADC Fabric No. 1 (USAF White Rip Stop)
Showing Dirt Accumulation,
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VII. STATISTICAL ANALYSIS

A. Necessity for Statistical Analysis .

Since a plece of fabric is the ﬁroduct of many varied and separate
mechanical operations, its permeabiiity (or any other property)'is gener-
ally recognized to be widely variable from sample to sample within the
same piece of cloth. The problem of determining the nature and extent of
this variation yields most readily to a planned statistical analysis.

The statistical analysis of data from this project was divided into three
programs.

B. Program I

The first program consisted of a comparison of the readings of the
flow ofifice manometer for each of twelve samples from the same cloth.

The variation could occur with ihe sample location in a direction along
either the warp or the filling threads, or along both, and, in the case
-of permeability testing, some of the variation may be due to mbunting
technique. In order to produce suitable data for such ah analysis, the
samples were takén four in a row across the cloth width, in three rows
spaced five yards apart along the length of the cloth. Data were taken
on each sample af.a static pressure of 35 inches of water and then the
cloth was allowed to "relax" for exactly 24 hours after which each deter-
mination was repeated.

The original dgta shown in Table V were analyzed for the signifi-
cance of the ma?n effects and for all possible interactions of these maih
effeéts. The analysis Showed that variation due to mounting, the procedure
for which is described in Section V, B, was not'significant (0. per cent).
While the variation along tﬁe filling (across the cloth width) was con-
siderable (13 per cent), it was much less than that along the warp (66

per cent). The analysis of variance showed the interaction of main effects
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"TABLE V

STATISTICAL DaTA--PHOGHAY T

Orifice Hanometer ileading (Inches of Water)
Values of Flow Wk . Wy o
Fl Ml 3.99 2.63 2.46
12 3.93 2.73 2.h2
F2 il h.37 3.23 2.63
Me e 31 . 3.2€ 2.53
F3 M1 4e 30 3.3L 2.61
12 ' L1k 3.33 2.71
FL 1 3.7h 3,06 2.65
M2 3.73 3.03 2.7

*‘tatic pressure constant at 35 inches of water.

*¥p is position across the cloth (filling variation). ¥ is replication
(= 2) of data (due to remounting). '

W is position down the cloth (warp variation).

Wl = O yards, W2 = 5 yards and W3 = 10 yards.

e ———
e s
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(warp and filling variation) yielded a 17 per cent contribution; an
additional L per cent residual effect was calculated. The average of

tre values for sarples taken in a row across the cloth was found to cor-
respond to the value for any sample located at a point 1/l of the cloth's
width in. from either selvage. This is in agreement with the findings at

the British Ministry of Supply (16).

C. Program II

The variation along the warp was shown to be the most important,
but the analysis had been based on only three sampling positions. In
order to determine more accurately the pattern and the extent of this
variation, data were obtained from 2¢ samples of plain-weave cloth, taken
nine inches apart along the length of the cloth, the center of each sample
being nine inches from‘the selvage edge of the 36-inch width. The 22
sarples were divided into three groups by location, each succeeding group
being separated from the last by three yards. All data were taken at
static pressure of 35 inches of water.

The values of the flow orifice pressure differential for Group 1,
consisting of ten samples, were in the ranges 3.25 and 3.80 with an average
value of 3.5. Assuming that their values are "normally" distributed, 95
per cent of repeated measurements should be between 3.0 and 4.0 (x £ 20;
or 3.5 % 0.5). In Group 2 (six samples) the average value was 3.41 and
the standard deviation was 0.48. This change in characteristics was
attributed to the noticeable and abrupt change in the appearance of the
fabric occurring in that portion of the cloth from which these six samples
were taken. For the six sambles of Group 3 the standard deviation was
again 0.25, the same as for Group 1. The value of the mean, somewhat
lower than either other group, was 3.16. Table VI is a summary of the

‘above results.
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The data for each of the three groups' were subjected to an "analysis
of variance." The variance between groups was shown to be not significaﬁt;
therefore, an over-all average and standard deviation is proper. AThese
values proved to be 3.39 and 0.35, respectively. The following 95 per

cent confidence intervals were computed.

~ Number of Per Cent
Random Samples Deviation
1l 20.L4
kL 10.4
9 7.0
16 5.2
25 _ L.2
36 3.5

Practical economics suggested a program of nine random samples, which
should assure that, at worst, their mean value will be within t 7 per cent
of the true average value for 95 per cent of the determinations,

It is recognized that more than three groups for the analysis of va-
riation might have revealed a small but finite vgriétion. For this reason
it was gebommendedlfhat the nihe-samples be taken frbm as widely séparated
positions as possible, including the entire piece available fbr testing. |

D: _Program ITI

In an aﬂtempt to indiéate the order of magnitude of the'variation
due to the type of ﬁeave, # third program of statistical work was per~
formed in whicﬁ nine random samples from ten different cloths of four
different weaves were considered. The average flow orifice manometer
reading (in inches of waier), taken at static pressure of L4O inches of
water for each cloth, and the standard deviation of each are presented
in Table VII. The average and standard deviations show lack of control,

and there is significant variation in beth average level and variability

from cloth to cloth,
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TABLE VI

STATISTICAL RESULTS-~PROGRAM II

Average Orifice’

Group Number of Samples Pressure, X ~ Standard Deviation,
' (Inches of Water)

1 10 3.50 0.25
3 6 3.16 0.25
TABLE VII

STATISTICAL RESULTS-~PROGRAM III

- Average Orifice
Group Number of Samples Pressure, X Standard Deviation,

{Inches of Water)

1 10 4.091 0,302
2 9 3.677 0.287
3 9 3.L68 0.2k
L 9 2.066 0.191
5 9 2.802 0.1225
6 9 9.100 0.579
7 9 3.600 0.388
8 9 13.19%4 0.996
9 9 2.1459 0.113
10 9 3.907 ' 02Uk
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E. Limitations in the Analysis of Samples

It should be emphasized that in this project the representation of
any one weave is by fabric from one loom in one mill., This faci limits
the generalizations, based on results obtained, to comparison of these
individual pleces of cloth, or to other pieces from the same loom if that
loom wefe.to be again operated under the same statistical quality control.

In view of these facts, cénclusions are limited to the sample cloths
supplied and application to each general type of cloth is not Jusﬁifiable
because of the very real possibility of significant variation in the per-
meability of the products of different looms, different mills, etc., man-
ufacturing the cloth of the same wea&e, denier, twist, thrgads per inch,
etc,

The program of investigation of various weaves produced on.the same
loom under the standarized conditions in the weave room here at Ceorgia
Tech permits broader generalization, and the results of this study will

be presented in a subsequent technical report.

VIII. LOW-PRESSURE TUNNEL AIR PERMEABILITY RESULTS

A. WADC Cloths

1. Description of Samples

Table VIII serves to provide identification for this set of ten
fabrics, using the designations Fabric No. 1 through 10; the physical and
textile properties for the cloths are recorded in Table IX, using the

indicated designation.
2. Summary Data and Results

Figure 28 represents the graphical summary of the porosity-
permeability characteristics for the 10 WADC cloths. Appendix III, Section 1
is the tabular summary of data from which Figure 28 was prepared.
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TABLE VIII

IDENTIFICATION OF WADC CLOTHS*

Style

Fabrie Source
Number of.Sgpply Color and Type
1 USAF ' White Rip Stop
2 USAF Orange Rip Stop
3 USAF White Twill
4 USAF Camouflage Twill
5 Cheney Bros. White Finished
6 Cheney Bros. White Greige
7 Cheney Bros. | White Rip Stop
Finished
8 Cheney Bros. White Rip Stop
Greige
9 Duplan Corp. White Dacron
10 Duplan Corp. White Orlon

200-300, 1181874
200-300, 1357L4LA
000-100, 1314614
081-110, 2695-05B
179362
179362A
176,98

176L98A

S 111
S 193

* Fabrics numbered 1 through 8 are nylon cloths.
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In view of the nature of the definition of relative porosity and its
relation to mass velocity upstream of the cloth, the loci of points core
responding to a constant static pressure drop across the cloth are straight
lines through the origin of coordinates. The loci for constant static
pressure drops of 50, 20, 10 and 5 inches of water column are indicated.
Evident from the presence of these loci on the porosity-permeability plot
is the indication that an increase of pressure differential across a fabric
causes a reorientation in the order of increasingly porous (and therefore
permeable) fabrics. For example, at five inches of water static pressure
drop in the order of increasing porosity one finds the sequence L, 2, 5, 9,
1, 7, 3, 10, 6, 8, whereas at a 50-inch drop the ordering becomes L4, 9, 5,
2, 7, 10, 1, 3, 6, 8.

B. Bally Ribbon Cloths

1. Description of Samples

The Wright Air Developnent Center furnished this project with
59 nylon ribbon cloths; these had been manufactured by the Bally Ribbon
Mills and were prepared incorporating different weaves, threads and picks
prer inch, different deniers of warp and filling threads and combinations
of these. Each bolt of cloth was nine inches wide with selvage at each
edge; the lot ranged from quite dense fabrics to rather open weaves of
fine thread.' All samples had been subjected to identical mill finishing
processes; accordingly, no contribution to permeability variations was
expected from this source. A summary of the specifications of the cloth
as furnished by the Wright Air Development Center is given in Table X.

2. Statistical Considefations

The same statistical considerations apply to the ribbon mater-
ial as were proposed for the fabrics 36 inches wide. The test equipment

required a sample at least nine inches in diameter with an area of 0.2
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TABIE X
IDENTIFICATION OF BALLY RIBBON CLOTHS

Manufacturers Data Wright Field Data
Thread Count Thread Count
" Per Inch Yarn Denier . Per Inch
Item Mill - A
Number Style Warp Filling Warp Filling Weave Warp Filling Weight
oo (oz/yd?)
1 7171 138 110 30/10 30/10 Plain 135 113 1.05
2 T72. " 120 " n " 133 122 1.08
3 7173 " 110 " n 2/1 will 132 113 1.03
L 7174 v 120 " " " 133 125 1.09
5 M|/ . 95 " 40/13 Plain 13, 99 1.12
6 7176 " 105 " " | " 137 110 1.20
T Mmoo 95 " " 2/1 Twill 136 9L 1.08
8 mNn78 v 105 " "o " 135 103 1.15
9 7180 120 95 L40/13 Lo/3h4 Plain 119 85 1l.192 .
10 7180 * 108 " " n 118 83 1.175
11 7182 .» 95 U Lko/13 " 122 95 1.21
12 7183 " 105 " n " 123 105 1.2
13 7184 v (4] " 60/20 " " 75 1.30
i, 7185 ®. 8 " " " 125 87 1.40
15 7186 0 » 75 n " 2/1 T™will 124 75 1.28
16 7187 " gg w n n 125 86 1.38
17 7188 100 75 60/20 60/20 Plain 100 7 1.48
18 718 v 85 n " n 102 83  1.5%
19 790 ® 75 " " 2/1 Twill 101 75 1.L9
20 7191 n 8 n n " n 85 1.51
21 7192 90 68 70/34 70/3L " 88 66 1.50
22 T93 78 " " " 78 1.60
23 7194 M 68 " " 2/2 Twill 89 69 1.55
oL, T195 78 n " " 91 71 1.68
29 7209 68 n " G©H, Satin 93 70 1.58
30 7210 78 " " n 92 8 1.67
31 7211 68 " 100/3F 2/1 Twill 91 69 1.80
32 7212 J 78 ] n " 91 78 1.95
33 7213 68 " n  2/2mwill 92 68 1.80
34 7214 n 78 " " " 90 77 1.97
35 7215 " 68 " " GSH, Satin 92 73 1.78 -
36 7216 " 78 " n " N 80 1.94
37 1217 76 57 100/34 100/3h 2/1 Twill 79 57 1.82
38 7218 " 67 " " " 79 66 2.00
39 7219 n 57 n " 2/2 Twill 81 S7 1.83
Lo 7220 m 67 n " " 79 69 2.02
Ls 7226 57 " " ©H, Satin 82 57 1.87
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TABLE X (Continued)

IDENTIFICATION OF BALLY RIBBON CLOTHS

Manufacturers Data

Wright Field Data

Thread Count Thread Count
Per Inch Yarn Denier Per Inch
Item Mill
Number Style Warp Filling Warp Filling Weave Warp Filling Weight
- (oz/yd?)
L6 7226 16 67 100/34 100/3L S H. Satin 81 67 2.00
49 7229 180 80 150/68 150/68 Lixl, Basket 188 80 5.81
50 7230 " 90 " " " " 92 6.11
51 7231 " 80 " ® S H, Satin 183 17 5.58
52 7232 " 90 " " " 181 76 5.52
53 7233 " 80 " 210/34 n 186 " 6.34
sh 723, ¢ 90 " - 185 78 "
55 723 " 80 " 260/17 " 181 79 7.00
56 7236 " 90 " " " 185 " 7.05
57 7237 120 80 210/34 210/34 2x2 Basket 120 76 5.75
58 7238 m 90 n " " " 78 5.76
59 1239 " 80 n " 5 H, Satin 122 68 5.60
60 7240 " 90 n - " 120 70 5.6L
61 7241 n 70 " 260/17 2x2 Basket " " 6.15
62 71242 " 80 n " " " 80 6.64
63 7243 " 70 J " S5 H, Satin 123 69 6.01
6y 7Ll om 80 " n n 122 72 6.11
65 7245 . 97 60 260/17 n 2x2 Basket 100 60 5.78
66 1246 " 70 " n " 102 70 6.07
67 1247 n 60 " " |ixl; Basket 100 60 5.61
68 7248 0w 70 " n " 99 71 6.03
69  T2L9 " 60 " " 5 H. Satin 103 60 5. 88
70 7250 " 70 n " " " 65 6.13

Notes: 1Items 1/L8 Inclusive:

turns per inch twist.

The yarns shall have approximately 1.0

Items 49/ Inclusive: The yarns shall be twisted to produce yarns
suitable for clothing fabrics.
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square foot of cloth exposed to air flow; accordingly, there was no
possitility of effecting a study of permeability vériation in the filling
direction. Xach cloth sample, therefore, was assumed to represent the
average permeability as concerns variation in filling direction. To intro-
duce the effect of variations in warp direction, again as with the standard
cloths, nine samples were taken at intervals of five yards. Finally, the
handliné of tﬂe data obtained was identical with the manner employed for
all data derived from the low-pressure tunnel; it should be remenbered that
the Bally Ritbon cloths were not subjected to study in the highe~pressure
tunnel.,

3. Data apd Results

The relative porosity-permeability results for the 59 Bally
Ribbon samples are presented grarhically in Figures 29 to 35 and in Tables
XI through XVI in Appendix III, The samples numbered BR-49 through
BR-70 are not parachute weaves; accordingly, only the graphical summaries
of the results for these 22'samp1es are presented (Figures 3L and 3%5), and
for the purpose of this report these results are not pursued any further.

In order to facilitate the making of comparisons among the remaining
37 cloths, the relative porosity-permeability curve for each of the samples
was prepared. Furthermore, the relative porosity at a pressure different-
ial of 20 inches’of water was abstracted from the individval curves, and
this value was used to indicate a measure of comparison among the various
weaves.

Table XI shows the effect of thread count variation on relative poro-
8ity; clearly, in each of the successive pairs of samples the two cloths
differ only in the measure of thread count in the filling. 1In general,
one observes that, upon increasing thke filling thread count, the relative

porosity 1s decreased regardless of weave, denier and warp thread count.
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Table XII serves to illustrate the effect of filling thread denier
variation on the relative porosity. Here increasing the filling yarn
denier generally lowers the relative porosity. One can also observe the
relative effects of weave; some indication of this effect can be observed
among the plain 5 harness satin, 2/1 twill and 2/2 twill weaves. The
effect 6f weave is best observed by examining Tables XIII, XIV, XV and
XVI wherein comparison is made in pairs between plain and 2/1 twill, 2/1
and 2/2 twill, 2/1 twill and S harness satin, and 2/2 twill and 5 harness
satin. Figures 29-33 are graphical summaries among the various cloths in
one~-to-one correspondence as concerns variables with Tables XII-XVI inclu-

sive,

IX. HIGH-PRESSURE TUNNEL CHARACTERISTIC LENGTH STUDY

A, Theory

The complexity of the geometry of a parachute cloth precludes the
prediction a priori of its permeability from analytical considerations
of fluid mechanics. Such geometric difficulties are found to be similar
to those arising in the fields of chemical engineering and mechanieal
engineering, wherein such problems as the flow of fluids through packed
beds of particles, sweat cooling and boundary layer control are considered.
In the case of parachute cloths, attempts (22) have been made to consider
the cloth as a series of orifices, and a correlation based on orifice dis-
charge coefficients has been suggested. Others (L) have attempted to con-
sider the geometry of the cloth utilizing fabriec-like structure and observe
ing flow photographically; these conclude that a similarity can only be
vostulated if an applicable linear dimension is determined. Hoerner (1)
argued that, if a Reynolds number could be prescribed for a flow through
a cloth, then at low values of the Reynolds number viscous forces pre~

dominate, and at high Reynolds numbers dynamic forces control. Lacking
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in'each of these presentations is any suggestion as to the appropriate
length parameter that might be employed to characterize the geometry of
'the cloth. Green and Duwesz (2), in considering the flow of fluids through
porous media, obtained a measure of success in characterizing porous media
through the assumptioﬂ that the pressure gradient at an interior point of
the flow is due to the presence of inertia and viscous contributions com-
bined linearly. In particular they argue thaﬁ the gradient,ﬁakes the form
- %:E -O(}(v '+ﬂP v2 (1) where - g&, a positive quantity, is the space rate
of pressure decrease in the directlon of flow; here a viscouns coefficient,or,
has dimension negative two in lengfh (L°2), and 8, the inertia coefficient,
has dimension negative one in length (L'l)a CX'anqgg might conceivably
represent, respectively, wall effect and successive channel expansions and
contractions per unit length of passage. If this same assumption be employ-
ed in the consideration of air flow through parachute cloth and, furthermore,
if changes. in cloth geometry brought about by air 1oading are considered
negligiblé, then the momentum equation written to include momentum effects
on a macroscopic scale becomes
| dp ouv dx +,6Pv2 dx +Pv dv =0 (2)

Now multiplying through by  and by defining the mass velocity, G, as
equal to the product v, equation (2) becomes

P dp +ouG dx +86° dx + Gpa(S) (3)
Furthermore, the assumption is made that G is independent of x and that
the gas has the equation of state” = P/RT; equation (3) becomes

Ty 90 o0 dx +86° ax - 6Z R - 0 (L)

Green and Duwe3z erroneously state that this condition implies "isothermal
flow of a perfect gas."
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Integration of equation (L) now under isothermal conditions over the flow
length, L, taken here at the cloth thickness, gives

P2 . p2 1, B, 2
L 2
Examination of data in the light of equation (5) appears. to indicate that

. P ‘
ﬂ)} % 1n T,—;-:; accordingly, equation (5), for the purpose of this study,

takes the form
p.2.p2 2
1 2 =O‘URIC +B2RTG (6)
+ r ) P
Neglecting the contribution of the term of measure n(% 1n p-]-‘- 2R'IG2) is
2

tantamount to saying that the momentum effects on a macroscopic scale are
negligible, and, accordingly, integration of equation (1) under the restric-
tions G constant, # = P/RT and isotherrﬁal flow would have given equation
(6), directly.

| Now the Reynolds number for the flow through the cloth can be inferred
‘from its definition as the ratio of inertia to viscous forces at a point

in the flow and from the significance of the terms in equation (1); viz.,

~ G
N o Inertia Force 4pv . (7)

Re  Viscous Force ol 7
where '5/0(, whose measure is length, is now understood to characterize

the geometry of the flow through the interstices of the cloth. Further-
more, from equations (1) and (6) one can infer the existence of a dimen-
sionless coefficient of flow-through resistance as the ratio of the sum

of inertia and viscous contributions to the inertia term; viz.,

-ap % 1¢P? |
c 8X . - Lff 'A; L ~(8)

f gev? grm®  r1G?
2 :
Should the flow be confined to the viscous regime entirely, then equation

(8) reduces to 2
Cf = -N-i-e-o (9)
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Similarly, if inertia effects predominate, then equation (8) becomes
Cf = 20 (10)
Accordingly, for the range of flows considered, equation (8) may now be
written as
C. = -—g— + 2, (11)

£ NRe

This equation, then, describes completely the hydrodynamic behavior for
the air flow through the parachute fabric hypothesized to have negli-
gible deformatibn over the range of flows ccnsidered.

B. Experimental Results

A series of ten parachute cloths was examined in the light of the
indications of equation (6), employing the test procedure and computa-
tional devices indicated earlier in this report. The ten fa.miligs of
results and the recommended fits are shown in Figures 36 through L5
(Appendix IV). Table IV (Appendix IV) records the values for X and /6 and
the ratio 15/0( for the ten fabrics. "~ Figure L6 serves to show the existence
of a trend in a relation between O(and»ﬂ and the relative porosity at 20
inches of static pressure. Figure 47 is the universél plot for all the
fabrics and represents the flow-through-resistance coefficient, C ps VS.
the Reynolds number based on the characteristic length .B/O(.

C. Discussion and Recommendation

Given a parachute fabric whose textile description is known come
pletely, what is its behavior when subject to air flow through its inter-
stices? If an answer to this question were available a priori, then the
parachute designer could specify with certainty the performance of the
parachute when its behavior was dependeht upon permeability characteris-
tics alone. The objective of this study, apart from obtaining quanti-
tativelyia measure of the permeability of various cloths in the range of
pressure differentials up to S5 inches of water, was to examine the
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possibility of the‘existence of a characteristic length prescribed frém
hydrodynamic considerations alone. A partial answer to the question above
is given in that the measure of the ratio/zkxlioes give such a characteri-
zation. There remains as yet the problem of establishing a.correlation,
if one exists, between the ratioﬂ%@xand those necessary and sufficient
physical designations which establish the cloth from a textile point of
view. Stated differently, the flow of air through a parachute fabric
presents the problem‘of interrelating the effects of mechanical deforma-
tion of the cloth upon the permeability and its characterization, as
herein attempted; That is, as the flow of air is increased through the
interstices of the cloth, the cloth will deform; thus, the geometry of
the passages traversed by the air will change, and the characteristic
length B/or will change;

The recommendation is made, therefore, that a study be undertaken to
examine the extent of the significance and the importance of variation of
geometry, due to deformation of cloth, upon its hydrodynamic characteri-

zation as herein defined.
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I. PERMEABILITY

A. Theogz

1. Hoerner, S. F., Aerodynamic Froperties of Screens and Fabrics.
Wright Air Dev. Center, Aerodynamics Branch, Aircraft Laboratory,
Dayton, Ohio.

Using the Reynolds number, the ratio of dynamic forces to viscous
forces on a mass of flowing fluid, to characterize flow, Hoerner
is able to show viscous forces to predominate at low values of
NRe, while at high values the dynamic forces are the controlling
factor.

2. Green, Leon and Duwez, Pol, "Fluid Flow Through Porous Media."
J. of App. Mech. 18, No. 1, 39-i45 (March 1951).

Pap}r is primarily concerned with flow tkrough porous metals but
theories are applicable to any media.
(a) Viscous flow pressure drop can be expressed as
_dp. A
o (Constant) (2-2-)

where & = viscosity,
V = superficial bulk velocity and
d = a length characterizing pore opening,
(b) Turbulent flow pressurg drop can be expressed as

- £ = (Constant) ( )
where £ = density.

(c) To describe the entire range of flow (viscous, transition,
turbulent) the pressure drop may be expressed as a sums

- R couv +Bpv°
where O(and & contain the length term .
(d) Granting compressibility of the fluid (Pv is constant, G),
the momentum balance is dp +Oxvdx +ﬂ€v dx +fPvdv = 0.
(e) Granting perfect gas and isothermal flow, %"f dp +AAGdx +
2 2
G~ ix + G P (bT
g g RT

(£) Integration over a path length L yields:
A(P ) . 2RT,
O((2RT/.()G+W+—1 (Pn(

)'Ou

(g) In the case of flow through metals, experiment showed that
‘the momentum change term 1 1ln Pl was negligible,
I 7,
2
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3. Longnecker, Kenneth W., Development of a Theoretical Formula for
Calculating Air Flow Through Woven Materials Under Certain Re- -
stricted Conditions. M.S. Thesis, Lowell Text. Inst., June 1950.

Description is given of apparatus which was used to determine
permeability of both screens of various mesh sizes and fabrics
of different weaves. Resulting data is presented. h = 1/2 inch
of water is mistakenly used in place of h =AP/W for air which
makes his calculations questionable. For example, his reported
velocities are only 1/50 of what would be expected.

4. Penner, Stuart E., A Study of Flow Through Fabric-Like Structures.
M. S. Thesis, Inst. of Text. Tech., Charlottesville, Va., June

1950,

The theories of models and of similarity are utilized in design~-
ing ‘an apparatus for observing, photographically, the mechanics
of flow through orifices similar to fabric pores. The photo-
graphs so obtained were analyzed and the conclusion reached that
fabric pores can be considered as orifices only if the applicable
orifice dimension is determined.

5. Taylor, G. I. and Davies, R. M., Aero amics of Porous Sheets.
Publication Board No. 92975 (Brit. Tﬁ%o. T, 30 Roch Place, New

York 20). [Biblio. of Sei. & Ind. Reps. 10, No. 5, (Nov. 1948)]

Description of measurements of air resistance of perforated

sheets, gauze and some fabrics and of the drag coefficlents of

flat circular sheets dropped as parachutes in air and in water.
Correlation by a proposed theory is shown.

B. JApparatus

6. - Draper, S., Investigation of a New Method of Determining Porosity
of Fabrics, Thesis, Mass. Inst. Tech. t?éxt. Res. J. 18, €50-8
19L8), from Bacher's Thesis, M.I.TJ

The conclusion is drawn that, qualitatively, air permeability is
directly proportional to the yarn twist and looseness of weave
and inversely related to the texture, the amount of carding, the
yarn diameters and the extent of fabric felting (in woolenss.

7. Llandsberg, M. I. and Winston, Gerald, Relationship Between Mea-
surements of Air Permeability by Two Machines. Pub. Board 9701k

(Q.F.T. TSR 35).

Deviation of the empirical relationship between the readings of
the Frazier and the Gurley instruments, both commonly used for
determining the air permeability of fabrics, etc. The limitations
of each machine are discussed, and the number of specimens re-
quired for testing. The correlation is applied to data from both
machines operating at.0.5 and 1.26 inches of water.
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A

8. Shinkle, John H., and Morean, Arthur J., "The Apermeter, A New

9.

10.

 Air Permeability Determination Apparatus." Am. Dyestuff Repir.
36, 2L5-7 (5 May 1947). [Text.- Tech. DigestTWQLmL-_ 0. 11,

(Nov. 1947) 4]

Design of the aperameter, developed at Lowell Textile Institute,
is described, and the correlation of its data with results of

_tests with a Frazier tester 1s shown.

Teres, J., and Sharnoff, P., "Calibration of Silk Porosity Meters."
Rayon Textile Monthly 20, No. 10, 589-90 (Oct. 1939). CE‘.ngineer-

ing Index (1939)3

Description by schematic diagram of the porosity meter developed
by the National Bureau of Standards and adapted at Wright Field
for the purpose of insuring accuracy in measuring porosity of
parachute fabrics.

Anonymous, "Fabric-Porosity Testing Apparatus." Engineering
(London) 148, No. 3856, 63L (8 Dec. 1939). (W.P.A. Bibliography

on Aeronautics, Supp. 5.) :

Description of a practical apparatus for rapid permeability
determination. Sample is held over the end of a tube of definite
cross section by rubber bands. Air is drawn through the sample
by a suction pump. Reading is the pressure drop required to give
1 cublic foot per minute flow. .

C. Data, For Fabrics

1l.

12.

13.

Anonymous, "Gas Permeability." Tech. News Bulletin, No.-328
c1-8 (194k). [ngt. Tech. Digest 1, No. L, 3 (Sept. l9hh)a

Discussion of balloon fabrics and of test methods in use at the
National‘Bureau of Standards. Neoprene has low gas permeability.

Brown, W. D., Air Flow Through Materials Liable to be Used for

Man-Carrying Parachutes with Special Reference to Celanese.
E(RAE)TN Aero 10L1 Reel 3757 Frame 905, Reel 3780 Frame 503.

(Air Documents Index)

Weight, strength and porosity of substitute materials for silk
in manecarrying parachutes are considered. Cotton proved superior
to, nylon similar to, and Celanese inferior to silk.

Brown, W. D., The Effect of Tension on the Porosity of A Parachute
Fabric. A.R.C., R & M 2325 (7543), Brit. Min. of Supply, T.N.,
Jan. 194k, ' ' :

The technique of prestressing fabric samples of a cruciform shape
is described, and data for pressure drop of 5 and 10 inches of
water through a number of different weaves of fabrics are given.
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The conclusion is reached that tensions and air pressures

corresponding to flight conditions must be established in

experimental testing procedures if satisfactory prediction
of parachute performance is expected.

1h. Clayton, F. B., ‘"Measurement of Air Permeability of Fabrics."
J. Text. Inst. 26, T171-86 (1935). [Text. Res. J. 18, 650-8
(15L8), from Bacher s Thesis, M.I.T.

Air Permeability varies linearly with twist. Increase in picks
per inch from 35 to 65 resulted in a linear decrease in permea-
bility of a plain weave fabric; above 65 the curve flattens out,
indicating approach to complete closure. air permeability was
found to vary linearly also with filling count as the filling
yarns were increased in size in a plain weave.

Clayton, in lieu of total air permeability, considers what
he calls "sectional" air permeability which is the product
of total permeability and the cloth thickness.

15. Doetsch, H., A Comparison of the Air Permeability.of the Material
to the Resistance of the Parachute. 4.W.B. /. 30 Ree
Frame 720 (Jan. 1935). [Air Documents Indegg

Tests conducted with various types of material used in the manu-
facture of parachutes to determine the degree of resistance
offered by the different types of cloth.

16. Glaskin, A., A Statistical Note on the Variation of Porosity of
Nylon Fabric to Specification D.T.D. 556A. A.R.C., R & M 2313,
Brit. Min. of Supply, A.R.C., T.N. (June 19h5)

A large number of porosity (permeability) measurements, at prese
sure drop of 9.15 inches of water, on twill and plain weave
fabrics show that porosity varies across the width but not along
the length of a plece of fabric. The minimum porosity occurs at
the selvage and the maximum at the center of the width. In
general, the average value occurs at a distance of 9 inches from
the selvage. (The standard width for this specification is 36

* inches.)

By a consideration of probability, it is shown that little
is gained by using the average of more than 10 random meas-
urements to establish the mean.

17. Glaskin, A., A Note on the Variation of Porosity of Cotton Fabrics
to Specification D.T.D. 562 and D.T.D. b2k. E?%.A.E.?T.N. Aero
188L; Reel 3750 Frame 1551. t?ir Documents Index]

An investigation of variation of porosity of two types of cotton
fabrics used in mamufacture of supply-dropping parachutes was
made. Results are shown in graphs and tables.
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18.

19.

20.

2l.

22,

Johns, T. F. and Anterson, E. I., The Porosity of Nylon Fabrics
for Man~Carrying Parachutes. E/R.A.E./T.N. Aero. 1176 Reel
3564 Frame 608 (April 19L3).

Recommendations for porosity for various denier yarn of parachute
fabrics made of American nylon yarns are presented.

Marsh, M. C., "Some Notes on the Permeability of Fabrics to Air."

J._Text. Inst. 22, T56-63 (1931). [?hem. Abs. 25, 5035 (1931)3

Description of an apparatus similar to that of Sale and Hedrick
is given and results of its use to determine permeability of
many fabrics. When a fabric is milled, its air permeability
decreases markedly.

Rainard, L. W., "Air Permeability of Fabrics I." Text. Res. J.
16, L73-80 (19L6). . [Test. Res. J. 18 6L0-8 (19L8), from Bacher's
Thesis, M.I.T.]

The following relationship is established:

Fy (RP) + F, = Pa/AP

where AP is air permeability,

Pa is pressure differential,

F1 (slope of curve) is dependent on pore radius and
number of pores per square inch, and is inde=~
pendent of fabric thickness, and

F, (intercept) is dependent on pore radius, number
of interstices per inch and fabric thickness.

Rainard, L. W., "Air Permeability of Fabrics II."™ Textile Res.
Jo 17, 167-70 (19L7). [Chem. Abs. b1, 3630h (A9UT)T]

Discussion of the application of the Haggenbach equation to flow
through fabries. This equation applies to streamline flow through
tubes with a correction for kinetic effects.

Robertson, A. F., Alr Porosity of Open Weave Fabrics. I, Metallic

Meshes. Tech. Rep. No. 1, Proj. 5007, Inst. of Text. Tech.,
Charlottesville, W. Va. '

(a) History of Project is given.
(b) Methods of other investigators are reviewed.
(c) Open area defined as (1 - td)2

where t is wires (or threads) per inch and
d is wire (or thread) diameter.

(d) It is suggested that porosity be correlated by two dimen=
sionless groups of variables, Reynolds number, Re, and dis-
charge coefficient, C.
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Dve
h._—
A -
where D is diameter of circular orifice or width of square
orifice, '

V is velocity,
P is density and
AL 1s viscosity.

Q

¢ =k, [2en/(1-a7Y) *°

(e)
(£)

" (g)

where h is pressure head of flowing fluid,
g 1is acceleration of gravity,
A2 1s nozzle projected open area,
Ay is upstream flowchannel area,
Ae is A /A and
Q is volumetric flow rate per pore.

Data for screens for Re values from L to 1000 are presented
as plots of Re vs. C, and good correlation is shown.

Comparison with other data for fabrics of a plain weave
shows that the correlation should apply equally well to
textile fabrics. ‘

Concern is expressed over obtaining discharge coefficients
greater than unity.

23. Robertson, A. F., Air Porosity of an Weave Fabrics., II, Tex-
tile Fabrics. Tech. Rep. No. 2, Froj. 5007, Inst. of Text. Tech.,

-Charlottesville, W. Va.

(a)

()

(c)

(d)

WADC TR 525283

Good correlation is shown for each weave except twill by
plotting Re vs C (as described in previous report) for

LS different open weave fabrics over a wide range of fabric
welghts and porosities in the following four weave patterns:
(1) plain, (2) basket, (3) moch-leno, %h) twill. ~

Lack of correlation of the data for twill weave is attri-
buted to much smaller open space obtained in this weave and
the greater opportunity for movement of the yarns.

Abnormally high discharge coefficients (mentioned in pre-
vious report) are explained by faulty technique in measure-
ment of pressure drop across the fabric, accurate measure-
ment of which gave reasonable values for the discharge ‘
coefficient.

Accurate prediction of open area is made possible by the
relation of "effective" diameter,,6 of yarn and denier.

d .
B w2
where d is actual yarn diameter,

olis denier of yarn and
96 is a constant for a particular fabric construction.

80 -




2.

25.

26.

27.

(e) Although the twist was shown to have small effect on
- porosity, a standardization called the twist multiplier
(™) was defined as

T.P.I. (001/ 2
™- X

where T.P.I. is twist in turns per inch,
is yarn denier and -
K is a dimensionless constant (which for viscose
rayon is 72.8).

() Porosity (as used in these reports) is defined as a measure
of the ability of a fabric to allow passage of fluid
(A3/min A2).

Robertson, A. F., "Air Porosity of Open Weave Fabrics.®™ Text,
Res. J. 20, No. 12, 838-57 (Dec. 1950). [Engineerin Index 51,

1622 (1951) ]

Analysis of flow through metallic meshes is correlated on basis
of two dimensionless ratios: Reynolds mumber and discharge
coefficient. L5 different weaves were studied and data presented.

Schiefer, H. E., Cleveland, R. S., Porter, J. E., and Miller, J.,
"Effect of Weave on Properties of Cloth." Nat. Bur. of Stds. J.
Res. 11, LL1-51 (1932). [Text. Res. J. 18, 650-8 {19L8), from
Bacher's Thesis, M.I.Ti]

Air permeability is lower in firm, closely woven cloth having a
large number of thread interlacings per unit area and short floats
than in cloths of the same weight which are loosely wover, sleazy,
with a small number of threads interlacings per unit area and-
long floats. For a given texture, sateens possess the highest
permeability followed in order by herring bone twill, herring
bone” twill--modified, oxford and plain weave.

»Siemenske, M. A. and Hotte, G. H., "The Permeability of Fabrics

I.* Rayon Text. Monthly, 68-70 (Jan 1945). [Tech. Data Digest
(AAF), 33 (Mar. 1915)7]

Detailed bibliography and discussion of development of permea-
bility test methods and apparatus. General methods: (1) volume
of air passing through unit area in unit time, (2) back pres-
sure at a given rate of air passage, and (3) rate of flow under
a given pressure drop through fabric.

Siemenske, M. A. and Hotte, G. H., "The Permeability of Fabrics
II." Rayon Text. Monthly, 61-2 (March'19L5). [Tech. Data Digest

(A4F), 36 (June, July 1945)Y

(a) Permeability increases with tension in fabriec.

(b) Permeability decreases with time of flow (due to dirt
clogging pores, matting of fibers, etc.).

WADC TR 52-283 81




(¢) 1Increase in temperature should result in increased per-
meability.

(d) No data are shown for effect of absolute pressure.

(e) Permeability at 3 per cent relative humidity was six times
that at 97 per cent, with straight line relationshkip between.

(f) Fabric structure, in order of permeability: (1) plain weave,
(2) twill, (3) satin. TFoil with small orifices was 15 per
cent more permeable than single orifice of area equal to
sum of small orifice areas.

28. Westbrook, F. A., "Permeability of Fabrics to Air and Water
Vapor." Text. Manufacturer 73, L51-3 (Oct. 1947). [?ext. Tech.

Digest 5 (1948).
Test methods and results of starches on fabric permeability to

air and water vapor at low velocities (fraction of an inch dif-
ferential pressure). '

29. Williams, K. A., Jr., The Air Permeability of Woven Fabrics. M.S.
Thesis in M.E., Rensselaer Polytech. Inst., 19L9.

Alteration of a commercial apparatus to measure the weight rate
of flow of air through woven materials is described. Data taken
with this instrument over a range of pressure drops and atmos-
pheric conditions (temperature and humidity) for different types
of weaves are presented. The flow is characterized as occurring
in a fashion analogous to flow in parallel through a multiplicity
of orifices. Results indicate that permeability is maximized by
using a square weave with the lowest possible denier yarn, and
would be minimized by use of the greatest possible denier yarn
woven by a system which contained many more threads in the warp
than in the weft (or vice versa).

II. PARACHUTES

A. General

30. Alkan, R., "Contributions a l'etude a lessal des Parachutes."

Aeronautique }é, No. 179, 37=43 zApr. 193L), i Eggjneeringﬁlndex

(1934)7]

A study of the perrormance of modern parachutes, pointing out the
importance of porosity and resilience of parachute tissues, tests
of chronophotographic control of parachutes.

31s~Anonymous, Report of Research and §§E§riments on the High-Speed
Parachute. Tech. Intelligence, Air Mat. Com. Translation No.

F-TS-L30-RE, 18 July 19L6.
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32.

33.

3)-‘».

35.

(a) Utilization of an auxilliary parachute as an "air-brake"
was investigated and abandoned due to danger of fouling
main chute shroud lines.

(b) Useyof loose knit fabric in area arocund vent at crown of
chute resulted in nearly eliminating shock on opening.

(¢) Improved method of folding chute into its container so as
to facilitate its opening in order from skirt resulted in
a reduction of 2/}5 in comparison with ordinary chute.

Techniques (b) and (c) are recommended to be used
simultaneously.

Brown, W. D. and Harrison, K., Design of Parachutes for Large
Bombs. Aero. Res-Council, R & M No. 2324 (5899), A.R.C. Tech.
Report.

Defining porosity as the reciprocal of air permeability (which
is the pressure in pounds per square foot required to cause a
flow of 1lh.k cubic feet of air per minute through one square
foot of material) the drag of the parachute was found to vary
directly with the porosity of its material. Drag = CDAE_EE

Cp is a function of porosity. Squidding develops at V¢ which
is increased in value by reducing porosity.

Jarnagin, L. B., Phase of Parachute Problem. U.S.A.F., Air Tech.
Intell.; Tech. Data Digest 13, No. 2, 7-12 (19L8). lEng. Index
(1548) ]

Discussion of research and development of parachutes of high-
and low-porosity fabric.

Johng, T. F. and Picken, J., Cotton Supplies-Dropping Parachutes:
Tests with Containers loaded to 500 Pounds. E/Royal Air Estab./
T.N. Aero 155] Reel 3423 Frame 857 (Nov. 194lL). |Air Documents
Index]

Discussion of tests on the use of a strong panel at the vent and
of more porous material for the strong panel.

Johns, T. F., Parachute Design. Royal Aircraft Estab., Farm-
borough, Tech. Note No. Arm. 365, Dec. 19L6.

This report is a résumé of work done on parachutes in general
at the Royal Air Establishment, Farmborough, and contains the
suggestion that pernmability (called porosity in the report) be
correlated by plotting ¥ v against Cp/Cp,.

where v is velocity of flow through the cloth
(v = 1/2PV%),

V  is parachute velocity,
Cp, 1s a constant for a given type of parachute and
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36.

37.

38.

- 39.

Lo.

is ths drag coefficient
(CD- .—_—lrg_ﬁz—). ‘
(1/267%) (=)
It is suggested that Cp=Cp 1-2.5 ;).

Madelung, George, Report on the Works of the Parachute Department
(Forschungsanstalt Gref. Zopplin). Air Mat. Com., Tech, EnteTI.
Summary Rept. No. F-SU-1107-ND, 20 May 19L46. :

Cp

The work done on parachutes in general at the institute of Fly-
ing Techniques (Germany), as well as other research on the sub-

. Ject of parachutes by other activities, is reviewed. Description

of an innovation--the ribbon parachute--and its applications to
many different uses are given. Textiles, paper and artificial
materials are also discussed. Photographs of retractible and
reefable parachutes in use on aircraft are included.

Stevens, G. W, H., E imental Work on Parachutes Used in Air
Defense Apparatus. Efnoy. Air. Estab., Rept. No. Exc. 11} Reel
31?3_——223"_2 Frame 633 (Jan. 1942). -Eur Documents Indgg

Porous cloths have low drag values, but, since they are lighter,
the drag-welight ratios are not appreciable‘different. '

" U. S. Army Air Forces (T-2 Translation), Report of Research and

Experiments on the High-Speed Parachute
July 1946, ‘ E

_A special weave which reduces opening shock and methods of test~

=2 Translation 430,

ing are given.
Weinig, F, S., The Theory of the Parachute. J.D.L. I, 620-21

(1940). [P.B. 2L23T]

The theory of the previous fabric parachute is given.

Weinig, F. S., Parachutes with Canopies Composed of Self-Support-

ing Ribbons. Tech. Intell., Air Mat. Com., Tech. Rept. No. F=TR-
ﬁﬁB‘“—T—ND, ct. 1947. [G.S. - A.A.F. - Wright Field No. 22}

Behavior during uniform descent of parachutes in general and
fabric requirements are discussed. Stresses during uniform
descent are relatively easily calculated, but those occurring
during the opening process are difficult and are comptued from
drop tests. Requirements for dynamic similarity in models are
discussed. Calculations and an illustrated example for the
design of a self-supporting ribbon parachute are given.

B. Theory

L1.

Duncan, W. J., The Cause of the Spontaneocus Opening and Closing
of Parachutes (The Phenomena of Squidding). Aero. Res. Council
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L2.

L3.

Tech. Rept., R & M No. 2119 (7293), Dec. 1943. [Brit. Min. of
Suppl;

An open parachute with a porous canopy will collapse to a "squid"
shape at a critical value of the relative air speed. Upon
further reduction of the relative air speed the collapsed canopy
will recpen at a second (lower) critical speed.

The phenomena is explained on the basis of increased poro-
sity with increased pressure drop through the canopy. The
critical speed is higher for longer shroud lines, greater
porosity (or venting).

If the force of the flow of air (radically) out of the
canopy, across its lip, is not greater than the inward
radical component of the tension in the shroud lines, the
canopy will "squid". The maximum diameter in this condi-
tion has been found to be approximately one-third of the
maximum diameter (normal, full extended).

Duncan, W. J., Stevens, G, W. H. and Richards, G. J., Theory of
the Flat Elastic Parachute. Aero. Res. Council Tech. Rept., R &
M No. 2118 (5893), Mar. 19L2. [Brit. Min. of Supply]

The behavior of flat parachutes under load depends largely on the
elasticity of the fabric. Their form and the stresses in them
are expressed mathematically by relations derived in this report.
The assumption that the canopy (at least near the crown) is a
surface of revolution is made. In practice, canopies usually
fail at places of stress concentration, such as rigging line
attachments, etc. However the tensile stress at the crown deter-
mines an upper limit of load-carrying capacity. When the great-
est permissable stretch is very small, the permissible load is
proportional to the fourth root of this stretch.

Johns, T. F. and Anterson, E. I., The Effects of Various Factors

.on Parachute Characteristics. Aero. Res. Council, R & M 233),

1950. [Aero. Eng. Review 9, 65 (Oct. 1950)3

Three important factors are drag, critical opening speed and
stability. Forosity causes a decrease in drag. This change is
about LO per cent over the normal range of porosities encountered
in parachute textiles. Other factors have only small effect on
drag coefficients. '

Critical opening speed is mainly dependent on porosity, is
higher when less porous fabric is used and is affected by
shape of parachute. Porosity is. the main factor controlling
the stability of the parachute, which is improved by in-
creased porosity and is affected by parachute shape.

~ Jones, R. A;, On the Aerodynamic Characteristics of Parachutes -

A Complete Account of Hesearches Incorporated in Various Papers
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Submitted to the Advisory Committee for Aeronautics, Aero.
Res. Council, A.C.R., R & M 862,

Discussion of weight analysis and shape of parachutes and stress

analysis methods. Wind tunnel data on models of different shapes
are given including pressure distribution and drag coefficients.

Tests showed porosity had no effect on the drag coefficients.

LS. O'Hara, F., "Notes on the Opening Behavior and the Opening Forces
* of Parachutes." Roy. Aero. Soc. J. 53, No. L67, 105362 (Nov.
1949). . [Aero. Eng. Index

The rate of canopy development is computed from the excess of the
mean velocity of the outflow through the end and the porosity of
the fabric, and the formula is used for an analysis of parachute
opening forces. The critical opening speed above which the chute
will "squid" depends on porosity of fabric and on the number and
length of the rigging lines.

46. Scher, S. H. and Gale, L. J., Wind Tunnel Investigations of the
Opening Characteristics, Drag and Stability of Several Hemispher=-
ical Parachutes (NACA). NACA Tech. Note No. 1869, April 1949.

Drag coefficients were measured and motion picture studies were
made of seven different designs of parachutes (hemispherical) at
air speeds up to 200 m.p.h. Drag coefficient is defined as the
force of drag divided by the product of the dynamic pressure and
the projected area. For a given parachute, increased air speeds
generally impaired opening characteristics, lowered drag coeffi-
cients, and improved stability.

Beneficial effects on the opening characteristics were
obtained with longer shroud lines relative to parachute
diameter, with a strip of low porosity fabric around the
_canopy Just above the hem line and with floating hem lines
tacked to prevent the hem line loops pulling out under load.

47. Simmons, L. F. G., Gould, R. W, F. and Cowdrey, C. F., Wind Tunnel

Experiments on the Squid of Parachutes. [Aero. Res. Council
R & M No. 2523 , 8 Nov. I9L3.

The underlying causes of collapse of a parachute (squidding) are
investigated. Pressure measurements along the surfaces of models
representing squidded and fully extended parachutes were made in
a wind tunnel. Both fabric and rigid sheet metal (perforated to
similate the same porosity) models were used. Squidding occurs
at the air speed at which the net pressure on the lip of the
chute is inward, and the chute resumes a fully extended shape
only when the air speed is reduced (to a speed much lower than
the critical, squidding speed) until the sum of flow pressures,
tension of rigging, and hem lines, etc. is outward.
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C. Textiles for Parachutes

L8. Anonymous, Rot Proof Parachute Canopy Fabrics. Roy. Aircraft
Estab., Farmborough, Rept. CN No, 742. [?bch. Data Digest (AAF)

(Aug. 1945).]

Tests of porosity of treated fabrics by (1) Cambridge low pres-
sure instruments and (2) Met/Ch instrument for measuring air flow
.at high wind speed equivalent are discussed.

L9. Anonymous, "Parachutes and the New Fabrics They Require." Textile
World 93, No. 10, 65-8 (Oct. 1943). [Engineering Index (195353

Data on rayon and nylon constructions for special textiles now
being procured; physical properties of parachute fabrics are dis-
cussed,

50. Appel, W. D. and Warner, R. K., Investigation of Cotton for Para-
chute Cloth. NACA Tech. Note No. 393, Sept. 193l. [Engineering

Index (1931).]

Development of light-weight cotton fabric of suitable air permea-
bility for parachute mamifacture is presented.

©1. Bacher, Stanley, The Relationship Between the Structural Geometry
of Textile Fabrics and Their Physical Properties. FP.B. 95956
(Q.M.C. T.S.R. No. 52) Aug. 1948. [Biblio. of Sci. and Ind.

Reptr. 11, No. 3, 249 (Mar. 1949)J

This report is a literature review with tables of data and 36
references. The relationship between structural characteristics
and gas permeability is shown. ee also: Textile Res. J. 18
650-8 (1948) and Chem. Abs. L3 1193 (1949)] ' -

52. Bartell, F. E., Purcell, W. R. and Dodd, C. G., "Measurement of
the Effective Pore Size and of the Water Repellancy of Tightly
Woven Textiles." Discussions of the Faraday Soclety 3, 257-6L4
(1948). [?ext.'Tech. Digest |

A method for the quantitative determination of effective pore
size in fabrics is described and equations are given. The pro-
cedure is to apply a variable pressure differential across a
fabric sample which has been wet with a liquid and so mounted
that a thin layer of the liquid lies upon it. The appearance
of the first bubble indicates the pressure value to be used in
the glven equation.

53. Brown, W. D,, A Nota on the Development of Artificial Silk for
Parachutes with Speclal Reference to Their Use on U. S. Army
Stores. E/Roy. Air. Estab./T.N. Aero. 1L57 (June 19LL) Reel
3785 Frame 997.
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Sk,

55.

56.

57.

58.

59.

The development of a parachute for USA mines and fragmentation
bombs is discussed, as is the recommendation of a measuring
instrument developed at Farmborough for ‘porosity determination.

Cleary, C. J., "Textile Materials Used in Aircraft.” Silk

Journal & Rayon World 17, No. 198, 21-3 (Nov. 1940). tgnéineer-
ing Index (19505.] .

Major technical advances and applications of textiles made during
the first World War. Performance and properties of parachute
fabrics. . : '

Cleary, C. J., "Parachute Fabrics." Airway Age 10, No. 11, 1766=
8 (Nov. 1929). [anineering Index (1§§95j

Rate at which air flows through the main sail of a parachute has
a definite relation to its performance with reference to its rate
of descent and its ability to withstand shock load of opening.
Probable limit of permeability discussed on basis of a series of
tests made. Specifications of future fabrics are discussed.

Hamburger, W. J., "Effect of Yarn Elongations on Parachute Fabric
Strength." Rayon Textile Monthly 23 No. 3, 151-3, No. 5, 291-2,

No. 6, 332-4y (1942). Also Silk J. & Rayon World 19, No. 222,
27-9 119u2). |§ngineering Index (I§E§’g

‘Resistance to impact 'in canopy fabrics is discussed, and a brief

rgview of various types of textile fabrics is given. .

Heinrich, Helmut, Tests on Stability of Parachutes and Develop-
“ment of Parachutes of Standard Permeable Fabrics. P. B. 37?58

(1943).

. Development of a new ribbon-like structure for parachutes is

described.

Jons, T. F. and Hallum, M. E., Note on the Useful Life of Silk
Parachutes Used by Faratroops. E/Roy Aircraft Estab./T.N. Aero
1405 Reel 3653 Frame 650 (I;Eh). [?ir Documents Index)

After 25 descents parachutes showed sufficlient increase in poro-
sity to necessitate discarding.

McNicholas, H. J. and Hedrick, A. F., The Structure and Properties
of Parachute Cloths. N.A.C.A. T.N. No. 335 March 1930.. fgnZi-

neering Index (1930.]

Requisite properties of parachute fabrics and methods for measur-
ing them are discussed. Comparison of domestic and imported
fabrics showed the superiority in some respects of domestic mate-
rials, Specifications for manufactuvre are given.
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D,

60. Pierce, F. T., "Geometrical Principles Applicable to the Design
of Functional Fabrics." Textile Research Journal 17, 123-47
(1947). |Text. Res. J. Abs. 18, 650-8 (19L8), from Bacher's

Thesis, M.I.T.]

Flow resistance is primarily a function of warp cover factor,
provided the weave is firm enough to hold the close warp yarns
firmly in place. Flow is proportioned to the pressure drop per
unit thickness for any shape cross section.

Further References

61. Anonymous, "Navy Testing American Silk Cloth for Parachutes."
U.S. Air Services 12, No. 5, 27 (May 1927). [?.P.A. Biblio-

graphy on Aeronautics, p. 2k.]

62. Anonymous, Physical Characteristics of Parachute Cloth Under
Varying Atmospheric Conditions. U. S. Gov't. Printing Office,
Eir Corps Info. Circular No. 651, 1930. [W.P.A. Bibliography
on Aeronautics, p. 2L.]

63. Battles, H. G., Neoprene Coated Nylon Rip-Stop Parachute Fabric.
© P.B. 95555 (Sept. 19L8). [Biblio. of Sci. & Ind. Reptr. 1I,

No. 1 (Jan. 19h9)a

6h. Black, J., "Trustworthiness in Fabrics Vital in Parachute Use."
Textile World 78, No. L, 28-30 (26 July 1930). [Engineering
Index (1930)7] '

65. Holgate, B. A., Parachutes and Parachute Materials Used in Germany.

F.I.A.T. 465 (P.E. 3882) 19L5. [F.l.A.T. Reptr. Office of Tech.
Serv., Dept. of Comm., Jan. 1948,

66. Johns, T. F., Parachutes with an Axial Cord as Well as Cords Over

the Canopy. A.R.C. R & M 2336, 1SLL.

67. - Laroso, P. and Burten, A. C., Parachutes. B.I.C.S. Evaluation
Rept. 477 Mar. 15L6. [g;bliog;zpﬁi'df‘§ci. & Ind. Reptr.]

68. Smith, Julian F,, Records of Fabrics, Cords and Designs Developed
for Personnel, Cargo and Projectile Parachutes. F.I.A.T. L53 EF.B.
3875, 1-3885 19L5. EF.I.A.T. Bibliography, Dept. of Commerce]

69. Stevens, G. V. H., and Johns, T. F., The Theory of Parachutes with

Cords over the Canopy. Aero. Res. Council, Tech. Rept. R & M No.
2320 (6088), July I9E2.

70. U. S. Aeronautical Board, Cloth: Paréchute, Saponified Acetate
Army - Navy - CCC-- C-491-I [P.E. 2126B].

71. U. S. Bureau of Ordnance, Viscose Rayon Parachute Fabric. Naval
Ordnance Spec. 1309, Jan.19LL. [P.B. 36085]

72. Fluid VMeters Report, Lth edition. Am. Soc. Mech. Engrs., New
York, 19L7.
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COMPARISON OF GEORGIA TECH AND
WADC HANDLING OF DATA

The following remarks are submitted to facilitate the reduction of

GIT data to the manner employed by WADC or vice versa.

1. WADC Technique

The permeability data made available by experiments at WADC is

currently summarized graphically by plotting the quantity'/ -v—g versus Vp

for each parachute fabric. The definition of each of these quantities

is given in terms of the observed pressure drop imposed across the cloth

to produce a time rate of flow of air--the permeability,ﬁ,--measured‘in

cubic feet (at a standard temperature, pressure and relative humidity)

per unit area of cloth exposed to the air flow.

1.

2.

3.

Assume that the permeability &is measured, for example, in ft3

sec™t ft-z, and

That the corresponding pressure drop ¢p is given in 1b £ ft‘z.

Now define the dynamic head as
q=re
2
Also define the pressure drop in terms of a velocity of descent,

i.e., in terms of the relative velocity V between a falling para-

chute cloth and still air a great distance from the cloth; viz.,

vp =PV°
2

In both (3) and (L) @ is the actual air density in the undisturbed

air; £ may be assumed constant throughout the field of flow.

The quantity \]—% then becomes equal to
' &

"z

/
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The plotting of -% versus the pressure drop 9p results in a
characteristic variation for a particular cloth.

2, Georgia Tech Technique

The data obtained in the low-pressure tunnel at the Georgia
Institute of Technoloéy -are reduced to show the variation of what is
termed the relative porosity with the mass velocity, G, of the air up-
stream of the cloth. The relative porosity ié dimensionlesa; and G is
measured in'units of pounds mass per second per square foot of cloth.

Flow data obtained from the orifice permit the calculation of the
mass rate of air flow, M, through the cloth. Given the effec_tive proe-
jected area, A, of the cloth subjected to this air flow, the quantity G
results as the ratio M/A. o |

Now M must equal the air flow through the cloth; this, in .turn, might
be .expressed in terms of a product of an effective open area for the cloth,
(a), a corresponding velocity, v, and an air density P, viz.,

'- ‘M -Pzava.
Farthermore, M has a measure given by a corresponding product Avl, where
(a). is the effective pro_:jected area of the cloth sample and _Vl is the velo-
city of appréach of the air. Thus, the continuity equation becomes
| Pyav, = O1AY.
Under conditions of oper#tion for the low-pressure tunnel ( p « SO inches

of water), the density ¢ may be taken as a constant; then continuity re-

duces to
1.a
v, )

Vl/V2 is termed the relative porosity in view of the significance of the

ratio a/A. In order to evaluate the relative porosi't.y, V1 and v must be
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measured. V:L is given by the equation V1 = %?- ‘g'-; and v is arbitrarily
taken as \’2'5 where ¢p is the pressure drop across the cloth. Thus,

there results the equality
' v
% 'V’—"l"
A plot of relative porosity, % vs. mass velocity upstream of the cloth

results in a characteristic variation for each fabric.

3. Comparison

In the case of the independent variables, the WADC data are refer-
enced to the pressure dropvp across the cloth, whereas the Georgia Tech
data are examined as a function of the mass velocity G upstream of the
cloth. The choice of G stems from the‘ fact that upon establishing a chare
acteristic length, L, to describe the geometry of the fabric an immediate
conversion_to a Reynolds number would be possible, viz.,
re = OF.
| Thus, plotting versus G is in effect plotting versus the Reynolds number,
since Y is essentiaily constant for any one test procedure. '

Now in the case o; the dependent variables%—‘; and a/A s these are

dimensionless and are related in the following manner as can easily be

shown: - : '
VAR Cs
v K°P ,

where €s is the air density at standard conditions corresponding to WADC
determination and Pis that of Georgia Tech determinations. Since the
Georgia Tech data repoxfted includes the density variation, the intercon~
version of data is immediately possible.

Clearly, then, the two methods of handling the Iow-pressure data are
simply related. The .Georgia plot includes the pressure drop variation

(see Low-Pressure Tunnel Air Permeability plot for 10 WADC cloths, Fig. 28)
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which appears as the independent variable for the WADC procedure. Further-
more, the Georgia Tech plot is essentially a nondimensional plot. Neither
of these plots, however, is as general as the flow-through-drag coefficient

vs. Reynolds number (Cf, NRe) plot proposed in this report.
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Appendix III

POROSITY-PERMEABILITY RESULTS
FROM THE LOW-PRESSURE TUNNEL

Tabular Summary of Data for Figure 28 « « « + o o o . . 9
Results for Bally Ribbon Cloths « &+ « ¢ ¢ o &« & « » o o105
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Tabular Summary of Data for Figure 28

T Static Pressure  Alr Density  Mass Velocity of _Relative
Upstream Upstream Air Upstream Porosity
of Cloth of Cloth of Cloth ~ _of Cloth

(Inches Water) - (lbm ft.-3) (1bm sec.=1ft.=2)  (Per Cent)

Fabric Number 1

So 00753 2‘&‘ 7.7
Lo .0737 2.1 7.5
.30. .0721 1.7h 7.2
15 0694 1.11 6.6l
10 . .0686 .85 6.3
9 .0683 .8 6.23
8 .0683 .74 6.10
7 . 00680 068 ' 600h
’ 6 .0680 : 061 5088
5 00678 . ' 05,4 5.68
N .0675 467 S.u7
Fabric Number 2
- 50 © .0756 2.37 7.4
Lo <0740 2.04 T.24
30 _ 0724 1.7 7.04
.15 0696 1.08 6.43
10 .0688 .8l 6.15
9 ‘ .0688 . 725 5.63
8 .0686 .72 ‘ 5.93
7 .0683 .655 5.76
6 .0683 .60 5.72
5 ~ .068 +535 5.51
L .068 458 5.36
Fabric Number 3 '
50 .075 2.53 8.04
Lo 0734 2.19 7.82
30 ' .0718 1.85 7.73
20 .070hL 1.45 7.48
15 0694 1l.23 7.31
10 .0685 975 7.19
9 .0685 .923 7.20
8 .0680 .858 7.11
7 .0680 .80 7.10
6 - .0680 .735 7.02
5 0675 .635 6.93
L 0675 +590 6.93
3 0571 498 6.78
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Tabular Summary of Data for Figure 28 (Continued)

gtatic ?resauro Air Density Mass Velocity of Relative

Upstream Upstream Air Upstream Porosity
of Cloth of Cloth of Cloth of Cloth
(Inches Water) (1om £t.-3) (1bm sec.=ift.*¢)  (Per Cent)

Fabric Number L

50 .0758 1.83 5.73
L0 0741 1.59 5.61
30 072} 1.33 S.48
20 .0707 1.05 - - 5.36
15 .0698 .880 5.27
10 +069 . .688 £.04
9 .0688 640 h.97
8 .0687 .600 L.95
7 .0685 550 k.86
6 .068L .500 k.76
5 .0681 o5 L.67
L .068 "+390 L.59
3 .0678 «337 L.56
Fabric Number 5
50 0755 2.11 6.67
L0 .0738 1.83 6.52
30 .0721 1.53 6.38
20 .0704 1.21 6.28
15 .0695 1.02 6.1}
-0 .0687 .801 5.92
9 .0685 <755 5.85
8 .068L .70 5.82
7 .0682 645 5.72
6 .068 .585 5.58
5 .0678 .52 5.52
L .0677 165 5.45
3 .0675 <393 5.40
Fabric Number 6
50 .0753 3.77 11.8
40 , .0737 3.29 11.7
30 .0721 2.78 11.5
20 .0702 2.20 11.3
15 L0690 _ 1.88 11.3
10 .0686 1.5 11.1
9 .0683 1.42 11.0
8 .0683 1.33 11.0
7 .068 1.2k 11.0
6 .068 1.14 10.9
5 .0678 1.04 11.0
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‘Tabular Summary of Data for Figure 28 (Continrued)

Static Pressure Air Density Mass Velocity of Relative
Upstrean Upstream Air Upstream Porosity
of Cloth of Cloth of Cloth of Cloth

(Inches Water) (1om f£t.-3) (1bm sec.'lft.'z) (Per Cent)

Fabric Number 6 (Continued)

N L0675 .920 10,9
3 .0675 . 790 10.7
2 .0672 .630 10,5
1 0669 427 10.1
Fabric Number 7
50 075 2.10 7.58
Lo 0734 2.05 - 7.29
30 .0718 1.72 7.16
20 .070L 1.34 6,88
15 L0694 1.11 6.62
10 .0685 .855 6.33
9 . 0685 .800 6.26
8 .068 745 6.15
7 .068 685 6.03
6 .068 .625 6.00
5 .0625 .52% 5.7h
N .0678 U473 5.57
Fabric Number 8
50 .0754 4.53 14.3
Lo .0738 3.93 13.9
30 .0721 3.31 13.8
20 .0703 2.59 1.1
15 .0695 2.19 13,1
10 .0687 1.73 12.7
7 .0681 1.4 12.5
6 .068 1.29 12.3
5 .0678 1.17 12.2
L 0677 1.02 11.9
3 .0675 .87 11,8
2 L0673 .685 1.4
1 0672 L6l 10.8
Fabric Number 9
50 .0756 1.90 5.9%
Lo .0739 1,72 6.09
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Tabular Summary of Data for Figure 28 (Concluded)

Static Pressure Air Density Mass Velocity of Relative
Upstream Upstream Air Upstream Porosity
of Cloth of Cloth of Cloth of Cloth

(Inches Water) (1bm f£t.=3) (1bm sec. Lft. %) (Per Cent)

Fabrice Number 9 (Continued)

30
20
15
10

W E O~ o0

Fabric Number

50
Lo
o3
20
15
10

W EVTON N0

WADC TR 52-283
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.0723
.0705
L0697
.0688
L] 0687
.0685
.0683
.0682
.068

.0678

[ 0760
L0743
.0726
.0709
.0701
.0692
.0691
0687
.0686
.068)
.0682
.068

1.L48

1.18

1.02
.815
. 765
.715
660
.600
.5L0
1468
.387
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TABIE XI

THE EFFECT OF FILLING THREAD COUNT
VARIATION ON RELATIVE POROSITY

;LSpecif:—TLcation
Thread Count
) Per Inch Yarn Denier
Relative Item Mill
Porosity Number Style Warp Filling Warp Filling Weave
(20 Inches Water) .
17.9 BR-1 7171 138 110 30/10 30/10 Plain
16.8 BR-2 7172 " 120 n n "
21.5 BR-3 7173 138 110 30/10 30/10 2/1 Twill
17.4 BR-L, 7174, " 120 " n "
18.7 BR~5 7175 138 95 30/10 L40/13 Plain
15.8 BR-6 176 " 105 " " "
20.8 BR-7 7177 138 95  30/10 L0/13 2/1 Twill
18.5 BR-8 7178 » 105 " n "
17.7 BR-9 7180 120 95  L0/13 LO/34 Plain
19.2 BR-10 7181 v 105 " J "
17.7 BR-11 7182 120 95  L4o/13 Lo/13 Plain
15.4 BR-12 7183 n 105 " " "
10.8 BR-13 718k 120 75  L40/13 60/20 Plain
8.25 BR-1} 7185 n 85 " " L
10.6 BR-15 7186 120 75  L40/13 60/20 2/1 Twill
7.72 BR-16 7187 " 85 " n "
11.2 BR-17 7188 100 75  60/20 60/20 Plain
7.38 BR-18 7189 " 85 " n "
10.6 BR-19 7190 100 75 60/20 60/20 2/1 Twill
7.03 BR-20 7191 " 8s " " "
22.1% BR-21 7192 90 68 70/3 70/3L  2/1 Twill
18.4 BR-22 7193 " 78 U " "
22.6" BR-23 TI58 90 68 70/3h 70/3L  2/2 Twill
18.7 BR-2 7195 " 78 " " .n
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TABLE XI (Continued)

THE EFFECT OF FILLING THREAD COUNT
VARIATION ON RELATIVE POROSITY

: Specification

Thread Count
Per Inch Yarn Denier
Relative - Item Mill v
Porosit; Number Style Warp Filling Warp Filling __ - Weave

(20 Inches ater)
26,7 BR=29 7209 90 68 70{3& 70/3L4 S Har. Satin
" ”®

22.3 BR=30 7210 " 78

7.1 BR-31 7211 90 68 70/3Lh 100/3h 2/1 Twill
.28 BR-32 7212 " 78 n " "

6.25 BR-33° 7213 90 68 70/34 100/3L 2/2 Twill
L.71 BR-34 7224 " 78 " " "
5.48. BR-35 7215 90 68 70/34 100/3L4 S Har. Satin
3.79 BR-36. 7216 " 78 " n o
11.9 BR-37. 7217 76 57 100/34 100/3h 2/1 Twill
7.62 BR-38 7218 " 67 n " "

9.39 BR-39 7219 76 ST 100/3Lk 100/3Lk 2/2 Twill
5.81 BR-LO 7220 n 67 n " "
0.1 BR-L5. 7225 176 57 100/3k4 100/34 S Har. Satin
6.56 BR=h46 7226 " 67 " " "

*Interpolated value.
**Extrapolated value.
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TABLE XII

THE EFFECT OF FILLING THREAD
DENIER ON RELATIVE POROSITY

Specification
Thread Count . ‘
' Per Inch Yarn Denier
Relative Item Mill »
Porosity Number Style Warp Filling Warp Filling Weave
{20 Inches Water)

17.7 BR-9 7180 120 95  L40/13 Lo/34 Plain
17.7 BR-11 7182 " " " 40/13 "
19.2 BR-10 7181 120 105 L40/13 Lo/3hL Plain
15.4 BR-12 7183 " " " L40/13 "
26,7 BR-29 7209 90 68 70/3 70/3: 5 Har. Satin
5.4u8 BR-35 7215 " " " 100/3kL

22.3 BR-30 7210 90 78  70/34 70/3L 5 Har. Satin
3.79 BR-36 7216 ® " U 1oo/3h
22.1% BR-21 7192 90 68 70/3 70/3k  2/1 Twill
7.14 BR-31 7211 " " " 100/34 u
18.14% BR-22 7193 90 78 70/3 70/3h  2/1 Twill
.28 BR-32 7212 n n " 100/3L n
22.6* BR-23 7194 90 68 70/3h 70/3Lh  2/2 Twill
6.25 BR-33 7213 U " U 100/34 "
18.7 - BR-24 7195 90 78 70/34 T70/3h  2/2 ™will
u.71 ; BR-Bh 721) " " " 100/ 34 "

Interpolated value,
Extrapolated value.
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TABLE XIII

THE EFFECT OF TYPE OF WEAVE
(PLAIN AND 2/1 TWILL) ON RELATIVE POROSITY

Specification
Thread Count
Per Inch Yarn Denier
Relative Item Mill .
Porosit; Number Style Warp Filling Warp Filling Weave
220 Inches Waters

17.9 BR-1 7171 138 110 30/10 30/10. Plain
21.5 BR-3 7173 " n " " 2/1 Twill

16.8 BR=2 7172 138 120 30/10 30/10 Plain
17.4 BR-4 717, ¢ " " " 2/1 Twill

18.7 BR-5 7175 138 95  30/10 L4O/13 Plain
20.8 BR-7 7177 " " n " 2/1 Twill

15.8 BR-6 7176 138 105 30/10 L40/13 Plain
18.5 BR-8 7178 " " n n 2/1 Twill

10.8 BR-13 7184 120 75 L40/13 60/20 Plain
10.6 BR-15 7186 n " n n 2/1 Twill

8.25 BR-1; 7185 120 85 L0/13 60/20 Plain
7.72 BR-16 7187 n " " " 2/1 Twill

11.2 BR-17 7188 100 75 60/20 60/20 Plain
10.6 BR-19 7190 " " " " 2/1 Twill

7.38 BR-18 7189 100 85 60/20 60/20 Plain
7.03 BR-20 7191 " " " " 2/1 Twill

— m——
e gem— ——

J
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TABLE XIV

THE EFFECT OF TYPZ OF WEAVE
(2/1 AND 2/2 TWILL) ON RELATIVE POROSITY

i

Specification
Thread Count
i Per Inch Yarn Denier
Relative Ttem Mill
Porosity Number Style Warp Filling Warp Filling Weave
(20 Inches Water) :
22,1, BR-21 7192 90 68 70/3k 70/3h  2/1 will
22.6 BR-23 7194 " " " 2/2 Twill
18.1% BR-22 7193 90 78 70/3h 70/3h  2/1 Twill
18.7 BrR-24 7195 " n " " 2/2 Twill
7.14 BR-31 7211 90 68 70/34 100/3h 2/1 Twill
6.25 BR-33 7213 n n n 2/2 Twill
4.28 BR-32 7212 90 78 70/3L 100/3L 2/1 Twill
L.09 BR-3L 7214 n " " " 2/2 Twill
11.9 BR=37 7217 76 57 100/34 100/3L 2/1 Twill
9.39 BR-39 7219 n " n " 2/2 Twill
7.62 BR-38 7210 76 67 100/3h 100/3L4 2/1 Twill
5.81 BR-4O 7220 " " n " 2/2 Twill
*Interpolated value.
m
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TABLE XV

THE EFFECT OF TYPE OF WEAVE
(2/1 IWILL AND 5 HARNESS SATIN) ON RELATIVE POROSITY

I
|

Specification
Thread Count

: ' Per Inch Yarn Denier
Relative Item Mill S

Porosity: Number Style Warp Filling Warp Filling Weave
(20 Incres %ater) _

22,1, BR-21 7192 90 68 70/3h 70/3%  2/1 Twill
26.7° ©  BR-29 7209 " " *" 5 Har. Satin
18.,* BR-22 7193 90 78 70/34 70/3L  2/1 Twill
22,3  BR-30 7210 " nn »" 5 Har. Satin
7.1k BR=31 7211 90 68 70/3h 100/34 2/1 Twill
5.36 - BR-35 7215 " " " " " ¢ Har. Satin
4.28 BR-32 7212 90 78  70/3h 100/3k 2/1 Twill
3.79 BR-36 7216 ® " " » * S Har. Satin
11.9. BR-37 7217 76 57 100/3h4 100/3h 2/1 Twill
10.1 BR-LS 7225 " " " " S Har. Satin
7.62 BR-38 7218 76 67 100/34 100/3Lk 2/1 Twill
6.56 BR-LE 7226 M " " " " S Har. Satin

*Interpolated‘ value.
+Extrapolated value.
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| TABLE XVI

THE EFFECT OF TYPE OF WEAVE
(2/2 T™WILL AND S HARNESS SATIN) ON RELATIVE POROSITY

Specification
Thread Court
v Per Inch Yarn Denier
Helative Item Mill
Porosity Number Style Warp Filling Warp Filling Weave
(20 Inches Water) . : ‘
22.6,  BR-23 7194 90 68 70/3 70/3h  2/2 Twill
26.7 BR-29 7209 n " n ] S Har. Satin
18.7 BR-2l 7195 90 78 70/3L 70/34%  2/2 Twill
22.3 BR-30 7210 ® n " " S Har. Satin
6.25 BR-33 7213 90 68 70/3L 100/3h 2/2 Twill
5.36 BR-35 7215 w " " n 5 Har. Satin
4.09 BR-3 7214 90 78  70/34 100/3h 2/2 Twill
3.79 BR-36 7216 " " " ® 5 Har, Satin
9.39 BR-39 7219 76 7 100/34 100/3h 2/2 Twill
10.1 BR-45 7225 " n " " S Har. Satin
5.81 ~ BR-LO 7220 76 67 100/3L4 100/34 2/2 Twill
6.56 BR-46 7226 " n " "

5 Har. Satin

*Interpolate,d value.
+Extrapolated value.
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Appendix 1V

PRESSURE SQUARE GRADIENT~MASS VELOCITY RESULTS
FROM THE HIGH~-PRESSURE TUNNEL
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P22 3676 + 1OG?

Figure '36,‘ Relation of Pressure Square Gradient to Mass Veloc ity
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MASS VELOCITY UPSTREAM OF CLOTH, LB, SECT'FT—2 -

for WADC Fabric No, 1.
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vP2= 5076 + 7.36 G2

PRESSURE SQUARE GRADIENT x CLOTH THICKNESS
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10-2 107! ! 10 102

MASS VELOCITY UPSTREAM OF CLOTH, LB, SECT'FT~2

Figure "\}T; Relation of Pressure Square Gradient to Mass Veloc ity
for'WADC Fabric No, 2,
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PRESSURE SQUARE GRADIENT x CLOTH THICKNESS, (
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'MASS VELOCITY UPSTREAM OF CLOTH, I..BM'SE‘.C']""-:T"I."'2 ‘
Figure.38, Relation of Pressure Square Gradient to Mass Velocity
for \WADC Fabric No, 3
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PRESSURE SQUARE GRADIENT x CLOTH THICKNESS,
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MASS VELOCITY UPSTREAM OF CLOTH, LBy SECT'FT-t

Figure .39{ Relation of Pressure Square Gradient to Mass Velocity
for WADC Fabric No, 4, '
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PRESSURE SQUARE GRADIENT x CLOTH THICKNESS,
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Figurelll-o_ Relation of Fressure Square Gradient to Mass Velocity
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MASS VELOCITY UPSTREAM OF CLOTH, LB, SECT'FT-2

for WADC Fabric NO‘ 5.
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Figure )41, Relation of Pressure Square Gradient to Mass Velocity
for WADC Fabric No. 6.
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Figure 42, Relation of Pressure Square Gradient to Mass Veloc ity
for WADC Fabric No, 7.
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WPZ= 1566 + 14.4G®
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MASS VELOCITY UPSTREAM OF CLOTH, LB, SECT'FT—2

Figure m-&. Relation of Pressure Square Gradient to Mass Velocity
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MASS VELOCITY UPSTREAM OF CLOTH, LB, SECT'FT-2

Figure )4‘5. Relation of Pressure Square Gradient to Mass Velocity
‘ for WADC Fabric No. 10.
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Explanatory Note for Table IV

The evaluation of ©&(and ,6 defined by the pressure square gradient

2 | | .
V.o &y o +p[3‘;§ 62 (12)
80 gO

was effected in the following manner. (41l symbols and units of measure

equation

are shown in Section I, Nomenclature.) The quantities X' and ' (enu-

merated in Table IV) were defined as

' = (d-"’g—"dl‘ L) (13)
)
! = gfi'l-‘
reducing equation (12) to «
op° =al'G + A6, (15)

o andp' were determined from the data using the three methods for which
‘the results are indicated in Table IV. Clearly, giveney andg', dandﬂ
are determined, _andﬂ,b((-wﬂ'/a') as weil. Here ( is taken as 1.2} x
107 1bmf’1;"]'sec':l and T as 540° F abs.
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