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Abstract

Loose and baggy clothing is required by the rules of ski cross and snowboard cross. However, it is known from the literature
that fluttering garments increase the aerodynamic drag. The aim of this study was to investigate the influence of flexural
rigidity and fabric weight on the coefficient of drag C),. Eleven fabrics (550 mm long, 320 mm wide) with different flexural
rigidity (0.016-99 uNm) and fabric weight (0.1-2.4 N/m?) were tested in a wind tunnel on a cylinder (width 325 mm, diam-
eter 125 mm) at speeds of 25 to 120 kph (Reynolds numbers Re 60 k-280 k). The general trend showed that fluttering fabrics
that are heavier and stiffer create more drag force. All but one fabric had a smaller Cj, than the bare cylinder in the subcritical
flow regime (Cj, = 1.1), at least within a Re window of 80 k. One fabric had a consistently higher C;, (average: 1.27) than the
bare cylinder. The mean Cj, value of the other ten fabrics ranged from 0.87 to 1.07, with minimum Cj, values between 0.76
and 1. The Cj, advantage of the ten fabrics ended at the beginning of the critical flow regime of the bare cylinder between Re
200 k and 220 k. A regression analysis showed that the magnitude of the C;, is more influenced by the flexural rigidity of a
fabric, normalised to its weight, than by the weight itself, at least at Re <250 k. The results of this study suggest that ski and

snowboard cross athletes’ suits should be made from light and flexible fabrics to reduce aerodynamic drag.

Keywords Loose garments - Flexural rigidity of fabrics - Weight of fabrics - Coefficient of drag - Wind tunnel testing -

Multiple regression

1 Introduction

In skin-tight fitting sports garments, the basic requirement is
“that a fabric resist flutter in order to reduce drag force” [1].
It is well known and documented that fluttering garments
increase the drag force [2]. This is why tight-fitting skin suits
are preferred in sports disciplines where speed, and thus
aerodynamics, are crucial, such as in alpine skiing, cycling,
speed skating, swimming, or, even in sprinting. However, in
some disciplines, skin suits are prohibited. In ski cross (SX)
and snowboard cross (SBX), the International Ski and Snow-
board Federation (FIS) has regulated the usage of clothing
[3-7], which implies that there must be a gap between the
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protectors (undergarment) and the competition suit (outer
wear). This gap allows movements of the suit textile, usu-
ally referred to as flutter. A detailed outline of the specific
clothing rules is provided in the Appendix section. Based
on these rules, the question arises whether there are fabrics
with defined properties that offer a competitive advantage
over conventional baggy clothing (i.e., not tight-fitting skin
suits). The research on fluttering textiles is very limited,
probably because flutter should be avoided in the first place
[1], and because fluttering garments are only required for
SX and SBX.

Chua et al. [2] investigated the flutter of three loose tex-
tiles in a wind tunnel. The purpose was to analyse the effect
of different looseness ratios A, to evaluate how different
degrees of looseness influence the coefficient of drag on a
cylinder with a diameter of 220 mm. The looseness ratio 4
was defined as the ratio of the circumferences of the textile
loop (wrapped around the cylinder) to the circumference of
the cylinder. A tight fit has a looseness ratio A of 1. The four
different 4 tested were 1.5, 1.333, 1.167, and 1. The tight-
fitting fabrics (A=1) had a coefficient of drag (Cp) of 1.2 in
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the subcritical regime, and of 0.3-0.45 in the postcritical
regime. The critical regime of the three fabrics shifted to
smaller Reynolds numbers the rougher the fabric was. The
C, of the fluttering fabrics (4> 1) were consistently larger
than those of the tight-fitting fabrics, with a C}, between 1.5
and 2 compared to the subcritical regime of the tight-fitting
fabrics, and between 1.2 and 1.6 compared to the postcriti-
cal regime of the tight-fitting fabrics. The Cj, of the flutter-
ing fabrics showed the same trend and differed only slightly
(maximally 0.2) among the three textiles. In this study, the
mass per unit area was measured but the flexural rigidity of
the fabrics was neglected.

Oggiano and Setran [8] investigated the C}, of loose fab-
rics mounted on a cylinder and concluded that thicker fabrics
have a larger C, than thinner fabrics. They also found that
smoother fabrics have a larger C, than rougher fabrics. The
thickness of fabrics is related to two fundamental properties
of fabrics, namely to the area density and the flexural rigid-
ity. Thicker fabrics made of the same material and manufac-
turing method are heavier and stiffer than thinner fabrics.
This study implies that both the area density and the flexural
rigidity affect the Cp,, but it remains unclear to what extent.
Oggiano and Seetran [8] drew only qualitative conclusions
from their results and did not provide specific C;, data of
fluttering fabrics.

In addition to fluttering fabrics mounted on cylinders, the
influence of areal density and fabric stiffness on fluttering
flags has also been investigated. Carruthers and Filippone
[9] tested three flag fabrics with different fabric weights and
stiffnesses. At aspect ratios of 10 and 20, the lightest fabric
with medium stiffness had a lower Cj, than the other two fab-
rics. The authors concluded that drag decreases with fabric
weight. In contrast to this study, the experimental results
of Fairthorne [10] indicate the opposite, namely that drag
coefficients of fluttering flags increase with increasing area
density.

According to Carruthers and Filippone [9], the fabric
stiffness does not seem to have a direct influence on C, but
does affect the smoothness of the drag curve, as stiffer fab-
rics are less sensitive to changes in speed. The experimen-
tal results of Martin [11] indicate that drag decreases with
increasing stiffness (“stiffer materials have reduced drag as
a consequence of flexural rigidity), because material stiff-
ness reduces the amplitude of flutter. In Martin’s [11] study,
however, it is unclear how the material stiffness was meas-
ured or calculated (the term flexural rigidity appears only
once). It could be that the dimensionless and unitless mass
ratio (mass per unit area divided by the product of air density
and chord length) was used as a replacement for the flexural
rigidity (the shorter and heavier, the stiffer). However, when
testing flags of equal chord length at the same air density,
then mass ratio and the mass per unit area of the materials
must be proportional. This is clearly not the case when using

INTERNATIONAL SPORTS ENGNEERING ASSOCATION

the data provided on page 103 of Martin [11] (where the unit
of the mass per area is given in kg).

The drag behaviour of fluttering flags does not necessarily
hold true for fluttering fabrics mounted on a cylinder, since
the looseness ratio A becomes extremely large in flags. Nev-
ertheless, not only in flags, but also in loose and fluttering
textiles mounted on a cylinder, the influence of area density
and the flexural rigidity on the coefficient of drag is still
unclear. Therefore, the aim of this study is to investigate (1)
how the area density and the flexural rigidity influence the
aerodynamic drag of loose fabrics; (2) whether the Cj, of
loose fabrics can be smaller than the Cj, of a bare cylinder,
particularly in the subcritical regime; and (3) which fabric
property has a greater influence on the C;, at which Reynolds
number (Re).

2 Material and methods
2.1 Fabrics
2.1.1 Selection of fabrics

From the fundamentals of multiple regression, if two pre-
dictors (independent variables) correlate too well with
each other, then their shared (combined) influence on the
response variable (dependent variable) is very large, whereas
their unique (individual) influence on the response variable
is negligible. It was therefore paramount to select a variety
of fabrics, the properties of which (flexural rigidity and area
density) do not correlate well in the first place. It is expected
that there is some correlation between flexural rigidity and
area density, namely the heavier, the stiffer (the mathemati-
cal explanation for this relationship will be provided later in
this document), and that extreme and opposite conditions
cannot be found easily (light and stiff; heavy and soft). The
selection process was therefore empirical rather than sys-
tematic. The starting point was the three fabrics used in an
earlier study [2]. Further fabrics were mostly obtained from
retail, i.e., from second-hand shops to specialised textile
stores. The details of the fabrics are shown in Table 1. The
eleven fabrics are illustrated in Fig. 1.

2.1.2 Fabric properties

The areal density of the fabrics, also known as GSM (grams
per square metre) or fabric ‘weight’, was measured accord-
ing to the ASTM D3776 [12]. The areal density is subse-
quently denoted p,, expressed in g/m?; and the weight of the
fabric is denoted w, expressed in N/mz,
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Table 1 Fabric details and properties

ID  Description w(Nm?)  Ggr WNm)  Gp(Nm)  Gr(cm®)  Gp(cmd)
Knitted fabrics

J Reverse stockinette interlock based mock mesh double jersey 2.305 3.424 2917 1.485 1.265
W Reverse stockinette interlock based mock mesh double jersey 1.864 1.081 1.034 0.580 0.555
P Warp-knit fabric charmeuse 1.584 0.429 0.583 0.271 0.368
(6] Sportwool™, reverse stockinette composite fabric (2 layers) 2.139 2.102 2.803 0.983 1.311
B Warp-knit fabric charmeuse 2.439 8.172 9.232 3.351 3.785
Woven fabrics

Y Coated fabric 1.432 98.99 84.59 69.12 59.06
I Cambric 0.503 2.645 2.430 5.256 4.828
D Crepe lavable 0.361 0.580 0.581 1.608 1.608
G Silk georgette 0.336 0.681 0.602 2.025 1.789
C Silk chiffon 0.256 0.527 0.502 2.057 1.960
T Silk tulle 0.114 0.016 0.019 0.140 0.163

1D identification code used throughout this document (fabric J was the official jersey of the Australian team in ski- and boarder-cross at the 2010
Vancouver Olympic Games); w: fabric weight; G;: flexural rigidity measured with the method of GrieBer and Taylor [14]; Gp: flexural rigidity
measured with Peirce’s [17] method; G, gy Ggpnormalised to w; G, p: Gp normalised to w

Fig. 1 Images of the fabrics analysed in this study; the identification code in the top left corner of each fabric sample is the same as in Table 1;
the size of the sub-figures corresponds to fabric samples of 50 mm by 25 mm

where g denotes the gravitational acceleration (in m/s?).

The flexural rigidity of the fabrics was measured from
two methods: a modified ASTM D1388 [13], and a modi-
fied Grieller-Taylor method [14].

The Cantilever Test of the ASTM D1388 standard [13]
employs the principle of cantilever bending of the fabric
under its own weight (Fig. 2a) This test is usually car-
ried out with a Shirley tester of a slope angle 6 of 41.5°.
Three samples (weft direction: 152 mm, warp direction:
25 mm) of each fabric were tested four times in opposite

directions. The modification of the test was that the slope
angle 0 of the Shirley tester was set to 42.9° [15], although
the error in measurement would be small [16] when using
the original 41.5°. According to Peirce [17]

C=Lf, 2)

where C is the bending length of the fabric strip (Fig. 2a),
L is the length of the fabric projecting (i.e. the length of the
overhanging fabric strip), and fp, a function of the inclina-
tion angle 0, is
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Fig.2 Method for determining the flexural rigidity of a fabric; a
principle of the Shirley tester; F: part of fabric on the horizontal part
of the Shirley tester; “0,0”: origin of the coordinate system (edge
of the horizontal part); L: length of the overhanging part of the fab-
ric; I: extrapolation of the straight part of the fabric; b: intercept of
I; C=bending length; S=slope of the Shirley tester; 6=slope angle
(42.9°); transition: between bent and straight parts of the fabric; b

3

If f, is set to 0.5, the corresponding inclination angle is
42.94°, and C=L/2 (unit: m). The flexural rigidity G, (unit:
Nm, preferably expressed in pNm) is then calculated from

Gp=wC? 4)

Equation (4) explains the aforementioned mathematical
relationship between p (or w) and Gp: the heavier, the stiffer
the fabric.

The GrieBer-Taylor method [14] was not only used for
comparison purposes but rather for two specific reasons.

(1) The cantilever test (Peirce’s method [17]) hinges on the
pure bending theory of an elastic beam bending within
the limit of linear strain, which implies a linear rela-
tionship between the curvature of the bent fabric and
the bending moment. The large deflections, especially
in soft fabrics, could exceed the linear regime. The
new approach of Grieer and Taylor [14] overcomes
this problem and uses potential and bending energy as
parameters.

(2) Fabrics require a threshold moment to initiate bend-
ing [18]. Therefore, the overhanging part of the fabric
sample in the Shirley tester is not continuously bent but
has a curved and a straight part (Fig. 2). This property
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transition

¢ & x,,: coefficients of the hyperbolic functions; 1: bent part of the
fabric (from edge to transition); 2: hypothetical continuation of the
bent part; 3: straight part of the fabric (after the transition); 4: hypo-
thetical continuation of the straight part; 5: straight part according to
the original equation of Griefler and Taylor [14]; offset: discontinu-
ity between bent and straight parts when using Griefer and Taylor’s
equation

was implemented in the GrieBer-Taylor method [14]
which allows to calculate the bending stiffness from
experimental data and the bending shape as an analyti-
cal function.

The Griefer-Taylor method [14] was modified because two
of their equations were incomplete. This method hinges on
the principle that a fabric strip, when slid over an edge (com-
parable to the Shirley method) has a bent and a straight part
(Fig. 2b). Fitting a straight line to the straight part delivers
two points, the intercept b of the straight line with the y-axis
(x;=0, y,=b), and the endpoint of the overhanging fabric (x,,
¥,)- The origin of the coordinate system is right at the edge.
The slope of the straight line, (y,—y;) / (x,—x,), is denoted m.
Slope m and intercept b are related to a curvature parameter
¢ and to the x-coordinate (x,,) of the point separating bent
and straight parts. According to Eq. 13 of GrieBer and Taylor
[14], the bent and straight parts of the fabric are modelled as
follows:

y:c(coshf—l) if 0<x<ux, )
c
y=mx+b if x,<x (6)
where
. hxel
= sinh —
m . @)
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Xel
b= —c<cosh — - 1) 8)
c

However, as Eq. (8) leads to a discontinuity at the tran-
sition from the bent to the straight part (Fig. 2b), the equa-
tion of GrieBer and Taylor [14], i.e., Eq. (8) above, was
modified to

Xel . Xel
b=+c{cosh— —1) —x,, sinh — )
c el c

The correctness of Eq. (9) was confirmed by Taylor
(personal communication, 2013) and by Griefer (personal
communication, 2013).

From m and b, ¢ and x,; were calculated from Eqgs. (7)
and (9) by substitution:

b
" cosh (sinh™'m) — 1 — msinh™" m

10)

x,; = csinh™' m 1)

The flexural rigidity Ggp (unit: Nm, preferably
expressed in uNm) of the fabric results from modifying
Eq. 15 of GrieBer and Taylor [14]:

ky+hy + 2
GT = TW (12)

As k; did not have the same unit as k; and k,, the origi-
nal Eq. 15 of GrieBer and Taylor [14] had to be modi-
fied by dividing k; by w. This modification was provided
by Taylor (personal communication, 2013). The terms of
Eq. (12), ky, k,, k5, and k, are detailed in GrieBer and Tay-
lor [14].

Both flexural rigidities, Gp and G, were simultaneously
determined from each test from Eqs. (4) and (12) with the
modified Shirley tester. As the weight w of the fabrics is
required for calculating the flexural rigidities, the latter were
normalised to w to avoid any confounding factors when cor-
relating these two properties.

Since the fabric properties w, Gp and G were widely
scattered (minimum and maximum data differed by more
than one, and almost four orders of magnitude, respectively;
Table 1), the property data were logarithmically trans-
formed. The agreement of the log Gp and log G (as well as
log G, p and log G, ;;) data was assessed by linear correlation
(proximity of the slope to unity and the intercept to zero) and
compared for any significant differences using a nonpara-
metric test for correlated samples (Wilcoxon signed rank
test). This agreement is important because Peirce’s method
[17] is limited to a linear relationship between the curvature
of the bent tissue and the bending moment.

2.2 Wind tunnel testing

The fabrics were tested with the same method as used by
Fuss [19] and Chua et al. [2] in the RMIT Industrial Wind
Tunnel (closed return circuit, maximum speed 150 km/h,
turbulence intensity of 1.8% [20]). The fabrics were mounted
on a test rig, consisting of a steel cylinder (Fig. 3a) of
325 mm width and 125 mm diameter with circular splitter
plates (diameter 660 mm) attached to each side. The test rig
was mounted on a force plate (Type 9260A A6, Kistler, Win-
terthur, Switzerland) in the wind tunnel. The fabric samples
were 550 mm long (weft direction) and 320 mm wide (warp
direction), resulting in a looseness ratio of A=1.4. The sam-
ples were wrapped around the cylinder with their free ends
taped to the cylinder at the front stagnation line. The fabrics

Fig.3 a Test rig with splitter plates and fabric Y wrapped around the cylinder; b-e fabric D fluttering at Re=150 k; f-i fabric Y fluttering at

Re=150k
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and the bare cylinder were each tested three times by con-
tinuously increasing the free airflow velocity v, provided by
the pitot-static tube mounted in the tunnel, up to a maximum
v of 35 m/s (126 kph, Re =296 k). The horizontal drag force
F acting on the test rig and v were recorded concurrently
at a frequency of 100 Hz.

The dimensions of the cylinder (diameter) and the fabrics
(weft length) were based on the FIS clothing regulations.
Rule 6 of the SX rules [5] specifies that when the ski suit
is pulled forward on the thigh and upper arm, the distance
between the front edge of the fabric and the skin of the thigh
and upper arm must be 80 and 60 mm respectively. The
measuring tool mentioned in the rules [4, 5] is available
from Settele Ltd. (Lindenberg, Germany) [6]. Therefore,
a cylinder diameter was chosen that fits between a normal
muscular thigh and upper arm, and a looseness ratio that
produces the above-mentioned distance between 60 and
80 mm.

For data processing, the horizontal force data were tared,
by subtracting the test rig’s drag force (without cylinder)
from the experimental data (cylinder without and with fab-
ric samples). The blockage ratio of 1.17% was considered
negligible and therefore not corrected. The force-speed data
of all three tests per fabric were combined, sorted for speed,
and filtered with a rolling average of 25 data. The coefficient
of drag Cj, was calculated from

2F,

C. =
b= (13)

where A is the frontal area of the cylinder and p,, is the den-
sity of air.

The measurement uncertainty was calculated for each
fabric across a window of 60 k < Re <280 k from averaging
the C), data of the three tests per fabric at similar Re, sub-
tracting the mean from the original Cj, data, and calculating
the standard deviation of the differences (about 5000 data
per fabric).

2.3 Statistical calculations

As the weight w of the fabrics is required for calculating
their flexural rigidities, the latter were normalised to w to
avoid any confounding factors when correlating w and G, p
or G,;r (unit: cm?, as centi® = micro) with the drag coef-

ficient Cp:

Gp=—=0C (14)

5)
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As a power function provided a good fit when correlating
wand G, p or G, gy, these properties in their logarithmic form
were ultimately correlated to the mean C, of each fabric at
different Re (60 k to 280 k in steps of 10 k), to identify the
unique (individual; squared semi-partial correlation coef-
ficients R Az’ RCZ) and shared (combined; RBZ) influence of
two predictors (independent variables w and G,,p or G,,;7) on
the response variable (dependent variable Cj,). A multiple
regression (R ,p2) was rejected based on at least one of the
following criteria: (1) at least one of the two squared par-
tial correlation coefficients (R ,5° or Rpc?) was insignificant
(R? p-value>0.1; «=0.1 in regression R?); (2) the shared
component (RBZ) was negative; and (3) the variance inflation
factor (VIF=(1-R ABCZ)‘l) was greater than five [21]. R Az,
Ry, and R.? were calculated from:

2 _p2 2 2
RB - RAB + RBC - RABC (16)
R} =R}, — R} (17)
R: =Ri. — Ry (18)
3 Results

3.1 Fabric behaviour and properties

Figure 3b—i shows examples of the behaviour of the fabrics
when mounted on the cylinder in the wind tunnel. The more
flexible fabric D (Fig. 3b—e) flutters with a lower amplitude
than the stiffer fabric Y (Fig. 3f—i). The fabrics usually fol-
low the curvature of the front half of the cylinder, while the
fabrics on the back half detach from the contour and billow
and flutter. The separation can be completely on the back
half (Fig. 3b) or more pronounced on the upper and lower
halves with slight detachment in the centre back (Fig. 3f)
or no detachment in the centre back (Fig. 3e). The fabrics
can form a tail in the lower back quarter (Fig. 3c,g) or in the
upper back quarter (Fig. 3h) that represents the typical flut-
ter when occurring in rapid succession; or in the lower back
quarter with billowing in the upper back quarter (Fig. 3d).
Figure 3i shows a short tail in the centre of the back half and
a billow in the upper back quarter.

The flexural rigidities obtained from the methods of
Peirce [17] and GrieBer and Taylor [14], before (G, and
Ggp) and after normalisation (G, and G,,p) to the fabric
weight w, correlated well with R?=0.9944 (log G =0.9696
log Ggr+0.0136) and R?=0.9922 (log G,,=0.9381 log
G,cr+0.0234). When compared with a non-parametric test
for correlated samples (Wilcoxon Signed-Rank Test), log
Gp and log G (as well as log G, and log G,;7) are not
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significantly different (p=0.9442), which confirms that the
results of both flexural rigidity tests are the same.

Table 1 shows the values of the fabric properties w and
G. The margin of error (MoEys) for w ranged between
1.18% and 2.20% of the mean values. The heavier the fab-
ric, the higher the MoEys. The MoEys for Gp and G ranged
between 1.39% and 5.36%, and between 1.97% and 9.77%,
respectively. The stiffer the fabric, the smaller the MoEgs.
The MoEys of G was higher than that of Gp, because the
calculation of G requires two input parameters (L and b;
Fig. 1) while that of Gp requires only one (L).
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Fig.4 Logarithm of flexural rigidity G versus logarithm of the fabric
weight w; filled circle: Ggp or G,qr (G measured with the Grieler-
Taylor method [14]; subscript 7 indicates the normalised G); O: Gp
or G,p (G measured with Peirce’s method [17]; subscript n indicates
the normalised G); a log G vs log w; b log G, vs log w; ¢ log G, vs

Figure 4a shows the correlations between log G and log
w, with R? of 0.4571 (G;) and 0.4983 (Gp). When nor-
malising G to w (Fig. 4b), these correlations are not sig-
nificant, with R? of 0.0545 (p=0.4891; G, ;) and 0.0687
(p=0.4375; G,p), which indicates that the two variables,
G, and w, are independent. However, there are two distinct
clusters (Fig. 4c¢), cluster 1 comprising of knitted fabrics
J, W, P, O, B (Table 1) with larger w, and cluster 2 com-
prising of woven fabrics Y, I, D, G, C, T with smaller w.
The density w of each cluster correlates highly with G,
(Fig. 4c). Due to the two different manufacturing methods
of two fabrics that share the same flexural rigidity, the
woven fabric is significantly lighter than the knitted fabric.

| R2=0.0545, p = 0.4891 8y b
; R2 = 0.0687, p = 0.4375
e 15—
(6]
3
9 =
P
=
o
g J .
s - e
S o5 o8
é | ecac PR
g ’:—D _____ (:3 J
e 0~ - ®o
s o -
g B oW
g (@)
0.5 — .
o er
o
-1 1Q
T
1 — T T T T T T T T T 1
-1 -0.75 -0.5 -0.25 0 0.25 0.5
LOG fabric weight (w)
& d
1.2
e 15—
[G)
3
) 7 11
F -
3
o 1
g 4 |
s g Cp
5 05—
x 0.9
g cg
3 d
@
0 0= (0] 0.8
T
§ E w
€ 05— P 07
(0] P
5 .
£ L L L N BN B NI
1.25 1 075 -0.5 -0.25 0 025 0.5

LOG fabric weight (w)

log w, correlation of the individual clusters; purple: woven fabrics;
green: knitted fabrics; d log G, vs log w, and the expected corre-
sponding colour-coded C, from Eq. (19); the identification code of
the fabrics is the same as in Table 1
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3.2 Drag measurements

Figure 5 shows the Cj, of the fluttering fabrics and the Cp,
of the bare cylinder (subcritical and critical flow regimes) at
60 k <Re <280 k. We can distinguish four different groups
based on the mean C,. Group 1 and 2 consist only of one
fabric each, characterised as follows: the C;, of group 1, fab-
ric Y, is consistently larger than that of the bare cylinder; the
Cp, of group 2, fabric B, is smaller than that of the bare cyl-
inder only within a small Re-window, at 110 k <Re <190 k.
Group 3 comprises of fabrics P, J, I, O, and W, all of which
have a consistently smaller Cj, than fabric B at Re> 65 k,
and smaller than the bare cylinder at 80 k <Re <200 k.
Group 4 comprises of the fabrics D, G, C, and T, all of which
have a consistently smaller Cj, than group 3 at Re> 65 k, and
smaller than the bare cylinder at 70 k <Re <210 k. Fabrics
C and T, with the lowest mean Cj, have minimum Cj-values
at Re =~ 115 k, namely C,=0.8535 and C,=0.7650, respec-
tively. The uncertainty of the drag measurements ranged
between +0.0107 and +0.0210 (in terms of Cp), the larger
log w, the larger was the uncertainty, and also the fluctua-
tions of the mean Cj,.

3.3 Correlation analysis

The general trend emerging from the correlation analysis
is that the stiffer (larger G,) and the heavier (larger w) the
fabric, the larger the Cy,

Figure 6 shows the multiple regression analysis and the
corresponding tree-way Venn diagram (Fig. 6a). A multi-
ple regression analysis is neither applicable at Re <90 k,
since the p-value of R ,” is greater than 0.1 (Fig. 6b) nor
at 100 k<Re <140k, since VIF is greater than 5 (Fig. 6¢).

Figure 6d shows the multiple regression R g%, and partial
R,5* and Rp% The influence of the normalised flexural
rigidity (G, 1> G,p) on the Cp is greater than that of the
fabric weight w. At Re=130k, 70% of Cj, is explained from
G, and 30% from w. At 150 k <Re <170 k, R?, the unique
influence of G, on Cp, is around 42%; R ,2, the unique influ-
ence of w on Cj, is 15%; and RBZ, the shared influence, is
17% (Fig. 6e). As Re increases, RC2 decreases, R A2 increases
slightly, and Rp? decreases marginally. At Re <200k, i.e.,
before the end of the subcritical regime, G, has a substan-
tially greater influence on Cj, than w.

Figure 4d shows the expected Cj, at Re =150, calculated
from the multiple regression equation:

Cp = 0.9451 + 0.1037 log(w) + 0.1056 log(G,,) (19)

4 Discussion

This study shows that fluttering garments are not necessarily
disadvantageous. Ten out of eleven fabrics with varying G
and w had a smaller C}, than the bare cylinder, at least across
a Reynolds number window of 80 k width. The magnitude
of the C, seems to depend on two opposing mechanisms,
a splitter-plate-equivalent effect, and billowing of the fab-
ric. One mechanism is the drag reduction with rigid splitter
plates and fairings attached to the back of a cylinder [22].
However, loose fabrics are not rigid but flutter. In oscillating
splitter plates, C;, depends on the amplitude and frequency
f of the oscillations [23]. As a rule of the thumb, at low
non-dimensional frequencies (f; <0.18; f, =fx free-stream
velocity / diameter of cylinder), the larger the amplitude,

Fig.5 Coefficient of drag C,
versus Reynolds number and G N
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in the wind tunnel; K =bare cyl- 1.4 —
inder; the colour-coded fabrics 7
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well as their average Cp, across = . “ B 1.0653
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2 N D ' ) ——— 1 0.9734
S 09— Bt P v 2 0 0.9674
'S 1 < - W 0.9610
£ 08 D 0.9068
S o7 G 0.8986
7 C 0.8940
06 7 T 0.8663
0.5 —
0.4 — velocity (kph)
2~F 30 40 50 60 70 80 90 100110 1X0
0.3 1 1 - 1 - 1 - 1 - 1 T 1 - 1 ll I\ !

INTERNATIONAL SPORTS ENGNEERING ASSOCATION

70k 80k 90k 100k 115k 130k 150k 170k 200k 230k 260k 300k
Reynolds number Re



Drag measurements of fluttering fabrics and their application for sportswear

Page9of12 38

1 10 —
a Y o i VIF c
&
0.1 - 6 75—
o~ ‘6 7
14 ©
Y = -
&~ 2 S
@ 0.01 = 5
2 £ ]
a o i
0.001 2 25—
8 T
2 & ]
Rasc o -
X1 X2 0'0001IIIII|ll|l|||l||||ll||ll|| 0 III||IIIIIII|I|I|II|IIIII
50 100 150 200 250 300 50 100 150 200 250 300
Reynolds number Re (k) Reynolds number Re (k)
1 0.5 —
o~ -1 d o~
X 09— x =
S 08 5
S 08— _ Ragc? S 04— )
© © -
£ £ .
z € 03
[ [
- -t
[ ) 4
° o -
s S 02—
- - -
= = 4
2 2
Q Q
t t 0.1 -
o o
o o .
o ] o
0 IIlllllllllllllllllllllll 0 IIlllllllllllllllllllllll
50 100 150 200 250 300 50 100 150 200 250 300
Reynolds number Re (k) Reynolds number Re (k)

Fig.6 Multiple regression analysis; a Venn diagram; X1, X2: pre-
dictors (log weight & log normalised flexural rigidity, respectively);
Y: response variable (coefficient of drag); U: component of Y not
explained from X1 and X2; A: component of Y uniquely explained
by X1 (R Az); C: component of Y uniquely explained by X2 (RCZ); B:
component of Y commonly explained by X1 and X2 (Rg%); the area
shaded in yellow indicates that a multiple regression is not justified
in this Reynolds number range; b p-value of Ryp* (Ry*+Rp%), Rpc?
(Rg>+Rc?), and Rypc? (R\2+Rp%+Rc?) versus the Reynolds num-

the greater is the Cp, [23]. Heavier and stiffer fabrics flutter
with larger amplitude behind the cylinder. The other mecha-
nism is the detachment of the fabric from the surface of
the cylinder. Unstable and rapidly changing low pressure
zones due to increased turbulence cause billowing of the
fabric on the cylinder which increases the wake by moving
the flow separation line closer to the front stagnation point.
Therefore, the drag force increases. Billowing is apparent in
Fig. 3d,e.f,i. The two opposing mechanisms are controlled
by w and G,, of the fabric. Softer and lighter fabrics adapt to
the air stream with less frequent billowing and more split-
ter-plate-equivalent effect (smaller flutter amplitude). The
stiffest fabric Y fluttered violently with rapid movements,
causing a loud noise in the wind tunnel. Since the product of
w and G, equals G, the flexural rigidity G can be regarded as
the decisive fabric property that influences the Cj,

ber Re; the dashed line indicates the significance threshold (a=0.1);
¢ variance inflation factor VIF versus Re; the dashed line indicates
the VIF threshold (5); d multiple regression R,pc* and squared par-
tial correlations R, and Rep” versus Re; e squared semi-partial cor-
relations R,% and R.? and the squared shared correlation Ry versus
Re; b-e lighter colours refer to log G, (normalised flexural rigidity
calculated with Peirce’s method [17]); darker colours refer to log
G, r (normalised flexural rigidity calculated from the Grieer-Taylor
method [14])

Further parameters would be the air permeability and
the roughness of a fabric [1] which are probably more
applicable to skin-tight fitting sports garments. It is
doubtful that air can flow effectively through the pores
of a fabric when it flutters at a high frequency at large
translational and angular velocities, such that sections of
the fabric change their angular orientations constantly. As
for roughness, the height of the roughness elements of
a fabric is several orders of magnitude smaller than the
flutter amplitude (Fig. 3gh). Therefore, roughness cannot
have any significant impact on drag in fluttering fabrics
(but it can in tight fitting skin suits). Fabric wetness seems
to have an influence on the fabric aerodynamics as well,
as dry fabrics provide “slightly less drag” than wet fabrics
[1] except for coated fabrics. In fluttering fabrics, however,
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wetness increases the fabric weight w, and therefore the
drag of a wet and fluttering fabric is expected to increase.

Considering that the product of w and G, equals G,
analysing the influence of w and G, on Cj, with a multiple
regression, the equation of which is a sum (Eq. (19)) and not
a product, seems to be a methodological mismatch. How-
ever, since w and G, were expressed in logarithmic form,
the equation log(w) +10g(G,) =1log(G) is a sum.

From the statistical data (Figs. 4 and 6), it seems that
the G, p-data provided slightly better correlations than the
G,-data, i.e., better R%- and p-values. This result is not
further surprising, since the flexural rigidity calculated from
Pierce’s method requires only one coordinate (Fig. 2), the
bending length C (x=C, y=0), obtained from L via Eq. (2),
whereas the Griefer-Taylor method [14] requires a further
coordinate, the intercept b of the straight fabric segment
(x=0, y=>), while the other coordinate of the endpoint
of the overhanging fabric hinges on C: x=C and y=C tan
(—42.9°). The measurement of another coordinate intro-
duces a source of error.

The limitations of this study are fourfold:

(1) The fabric properties were restricted to w and G, and,
e.g., air-permeability and fabric roughness were not
included. Considering the three reasons for rejecting
a multiple regression (as stated above), more than two
predictors, e.g., three, increases the three equations,
Egs. (16-18), to seven [24], and the less likely it is that
a multiple regression is justified. This problem is exem-
plified in Fig. 6, namely that for Re < 150 k, multiple
regressions are not applicable (except for Re =90 k).

(2) Only eleven fabrics were tested in the wind tunnel. It
was difficult of find an acceptable range of the combi-
nations between stiff/soft and light/heavy. Particularly
the combination of stiff and light was lacking. A similar
problem arose in another study, requiring the combi-
nations of grippy/slippery and smooth/rough surfaces,
where the combination of rough and slippery was simi-
larly difficult to find [25]. Nevertheless, eleven fabrics
sufficed to provide the evidence that fluttering stiff and
heavy fabrics have a larger Cp,.

(3) The dimensions of cylinder and fabric samples were
based on the FIS rules as explained in the Methods
section. The cylinder diameter should therefore be
between that of a muscular thigh and upper arm and
the looseness ratio should give a distance between the
back surface of the cylinder and the rear edge of the
pulled back fabric of 60 to 80 mm. Since the dimen-
sions of body segments depend on body size, muscle
thickness, body shape and gender differences, a one-
size-fits-all cylinder is representative but evidently does
not fit all dimensions. However, the aim of this study
was to investigate the dependence of Cj, on bending
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stiffness and fabric weight on a cylinder size applicable
to SX and SBX, but not on different body segment sizes
on a larger scale.

(4) To calculate the drag coefficient of the cylinder without
and with fluttering fabrics, the frontal area was used
in the present study. When considering the amplitude
of the fluttering fabrics at the back of the cylinder, the
change in area is inconstant and varies at a high fre-
quency. Moreover, the frequent change in area cannot
be measured accurately. A better approach would have
been to express the aerodynamic parameter in terms of
the drag area Ad (= Cp-A) or in terms of the drag force
Fj,. However, for comparison purposes, especially with
respect to the bare cylinder, it is more understandable to
specify the Cj, based on the frontal area of the cylinder,
since the Cj, of the subcritical cylinder is known to be
about 1.1-1.25 [26].

The practical applicability of the results of this study,
particularly for racing suits of ski and boardercross ath-
letes, is seen as follows. That the Cj, of lighter and more
flexible fluttering fabrics is smaller than the C;, of the bare
cylinder in the subcritical flow regime does not mean that
we can expect the same results when applied to athletes’
limb segments. This is due to the fact that limb segments
are not necessarily aligned perpendicular to the free air-
flow, and due to additional interference drag with the ath-
lete’s body. It is well known that fluttering fabrics gener-
ally do not work any better than a skinsuit. However, it is
likely that lighter and more flexible fabrics will produce a
drag force closer to that of a skin suit, as opposed to heav-
ier and stiffer fabrics. The recommendation resulting from
this study is that clothing for ski and boardercross athletes
should be made of lighter and more flexible fabrics.

5 Conclusion

Both fabric weight w and flexural rigidity G increase the
drag coefficient in fluttering garments. The flexural rigid-
ity, normalised to the weight, appears to have a greater
influence than weight itself. These principles should be
taken into account when developing loose-fitting garments
required in ski and boardercross.

Appendix

Overview of the ski cross (SX) and snowboardcross (SBX)
rules, related to the usage of clothing, issued by the Interna-
tional Ski and Snowboard Federation (FIS):
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Rule 6. Competition Suits /6.1 Ski Cross (2022/2023 edi-
tion; [3]):

Suit base material shall be textile fabrics excluding rub-
ber, neoprene, leather or vinyl like materials or fabrics.
... Material shall be uniform for the entire suit from top to
bottom. ... Protection equipment including back protector
or any other padding or body amour must be worn on the
body and separate from the Ski Cross competition suit (outer
wear). Protection and padding must not be built into the
Ski Cross suit or attached to the Ski Cross suit by a zipper,
velcro or any other means.

Some years earlier, these rules were more detailed:

Rule 6. Competition Suits /6.1 Ski Cross (2018/2019 edi-
tion; [4]):

Suits worn in the Alpine events of Downhill (DH), Super-
G (SG), Giant Slalom (GS), Slalom (SL) and Speed Skiing
are not allowed. ... Fastening devices such as elastic straps,
zippers, nylon straps, buttons, snaps, velcro, one or 2 sided
tape, or any other methods shall not be used to tighten the
pant leg material closer to the body or make the pant leg
faired or aerodynamic.

The material gap shall be found everywhere at the meas-
uring control points, without stretching or pulling the fabric
apart from the underwear.

The measurement tool shall be certified by the FIS Olffice.
Standardized measuring control points:

Lower Body: Anywhere below the person’s mid point of
the thigh to the bottom of the pant leg. The pant leg must
cover the top of the skier’s boot (top of ski boot is the area
directly above the upper most buckle of the boot).

Upper Body: Mid-bicep (mid-bicep is found by finding
the mid-point between the tip of one’s elbow and the point
on the top of the shoulder where the Acromion bone in the
shoulder meets the head of the Humerus.)

The rules in 2016/17 [5] went even further:

Rule 6. Competition Suits / 6.1 Ski Cross (2016/17 edi-
tion; [5]):

The gap in the material must be a minimum of 80 mm,
measured everywhere around the circumference of each leg
from the mid-thigh to the top of the ski boot and 60 mm eve-
rywhere around the elbow and the bicep.

The measurement tool referred to in the 2016/17 [5] and
2018/2019 [4] editions of the FIS rules is available from
Settele Ltd. (Lindenberg, Germany) [6].

In snowboard cross (SBX), the International Ski and
Snowboard Federation (FIS) has similar regulations [7]:

Form fitting speed or downhill suites [sic] are not per-
mitted. Non protruding body protection and padding is rec-
ommended. Protective equipment i.e. back protection must
be worn on the body. No straps, fastening devices or other
methods can be used to tighten the suit material closer to
the body.

These rules apply to the snowboard disciplines of SBX,
slalom, and giant slalom.

Both SX rules (Protection and padding must not be built
into the Ski Cross suit or attached to the Ski Cross suit by
a zipper, velcro or any other means [3]) and the SBX rules
(No straps, fastening devices or other methods can be used
to tighten the suit material closer to the body [7]) imply that
there must be a gap between the protectors (undergarment)
and the competition suit (outer wear).
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