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ABSTRACT

ANALYSIS OF CRIMPING MECHANISM IN STUFFING BOX CRIMPER
by
NORIYUKI KOUGUCHI
Submitted to the Department of Mechanical Engineering on May
17, 1966 in Partial Fulfillment of the Requirement for the
Degree of Master of Science.

In this thesis, the basic mechanism for the stuffing box
crimper was investigated and made clear. The basic charact-
eristic, the crimp length 1l., is determined by the geometry
of the small crucial region ,an immediate neighborhoqd of the
nipping point of the feed rolls. The geometry is cotrolled
by the numerous factors such as, yvarn velocity V, bending
rigidity of the fiber EI or ED which is strongly affected by
temperature, stuffing box pressure Py , radius of the roll R,
width of the stuffing box W, friction coefficient u, number
of filament N, and nipping pressure P, . Furthermore, since
there are primary and secondary fluctuations in the geometry
of the foundation, the actually resulted crimp length 1. is
not regular but rather widely distributed.

Making the analyses carried out into a non-dimensional

form, 2 2
1 P 4
c s m n '
= A (W/R) ( V dp/dv) P(R,EI,N,T,u)
IIEI n l
More specifically,
2
1l p
c s -11 -1.75
= 1.85x10 (W/R) X
D
| 2
{0.184+0.78(V/V )-0.063(V/V ) Ix
o) 0

P(R,EI,N,T,u)
5

for Nylon 66 varns, E and p of which are estimated as 1.0x10
Kg/mm® and 1.14 g/cm@ respectedly.

Thesis Supervisor: Stanley Backer

Title: Professor of Mechanical
Engineering
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CHAPTER 1 Introduction

More than two decades have passed since "Nylon",the pio-
neer of the synthetic fiber and still predominant one, was
introduced by Carothers in 1938. Du Pont's propaganda for
promoting its sales was "the fiber, more slender than the
thread of cob-web, stronger than steel, brighter than silk,
and produced by air and water". But the essential features
in comparison with so-called natural fibers are its endless-
ness and straightness with smooth circular cross section.

During the introductory period in which Nylon, Polyester,
and Acrylic fibers were commercially produced, their producers
had been expanding their sales mainly by taking advantages
of these essential characteristics, in other words, those which
the natural fibers do not have. For example, slenderness and
high strength led to the huge consumption of Nylon stockings
and low moisture content and high bending rigidity threatened
the cotton industry with the catch-phrase "Wash and Wear".
However, these characteristics did not satisfy the human de-
sire for softness, bulkiness, or high moisture absorption
which the natural fibers, wool and cotton, have to a great
extent. These demands motivated the producers to develop
modification techniques which often led to a compromise, i.e.,
blending with natural fibers. In the process of staple fiber
production, it has been quite common, or more strictly speak-

ing, indispensable to give a crimped shape or waviness to the



fiber in order to provide fiber assembly cohesion to permit
handling. This idea, naturally gained by the study of the
natural fiber's shapel)and furthermore stimulated by the
demand toward softness and bulkihess of the fabrics, has re-
sulted in the processes of manufacturing "textured yarns".
Historically the process for texturizing‘yarn was first
seen toward the end of the last century when there was no
man-made fibers. The most primitive and still widely used
devise is "stuffing box method". It consisted of the axially-
split cylinder with many small holes.Z) The cylinder was
held together in advance by bolts and nuts, and hemp, lincoln
wool or sometimes cotton were stuffed into it by means of
man power , hydraulic power or etc.. The gases which were
generated by compression or heating of the stuffed materials
escaped through the holes; The processed materials in this
way then was heated up from the wall of the cylinder or di-
rectly in the hot water bath for setting. In contrast with
the above-mentioned batch-method, the continuous typeB) app-
eared around the same time. It consisted of a pair of feed-
ing rolls and a stuffing box where yarns fed in received
compression for a while. Although the stuffer element some;
times was realized in the form of a pair of belt-conveyers, )
these two basic elements, the feed roll and the stuffing box,

have remained essentially unchanged up to the present time.

The present day texturizing method was initiated by



Alexander Smith and SonsS), a leading carpet manufacturer.
In l9486) Smith was investigating the reason for the great
superiority of Indian wocl, costing about $.42 per pound,
over South American wocol, at $.18 per pound. Research teams
investigating the two types of wool determined that chemic-
ally they were identical but came to the unexpected conclu-
sion that the main difference was in the crimp of the Indian
fiber versus the South American wocl, which was almost st-
raight. Workers were able to prove that the difference in
properties between crimped and uncrimped wool was greater
than the difference between woocl and cotton. By 1950, Alex-
ander Smith designed a commercial machine to crimp South
American wool fibers and saved a substantial amount -6f money
by doing so.

7)

In 1951, Joseph Bancroft , an outfit specializing in
developing and licesing fabric finishes, purchased the lice-
nse for this invention and applied it to Nylon filament yarns.
The new yarn had improved its resilience, much greater ab-
rasion resistance, warmth due to the air retained among the
crimped fibers, and comfort in wear. Texturized synthetic
yarns now had a widened application due to the Bancroft pro-
cess togetherwith sei&al other techniques developed for the
purpose, which will be summarized in the next section. These

application included socks, spottswear, children's wear,

men's suiting, underwear, gloves,and etc..



1-1. Texturizing Methods

In this section a brief review of various methods for
manufacturing "textured yarns" is presented for reference
purposes. There exisg several ways of classification, but

generally they may be classified as shown in Table 1.

1. Conventional method: Scheme is shown in FIG 1. First
twisting up to 50-90 T/inch, then heat setting at 110-130°C
for about 60,min; thereafter untwisting to almost 0 twist,
then a little retwisting to reach no- torque condition.

2. False:twist method: Scheme is shown in FIG 2. False tw-
ist spindle of high revolution gives twisting and untwisting
continuously to the yarn. In front of, sometimes also at
the rear of, False-twist spindle there are heat setting zones
respectively.

3. Edge-crimping method: FIG 3 shows its schematic view.
Passing around the knife-edge the outside portion of the y-
arn is stretched, whereas the inner one is compressed toge-
therwith the_generation.of heat. Hence the former becomes
more oriented, the latter reduces its degree of orientation.
These two different molecular structure§,after fixed, deform
the yarn into a spiral configuration.

4, Stuffing box method: This will be detailed later

5. Air-jet or Steam-jet method: Scheme is shown in FIG4.

Air or steam-jet with high speed impinges on the yarn turb-

ulently, which is overfed into the nozzle slantwise with the



Tgble ] Texturizing Methods

8)

Method Application
Continuous Staple
filament fiber

conventional (multi-staged
X
twisting) method
False-twist method X
Edge crimping method X
Stuffing box method X X
Air-jet or Steam-jet
X
method
Gear crimping method X X
Chemical treating
X X
method
Conjugated (Bi-component)
X X
method
Knit-heatset-unravel
method X X

10




direction of the nozzle axis, therefore the yarn becomes
interlaced and bulky. Steam-jet improves its bulkiness due
to the additive effects of heat and moisture.

6. Gear crimping method: FIG 5 shows its schematic view.
Heavily crimped yarns result by crimping passing through a
pair of geared wheels which are usually warmed up.

7. Chemical treéting method: This method was developed some-
time ago in the process of manufacturing Rayon staple yarn.
It is an application of the difference of the contraction
behavior between sheath and core which resulté from the co-
agulation, process 'in the so-called spinning bath. Recently

a method which seems to belong to this category has been de-
veloped for Nylong). This method consists in a combination
of chemical treatment by phenol and physical treatment by
supersonic wave apparatus.

8. Conjugated (bi-component) method: Early studies of the wool
configuration and of crimped Rayon staple yarn}) showed a
bilateral structure and a sheath and core structure respect-
ively. This idea was first introduced by SissonlO)in his
patents earlier for Rayon, but it had not drawn much atten-
tion until du Pont submitted its technique applied for syn-
thetic fibers in 1955, and put these fibers into market under
the names of Orlon Sayelle Type 21, 24, and 2711). The basic

idea consists of the simultaneous spinning of the two diff-

erent polymers. Although the essential technique for this

nn



method lies in the designing of complicated spinning nozzle
apparatus and the good combination of two adequetly differ-
ent polymers, the priciple is fairly simple and its mechan-
ics has been investigated by Brand and Backerlé).
9. Knit-heatset-unravel method: This is very primitive but
still used sometimes. The idea is to take advatage of the
configuration of warp or filling yarn in the fabrics.

In Tabkle 2 we show the characteristics of the yarns pro-
duced according to the above-mentioned methods presumably at

13)
conventional speed .

1-2. Purpose of this Analysis

Among the variocus methods of texturizing briefly reviewed
in the previous section,. the method of "stuffing box type
crimping” is one of the most popularly adopted technique due
to the following reasons;

1) Simple mechanics, in principle consisting of a pair of
feed rolls and a stuffing box where the yarn is compressed
for a while.

2) High productivity, partly due to its simple mechnics, la-
rgely due to its seemingly simple mechanism, which results
in the only one mechanical technique in case of staple fib-
ers except the gear crimping method.

3) Unique configuration, i.e. zig-zaggéd waviness, giving

an effect of tassel-like feeling.

12



4) Non-torque yvarn but rather three dimensional crimp,

As a consequence, this crimped yarns are utilized in
the various fields, under the trade-names of "Banlon", "Per-
lon-Nevaflor", and etc. But on the other hand this simple
mechanism of crimping yields a few disadvantages to the oth-
er methods, such as a large dustributicn of waviness and va-
rious temparature effects. For overcoming these advantages
many investigations have been taken every year, judging from
the number of the ?atent application., Of course those texts
of patent sometimes indicate a kind of implication of what
the most important factor is in this mechanism, nevertheless,
there have been few published reports about this seemingly
simple mechanismf” '

In this thesis, the auther intends to investigate in
great detail the actual phenomena of buckling in the cruci-
al small region where the crimp mechanism initiates. From
observations on monofilament and sometimes multifilament to-
getherwith experimental crimp results, we hope to find a re-
lationships between the final crimp configuration and the
variocus properties of the material, or the environmental
conditions, From analysis of such experiments it should also

be possible to obtain a good insight into the effect of cr-

imp during the processing of staple fibers.

13



Table 2

Mehtod Characteristics of yarns g;zzgction

] Conventional fairly uniform, good crimp, ft/min
highly elastic, alittle stiff ~5
feeling

2 False-twist uniform, lower elasticity,
good feeling, high bulkiness =50

3 Edge crimping| non-torque, high bulkiness,
higher elasticity, good sta- 100-300
bility, uniform

4 Stuffing box irregular, zig-zag waviness,
soft feeling, low elasticity jéggﬂ

5 air-~jet similar to those of methd.],
less uniform, low pilling 150 — 400
resistance

6 Geafﬁg;zﬁgmuuﬂu}égular waviness, -1800

7 Chemical low elasticity, good feeling - -150 ?

8 Conjugated three-dimensional crimp, low ]

-1500 2

elasticity, uniform, good

feeling

9 Knit unravel

large crimp, uniform,

spinning speed

)

* for staple

yarn

14



CHAPTER 2 Experiment

2-1. Experimentation

The general views of the experimental device are shown
in FIG. 6 and FIG.7, the latter showing the general assembly
tcgetherwith the yarn packages.

The schematic diagram of the general arrangement is sh-
own in FIG.8, in which 1 are yarn packages from which the
unwound yarn gces through the disc-type tension device 2 and
is fed into the nipping point cf a pair of rolls 4, one of
which is positively driven and the cother an idler roll which
presses against the cther roll with a spring force 5 which
can be adjusted by a screw. The yarn seperating guide 3 is
inserted between 2 and 4. The yarn thus fed is accumulated
in the stuffing box 6 under the pressure by means of the
dead weight 7. The sideplates of the stuffing box are made
of the transparent "Plexyglass" so that the crimping pheno-
mena could be looked in. The D-C motor of 1/15HP S with the
Variac speed ccntrol 10 controls the speed of a roll through
the chain-sprocket speed reducer 8. The more detailed ske-
tch FICY9 shows the face-view of the main device and FIG.10
does the side-view.

1. A pair of rolls, two different sized rolls, 2 and 3 in-
ch diameter with 1/2 inch thickness fixed, are available,

miller finished surface of stainless steel.

15



FIG.6 GENERAL VIEW

FIG.7 GENERAL VIEW
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FIG.8 GENERAL ARRANGEMENT
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2. Sliding plates, the distance of the plates, called W,
can be adjusted by the hclder 7. The tips are made cf Tef-
lon tc avoid abrasion.

3. Side plates, made of Plexyglass

4, Housing

5. Pushing bar, which presses the idler roll against the
positively driven roll by means of spring, the force of wh-
ich can be varied by screw 6.

The special arrangement for looking at the crucial re-
gicn of crimping is schematically shown in FIG. 11. 1 is
the positively driven roll, 2 is made of transparent mater-
ial and deeply recessed-in which enables us to see the cru-

cial region 4 through the reflecting miller 3.

2-2, Experiment
2-2-1., Preliminary Experiment

To grasp a crude idea of crimping mechanism at first,
preliminary experiments were run by using 380 denier Nylon
66 mcnofilament. Because of its extraordinarily high bkend-
ing rigidity in comparison with that cof the actually proce-
ssed fine denier yarns, even the crucial recion could ke cb-
served through a telescope.

The building-up of foundation, which means the fiber
assembly of the crimped yarn under pressure and is so call-
ed henceforth, is shown by FIG. 12 and the resulted crimped

yarns are shown in FIG 13.

18



The results obtained here are;
]) Crimping mechanism is actually a twist bending in the ti-
ny region between the nipping point and the tip of the fou-
ndation. The twisting which is clearly shown in FIG. ]3 is
caused by ®Je flattening of the originally circular cross
section due to the nipping pressure, because the minimum strain
energy priciple requires the bending in the direction of
the lower bending rigidity and the twisting energy is usually
far smaller than that of bending.
2) From the photographs of FIG. ]2 building up mechanism of
the foundation is not steady but first fluctuate alternatively
in the direction of the axis of roll in the vicinity of the
tip (which is defined "primary fluctuation) and secondly and
macroscopicly fluctuates in the direction perpendicular to
the axis of roll in the delta region.
3) Since there is a twisting, the resulted crimp yarn is in
three dimensional configuration as shown in the top picture
of FIG. 13.

4) The middle pictures show that the crimp waviness is quite
dependent of the geometry of the device, since those two
different crimpnesses were resulted by just changing the roll
radius R.

2-2-2, Experimental Results

2-2-2-]. Definition

19



2 INCH ROLL

3 INCH ROLL

380 DENIER NYLON 66

FIG. 12 BUILD-UP OF FOUNDATICN
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Although there are several ways of describing the crimp
characteristics, the two basic parameters for the fundamen-
tal investigation are defined as follows (see FIG.14),

Crimp Length (1)
c

Crimp Angle © )
o]
From the above definitions, the two commonly used parameters

Crimp frequency C , Number of crimps C. per extended fiber

: f n
length L and Crimp index C , the extendable length d of a
o i
crimped fiber devided by L are represented as follws,
o

c=Cc/ L =1/ 21
f n o c

C=4d/ L x100% =( 21 -21 sim@ )/ 21 x100%= (l-sim® )X100%
i o o) c c c . c
.
2-2-2-2, Qalitative relations among the various factors
From the previous preliminary experiment, the follow-
ing qualitative relationships can be established among the

properties of materials, the dimensions of the geometry and

the other environmental conditions.

EI
u
A%
P —> Temp -—_—>1 Buckling Stage
s c

Geometry (R, W)

P
n

N

22 7



(1) —> T
c Setting Stage
P —> s >0, -
S c ;
Temp

1) Buckling Stage

Ih this stage, crimp length 1 is determined. Among
the various factors P ( stuffing ng pressure), EI (bend-
ing rigidity), u( friition coefficient), P ( nipping pre-
ssure affecting the effective bending rigigity "EI"), N
(number of filaments also affecting "EI"), and Temp (temp—‘
erature affecting Young Modulus E) are the factors deter-
mining the characteristics of the foundation. R(radius
of roll), W{ width of the stuffing box), yarn speed V and
ﬁ are the determining factors of the geometry of the found-
ation. To emphasize the common importance of P in the
commercial production P is put outside of the ;ox.

s

2) Setting Stage

In this stage, the yarn,which was fairly completely
buckled into the folded configuration,will recover under
the pressure in the foundation as shown in FIG.15. This
recovery behavior and setting process are controlled by
processing time t,relaxation time T, and crystalization
speed S . The latter two factors are influenced to a great

c

extent by temperature Temp. Temperature effect for the

relaxation time T is replaced by t because of the =

23
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FIG.14 DEFINITION

UW_,

FIG. 15 RECOVERY OF CRIMPED YARN

LELTA REGICON CF
FOUNDATICN

FIG. 16
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Temp~time superposition principle and 1 is generally de-
creased as temperature increases. But S has generally

a peak at certain temperature, thereforecthere is some
optimum temperature for a suitable setting condition.

Since the principal purpose of this thesis is to invest-
igate the basic phenomena and their mechanism and the sett-
ing condition or mechanism have been fairly well resear-

ched, all the experimenrs are concerned with the buckling

stage.

2-2-2-3 Design of Experiment

To get efficiently the various relationships among
the many factors, the following scheme of experiment was
designed as shown in Table 3.
The experimental conditions are;

Yarn speed: V

v 35.6 ft/min b
11
v 83.4
12 » for R roll
v 131 1
13 :
v 260
14
\% 53.4 A
21
\Y 125 r for R roll
22 2
v 197
23 /

Yarn denier: D

25



D 7 denier- 1 fil.

1
D 15 -1
2
D 30 -1
-3
D 70 - 34
m

Pressure: P

2 )
P 116.7 g/in
sll
P 233.4 r for W
sl2 1
P 406.0
sl13
P 124.5
s21 3
P 249.0
s22 for w
P 410.5 ’ 2
s23
Width: W
W 9/16 inch
1
W 13/16
2

Clearance between W and dead weight is 1/16inch.

Number of Filaments: N

N 1
1
N 2 spacing is 1/16 inch
2
n 3
3
N 34 1/2 Z twist
m

Diameter of Roll: R

R 2 inch

26



Process time; t
t 10 min
1
This time is measured after the steady state is re-
ached, which means the state where the fiber assembly fills

up the top delta region of the foundation as shown in FIG.16.

Nipping pressure:P

n
P 10 1b/in
nl
P 25
n2
P 40
n3

Material: du Pont's Nylon 66, Type 280 Semidull, the strain-
stress curves are shown in FIG.17.
Room Condition:
Temperature 67 °F

Humidity 60 %

2-2~2-4 Experimental Results
2-2-2-4-1 Relationships

After ten minutes passed, the dead weights are taken
out and then crimped yarns are slowly pulled out. After
the inked mark which shows that the yvarn is processed. in
the steady state was pulled out, several portions of the
yarn was cut out in length of about 2-3 inches by a sci-
ssor at random and the four of them are laid between the
micro slides under a small tension which makes fhe meas-

urement under microscope easier. Through the microscope

27



the crimp length 1 1is measured at ten different positions at
random. After makgng an average X , then five guantities near
to the X are again averaged. Thig this X 1is converted to

an actuaiol in millimeters. These resultssare shown in Table

c
4 to Tablell and FIG.1l8 to FIG.25.

2-2-~2-4-2. Observation of Buckling Region and Primary Fluctu-
ation of Foundation

The observation was made with help of the special device

indicated in FIG. 11 and the intermittent sketches are shown

in FIG.26 and their schematic view of the buckling history in

FIG.27.

2-2-2-4-3. Simulation of Buckling Region

Using a thin copper wire which is almost plastic, a simu-
lating experiment was carried out and the result is shown in
FIG.28. FiG.29 shows the schematic view, in which 1 and 2
are transparent plates having a small hole respectively thro-
ugh which the thin wire 3 is pushed in by a steel wire pusher

5 through a supporting cylinder.

 2-2-2-4-4. Building-up of Foundation, Secondary Fluctuation
FIG.30, the corresponding schematic view in FIG.31 and

so forth upto FIG.34 and FIG.35, show the history of the suc-

cessive groups of the crimped yarn by intermittently inking

the fed yvarn at the tension device.
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FIG. 31







FIG.33

36



17 18
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FIG.



The white portion and inked one have the same area approxim-
ately. The experimental conditions are:

\ D p W R N P
11 2 sl2 1 1 2 n2

2-2-2-5, Summary of Experimental Results

1) General relationships among factors are briefly summa-

rized in FIG. 36.

2) Buckling mechanism is determined by the geometry of the

crucial region.

3) Primary fluctuation is the main cause of the wide dis-
tribution of the crimp length 1 .

4) Effect of the nipping pres:ure is the higher probability

for flattening of the round cross section in the case of
mono-filament and negligible in the case of multi-filament.

5) Effect of the number of the filament seems to smooth

out the irregularity of the primary fluctuation.

CHAPTER 3 Analysis
The careful observations described in the previous cha-
pter have indicated that the crimping mechanism is a simple
buckling one so that once the effective column height h is
detérmined by the environmental conditions the crimp leigth
1l is fixed. Nevertheless, becuase of the fluctuation of
c

the geometry in the crucial region the actual crimp length

1 is not regular but widely distributed.
c

39
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Since the whole process of the stuffing box crimper can
be devided into three stages; ( buckling stage, the formation
of foundation, and the determination of crimp angle ©), this

chapter is arranged in that way.

3-1. Qualitative Analysis
3-1-1 Buckling Stage

Referring to FIG.26, 27, and FIG.28, when the effective
column height h is once determined somehow the actual buckl-
ing mechanism cin be modeled as shown in the successive dia-
grams of FIG.37. In case of mono-filament, since there is a
little twist due to the flattening effect of the cross section
the buckling plane is three dimensional. From the facts that
when the running roll is suddenly stopped and the yarn just
buckled is pulled out immediately from the crucial region the
crimp disappears almost completely and that the material shows
much higher Young Modulus in the rapid deformation, this buckl-
ing could be treated in the elastic region. Hence due to the
end moment M in No.5 of FIG.37, the successive buckling takes
place in the other half plane in stead of the same half plane
as indicated in No.5' figure. The actual crimp length 1 1is

C

essentially determined by the effective height h as 1 = h ,
e c e

but the effect of the speed V should be considered here.
2
By modeling it as in FIG.38, that is, the inertia force oV

acts like the distributed axial force, the following equation
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16)

is given by Timoshenko ’
= EL
where m is a function of n= ?Vzhe/CE%%i_ (2)
Q

the values of m are tabulated. Since P is the source of the
strain energy of this system and the system will buckle in
such a way that the strain energy should be minimum, it is
reasonable to assume P is constant in the equation (1). Then

m is a measure of h in some sense. The result is shown in
e
FIG.39 and shows that there is essentially no effect on h by
e
velocity V.

The configuration of the crimped yarn just before being
compressed plastically by the foundation is not significant
for the characteristics of the crimped yarns, but it could be
solved in the following way. In general the model is like

the one shown in FIG.40, where P is a spring force and f
sp f
is a frictional force, both of which result from the neighbor-

ing yarns, and £ 1is an inertia force. If we are really con-
i
cerned with the crimping of the staple fibers, the frictional

force £ could become significant. Symplifying this so comp-
f
licated system, FIG.41 shows the case where the built-in col-

umn, the height 1 , is under P , M ,M ,and distributed force
c s t b
f which is equivalent to a combination of f and f . Further-
e f i
more if the buckling is assumed in the plane, the effect of

M can be dropped. Then,
t
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EIY"=—_M

M=P y-M s (3)
s b

aM = P dy + [ f ds.dy

ds sds ° e ds )

Taking y" as 48 , and dy = sin@,
ds ds
(4)
togetherwith the boundary conditions
%% =0 and 0=« (5)

This should be solved numerically. When P is the only acting
force, the case is solved in Timoshenko's Zook.lG)
3-1-2. Formation of Foundation

Recalling FIG.26 and 27, FIG.30 to FIG.35, the formation
of the foundation, which is the essential determining stage
of the Crimp length 1 , can be devided into the two regions,
the first is the veryctip of the foundation where the primary

fluctuation takes place, the second the delta region of the

foundation where the secondary fluctuation initiates.

3-1-2-1. Very Tip of Foundation
In this small region, the crimped yarn constituting the
planes parallel to the roll axis, is piling up as shown in
FIG,27. Since every triangle is so close each other and the
gap between the two rolls is so small, these planes act like
rigid planes to the vertical pressure P , interacting each
S

other through their frictional forces between the boundaries.

This is very similar to the fluid motion between the plates
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under the constant pressure. Since the diameter of the yarn
is so small, the analogy between the velocity in the fluid
and the displacement of the plane layer system seems to be .

reasonable as shown in FIG.42. In the laminar flow of Poise-

17)

ulle flow ,
| dP
Vx="2_i-_aR(Yoz'y2)
| dP 6

Vx'mmz wazo)z_;T["&" y°2 (6)
where Y is viscosity of the fluid.
From the equation (6)

2
he = Lo (consf"‘rze—u’ips) 7)

= £("u", P , geometry)
s
where "g" is the effective shear force(lb/in), which could -
possibly be changed by the wedge action from the periphery

of the roll. Since the buckling mechanism necessitates some

definite space, we get from FIG.42

R (1-cos ;)= R (1l-cos @Q,)

1 2
and N (8)
5oL sine _ "M Py
Py
Therefore
h =1 « (const. -const.sin @) (9).
e c 1

The behavior of the primary fluctuation itself is considerably

dependent on velocity V and possibly on mand geometry. As
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velocity increases the fluctuation becomes rather irregular
and the fact could be compared with the fact that when the
water jet impinge& the plane, the increasing velocity makes
the shape of the radial out-flow from the center turbulent
and irregular. This irregularity is the essential defect of
this mechanism and is so complicated that the only thing we

can is to assume some distribution function for this effect.

3-1-2-2. Delta Region of Foundation

The behavior of the fiber assembly of this region can
possibly influence the variation of the crimp length 1 .

The various affecting factors are discussed in order. ©
3-1-2-2-1. Effect of Yarn Velocity V:

The velocity of the in-coming yarn V affects the geometry
of the foundation in the following two respects; 1) inertia
force, 2) frictional force between the planary layers which
consist of the crimped yarns.

1) In-coming yarns impinge on the tip of the foundation while
the yarns themselves twist and buckle successively, therefore
this inertia force tends to deform the shape of the tip of the
foundation. This effect may be represented by

1< F (V)=&CV? (10)

c i
2) A schematic model for the tip formation of the foundation
is shown in FIG.43. Each layer, which consists of the crimp-

ed yvarn, slips each other under the influence of the frictional
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force due to the stuffing box pressure P . This relative slipp-
s

ing motion can be modeled as shown in the lower figure of FIG.43.
Consequently the lowest layer has a kind of tension similar

to the surface tension in the fluid. This tension T should
balance the frictional force along the surface of ch roll in

a quasi-stable condition. This mechanism can lead to the fo-
llowing model, i.e., the problem of a suspension taut string
under the uniform load P per unit length in FIG.44.

s
The well-known governing equation is

2
dx Te
togetherwith y=0 at x=0

y=0 at x=1

At the mid-point x=1/2,

Y |
i gTe (12)

Reconsidering the relative slipping motion, this is essentially
equivalent to that in the drafting process. Since a great

deal of attentions were paid to the drafting mechanism in the
textile industry and many investigations wre accumulated; it

seems to be natural to use some of those results. Typical re-
18)

sults with respect to the friction-velocity relationships are

2
F= (a +a V+ta V ) (13)
1 2 3
v € 90 ft/min
2
F=b- c exp(-V) = (b +b V-b V ] (14)
1 2 3
V<60 ft/min
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Equation (14) shows that the frictional force varies at lower
velocity but gradually approaches to the constant asymptotic

value. Since the crimp length 1 1is proportional to the geo-

c
metrical length 1 , from the equation (12)
g
2
h=1«1-y =1 - P 1 /4T (15)
e ¢ g max g s e

In the quasi-~equilibrium condition, T is comparable with the
e
friction force in the drafting F, therefore

P L*
1 1 - =F (V 16
c°< g 4‘(b|+ sz*bgvz) f( ) ( )

Combining equation (16) with (10), a reasonable relationship
between the crimp length 1 and the yarn velocity V is
c
2 (17)
l <« c+cV-~-cV
c 1 2 3

where ¢ , ¢ ,and ¢ are all constants and positive numbers.
1 2 3

3-1-2-2-2. Effect of Geometry W,R, and Friction Coefficient
M
A schematic view of the device under consideration is

shown in FIG.45. In considering the force balance, the force
contribution of the tip of the foundation can be neglected
because of its tiny area. Furthermore the analysis is taken
in the two dimensions, in other words; the side wall effect

and inhomogeneity in the vicinity of the side wall are neglect-
ed. Taking some void region in one side into account; the

equation of force balance is,
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e 9.

]

1! 9, 05
= RR g@Cosefﬁne)dG + T(Mcosg+si“e)d9 (18)
i 0,
where 1:—%—’ osq<1l
'
Rearranging
Ps-W -4 . (;+q ) )
=1 cos O, Sin 0,8 -sin (0,- 19
2P R [1vp? 2 ¢ 2 B |-sin (-)| (19)

where tanp = l/M

Therefore

1 = Rsin@,= Rsin|g ¢ sin™ m:iezs;,( 1+ 1,8
g 2 2

2 PI\. R‘ {+ M2

Finally using a geometry W= 2R (1 - cos9,),

- B W } (20)

l=f( Rl“r‘(l W)
°)

= Rsin[ B +sin™'| cos ’;" {cos"'(l—zﬁé-)}sin lT“’{cos"((_
_ P W
2P R [t M2 (21)

This equation shows the general tendencies,

as W increases 1 decreases

g
as R increases 1 increases
g9
and 1 are not simply related,
g
where P / P 1is assumed to be a constant in a way.

s r
3-1-2-2-3. Effect of Bending Rigidity EI and Stuffing Box

Pressure P
S
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There seem to be two different approaches; the first in-
troduces the idea of compressibility of the fiber assembly,
the second is from the point of multi-layers system taking
friction force into consideration. The actual mechanism is
so complicated the combination of these two approaches may
give a reasonable analysis.

1) Compressibility of Fiber Assembly:

The idea is as follows; if we could know the compressi-
bility ( equivalent to Bulk Modulus ) 0f the foundation, the
distance which the tip of the foundation will squeeze into
the narrow region between the two rolls should be predictable.
In other words, assuming the homogeneity of the fiber assembly
and using the elastic relation between Bulk Modulus and elas-
tic one dimensional strain, the distance of squeeze-in should
be estimatable.

One of the earliest investigations in this area was under-
taken by Van Wyklg) in 1946 and several analyses were later
initiated especially in JapanZO). Although all the analyses
sofar were based on a one- dimension model, a few of them
seem to have good insight into the real situations caused by
the complexity of the fiber assembly.

Looking at the situation where the fiber assembly is com-
pressed by a load on the table one-dimensionally, the assump-

tion is made that every fiber crosses the other fibers in the

fiber assembly, forming a kind of net. The compression mecha-
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nism is considered to be the case in which each element acts

like a simple supported elastic beam with a concentrated load

at the mid-point as shown in FIG.46. The distance between the

cross points is considered as one unit, and defined as element

length 1 . Therefore one half of the span length of a simply
e

supported beam is equivalent to 1 . With help of Strength

e
of Materials, the deflection § at the mid-point due to load W

L
is 3
§d=1 W / 6EI (22)
e L
If we consider this beam as one unit, the load W can be rep-
L
laced by pressure P , the deflection by straine€. There-
S
fore a small increment of pressure dP and that of strain de€
s
are connected by
ap =—2EL e (23)
s Le

and this integration will lead to the equation of compression

of the fiber assembly.

But the element length 1 will change in the process of
the compression phenomenon. eThis can be reasoned as follows;
at a state of no-load let the number of the elements in the
fiber assembly N and at a certain stage N. Then the increm-
ent of the numbeg dN as the height of the fiber assembly is
reduced as much as dx under the one-dimensional load is appro-

ximated by

dN= -N U{x)d%x (24)

53



In the present analysis U(x) is considered as a constant since

we consider the one dimensional small change. And

(H-x)/H =§¢

o o ,
where H is a initial height of the assembly, hence
o
-dx = H 4§ (25)
o

Substituting equation (25) into equation (24) and integrating

with the initial condition N = N at €=0,
o
UHE
N =Ne o (26)

Furthermore, the inversely proportional relation is assumed,

C( -UHQQ -y
1=—te (27)
e N
where C 1is a constant.
1
Finally we get
3
[
__2EL N 3UH,¢
ox - —ZELNL (Ve )

Now this equation is applied for our problem. Although
in the actual case the boundary of the fiber assembly consists
of the two circular arcs, this small region can be approxima-
ted as the one shown in the above figure of FIG.47. By the
small increment of pressure dP , the assembly suffers a small
strain d § according to the eqiation (28).

Since at the bottom the pressure is essentially zero, the mi-

ddle portion of the assembly in the neighborhood of the bottom

54



has a tendency to reduce its strain energy,i.e., to bulge out
from the original position. Hence the bulge-out distance is
considered to be proportional to its strain §.

That 1is

lo _$LthL¢_ ¢ S0 WY
3uH.3 2Nd EL

nce o -T= _l— -—lﬁ-’-—c‘s
" ek b AT EI/[“’*“’ Tl

=Lyt ALZ—E—(E?;T\S (30)
2) Multi-layer System Approach:

It was observed in the experiment that the building-up
mechanism can be schematically shown as in FIG.48. Then the
small region of the tip of the foundation could be approxima-
ted by a simply supported multi-layer beam with uniform load
P in the two dimension as shown in the lower figure of FIG.48.
Tiis kind of analysis has led to the following general govern-

21),
ing equation ,

\Y

N"EI"%+ - 5: (Tynt 55) (31)

where
V ; over-all shearing force

N ; number of layers

"EI" ; equivalent bending rigidity

K ; curvature of the center line

Y, X ; space coordinates

h ; height of a layer

f ; frictional force on the bottom of i-th layer

i
; coefficient of friction
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P ; normal pressure on the top of i-th layer

r

i+l
For a good approximation in this bent shape, the normal pre-

ssure can be considered to vary linearly from P at the top

22) s
layer to zero at the bottom layer and so is the frictional
force £ =MP .
i i
Equation (31) becomes
_ vy kMR N
M P
- N‘ e L v 2 4% (nove-) (32)
. ‘\» Lo
z [‘El—d-’{-, M{Ps] when N1 (33)
Solving this equation (33) togetherwith
y= 0 at x = 1/2
dy _ -
H-,Yx— =0 at x = 0
—gi“y;_= 0 at x = 1/2
A Ps ¢ Mkp: FR Y
= P03 % o REx 3 Ly + ( (34
T2 BN 12"E 1" 2 : 34
the defection of the mid-point ( at x= 0) is
4 kﬂ?
§=c -2k li. 5 _ ‘ 35)
“, TTEIMI N 338 9 ‘
Hence,
l1xl -§=1 -A.-#Lf (36)
c g g EI

Next the equivalent bending rigidity "EI" is analysed.

The following assumptions are made; 1) the configuration of
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the crimped yarn is zig-zag, that is, of repeating triangles,
2) the crimped yarns lie in a plane, 3) the weight of yarn
is negligible. Referring to FIG.49 we consider one unit of
the layer, a triangle ABC. At points A, C, moment M is app-
lied as shown by doubled arrows. Seperating AB and taking
components of M along the direction of AB and perpendicular
to AB, Mt is a twisting moment and Mb is a pure bending mo-

ment as in FIG.50.

Then the deflection at the point B by the bending moment

M 1is
b 2 . 2
Nboqc MSWI ‘P Xc
= . = 3
I 2EL 2E1 (7
the twist angle is
Mt £ Mcs ¥ S
e = = - (38)
8 ‘%If GIf

Now considering the deflection at the point C relative to

that at the point B, deflection due to Qgis

) 2
’ 2
SC'= 9; ea Sl‘.h 2 ‘? = z ‘iQ:,; ? CQ3 .‘P g( (39 )
P

By the bending moment M

b

, 2
gL Hen? b (40)

2EI
Twist angle is

e — M <ol !agt (41y
< GI -
P

Recalling that this value of twisting exists at the point a

already by the preceding unit, the total deflection from A to
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M sin'g. l:_'_ 2M costP.sin P-4 (42)
2ET GIy

Cis 8‘= 2

The equivalent bending rigidity "EI" is thus defined,

MG sing)’ [sing . 2cetP sing
" » = 2“1(, ’ +
2"El | 281 G Lp
therefore
n ' __. g‘\“\P
" 2EL T
where G is a shear modulus %bfmally with G = K E, and I is
3 p

moment of inertia and in case of a circular cross section

I = 2I. Hence,

p ‘ 1
nET" = EI‘ , s;“ ?Sggag (44)
2 Ks

Two approaches have been worked out so far and they have
given the similar functions, i.e., 1 = F("EI"/P ) or F(P /"EI").
Generally speaking, the first approagh, that frzm the viZw—
point of compressibility of the fiber assembly, provides a
measure for the bulge-out of the tip of the foundation and
the second one, by simulating the actual system into the multi-
layer system, gives not only a measure for the bulge-out but
also an approximate shape of the tip of the foundation.
Furthermore using the following Taylor series

log x =H’X’;l +-l£%—)ﬁ-—§‘- e%l—)i ..... (45)

(x>1/2)

it will be found that the both equations (30) and (36) pro-

vide a same tendency for the dependence of the crimp length
1 on the pressure P and the bending rigidity "EI" in terms
c S

Of P v/llEIll .
]
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3-1-2-2-4. Effect of Number of Filaments N:

Since the distance between the neighboring yarns are la-
rger than the crimp length in é€ég§se of monofilaments, the num-
ber of filaments contributes to smoothing out the irregularity
of the primary fluctuation and this contribution is not too
~great. In the case of multi-filament yarns the filaments are
very close each other, therefore this effective bending rigi-
dity will be changed. Following the multi-layer system theory
the actual bending rigidity is somewhere between N(EI) and
N2(EI) , the former of which is the bending rigidity o? a
compleie freedom motionconsideration and the latter is that
of a no-freedom motion theory. Furthermore it is reasonable
to assume that as P increases the effective bending rigidity
of the multi—filameits comes closer to that of the no-freedom
motion theory and this is indicated by the experimental result.
Hence

"EI" = (P ) (EI)
S e (46)
2
where N<A(P )<KN .
S
3-1-2-2-5, Effect of Nipping Pressure P

Judging from the measurement of thz flattening of the
cross section, there is no considerable difference in the de-
gree of the flattening, but it was observed that the total
length of the flattened section per unit length is generally

increased as P is increased. 1In the case of multifilament,
n
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since there was no flattening effect this nipping pressure P
n

does not contribute to the crimp lenght 1 as long as p is
above the limit value which guarantees thg positive feeging
of the yarn.

3-1-2-2-6. Temperature Effect Temp :

As far as the crimp length is concerned, the temperature
can affect Young Modulus E only and this E does influence the
crimp length 1 through the characteristics of the fiber ass-
embly ( foundazion). Therefore once Temp-E relation is given

and the average temperature of the foundation is assumed, the

previous analysis can give the answer.

3-2 Dimensional analysis
The previous gqualitative analysis has led to the equati-
ons which give the relationships among the factoré affecting

the crimp length 1 . They are:

C
1 o< (const - const.sin@) (9)
c 1
2
l1 «< C+CV-C v , (17)
c 1 2
1 « Rsin{[g-y sin” [cns-l-z-‘(-{ I('_ R)} sfn{—'fzix
c i
s -6 zPrRJT;—;“ (21)
EI
1 % K+ Alog =5 ) (30)
e o TO9TB(RM
or
1 « K- A —E—-—f" 3 (36)
c 1 1 &I

61



In order to get the approximate and compact relationship in
the non-dimensional form, the following procedures were carri-
ed out.

From the equation (9) using equation (8),

1 =f (R/R) (47)
c 1

The equation (17) was actually derivated by the friction-

velocity relation consideration, so that

1=£f (V-dWav) (48)
c 2
or more appropriately for the realistic purpose,
2
1=f£ { c+c¢C (V/V )-C (V/V ) k (49)
c 3 1 2 o 3 0

To simplify the equation (21), we assume { =1 mmie=taﬂ4ﬁr

is constant then

1 =f£f (WR) (50)
c 4

The equations (30) and (36) togetherwith the elastic buckling

theory, the following non-dimensional quantity is considered.

2 2
1 P 4
c s
(51)
IIEI"
where 4 is a diameter of the fiber concerned.
Therefore the final form is
2 2
1 P 4
—S S5 = f (R/R) £ (Vd /dV) £ (W/R) (52)
"EIII l 2 4
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Taking the probability function P(R,EI,N,T,M), which relates

the primary function, into consideration and combining f and

1
£,
4 2 2
1 Ps d m n

c = A (W/R) (V-dAM/QV) P(R,EI,N,T,M) (53)

IIEIll 3
or

2 2

1 P d
c s m 2
— = A (W/R) C +C (v/v ) -C (V/V ) X
4 1 2 0 3 0

P(R,EI,N,T,N ) (54)

where V represents the standard velocity and T does the thi-
0

ckness of the roll.
If the density Y is constant, in other words, as long as we
are concerned with the same.material, d and I are related
with the yarn denier D as follows,

2

d ™ D

2 (55)
I o D

Therefore,

1 P . i )
€ S =a (W/R) {C + C (V/V )-C (V/V ) \ix
1 2 0 3 0

E D
P(R,EI,N,T,M) (56)
Referring to FIG.51 and 52,
2
tr, -11 ~1.75
= 1.85x10 (W/R) 0.18+0.78(V/V )-0.063x
0
D
(V/V ) P (R,EI,N,T, M) o (57)

0
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where the numerical quantities are taken as
E= l.OxlO5 Kg/mm2
$= 1.14 g/ cm3

CHAPTER 4 Conclusion

The complete analysis of the whcle mechanism of the stuff-
ing box crimper is so complicated, because there are a three
dimensional buckling mechanism, a frictional behavior of the
material with respect to crimp configuration and velocity,
the characteristics of the fiber assembly which is also com-
plicated, and visco-elastic properties of the material toge-
therwith the crystallization behavior under the stress and
temperature effects. Nevertheless, by step-by-step careful
Qbservations and simulating experiment, the basic mechanism
for the determination of the characteristic length of the
crimped yvarn 1 was made clear. The determining mechanism of
the crimp anglg O.was briefly discussed and left to the future
research.

Simplifying and modeling the actual mechanism, the theo-
retical analysis has led to a good agreement with the experi-
mental results and is finally put into the non-dimensional
form. And as far as the experimenﬁs carried out are concerned

the non-dimensional form i§ given quatitatively.

Summarising the obtained results;
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1) The crimp mechanism is a successive rapid buckling in the
small crucial region, an immediate neighbcrhood of the nipping

point of the feed rolls.

2) The geometry of the crucial region is a determining factor

of the crimp length 1 .

c
3) The relationships in the non-dimensional form are,
2 2
1 P d
£ S5 =f (R/R) f (V-aW4aVv) £ (W/R) P(R,EI,N,T,M)
n 11 l 2 4
EI
or 2
1C Ps * m 2
= ,A (W/R) C +C (V/V )"C (V/V ) P(RIEIINITIM)
E D 1 2 0 3 0

CHAPTER 5 Suggestions for Future Work

In this thesis the basic crimp mechanism for the stuffing
box crimper was made clear. Nevertheless, due to the comple-
xity of the crimping mechanism and its involvement with nume-
rous sub-mechnisms the following investigatins are suggested
to develop a more complete understanding of the whole crimping
process.

1) Crimp Rigidity; this is naturally related to the crimp an-
gle @ and should be studied from the stanpoint of visco-
elastic behavior. For example, using a heavy denier monofila-
ment the following investigation is suggested. First one unit

of the crimp configuration is studied under the influences

of temperature, time, crystallization, and relaxation behavior
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as indicated schematically in the below figure.
: EI
Time Crystallization
Temperature ff Relaxation
Q.varies
Independently pressure P - crimp angle®.in the fiber assembly
should be studied statistically.
2) Probability function P; more detailed observation through
the high speed movie camera is recommended to establish the
statistical behavior of the piling up of the tip of the found-
ation.
3) Buckling of the multi-layer system; to extend these studies

to the case of staple fibers, this investigation sould be

carried out. P

Jiod

diid
X

g1

]

4) Fricticnal Behavior; under the several level of the lateral
pressure, a study should be made of the p vs V relation with

respect to crimp configuration, denier and material.

<« JPRPOK —

This is clcsely related with the drafting mechanism except that
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there is no positive lateral pressure.
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FIG.1 CONVENTIONAL METHOD
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FIG.

4 AIR-JET or

STEAM-JET METHOD
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<——— TAKE UP PACKAGE

FIG. 5 GEAR CRIMPING METHOD
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FIG.9 Detailed Sketch of Main Device
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10 SIDE VIEW OF FIG. S
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AXIS OF ROLL

FIG. 11 Special Device for Observation of

Crucial Region
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Table 3 Design of Experiment

Group 1 D W N R t P (fixed)
-l 1 1 1 n2
P v P v P v
sll 11 sll 12 sll 13
P Vv P V. P A%
sl2 11 sl2 12 sl2 13
P v P v P v
sl3 11 sl3 12 sl3 13
Group 2 D N R V t P (fixed)
2 1 1 12 1 n2
P W P W P 17
sll 1 sl2 1 sl3 1
P W P W P W
s21 2 s22 2 s23 2
Group 3 D R V W t P
2 1 12 1 1 n2
P N P N P N
sll 1 sl2 1 sl3 1
P N P N P N
sll 2 sl2 2 sl3 2
P N P N P N
sll 3 sl2 3 s13 3
Group 4 N W R V t P (fixed)
2 1 1 121 n2
P D P D P D
sll 1 sl2 1 sl3 1
P D P D P D
sll 2 sl2 2 sl3 2
1% D P D 14 D
sll 3 sl2 3 sl3 3
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Group 5 D v N W t P (fixed)
2 12 2 1 1 n2

P R P R P R
sll 1 s12 1 sl3 1

P R P R P R
sll 2 sl2 2 sl1l3 2

D \% N W t p (fixed)
2 12 2 2 1 n2

P R P R P R
s21 1 s22 1 s23 1
P R P R P R
s21 2 s22 2 s23 2
Group 6 V D P W R t (fixed)
12 3 sl2 1 1 1
P P P
nl n2 n3

Group 7 D P W R N t P (fixed)

\Y% v v \%
11 12 13 14

Group 8 V D W R N t P (fixed)
12 m 1 1 m 1 n2

P P P
sll sl2 v sl3

Table 3
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GRUOP ]

v D P W R N t P
S n

2 ] 1 1 1 2

Ps11V11 Bs11Vi2 Ps11V13 Ps12Vir Fe12Vi2 Ps12Vis
] 6.50 10.11* 8.65 5.00 6.54 5.60 *
2 6.58 * 9,49 «* 2.00 * 4,36 7.35 * 3.40

5 7.90 * 8,34 6.50 4.78 7.55 * 6.66
6 7.35 * 8,78 8.50 * 5,69 * 7,65 * 5,2]
7 7.00 * 9,00 * 8.50 7.62 7.45 * 6.45
8 6.]] 11.73 6.20 5.72 * 8.00 6.00
9 8.00 ]0.00 * 8,00 * 6,]0 * 8.,2] 5.85
10 7.28 * 10.80 8.50 6.70 8.25 7.35
X 7.28 9.63 7.99 5.66 7.50 5.46

X5 7.22 9.72 8.30 5.63 7.46 5.82
x 0,087
lc .627 .846 .722 .490 .649 .506

Table 4
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GROUP ] ( continued)

Ps13V11 Ps13Vi2 FeypaVys

i0

10
5

5.00 5.73 *
5.78 * 5,45
5.46 * 7,14
5.24 * 5,64 *
7.55 6.16
7.00 5.64 *
4.50 5.70 *
6.00 * 5,00
5.05 6.25 *
5.47 * 7.4]
5.7] 6.0]
27.95 28.96
5.59 5.79
x0.087

.487 .503

5.90 *

.524

Table 4
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GROUP 2

VDPSWRNtPN

12 2 1 1 1 2

Ps11M1 Ps21W2 Poy12%p Pe22"2 Peya¥) Pe23W
] 9.36 6.00 * 5.48
2 7.56 * 5.64 4.29
3 9.34 8.00 4.68 *
4 7.75 * 7.90 4.68 *
5 7.30 7.00 * 4.26
6 8.00 * 5.65 5.00 *
7 7.18 7.23 * 4,99 *
8 8.87 6.70 * 5.90
9 8.30 * 5.60 4.10
10 8.25 * 7.00 * 5.12 *
Xy 8.19 6.67 4.85
s 39.86 33,93 24.48
X, 7.97 6.79 4.90

% 0.087

1, | .846  .693  .649 .59] .503  .426

Table
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GROUP 3

Vv D PS W N t Pn
12 2 ] 1 2

Ps]]N] Ps]]NZ Ps]]N3 PS]ZN] Ps]ZNZ Ps]2N3
] 6.34 8.00 * 5.68 6.65
2 6.66 * 8,]0 * 5.50 8,00 *
3 7.00 * 7,80 5.70 7.00 *
4 6.70 * 9,60 6.45 * 8,2]
5 8.3] 8.2] * 7.54 7.02 *
6 7.00 * 8,20 * 6.48 * 7,76 *
7 6.60 * 7 50 7.15 * 6.70
8 6.40 6.80 7.69 8.50
9 6.52 §.50 * 7.11 * 9.40
10 8.00 8.99 6.]2 * 7,20 *
X]O 6.95 8.17 6.54 7.64
z 5 33.96 4]1.0] 33.3] 36.98
X 6.79 8.20 6.66 7.39

x0.087
lc .846 .59] .713 .649 579 .643
Table 6
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GROUP 3 (continued)

Ps13%1 PsyaMa P3Ny
] 7.00 * 8,40
2 6.84 * 8,20
3 6.53  7.66
4 7.57 * 7.55
5 8.64  7.20
6 8.35  7.00
7 7.56 * 6.80
8 6.64  6.70
9 §.00  8.0]
10 7.25 * 7.59
X1 o 7.24  7.5]
5 36.23  38.0]
X 7.24  7.60

5

x0.087

1, |.503  .630  .662
Table 6
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GROUP 4

vV D Ps W R N t Pn

12 1 1 2 1 2

Ps11P1 Ps11P2 PgypPs Po12P) Pe)aP2 PgpaPs
] 6.00 * 9.00  6.08 * 9.3]
2 | s.00 12.00 5.43 * 10.4]
3 | 6.25 * 10.95% 5,95 * 7.72
4 | 6.00 10.00% 7.]8 9.00
5 | 6.68 * 11.05  6.38 7.00
6 | 7.04 * 10.10% 6.50 6.68
7 | 7.85 7.73  4.50 6.98
8 | 5.84 10.95% 5.00 * 7.58
9 | 6.57 * 11.34 4,08 6.75
10 | 7.85 10.74% 4,99 * 6.75
X;q| 6-5) 10.39  5.6] 7.83
£ 5| 32.54 52.74  27.46 36.10
X | 6.5] 10.55  5.49 7.22

x0.087
1, | .567  .59]...... 918  .478  .579  .628
Table 7

87



GROUP 4 (continued)

Ps]3D] Ps]3D2 Ps]3D3
] 4,95 7.00
2 4,99 * 6.30
3 5.00 * 7.83
4 5.0] * 7.00 *
5 5.70 7.00 %
6 5.96 8.00
7 5.00 * 7.25 *
g | 5.80 7.04
9 5.00 * 7.99
10 4,90 7.00 *
X]O 5.23 7.24
£ 5] 25.00 35.29
X5 5.00 7.06
x0.087
o] 435 630  .614
Table 7
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GROUP 5

V D PS W R N ¢t Pn
2 2 ] 2 1 2

Ps11®p Pani®o Po12R) PojaRy PoyaR) Py gR,
] 9.]0 9.30 9.00
2 171.14% 10.50 10.0]*
3 10.00% 10.20% 8.60
4 9.99 * 10.20% 11.00
5 9.40 9.26 * 10.50%
6 12.00 9.0) 8.50
7 1].20% 10.06% 10.00%
8 11.00% 11.00 9,00 *
9 10.00 9.00 10.00%
10 12.50 9,80 * 11.00
£10 10.63 9.83 9.76
s 53.34 49.54 49.50
X 10.67 9.9] 9.90

x0,087
1,4 .59] .928 .579 .862 .630 .86]

et
Table 8
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GROUP 5 (continued)

V D Ps W R N t Pn

2 2 2 2 1 2

Ps2181 Ps21Ra Pg22B) PgoaRy Pgo3Rp PgosRy

] 9.00 10.70 8.00 8.50 5.25 9.50 *
2 9.00 11.00 9.20 8.00 6.70 * 9,00 *
3 7.38 * 9,50 * 6,00 * 8,50 * 5,37 * 10,00
4 7.80 * 9,40 * 5,69 8.00 5.00 9.00 *
5 9.40 Jjo.006* 7,20 * 9,60 * 5,78 * 10.50
6 7.93 * ]1.04 6.59 * 12,00 5.23 8.00

7 7.80 * 9,20 5.00 9.80 * 6.24 * 9,60 *

]0 6.98 ]0.20* 6.00 * ]1.00 6.80 8.30
10
I 5] 38.70 48.60 32.49 45.50 30.77 46.0]
X 7.74 9.72 6.50 9.]0 6.]6 9.2]
x0.087

1 .673 .846 .566 .792 .536 .800

Table 8

90




GROUP 6

vV D P W R N t P,
S N

123 121 1 1 1

]0 7.50 * 8.25 6.00
10
Z 5] 41.29 39.05 35.34
X 8.]16 7.58 7.07
x0.087

1 .7]0 .660 .6]4

Table 9
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GROUP 7

VvV D PS W R N t Pn
m ]2 ] m ] 2

Y11 Vi2 Vi3 V4
1 | 2,19 * 3.35  3.00 4.00
2 | 2.3 % 2,55 2,95  3.59
3 | 1.90  3.3] 3.5] 2.90
4 | 2.13 % 2.9] * 3.3] 4.65
5 | 2.03  2.98 * 3,24 * 3,70
6 | 2.28 * 3.00  3.24 * 3.74
7 | 2.46  2.86 * 3.49  3.35
g | 2.52  2.34  3.35 * 2.75
o | 2.60 2.83 * 2,96  3.56
J0 | 2.47 * 2.97 * 3.64  2.80
X;o| 2.29 2.9 3.27  3.50
£5|11.41 14.55 16.65 17.94
xsl"z.zs 2.91  3.33  3.59

x0,32
1_ | .730  .932 1.07  1.15

Table 10
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GROUP 8

vV D Ps W R N t P

n
12 m ] 1 m 1 2
Ps13 Po12 Ps13
] 3.3] * 2.28 2.83

2 2.98 3.00 2.47

4 2.85 2.68 * 2.4]
5 3.26 * 2,15 ].95

6 2.86 3.]15 2.]6

9 3.]5 * 2,85 * 2,58
10 3.5] 2.47 2.19
X

c ].024 .903 765

Table 1]

93




Crimp Lergth . mm

(8

Crimp Length{ mm

1.0

0.5

1.0

05

x Vz
o V,
®
] $
] 1 i 1
100 200 300 400 P g/in
FIG. 18 s
o W,
. x W,
3
[ ]
X
] 1 [ ]
2
10¢C 200 300 4006 P g/in
S
FIG.19

94

18]



Crimp Length §, rm

Crimp Lergth § mm

1.0

0.8

9
’ M
x X
1 1 1 A
400
100 200 300 Pg 3/in’
FIG.20
(]
. DI
x D,
© D,
|
s x $
| ] 1 1
100 200 300 400 P, 8/
FI1G.,21

95



CrimpLength f, mm

Crinp Length £ mm

1O
| X
. X x
i N a
i o
° °
Q.5 +
-
] 1 ] [}
100 200 300 400 Py 9/iw*
riGc.22
1.0 : Flattening Effect Ot .063 mm
- O1$.032 .031 .033
- Pm Plla, plg
i °
- o
i o
0S
[ 1 i ) T
10 20 30 40  Pn lbf
FIG. 23

96



4

wuw °f yibueT dutad)

e

1
w
o

100 I50 200 250 V 4w

50

FIG.24

200 300 a0 P /e
FIG.25

100

A
n
o

vra % yzbueT dwurad



o8]

FIG. 50 Isolated Unit for Bending Consideration
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FIG. 51 Effect of W/R (Dimensional Analysis)
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