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THE ANALYTICAL AND EXPERIMENTAL INVESTIGATION OF FORCE
GENERATION ON V PROFILE CLAMP

SUMMARY

V clamps are widely used in many industries as a pipe coupling fasteners, invented
during World War II by the Marmon Corporation for use in the aircraft and aerospace
industries. The V clamp was firstly used by NASA as a spacecraft separation system.
Then, U.S. Army used Marman clamp to secure and to release the atomic bombs
during transport at the end of the Second World War. In 1970s, Marman clamps
transferred to civil industrial applications from military applications, called as V band
clamp.

Nowadays, V clamps have been widely used in a variety of applications including
pumps, filtration, transfer pipe lines, exhaust and air intake systems due to its effective
quick assembly and compact design advantages. Especially, in automotive industry,
engine bay is getting more crowded because of emission reduction systems in exhaust
line and air intake systems. In addition, increased production volumes and assembly
costs require quick assembly on joints. So, the limited assembly space, quick assembly
and weight saving requirements are increasing the usage of V clamps instead of
traditional 2 or 3 bolted flange joints. Because only a bolt tightening is required to
secure the V clamp joints, in contrast at least 2 or 3 bolts to be tighten in bolted flange
joints. Ease of handling of V clamp assembly saves remarkable assembly time in
assembly line. In addition to time saving, compact design of the V profile joints
provides significant weight and assembly space savings.

In this thesis, V clamps used in automotive industry are studied.
In first chapter, academic literatures and studies will be reviewed and summarized.

In second chapter, V clamps, design types, application areas with working conditions
will be explained in detail.

In third chapter, screw force calculation, radial force generation and axial force
transmission on V band clamps will be studied. Also, V band clamp force theories will
be implemented on V profile clamps.

In forth chapter, material thickness effect will be added in actual theories as elastical
deformation impact on V section of V profile clamp.

In fifth chapter, the validation tests will be presented and the test results will be
explained. Also, the test results will be compared with the generated theories.

All the academic studies are based on V band and Marman clamps. The aim of this
thesis is to create and implement force generation theories on V profile clamps by
using actual V band clamp theories. And also, head touching effect in high temperature
V profile clamp design with elastical deformation impact in V section will be

xxi



investigated and the actual force generation theories will be developed further with
these effects.

xxii



V PROFIL KELEPCELERDEKI KUVVET OLUSUMUNUN ANALITIK VE
DENEYSEL OLARAK iINCELENMESI

OZET

Gilintimiizde boru baglanti elemani olarak siklikla karsilastigimiz V kelepgeler II.
Diinya Savas1 sirasinda Marmon sirketi tarafindan icat edilmistir. Ilk olarak NASA
tarafindan bosalan yakit deposu boliimlerinin uzay mekiginden ayristirici sistem
olarak kullanilmistir. Ayni sistem, Japonya’ya atilan atom bombalarinin tastyicilardan
serbest birakilmasi i¢in de kullanilmistir. 1970°li yillarda Marmon sirketi, V
kelepgelerin tasarimini sivil endiistriyel uygulamalar i¢in basitlestirmis ve bantli V
kelepge ismiyle piyasaya sunmustur.

Glintimtizde V kelepgeler, hizli montaj ve kompakt tasarim avantajlar1 nedeniyle
pompa, filtrasyon, ¢esitli boru iletim hatlari, egzoz ve hava emis sistemleri gibi bircok
uygulamada yaygin olarak kullanilmaktadir.

Ozellikle otomotiv sektdriinde sikilasan emisyon standartlar, cesitli egzoz gazi
kontrol ve hava emis sistemlerini ortaya c¢ikarmistir ve bu sistemler motor
kompartimanini olduk¢a kalabaliklastirmaktadir. Ayrica artan iiretim adetleri ve
montaj maliyetleri de montaj siiresinin kisaltilmasini gerektirmektedir. Bu nedenlerle
uzun yillardir turbo, egzoz ve hava emis sistemi baglantilarinda kullanilmakta olan 2
ya da 3 civatali flang baglantilar1 yerini tek bir civatanin kullanildigi ve ¢cok daha az
yer kaplayan V kelepce baglantilarina birakmaya baslamistir.

Tez kapsaminda otomotiv sektoriinde kullanilan V kelepgeler islenecektir.
Birinci boliimde literatiir arastirmasi yapilacak ve yapilan ¢calismalar 6zetlenecektir.

Ikinci boliimde V kelepgeler, tasarim cesitleri ile detaylar1 ve uygulama alanlari ile
calisma kosullar1 agiklanacaktir.

Ukgitincii boliimde bantli V kelepgeler icin civata kuvveti hesabi, radyal kuvvet olusumu
ve radyal kuvvetin eksenel yiike doniistimii islenecektir. Ayrica bantli V kelepceler
icin gelistirilen hesap teorileri V profil kelepgelere uygulanacaktir.

Dordiincti boliimde ise mevcut hesap modellerine, malzeme kalinligi V kesitteki
elastik deformasyon etkisi olarak dahil edilecektir.

Besinci boliimde dogrulama testleri ve sonuglart anlatilacak. Test sonuglari,
olusturulan kuvvet olusum teorileriyle karsilastirilacaktir.

Tez calismasina bir biitiin olarak bakildiginda bu zamana kadar sadece bantli V
kelepgeler i¢in yapilmig akademik c¢alismalarin V profil kelepcelere uygulanmasi ve
literatlire kazandirilmasi1 amaglanmaktadir. Ayrica yiiksek sicaklikta kullanilan V
profil kelepce tasarimlarindaki kafa temasi ile V kesitteki elastik sekil degisiminin
kuvvet olusumu {iizerindeki etkileri incelenerek mevcut hesap modellerinin
gelistirilmesi hedeflenmektedir.

xxiii



XXiv



1. INTRODUCTION

V clamps are used to connect a pair of circular flanges together while maintaining its
sealing performance by applying a certain axial force level. Axial force generation
from the tightening of the screw will be studied on this thesis for both V band and V

profile clamps which are widely used in automotive applications.

1.1 Purpose of Thesis

All the academic studies are based on V band and Marman clamps. The aim of this
thesis is to create and implement force generation theories on V profile clamps by
using actual V band clamp theories. Also, head touching effect in high temperature V
profile clamp design and elastical deformation impact in V section will be investigated
and the actual force generation theories will be developed further with these effects.

In addition, the theories will be validated with experimental studies.

1.2 Literature Review

Despite its wide usage in various industries, there is limited knowledge available for
V clamps. First generation of the V clamps is Marman clamp invented for aerospace
industry where the relatively stiff V section blocks held in place around a flange pair
with a flat band. Therefore, the first theoretical and experimental studies have been
performed by NASA for aerospace applications and presented as a design guideline
[1]. Also, other previous studies of Marman clamp-band systems were reviewed and
joint stiffness was investigated by Lazansky [2]. Recently, analytical model for the
bending stiffness [3]; axial stiffness, damping characteristic of Marman clamp and the
effect of preload, wedge angle, friction coefficient and number of V-segment on the

behaviour of the joint were studied by Qin [4].

In the last quarter of the 20th century, industrial type flexible V band clamps

introduced to automotive market. Basic theoretical calculations were issued in 1980.



The main function of the V clamps is providing axial load to keep a pair of circular
flanges together. Detailed theoretical model for axial load generation with
circumferential and transverse friction in V band clamp joints was developed by
Shoghi [5]. Later on, Barrans [6] studied FEA to predict ultimate axial load capacity
and structural deformation of V band clamps. Guo [7] extended the analytical method
for axial load clamping force and torsional resistance prediction of V band clamps.
Muller [8] focused on V profile section and investigated the flange geometry impact
on V band clamp axial load capacity with FEA method. The main outcome of axial
clamping load is the sealing performance studied on exhaust pipe V band clamp joint
by Yoon [9]. Recently, Barrans [10] investigated the torsional load capacity of V-
section band clamps on three different sizes of rigid flanges by comparing

experimental data with theoretical model.

Durability of V clamp joints is also important to maintain its sealing performance.
Analytical model of stresses analysis on V band clamps [11] and FEA model of stress
distribution on flat band clamps [12] were studied by Shoghi. Muller [13] studied the
friction impact on contact pressure on the V profiles with FEA. Barrans [14] extended
the stress distribution on circumference of the V band clamp with different friction
coefficients by theoretical and FEA models. The most recent study from Barrans [15]
provides comprehensive results for axial stiffness of V band clamps where the clamp

size, wedge angle and friction coefficient evaluated with theoretical and FEA models.

In addition to axial load generation and durability of v band clamp studies, Muller [16]
extended the focus and studied on the strain hardening of V band clamp during its

forming stages by using FEA and experimental validation.

Until now, only Marman and V band clamp types are studied, however V profile
clamps getting more popular due to their higher temperature resistance and more
compact design advantages. Also, there is limited study on profile thickness impact on
V clamp axial load capacity. The focus on thesis is the automotive V clamp solutions.
So in this thesis, V clamp types are presented; profile thickness impact on axial load
capacity of V band clamp is reviewed; and the axial load generation theories will be

applied to V profile clamp with experimental test results.



2. VCLAMPS AND ITS APPLICATION AREAS

2.1 V Clamps

V clamp joint was originally developed during World War II by the Marmon
Corporation for use in the aircraft and aerospace industries. The first invented V clamp
called as Marman clamp consist of outer band, bolt and V segment blocks. Figure 2.1

shows the design and application of Marman clamp example.

upper flange
/ pp g

7,

V segment
block

band

~~lower flange

|
I
I N~
Figure 2.1 : Marman clamp design and application example.

The U.S. Army used Marman clamp to secure the atomic bombs during transport at
the end of the Second World War. Also, Marman clamps have been using as a solution
of spacecraft or missle separation system. Figure 2.2 gives an example of Marman

clamp spacecraft seperation sytem [2].

Payload Ring

Shoes / V-wedges
(typ)

Band end- fittings
(2x)

Band

Kickoff Spring
module

Electrical Connector Release Bolts & Device

Band Catcher SIC Ring

Figure 2.2 : Marman clamps spacecraft seperation system example [2].



In 1970s, Marman clamps transferred to civil industrial applications from military
applications. The design has also adapted slightly where the sheet metal forming has
being used for V profile segment manufacturing, so the V profiles of civil industrial
applications are slightly less stiffer than Marman clamps. The first civil industrial V

clamp is called as V band clamp, shown in Figure 2.3.

Figure 2.3 : V band clamp clamp design.

Nowadays, V clamps have been widely used in a variety of applications including
pumps, filtration, engines, exhaust systems, turbochargers to offer effective fastening

solutions.

In automotive industry, limited assembly space, quick assembly and weight saving
requirements are increasing the usage of V clamps rapidly. In comparison with bolted
flanges, only one bolt tightening is required to secure the V clamp joints, however at
least 2 or 3 bolts to be tighten in bolted flange joints. Ease of handling of V clamp
assembly saves remarkable assembly time in assembly line. In addition to time saving,
compact design of the V profile joints provides significant weight and assembly space

savings.

The main function of V clamp is connecting a pair of circular flanges together while
maintaining its sealing performance by applying a certain screw force. The working

mechanism of the V band clamp is shown in Figure 2.4.



Radial force

\ |/

Flange2 Flange1

Radial force

Figure 2.4 : V band clamp working mechanism.

As a working principle of V clamps, preload is applied to the clamp outer band by
tightening the bolt, which results in inward radial forces onto the V-segments. Then
the wedging action of the V-segments onto the flange couple generates axial force,

which can fasten the flange pair together.

In addition quick and easy assembly and compact design advantages, the orientation
of the connected circular flanges can be easily and infinitely adjusted according to
design and application requirements. Because of these advantages, V clamps have
been popularly adopted in the field of automotive exhaust applications and

turbochargers joints.

In automotive applications, the system requirements vary in terms of temperature,
pressure, external loads, sealing performance, assembly space and target cost. Due to
the individual specific requirements, several V clamp designs are available in the

market.

2.2 V Clamp Types For Civil Industrial Applications
V clamps can be categorized into 2 main groups by design in automotive industry:
2.2.1 V band clamps and its applications

V band clamps consist of several V profile segments inserted in coverband with

various closure types. 2 V band clamp examples are shown in Figure 2.5.



T-bolt

o Quick Release
dosure Closure e
cover '
band\ :
0 y
3 Profile
CﬂVEI‘bﬂDﬂ Segments

Figure 2.5 : V band clamp examples.

V band clamps generally have two or three profile segments. However, the number

can increase for large diameters (> @ 300mm). 2 and 3 profile segments are shown in

Figure 2.6.

(b)

Figure 2.6 : Number of profile segments; a: 2 profile segments,
b: 3 profile segments.

There are mainly three types of profile section shape designs, shown in Figure 2.7.

Figure 2.7 : Profile section shape designs; a: V-shape, b: hat-shape, c: W-shape.



V-Shape: it has a compact design, but the edge of the profile can cause extra friction

on the flanges if the flange angle is larger than profile angle.

Hat-Shape: it is top hat shape and the outer radius acts as a lead in that allows ease of

assembly, initial gasket compression and will not “dig in” or damage the flanges.

W-Shape: 2nd angle acts as a lead in that allows ease of assembly, initial gasket
compression and will not “dig in” or damage the flanges. With this addition, it makes

profile higher.

Hat-Shape and W-Shape profiles are preferred due to easy of assembly and additional

stiffness advantages.

In automotive industry V band clamps are more ofted called with its closure types.
There are several closure types, such as T Bolt, QRC, STC and double closure,

demonstrated in Figure 2.8.

(@) (b) (©) (d)
Figure 2.8 : V band closure types; a: T bolt closure, b: quick release closure,
c¢: solid trunnion closure, d: double closure.

T Bolt Closure: it has an economical T bolt screw where the nut is tightened to
generate preload on cover band. T bolt saves one trunnion but requires longer bolt and

special tool to tighten the nut. Figure 2.9 shows the T bolt closure.

Nut T-bol

Y A

Figure 2.9 : T bolt closure.



Quick Release Closure (QRC): in this closure, bolt is pre-engaged with threaded
trunnion and thanks to slotted trunnion the bolt head can be released and be locked
rapidly and easily. This quick release function provides ease of assembly and quick

assembly advantages. Quick release mechanism illustrated in Figure 2.10.

Figure 2.10 : Quick release mechanism.

Solid Trunnion Closure (STC): this closure is preffered for critical applications
where the higher tightening torque is required. Due to missing section on slotted
trunnion of QRC has limited resistance for higher bolt forces. Assembled condition of

STC is shown in Figure 2.11.

Figure 2.11 : STC assembled condition.

Double Closure: this closure type is used for larger diameters to achieve even load

distribution and to tolerate larger tolerances. Double closure is shown in Figure 2.12.

Figure 2.12 : Double closure V band clamp.



As demonstrated in Eaton’s design guideline [17], there is wide usage of V band clamp

in industrial applications. Some industrial application examples are shown in Figure

N
i

Figure 2.13 : V band clamp industrial application examples; a: industrial pump,
b: bypass filter, c: presurrized oil filter.

V band clamps are also widely used in automotive industry, especially in diesel engine
exhaust systems. Figure 2.14 shows the V band clamp applications, more application

examples are available in Norma Group emission control catalogue [18].

Figure 2.14 : V band clamp automotive application examples [18].

2.2.2 V profile clamps and its applications

V profile clamps are often called as one profile V clamps or pressed profile V clamps.
This type of clamps doesn’t have a coverband and they have more compact and simple
design. There are many design alternatives in industry from small (@25mm) to

medium sizes (@150mm). In addition, in some industrial applications, they can be used



for larger diameters with double closure. V profile clamp design examples are

demonstrated in Figure 2.15.

Figure 2.15 : V profile clamp design examples.

At the beginning V profile clamps are developed as an economical solution for less
critical and low temperature applications. For instance, V profile snap arm clamp,
shown in Figure 2.16, is developed for small diameter applications with simple and
low cost design where the clamp does not require any fasteners and the clamp works

as a retainer.

Figure 2.16 : V profile snap arm clamp.

Due to increase engine control systems and emission monitoring requirements, the
number of sensor joints in exhaust system increased which lead to increase on small
diameter v-clamps applications, shown in Figure 2.17, where the economical small V

profile clamps, demonstrated in Figure 2.18, are used.
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Figure 2.18 : Economical small V profile clamp examples.

Low cost V profile clamps are also available for large diameters especially for non-
critical applications. Figure 2.19 demonstrates economical double closure V profile
clamp and its air brake actuator application where the temperature is always at ambient
level and sealing is easily achieved with rubber gasket which requires low compression

force.

Figure 2.19 : Air brake actuator application and double closure V profile clamp.

Turbocharged engines getting more popular and the turbocharger designs are getting
more compact due to increased turbine rotation speed, so the turbine housing joints
require compact joints. V profile hinge clamps are developed for turbine housing

joints, presented in Figure 2.20 with its application example.

11



Figure 2.20 : V profile hinge clamp and its application example.

In the beginning of 21% century, the efficieny in internal combustion engines became
the most important subject in automotive industry. To improve the combustion
efficiency, the exhaust gas temperature is increased and many new emission control
technologies are implemented which makes the engine bay very crowded. So,
increased application temperature and limited assembly area in engine bay required
the compact V clamp joints. Where the V band clamps has a temperature limit due to
thermal stresses and they require slightly larger assembly area compared to V profile
clamps. The thermal stress is caused by temperature difference between coverband and

profile segments.

650
600
550 //
Max AT /4-/
5 210" / T
g 7\
Em /
= / ‘/
250 /
A
150 %/
100 T
0 20 40 60 50 100 120 140 160 180
Time [s]
—Flange Profile
— Screw —Band

Figure 2.21 : Temperature distribution on V band clamp application at high
temperature [19].

In Figure 2.21, one of the diesel engine applications’ temperature reading result shows
that there is 270°C temperature difference between flange and coverband which

generates thermal stress and possibly plastic deformation on the V band clamp. And

12



when the joint cools down, the V band clamps loosens. Figure 2.22 shows the relaxed

V band clamp, exposed to high temperature, after heat cycle.

"3
¥

Figure 2.22 : Relaxed (loose) V band clamp after heat cycle where the V clamp has
exposed to high temperature.

Due to thermal stresses, the V band clamps are not suitable for high temperature
applications. The first idea was to remove coverband and to reduce thermal stresses
and so V profile clamps were studied. Figure 2.23 shows the thermal expansion

illustration on V clamps.

Assembly at room
temperature

|

Figure 2.23 : Thermal expansion impact on V band and V profile clamps [19].

During the high temperature V profile clamp development study, the head stiffness
challenge was discovered. Bacause the screws force is carried by clamp at head and
transition zone. So, especially at high temperatures, significant deformation is
occurred on clamp head and transition zone. In Norma design manual [19] FEA model
result in the Figure 2.24 shows that there is a visiual plastic deformation on the head

region at 450°C.

13
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Figure 2.24 : Total deformation of V band clamp at 450°C [19].

To solve the head relaxation, the head touching at initial assembly, called as head

support, was introduced to V profile clamps, shown in Figure 2.25.

o Head
s touching

Figure 2.25 : Head touching mecahanism of V profile clamp.

V profile clamp with head support is demonstrated in Figure 2.26. In addition, in this

clamp design bridge element is used to provide ease of assembly.

14



Figure 2.26 : V profile clamp with head touching feature.

V profile clamp with head support is mainly used in turbo-petrol engine applications
where the exhaust gas temperature can reach up to 1050°C and flange temperature

800°C, examples are shown in Figure 2.27.

Figure 2.27 : High temperature turbo petrol engine application examples:
a: turbo-petrol engine/ turbo-catalyst joint,
b: twin turbo-petrol engine/ turbo-catalyst joint.

In this thesis, axial load mechanism and capacity of V profile clamp with head support

is studied with profile thickness impact.
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3. FORCE GENERATION IN V CLAMPS

V clamps work on the principle of the inclined plane: preload is applied into the clamp
outer band by tightening the bolt, which results in inward radial forces onto the V-
segments. Then the wedging action of the V-segments onto the flange couple generates
axial force, which can fasten the flange pair together. V clamp force generation

mechanisim is illustrated in Figure 3.1.

Fr

Torque m Fn

Axial Force H h

a Fa

Figure 3.1 : V clamp force generation mechanism.
3.1 V Band Clamp Force Generation

3.1.1 Screw force

MS8x1.25 mm thread size is the most common thread size in automotive industry for V

clamps. Screw force mechanism is shown in Figure 3.2.

T: tightening
torque

Fr: radial force

Figure 3.2 : Screw force mechanisim in V profile clamps.
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3.1.2 Screw force calculation

Screw force equation is taken from ISO16047 [20], shown in Eq. 3.1.

2xXT

Esz
P+ 1.154 X T X pyp,

X d
p2+%x%

T — 1.154 X pp X 4, 3.1)

Fs: screw force, T: tightening torque, P: pitch; ub: coefficient of friction between
screw underhead and V profile; uth: coefficient of friction between screw thread and

nut; Db: effective screw underhead diameter, d2: pitch diameter.

Metric thread dimensions are defined in ISO 724 [20] standard and basic dimensions

are shown in Figure 3.3.

3H/8

SH/8

ad
0d2

Figure 3.3 : Metric thread dimensioning [20].

In this thesis, @86 mm V profile clamp with head support, shown in Figure 3.4, is
studied.

Machined
Nut

Figure 3.4 : @86 mm V profile clamp with head support.
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M8x1.25 mm screw thread dimensions are listed on Table 3.1 [20].

Table 3.1 : M8x1.25 thread dimensions.

Nominal . Pitch Screw Base Stress Area
Screw . Pitch . .
Siz Diameter (P) Diameter Diameter (mm?)
© (@d) (0d2) (0d3)
M8x1.25 8 1.25 7.188 6.466 36.6

In the calculation, DIN EN 1665 type screw is chosen where the Db is 15.8mm [22].
Also, the screw has Tin plated surface where the puth=0.15 and ub=0.15 [19]. So the

screw force equation for M8x1.25 Tin plated screw can be written with tightening

torque (7):

F,=05%xT (3.2)

The nominal end tightening torque: T= 15Nm, so the screw force is found as 7.5 kN.

F, = 75kN (3.3)

Due to corrosion requirements, austenitic stainless steel materials are commonly used
as V clamps fastener material. Table 3.2 shows the material options with its properties

for M8x1.25 mm screws [23].

Table 3.2 : Mechanical properties of fasteners —DIN EN ISO 3506-1.

Screw Property ~ Min. Tensile Min. 0.2% Yield Max. Screw
Class Strength (MPa) Strength (MPa) Force (N)
A2-70 700 450 16470
M8x1.25 " A4-80 800 600 21960

Lower grade A2-70 material can withstand 16.47 kN screw force, where the nominal

screw force is 7.5 kN. So, there is 2.2 safety factor in screw material strength.
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3.1.3 Radial load calculation

Shoghi [5] included the friction coefficient between clamp profile and flange into

radial force (F;) calculation, stated in Eq. 3.4.

4xln(ﬁxu+2)_ﬁl_
U

Fr=2><Fs><{l 4><ln(,u+2)l}
W 3.4)

Fr: clamp radial force; Fs: screw force; B: subtended angle of half the V profile; u:
coefficient of friction between V profile and flanges.

In this theory, the stiffness of the flat band section is neglected. The [ refers to the
screw and nut force’s radial position, shown in flat band clamp Figure 3.5, taken as a

constant value of 167° [5]. So, the angle change during tightening is neglected.

Fs Fs ,.

Figure 3.5 : Flat band clamp figure.

By applying =167° and n=0.17 [5], the radial clamping force can be simply written

as below:

F. = 458 X F 3.5)

This equation is applied for tin plated DIN EN 1665 type M8 screw, so the radial force
can be describe with tightening torque (7):

F = 229%T 3.6)
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3.1.4 Axial load calculation
3.1.4.1 Axial load theory without deformation

Detailed theoretical model for axial load generation with circumferential and
transverse friction in V band clamp joints was developed by Shoghi [5]. The theoretical

formula of axial force (F}) is given in Eq. 3.7.

E o (1 —uxtanp) X Fs X (u X cos@ + sing)
“ ux (tang + p)
1 - el
X |1 — el(sinp+uxcosp)
3.7)

By applying Eq. 3.2, the axial load force equation can be written with tightening

torque:

P (1 —uxtang) X 0.51 X T X (u X cos@ + sing)
“ X (tang + p)

{ _ —HXB }
X ‘] — el(sing+uxcosy)
(3.8)

Fa: clamp axial force; Fs: screw force; T: tightening torque, B: subtended angle of

half the V profile; u: coefficient of friction between V profile and flanges, ¢ : half

angle of the V section.

Profile angle (¢) of 40° is the most common angle in the industry. An example shown
in Figure 3.6. Also, coefficient of friction between V clamp profile and flange is taken

as u=0.17.

40°

Figure 3.6 : 40° profile section example.
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B is is related with the screw radial position, shown in figure 3.7, taken as 167° [5].

Figure 3.7 : B=167° ; screw force radial position.

With 0=20° and 3.2 is applied, so the theoretical model is simplfied as Eq. 3.9.

F, = 166 XT (3.9)

3.1.4.2 Axial load theory with elastical deformation

In the first axial load theory reviewed in section 3.1.5.1, elastical and plastical
deformation on V profile section is neglected, so the profile is taken as a rigid
component. However, Barrans [15] recently developed a section deformation theory
to determine the axial stiffness of the clamps by using the unit-load method. Elastical
deflection on V profile section is illustrated on Figure 3.8 [15] and loading of V section

on flange assembly is shown in Figure 3.9.

a) b)

Figure 3.8 : V section on flange (a) no deflection on pre-assembly and (b) deflection
when the clamp tightened.
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Figure 3.9 : Loading of V section on flange assembly.

Cantilever beam theory is applied to formularize the effect of elastic deflection on the
angle change, shown in Figure 3.10. On this theory, the change of contact point on the

flange is neglected, so, the K and Rc will be taken as constant value.

Figure 3.10 : Cantilever beam theory and its application on V section deflection.

In the Cantilever theory, the slope (@) equation is given as Eq. 3.10.

= M X L
CEXI (3.10)
Where the moment (M) is:
M =Fx(K+L) (3.11)
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The moment of inertia (/) is calculated by Barrans [15]:

t.3 X B X R,

I'= 6 (3.12)

So, the slope equation is:

_6XEX(K+L)XL
~ EXtA3xBXR, (3.13)

By applying f=167° and Eq. 3.5, the slope can be simply written as below:

_462XTX(K+L)XL
B Ext> xR, (3.14)

a

In this theory, the profile angle is changing during the tightening due to increasing

slope which is described in Eq. 3.15.
¢ = Po + a; (3.15)

Eq. 3.13 is applied and o is taken 20° (0.349 radian) :

6XF,X(K+L)XL

Q; = 0.349 + 3
Ext>xXpBXR, 3.16)

Changing V section angle theory is applied on axial load force Eq. (3.8) into Eq. 3.17.

. {(1 —u X tang;) X 0.5 X T X (u X cosp; + sin(pi)}
¢ i X (tang; + w)

-t
X |1 — el(sing;+uxcosp;)
(3.17)

Fa: clamp axial force;, Fr: clamp radial force; T: tightening torque; K: flange
contact distance to V section bottom edge; L: half of the V section width, E: modulus
of elasticity; tc: clamp thickness, Rc: flange contact radius, B: subtended angle of
half'the V profile, a: slope of the V section deformation; ¢;: instantaneous half angle
of the V section, @g: half angle of the V section before tightening.
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3.2 V Profile Clamp Force Generation

Screw force calculation of V profile clamps is same as V band clamps. However, the
radial and axial load generation on V profile clamps should be calculated in 2 phases
due to head touching. Phase 1 is from pre-assembly to head touching and the phase 2

is from head touching to end toque, shown in Figure 3.11.

Figure 3.11 : V profile clamp force generation phases.

The radial and axial load calculations are handled with 2 phases. The radial and axial
load generation is same as V band clamps in phase 1, besides the load generation in

phase 2 will be reduced by head touching effect.

Based on head touching dimensions, shown in Figure 3.12, the head touching effect is

calculated in Eq. 3.18.

Head touching ef fect (hte) = (21%_8152'35) = 0.435 (3.18)

Figure 3.12 : Head touching dimensions.
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3.2.1 Radial load calculation of V profile clamp

The transmission of screw force to profiles is similar as V band clamps till head
touching. And after head touching the screw force is divided to both head touching
tabs and profiles. So, the radial force generation on V profile clamps is written in Eq.
3.19.

Fo= (229% T|h5t) + (0435 x 229 x 71 )

htt (3.19)

htt: head touching torque, et: end torque, T: tightening torque.

3.2.2 Axial load calculation of V profile clamp

The 2 phases V profile theory can be applied on axial load calculation. So, the axial

load force is written in Eq. 3.20.

Fy
3 {(1 —u X tang;) X 0.5 X T X (u X cos; + sing;)

X (tang; + w)

htt
0

[ {¢}l
x [1 — el(singi+uxcosep)| 4 0.435

o {(1 — u X tang;) X 0.5 X (T — htt) X (u X cos@; + sing;)
u X (tang; + w)

et
htt

I —_ e{ S“Kpl t #X COS(pl }\
X ( X )

Fa: clamp axial force; Fr: clamp radial force; T: tightening torque; u: coefficient of
friction between V profile and flanges, f: subtended angle of half the V profile, @i :

instantaneous half angle of the V section.
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4. CLAMP THICKNESS IMPACT ON AXIAL LOAD GENERATION

In this section, the developed deformation and load generation of V profile clamp

theories will be used to compare axial load capacity of 1.5 mm and 2 mm thick clamps.

4.1 V Profile Section Comparison

The V profile section designs are compared in Figure 4.1. The only difference is the

profile material thickness.

Figure 4.1 : V profile section designs.

So, the initial profile angle is 40°, po=20°; L=8.5/2=4.25 mm; and the clamps thickness

are tc1=1.5 mm and teo= 2mm.
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4.2 V Profile Section Angle Deformation

The clamp material for both is chosen as DIN 1.4571 (ASTM 316 Ti) where the the
modulus of elasticity E= 200 GPa.

In all calculations the coefficient of friction between V profile and flange is taken as a

constant value of p=0.17. And the subtended angle is taken as B=167° [5].

The chosen V clamp and flange dimensions are shown in Figure 4.2.

axial V section
direction

s |
radial

direction

_______________________________

Flange — ﬁ_

@92

Figure 4.2 : V clamp and flange dimensions.

With the Eq. 3.16 and the chosen clamp and flange details, the V section angle can be
written as equation 4.1 for 1.5mm clamp and Eq. 4.2 for 2mm clamp with radial force

(F»).
For 1.5mm clamp material thickness, changing profile angle (¢;)
@; = 0349+ 0.0014 X F, @.1)

For 2m clamp material thickness, changing profile angle (¢;)

@; = 0.349 + 0.0006 X F, 4.2)

0i : instantaneous half angle of the V section; Fr: clamp radial force;
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4.3 V Profile Section Deformation Theory for 1.5 mm V Profile Clamp

According to the test results, the average head touching torque for 1.5mm thick clamp

is htt; 5= 5 Nm and the final end tightening torque is taken as et= 15 Nm.

By applying head touching effect theory, equation 3.19, with htt; 5= 5 Nm and et=15
Nm for 1.5 mm clamp, the 2 phases radial load formula can be written as in Eq. 4.3.
As a result of radial load, the V section angle deformation formula is decribed in Eq.

4.4. As a final product of axial load formula can be written as in Eq. 4.5.

E

1.5

=1145+ (T -5) for5<T <15 4.3)

= 229XT  for0<T<S5

¢i, . = 0349+ 0.0032 X T for0<T<5
=0.349 4+ 0.0032 X (11.45+ (T —=5)) for5<T <15 4.4

Fp . (for0<T<5)

|1 =0.17 X tang;) X 0.5 X T X (0.17 X cos@; + sing;)
B 0.17 x (tang; + 0.17)

( -0.17%xf8 )
X {1 — e \sing;+0.17Xcosp; }l

Fp, . (for5<T <15)

= [8.09 + 0.435

y (1 —-0.17 X tang;) X 0.5 X (T —5) X (0.17 X cos@; + sing;)
0.17 x (tang; + 0.17)

-0.17xf
X {1 _ e(sin¢i+0.17xcos¢1)}]
4.5)

Fays: 1.5mm thick clamp axial force;, Fris: 1.5mm thick clamp radial force; T:
tightening torque; u: coefficient of friction between V profile and flanges; B: subtended
angle of half'the V profile, @i1.s : instantaneous half angle of the V section for 1.5mm.

In Eq. 4.3, radial force (F}) is written with head touching effect theory, described in
Eq. 3.19. In Eq. 4.4, the V section angle (¢) deformation theory, described in Eq. 4.1,
is combined with head touching effect theory. So, in Eq. 4.5, final product of axial
force for 1.5 mm clamp (F4.5) formula includes head touching effect and elastical

deformation theories.
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4.4 V Profile Section Deformation Theory for 2 mm V Profile Clamp

According to the test results, the average head touching torque for 2 mm thick clamp

is htta= 7 Nm and the final tightening torque is taken as et= 15 Nm.

By applying head touching effect theory, equation 3.19, with htt;= 7 Nm and et=15
Nm for 2 mm clamp, the 2 phases radial load formula can be written as in Eq. 4.6. As
a result of radial load, the V section angle deformation formula is decribed in Eq. 4.7.

As a final product of axial load formula can be written as in Eq. 4.8.

F,=229XT  for0<T<7
=1603+(T-7) for7<T<15 (4.6)

@i, = 0349 +0.0014xXT  for0<T <7
= 0.349 + 0.0014 X (16.03+ (T = 7)) for7<T <15 4.7

Fo, (for0<T <7)

(@ =0.17 X tang;) X 0.5 X T X (0.17 X cosg; + sing;)
B 0.17 x (tang; + 0.17)

( -0.17xf )
X {1 — e\sing;+0.17Xcos@;

Fy, (for7 <T <15)

= [11.43 +0.435

0.17 X (tang; + 0.17)

( -0.17Xp )
X {1 — e \sing;+0.17xcosp; }]

y {(1 —0.17 X tang;) X 0.5 X (T —7) x (0.17 X cos@; + sinfpi)}

4.8)

Fay: 2mm thick clamp axial force; Fra2: 2mm thick clamp radial force; T: tightening
torque; u: coefficient of friction between V profile and flanges, f: subtended angle of
half'the V profile; @iz : instantaneous half angle of the V section for 2mm.

In Eq. 4.6, radial force (F}) is written with head touching effect theory, described in
Eq. 3.19. In Eq. 4.7, the V section angle (¢) deformation theory, described in Eq. 4.1,
is combined with head touching effect theory. So, in Eq. 4.8, final product of axial
force for 1.5 mm clamp (Fus5) formula includes head touching effect and elastical

deformation theories.

30



4.5 V Profile Section Deformation Theory Comparison With Shoghi Model

In section 3.1.4.1, Shoghi stiff axial load model, Eq. 3.9, was studied. With a
combination of Eq. 3.9 and head touching effect, the axial load without deformation

can be written as in Eq. 4.9 for 1.5mm and Eq. 4.10 for 2mm V profile clamps.

F,

ais

=83+083(T—-5) for5<T<15 4.9)

= 1.66 XT for0<T<5

F, = 166XT for0<T<7
=11.62+0.83(T — 7) for7<T <15 (4.10)

Fays: 1.5mm thick clamp axial force; Faz: 2mm thick clamp axial force; T: tightening

torque.

Both stiff axial load and elastical deformation theories are compared in Figure 4.3.
18
16

14

—y
18]

—1.5, deformation
—2, deformation
—=Shoghi + 1.5 hte
—=8hoghi + 2 hte

Axial Load (kN)
o

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Tightening Torque (Nm)

Figure 4.3 : Comparison of axial load theories.

On graph shown in figure 4.3, orange (for 2mm) and light blue (for 1.5mm) lines
represent Shoghi model with head touching effect theory; red ( for 2mm) and dark blue
(for 1.5mm) lines also includes the elastical deformation theory. So, the profile
thickness impact on axial load capability is visible. However, the head touching effect

generates more significant impact on axial load capability than the V section stiffness.
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5. EXPERIMENTAL TEST RESULTS

Screw force and axial load tests are performed to validate the theoretical models.

5.1 Screw Force Test Results

Screw force test set-up and fixture design is defined in ISO 16047 standard [20]. The
original screw and machined nut are used on the test rig, shown in Figure 5.1. And the
screw head is tightened with specified tightening procedure 0-9 Nm at 250 rpm and 9-

18 Nm at 50 rpm with speed controlled nut runner.

Load Cell

Figure 5.1 : Screw force test fixture.
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20 sets of screw and nut are tested and the average result is plotted with theoretical

model in Figure 5.2.

10.0
9.0 ;
89

8.0

7.0
z
r‘f; 6.0 it Average Test
g Results (n=13)
F: 5.0 ; :
E 39 sl = = «Theoretical
v‘a : i3— : — Model

0.0 e+ +—F—F+—F—+—T—
g I 2053 4 5% 6 T E§ 91070 12 13 14 115 e ATTIR

Tightening Torque (Nm)

Figure 5.2 : Screw force test average results with theoritical model.

As seen on figure 3.6, friction behaviour of screw-nut mechanism is slightly affected
by speed change at 9 Nm from 250 rpm to 50 rpm. However, the theoretical model is

inline with test results shown 7.6 kN at 15 Nm where the calculation theory gives 7.5
kN.

5.2 Axial Load Test Results

Axial load test fixture design and test flanges are shown in Figure 5.3. The clamp is
tighten on test flanges by nut runner and due to gap between test flanges the generated

force is transmitted to load cell.

Figure 5.3 : Axial load test fixture (a) and test flanges (b).
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30 pcs axial load tests are performed for each 1.5 mm and 2 mm clamp types. The head
touching torque is measured during axial load test and the average head touching

torque values are given on Table 5.1.

Table 5.1 : Average head touching test results.

1.5 mm 2 mm
(Nm) &kN)
5 7

The average axial load results are extracted and listed on Table 5.2.

Table 5.2 : Average axial load test results.

Tightening 1.5 mm 2 mm
Torque (Nm) Clamp (kN) Clamp (kN)

0 0 0
1 1.9 2.1
2 3.9 4.1
3 5.4 6
4 7.3 7.5
5 8.3 8.8
6 9.4 10.6
7 10 11.6
8 10.5 12.6
9 11.2 13.4
10 11.6 14
11 12.1 14.6
12 12.4 15.1
13 12.8 15.5
14 13 15.6
15 13.2 15.8

The test results are shown that there is a significant difference on axial load capacity
between 1.5 mm and 2 mm thick clamp options. In 2 mm V profile clamp, the V section
rigidity is higher than 1.5 mm V profile clamp, so the axial load generation is slightly
effected by the V section deformation. Also, the head region is stiffer as well due to
thicker material which results in higher head touching torque. Due to both higher head

touching torque and stiffer V section, axial load results of 2 mm V profile clamp is

higher.
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5.3 Axial Load Comparison Between Theoritical Model and Test Results

In this thesis head touching effect and elastical deflection on V profile theories are
created for V profile clamps based on Shoghi’s axial load theory [5]. Figure 5.4
compares the 1.5 mm V profile clamp test results, 1.5 mm deformation theory, head

touching theory at SNm without deflection and original Shoghi’s axial load theory for

V band clamps.
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Figure 5.4 : Comparison between axial load test results and theories for 1.5 mm V
profile clamp.

Shoghi’s theory does not includes head touching effect, so the model can not be used
for V profile clamps. The head touching effect theory without deformation is closer to
test results. However, 1.5 mm deformation theory provides the closest results to test

results.

36



Figure 5.5 compares the 2 mm V profile clamp test results, 2 mm deformation theory,
head touching theory at 7 Nm without deflection and original Shoghi’s axial load
theory for V band clamps.
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Figure 5.5 : Comparison between axial load test results and theories for 2 mm V
profile clamp.

In 2 mm V profile clamp, the deformation effect on V section is lower, so the head

touching effect theory and deformation theories provides similar results.
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6. CONCLUSION

In this thesis, Shoghi’s axial load generation theory is applied on V profile clamps with
the head touching effect theory. Also, the V section deflection theories are created for
1.5 mm and 2mm thick V profile clamps. The test results are shown that the axial load
generation with deflection models are more representative. However, elastical
deformation is only evaluated on V profile section. In the future studies, the head
region stiffness effect on radial load generation will be studied and combined with the

V section deflection theory for axial load generation.
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