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Abstract. This paper investigates the torsional load capacity of three sizessettn band
clamps when assembled onto rigid flanges by comparing experimental data with a developed
theoretical mdel. This mode of failure is of particular interest for turbocharger agiphsawhere,

in use, they are subjected to torsional loading via thermal and vibrational .eTleettheoretical
model developed allows the impact on torsional load capacityofrder of joint parameters to be
investigated and good correlation of tlesults, incorporating variations in coefficients of friction
and dimensionshas been shown for the two larger band siEes smaller diameter bands, the
experimental data suggests that as the band is tightened, contact with the flangksesdl rather

than being over the full circumference of the bahide coefficients of friction, in particular that
between the flangesand the position of the contact point between band and flange have been
shown to have a significant impact on the theoretical torsional load capacitys@étidn band
clamps.

I ntroduction

V-section band clamps are a derivative of Marman clamps; usedwate range of applications,
particularly in the automotive and aerospace industries. Previous work dvatiman clamp
systems includesatellite separation shock [1] and dynamic behavidlyrd] of such clamps on
spacecraftThe seling performancd3] of V-insert clamps used on exhaust pipes also been
studied.

The V-section band clamps considered in this paper are made from a solmhtftabed, V
section ring with associated trunnion loops a#mblt fastening, Fig. 4], which are the more
common type used in turbocharger assembilies.

A theoretical model of the internal loads\n
band joints was presentad [5] extended to
include axial clamping load in[6]. More
recently, preliminary studies have been reported
on ultimate axial load capacity7]] However,
little work has been done to analyse the torsional
load capacity of such joints;mode of failure of
particular interesin turbocharger applications. A
small study has been reportef],[ wherebythe
axial clamping load predicted [6] was used in
place of the thrust load within a clutch theory
- _ based approach to predict the torsional load

Fig. 1V-sect|on_ band_clamp assembled o1 capacity of V-band joints. However the

a pair of stiff flanges transverse friction effect reped in [6] and P]
as being significanvasdisregarded

This paper will investigate the torsional load capacity of three sizessaicion band clamps
when assembled onto rigid flanges. The theoretical model developed will be basdw o
infinitesimal segment previously useéd [6] rather than considering thé-band as a whole. The




impact on torsional load capacity of a number of joint parameters inclutholy tension, friction
and the position of the contact point between band and flange will also be investigated.

Theor etical approach

Thefull torsion modelTroraL, total theoretical torque capacditis made up of two parts, torque at
the flangeto-flange interfac€Tg) and torque at thibangeto-band inerface(Tg). The firstpart T,

is calculated using single platdutch theory, assuming @niform pressure distributiofi0]. This
part of the theoretical development is similar to that presentgg]. The transmitted torquat the
flangeto-flange interfaceTr, using the definition of kin terms of tbolt load, kg, which is givenin

[6] is:

1-— exp(WffSiW)

2 (rg-r3) (1-p tan $)Fg(sin +jip cos ¢)

Tg == :
F=3HF r3—rf up(tan ¢p+pp)

D

Where g and r are the outer and inner radii of the flange contact faceshalf the included angle
of the V-band section arfilis half the arc angle of the band.

In order to determine the torque capacity, @f the interface between the band and the flange
the theory presentead [6] is extended. Within th¥-band joint, tightening thebolt will generate a
normal forceper unit length, g, between the band and the flanb&his related to theadialforce
per unit length, f andthe static coefficient of friction at the band to flange interfage Then,
using the relationship betweefy and thecircumferential force { generated in the band by
tightening the t-blt yields:

— Fg
4= 2(sin ¢+ug cos dp)R (2)

Considering an infinitesimal annular segmetitofl the band, the torque reaction between the band
and one flange, diTis given as

_ FgugRdO
dTp = 2(sin ¢p+ppg cos d) (3)

where Rd0 is the unit length over which the load q is acting and R is the radius of the torque.
Using the relationshipin [6] betweenF, andthe t-bolt load, i and integrating dd to give the
total torque reaction between the band and one flanggiélds:

wpep)  ugp
TB =2 J‘OB dTB — ZMB—RFBJ‘B e[uB cos¢+sin¢]de - Rl.':B Il — e(uBcos¢+sin¢) (4)

2(sin ¢p+pug cos d) “0

Thetotal theoretical torque capacityroraL is achieved by addition of therque at the flangto-
flange interfac€Tg), EQ. 1, and torque at the flangeband interfac€Tg), Eq. 4.

Experimental work

The experimental work has been carried out on a special purpose torsional tegt 2gThe rig
allows two flanges to be clamped together witti-aectionbandclampon a supporting shaft. The
flanges areattached to arms; one moved via a hydrawim (the lever arm)the otherheld
stationaryvia a load cell(the fixed arm) The torsional load applied by the ramtransmitted
through the bantb-flange contact areand the flangdo-flange contact faceand reacted byhe

load cell.T-bolt loadis measuredisinga small washer load cell between the trunnion collar and the



t-bolt nut. Datavas recorded using digital oscilloscope. The oscilloscope also collected foama

two LVDT probes, positioned to measure movemertheftwo arms. For each band-hdit load
range of 1kN to10kN (in approximate 1kN increments) was applied, with full face dry contact
between the flanges.

The point of initial torsional slip was
V-band assembled ol calculated from the fixed arm load cell
to flanges reading,anddeterminedoy analysing the
readings fromthat instrument andhe
LVDT probe attached to the fixed arm.
As joint slippageoccured, the fixed arm
experiencd a fast and relately small

Fixed reversal of movemerds it relaxed This
arm slippage pointvasalso characterised by a
slight change of response from the lever
arm LVDT and a small p&aon the fixed
Fixed arm arm load
load cell

Friction

| : Frictional loads affect the results in three
plain bearing ways. As discussedh [6], increasing the

friction coefficient between the band and
the flanges decreases thrial clamping
load generated when tightening the T
bolt. However, increasinghis coefficient of friction increases the torque resistapicthe band to
flange joint Thefinal affect is between the two flange facgBerean increase in coefficient of
friction also increases the theoretical torque resistance. Since the band and flangadeaod m
different materials and by different methods, it is assumed that the casi@f friction will be
differentwhich further complicates the effect of frictioA preliminary theoreticainvestigation of
the effects of frictiorwith p varyingbetween0.05 and0.5 for both bando-flange andflangeto-
flange contact areahowed that torsional load capacity could change by a factor greater than four.
Since these frictional effectanhavesuch a largempact on the theoretical results, a practical
testwas carried out to assess the real coefficients of frictidns empoyed a standard inclined
plane.The lowest and highest theoretical total torque values utilisikgrabination of minimum
and maximum value@vhich are calculated as the average + 3 standard deviations of the friction
test resultsare used in the comparisontb&oretical results to the experimental results.

Fig. 2 Vsectionband clamp assembled onto a pair
rigid flanges on the torsional test frame

Other important parameters

Beta angle. Shoghi [5]assumed betaangle of 167 in the calculation of applied axial clamping
load, Fa. However, there is contact between flange and band of almoyt TU&® stiffness of the
band section and the stiffness in the circumferential direction will resulinie sontact pressure
being generatedJsing 180° instead of 167° in this theory increases the expected torsion capacity
by only a small amount (i.e. approximately a Bffrease at SkNtbolt load).

Band diameter. The theoretical results have used Yhaectionband and flange specification
nomind diameters. Fothethree sizes of band tested, varyihg tlimension of the inner amdter
radii by £ 1 mm has a minimal effect, less than 3%, on the calculated torqueycapacit

Band to flange contact angle. The parameter which has a significant effect on the theoretical
results is the contact angle, betweerthe outer edge of the flangard the leg of the/-section
band,seeFig. 3. Nominally this angle is 20 typically with a tolerance of 1°. However, this value



can only be assumed if the flange edge contacts the band on the straight portion of itstleg. Pa
researchers have generally assumed contact on the straight partVesecgonband leg.If the
flangeto bandcontactpoint moves tdhe radiibetween thend of the straight leg portion and the
back of the bandthe normal to the contact surface can be alteigrdfisantly. The position of
contact point is determined by the flange tip width.

During this research the flange tip width has been investigated using a shadow graph method.
However, individual band cross section geometries were not measured. Hence, thdiflange
measurements have been combined with the band specification tolerance tandetearimum
and minimum contact angles as showiablel for use inthe theoretical calculatien

Tablel Contact angle) V-band leg /

Band | Minimum | Maximum V-bandfoot straight portion
diameter| contact contact radius
[mm] angle angle
114 19° 33°
181 19° 35°
235 29° o7° NOMINAL FLANGE

CONTACT POINT UNDERSIZE
FLANGE
CONTACT

POINT

Results and discussion

The results are presentedhiy. 4; one
graphfor eachV-sectionband diameter
using thevarious parameters discussed
above to calculate an expected range
drawn from the theoretical analysis Undersize flange >
This is compared with repeated -
experimental tests on the satmend for  Fig. 3 Change in contact angle,with differing flange

each size. It can be seen that for each tip widths

band size, as the test is repeated, the

torsional load capacity increases

Although reasonable correlation of experimental results to the theory is sebr famotlarger
diameter bands, for the smaller Datme averageexperimental results almost twice theaverage
expectedslip torsion.There are two plausible reasons fbis. Firstly, after testing of the small
band, it was noted that galling had occurred on the flamflange contact area in a radia
direction. This effectively increases the static coefficient of friction. Duthelocalisednature of
the galling marks, itvasnot possible to assess the influence on friction using a standard inclined
plane rig. A range of coefficient of frictidior the flange to flange interface of 0.55 to 0.65 would
correlate well with the experimental results shown.

Secondly, it is assumed that when tightening thmIf, the band forms a circular arc as it comes
into contact with the flanges. This assumptignréasonable for large bands where the radial
stiffness is relatively low and the bands will readily conform to the cirdidages.However,
smaller bands with the same cross section are much stiffer in the circumferentiadmif&csiuring
that thesebands formed a circular arc once they were tightened to come into contachevith t
flanges would be extremely difficult given the manufacturing methods used (abeest[11]).
Hence, it is probable that for smaller diameter bands, contact will take placenbygpart of the
band circumference. A substantial proportion of the band tension generated-byithe &bsorbed
by the exponentially decaying frictional circumferential reaction load. At any poititeoband, this
load is proportional to the contact pressure-hblt tension is held constant but the contact region is
reduced, the contact pressure must therefore increase. This will tletolea increase in the
torsional load capacity of the band to flange interface.

Nominal flange —>
V-band

back
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Fig. 4 Comparison of theoretical and experimental results for three band sizes




Conclusions

This paper has investigated the torsional load capacity of three sizeseafivn band clamps when
assembled onto rigid flanges. The theoretical model developed has been shown to have good
correlation to the experimental results for the two larger band sizes.

The coefficients of friction, in particular that betweer flanges, has been shown to have a
significant impact on the theoretical torsional load capacity -sk&tion band clamps, warranting
further investigation.

The position of the contact point between band and flamgkehence contact angkg, has a
significant impact on the theoretical torsional load capacity.

For smaller diameter bands, the experimental data suggests that aadhe tightened, contact
with the flange is localised rather than being over the full circumfereribe dand.

Further work

The test flanges have been machined to allow for the use of a greased washer duringrigsting
hence eliminate flange to flange contadiso, different washer thicknesses will facilitate the
investigation of varying the flange tip widthscontrolthe contact anglep.

The circularity of the contact line on the bands as their nominal diameter is dedubeng
them into contact with the flanges should be measured. The impact of any lackilairicyr will be
investigated using numerical methods.
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