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Abstract

The spring back phenomena oocurring in the coiling process of @ sfeam generaior tube
induces the dimensipnal ingdecurdoy ond rukes the cpiling procedure difficult In thiz reseorch
an anglviical modgl waz developed to evdludte the amount of the szpring back for SMART
steam  genercior tubes The model ugs develpoped on the baziz of beagm theory and
gliztic-perfectly plastic moterial property Thiz moedel was extended do conzider the effect of
plaztic kardening and the gffect of the tenwmile force on the gpring back phenomend
Farametric studies were performed for various design varighles of sfeam generator fubez in
orider to munimvze the spring back in the design siEge A sensitivitv anglvsiz ki ghoon Fud
the oo wigld sfrength, the Righ glasfic modulusz, the zmall kelix diameter, and the large fube
didmeter result in @ grall amount of the spring back The amount of the spring bdck can be
contrplled by the selection of adeguate design values in the basic design sfoge ond reduced
to an alimpable fmut by the goplication of the fensile force éo the tube during the coiling

DrOCEsEs.
1. Introduction

The SKART steam generator tube bundle is manufactured by the group coiling of titanium
tubes on the central shell[l], Tubes of subsequent colls are arranged over the previous coiled
tukes, After the ceiling of the tubes, the tuke bundle is subjected to heat treaftment to eliminate
residual stress 2], The process of coiling is a very important technological operation, which
determines the quality and the lifetime of the steam generator tube,

The coiling of the titanium tube has some difficult problems, Titanium has limited ductility and
elongation at room temperatures and the titanium tube has a tendency to neck down in some
areas when hkent, The nonuniform mechanical and metallurgical properties in the welded region
make it difficult to predict colling performance, It has been reported that tukes smaller than 3
inches in diameter can ke satisfactorily ceoiled without heating[3], When the tube wall thickness
iz relatively thin, preheating the tukes is not necessary,

The straight tukes are coiled by winding around a rigid mandrel, In all cases the residual



stresses remaining after the elastic-plastic deformation has taken place during the production
process tend to further deform the coiled tube, For phvsical reasons, the colled tube geometry
must be conserved within wery close lirnits, Therefore any spring back hehavior of the coiled
tuke must be controlled,

In this study, a simple analytc equation was derived on the basis of beam theory to evaluate
the ameount of the spring back during the coiling of the heat transfer fuke of once-through helical
stearn generator, In order to minimize the aksclute amount of the spring back in the design

stage, a parametric study has been carried out for various design variakles,
2. Modelling, of Coiling

Z.1 Spring back model

The spring back analysis medel was derived based on the following assumptions, The
ditnension of the tuke cross-section is negligible compared to the length of the tuke, The shear
deformation of the tube is neglisible compared to the bending deformation, The constitutive
behavior of the material is considered linear elastic-perfectly plastic or linear hardening, Alse, it
has keen assumed that welding is determined b the normal stress component in the axial
direction of the tube, The heliz angle of the coiled tube iz assumed fo be zero,

Az shown in Fig, 1, consider a clreular ring of annular cross-section, If the bending morment
M s released, a circle of radius B becomes an arc of radivs &

Strain aft r=rg when the tubke iz subjected to pure bending moment M is expressed as follows:

=R, (1)
When the moment MW ois remeowved, the tuke shows elastic behawior, The amount of stress
elieved can be expressed as follows:
Squnloadlng( y) - My
Bai-
L (2)
The amount of relieved strain at r=rg during the unleading of the bending moment,

4r.M

el = Ep - 19) )

Residual strain at r=rq after unloading

el,., = o
¥=To Rf |:I1:|

Strain can be easily obtained from the stress in a one dimensional medel, The residual strain
equals to the strain of the tube subjected to the bending moment A minus the relieved strain

during the unloading of the bending moment, From the equation (1), (3) and (4), a relation



between the rading of curvature kefore and after the unleading of the bending moment can be
expressed as follows:
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2.2 Elastic-perfectly plastic and pure bending

In this model, the material property of the tube is assumed to be elastic-perfectly plastic, The
axial stress distribution is showm in Fig? when the fuke iz subjected fo pure kending mearnent,
Where rand ro are the inner and outer radius of the tube, respectively, &, is the wield strength,
IWhximum stress occurs at ¥=r. and @ means the elastic range, When o« equals one or larger
than one, there is no residual plastic deformation after unleading of the bending meoment, In crder

to coil the tube, @ should be less than one, The stress distribution can be expressed as follows:
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S, (Y=1)=s, y®a, (B-b)
The bending meoment necessary to coll the tube can be expressed as follows:
M=M,-M, ()
Where M and M. are the bending moments necessary to bend a circular beam of radius ro
and r; respectively, The bending moment is obtained as below,
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Depending on the boundary of the plastic region as shown in Fig3, M should be divided inte
two cases, If the thickness of the tube is much smaller than the radius of the tuke, it is not
necessary to consider twe cases independently, The radius of the curvature after coiling of the

tuke can ke obtained by substituting the moment of equation (7) into equation (),

2.3 Linear hardening and pure bending

Fost of the structural material shoswrs the hardening behavior with the progress of the plastic



deformation, The effect of plastic hardeningz on the amount of the spring back can ke ewvaluated
m this meodel by implementing the linear hardening behavior to the previous model,

The stress distribution can be written as follows!

- y

S 0)=Svar yEar, (10)
_ Y_sy

Sq(y)_SY+ET(R E) y3a|'o |:].1:|

Similiar to the previous elastic-perfectly model, the moment necessary to bend the tube can be

expressed as follows:!
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where
b=gn"a

The radiug of the curvature after the unleading of the bending morment can be obtained by the

same procedure as the elastic-perfectly plastic model,

Z4 Bending Moment and Tensile Force

Tensile force has a strong influence on the amount of the spring back in the colling process of
the tubke The material property of the tubke was assumed to be elastic-perfectly plastic in this
maodel, The bending moment and the tensile force are applied to the tuke, The application of the
tensile force shifts the neutral axis, The stress distribution is schemaftically shown in Fig, 4
when the tuke carries the bending maoment M and the tensile force 7, The stress distribution can

ke expressed as follows:
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The force equilibrium along the tube axis can be expressed as follows:

Fo |M+F _Fi |M+F:F I:].E:I



where
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Subscript M+ F denctes that the tuke carries tensile force and kending moment, The shift of the
neutral axis £ can be obtained by inserting the equation (16) and the equation (17) inte equation

(18), The bending moment necessarv to bend the tube can be caloulated as follows:
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For the simplicity of the medel, it has been assumed that the tensile force is released first and
then the bending mement is released, The stress distribution after the release of tensile force can
ke summarized as follows:
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where

d=2- a(l+h)



Force equilibrivm in the directionn of tuke amis should become zere since the tensile loading

was released,
Fo |M - F| |M =0 ':22:'

where

_1_ .4p _ : i 2(1+h) ) ¢o
F, Iy 2syroel Zh- 1)+b hb, +sm2b hanbva 32 _d)§osb cos’ b,

L) e Lo 6o gl
— < ~-1Iyib, +b,+=gsn2b, +sin2b, ¥
e S 2l (23)
1 gp i 2(1+h)
Fl.==s,a—= 1)+ -h +sin2 -h 2
i I 25 gz(h )+9, -hg, +sin2g, sin 92% 32 - d)rgEOS 9 - cos’ 91

t@+x-d)d+h) i
+’:\— |

% - d %gl +0,+ _g§n291¢+5in292%§§

bb=sn@+x- d
b, =sn"'@a- x)

g =dn™ (a+x d)u
er. 1]

g =sn" &= @- )
€l a
The residual moment after the unloading of the tensile force can be expressed as follows:!
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The radius of curvature after unloading of the moment can be obtained by inserting the
equation (25) into the equation (8,
These equations can ke expressed more simply by adding the thin tube assumption, Force
equilibrinm aleng the tube axis can be expressed as followrs:
F =s,r{p- 2sn"*(1- 24} (28)

When the bending meoment and the tensile force are applied to the tube, the bending moment



necessary to bend the fube can be expressed as followes!
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Force equilibeium in the direction of tuke axis should becomne zere after the release of the

tensile force,
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The residual moment after unleading of tensile force can be expressed as follows:
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3. Sensitivity Analysis For Tube Design Parameters

Ev using the derived model and the equations, paramefric study has been carried out for

various design wariakles of the steam generator heat transfer tubes,

3.1 Effect of Material Properties on the Spring Back

The SMART steam generator was designed vsing fitanium alloy tubes, The wield strength of
the titapium tube iz 350WFa and the elastic modulus is 117GPa, The radius of mandrel was
assumed to ke 100mm and the tube inner diameter and the cuter diameter are 9mm and lZmm
respectively, The result of the perametric study for wield strength and the elastic meodulus are
shown in Fig, 6, The absolute walue of the spring back has been increased as the vield strength
increases, That iz, the amount of spring back is large for high weld strength materisl although
high wield strength is recomimended in the view peoint of strength, The amount of the spring back
was stmaller for the higher walue of elastic modulus, Howewer, the elastic modulus is net a
controllable desizn wvariakle after the selection of the material,

The effect of plastic hardening on the amount of spring back was hvestigated ufilizing the
elastic -linear plastic material properties, &5 shown in Fig, 7, the amount of spring back increased
as the plastic tangent stiffrness increases, If the plastic tangent stiffness Er becotnes zero, the
model becomes elastic-perfectly plastic model, If the plastic tangent stiffness approaches to E it

becotmnes linear elastic,

3.2 Effect of Geometric Parameters on the Spring Back

The radius of the curvature at the final configuration was calculated for warious radius of
curvature of the mandrel, The radins of curvature in the SMMART steam generator waries from
1001w in the inner most laver to 356mm in the outer most layer, When other design variables

are fized, the ameount of spring back was larger for a larger walue of mandrel radius as shown



in Figd The effect of the tube diameter on the ameount of the spring kack has keen investigated,
&g the tube diameter increases, the amount of the spring back has been decreased, If the
mandrel radivs is fixzed, a large plastic deformation is expected for the large tube Jdiameter,

The amount of spring back was caleulated for the warious thickness of fubes with fizmed outer
diameter, The tuke thickness has little nfluence on the ameount of the spring back compared to
other geometric design wariables, Beduction of tube thickness can diminish only a small amount
of spring kack, The tube thickness is neot a controllable wariakle in the wiew point of the spring
back since it iz determined by the strength criteria,

3.3 Effect of the Tensile Force on the Spring Back

The application of the tensile force in the process of coiling is an effective method to reduce
the amount of the spring back The effect of the tensile force on the amount of the spring back
was studied in Fig, 9 where the shift of neutral axis £ denotes the amgplitude of tensile force
applied to the tube indirectly, As the tensile force increases, the spring back has decreased, The
amplitude of the tensile force to he applied in the c¢oiling process should he determined

considering all the other design wariakles,

4 Conclusion

An analytical model was developed to evaluate the amount of spring back for SMART steam
generator tukes in this study, The moedel was developed on the basis of beam theory and
elastic -perfectly plastic material property, Then, this model was extended to consider the effect
of plastic hardening and the effect of tensile force on the amount of the spring hack, Parametric
studies were performed for the spring back of helical tukes in order to minimize the spring back
during the coiling process, & sensitivity analysis has shown that low wield strength, high elastic
madulus, small heliz diameter, and large tube diameter induce small ameount of spring back, The
amount of spring kack can ke controlled by the selection of an adequate design walue in the basic
design stage, It can be reduced to the allowable limit kv the application of tensile force to the
tuke in the coiing stage,
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Fig, 1 Curvature change after the release of bending moment

Fig, 2 Stress distribution of the tuke subjected to pure bending



Plastic Region

Elastic region

Fiz.3 Boundary of plastic deformation
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Fig, 4 Stress distribution of the tube FigF Stress distribution of the tube after

subjected to bending and tensile force release of tensile force,
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Fig, 7 Effect of tangent stiffness on the amount of spring back
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Fig, 9 Effect of tensile force on the amount of spring back
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