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1. Introduction 
The design ot the gas-cooled reactor steam generators includes a tube bundle 

support plate system {Fig. 1) which restrains and supports the helical tubes in the 
steam generator. The support system consists of an array o£ radially oriented, 
perforated plates through which the helical tube coils are wound. These support 
plates have tabs on their edges which fi t into vertical slots in the inner anu outer 
shrouds. Under normal operating conditions, the plates and tube bundle are exposed 
to hot helium gas, and the tubes are filled with steam. 

When the helical tube bundle and support plates are installed in t t e steam 
generator, they most likely cannot f i t evenly between the inner and outer shrouds. 
This imperfection leads to differenct gaps between two extreme sides ot the tube 
bundle and the shrouds. With different gaps through the tube bundle height, the 
helium flow experiences different cooling effects frcm the tube bundle. Hence, the 
temperature distribution in the shrouds will be non-uniform circumferentialiy since 
their surrounding helium flow temperatures are varied. These non-uniform 
temperatures in the shrouds result in the phenonenon of thermal bowing ot shtouds. 

Figure 2 shows the arrangement of shrouds, plates and tube bundle when shroucis 

bow due to non-unitorm temperature distribution. 

2.1 Temperature Distribution in the Shrouds 

Tlie nonuniform temperature distribution in the shrouds can be expressed as 

T . T Q < ^ > COS •• + T m (1) 

where T and T are the mean temperature and a halt ot the temperature m o 
difference .'iT across the shroud cross section, respectively. L is the height ot the 
shrouds, and x and are the longitudinal and circumferential coordinates, 
respectively. 

The rot tanperature side ( •'• - 90 , the side with large gap) ot outer shtouo 
will bow to the cold temperature side (ft = 270°, the side with smali gap) of outer 
shroud. However, the inner shroud bows bo the opposite direction as ccmpareu to tliat 
for the outer shroud. It is simply because the hot and cold temperatuie sidte are 
reversed in the inner shroud as shown in Fig. 2. 
2.2 Assumptions for Analysis 

In order to carry out the stress anaiys.s for the tube bundle, the Loliowing 
assumptions were made: 

1. Shrouds are ideally assumed to be tixed at the cotton and free at the top ot 
the shrouds. 
2. Shrouds are treated as beams. Thus the evaluation of shrouds is not 
considered. 
J. Temperature profiles of shrouds follow Eq. (1). Due to the dittetent areas 
of helium flow path, the temperature difference across the inner shroud cross 
section is about half of that in the outer shroud. For GCFK steam generator, 

t<*|>erature differences are assumed to be U°C (20°F) and 5.5°C U0°F) 

for the outer and inner shrouds, respectively. 
*Th1s work was performed under the auspices of the U.S. Department of 
Energy by Lawrence Livermore Laboratory under contract No. w-7405-Eng-48. , 
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i. The shroud bowing direction coincides with the plane of a pair of plates. 
5. The combined stiffnesses of support plates and tube bundles are assumed to be 
small conpared to that of the shrouds, therefore, the plates provide no 
resistance to the movement of the shrouds. 
6. The friction between plates and tubes is large enough to avoid the sliding. 
Thus, tubes will move with plates together. 
7. The top cross sections of plates at 9 = 0 and 180° remain rectangular 
shape after the movement resulting from shroud thermal bowing. Furthermore, the 
plates at o = 90° and 270° do not move radially since the stirtness of plates 

is assumed to be much larger than that of tubes. 

8. Elastic and small deflection theories are applied to the analysis. 
2.3 Derivation of Equations 

(a) Displacement equation for shrouds 
If there is only thecal loading acting on the beam, the governing equation of 

deflection for a heated beam can be taken in the form [1] 

h l 2 ~ 2 = " K t * ( 2 ) 

d x 
where 

E s 

\ 
M tz 

transverse deflection 

Young's modulus of beam material 

moment of inertia 
moment caused by thermal loading 
(='AaE sTydA) 

., : coefficient of thermal expansion for beam material 
•i s area of beam cross section 

Eitstjtution of Eg. (l) into (2) yields 

,2 1- x 
a v 
d x 1 

&_,. (lis, ^- j l i )^) (4 ) 

d x z 

Integration of Eq. (4) with respect to x, together with boundary conditions 

(fixed at x = 0, w = dw/dx * 0), gives 

a T r - r, 2 3 

- '-(VH-nr-^Vfr (5) 

z 
Since the shrouds considered in the present analysis are thin-walled tubular 

3 3 3 1 section, i . e . , I = ™ r^t, r Q -r . = 3rJ,t (t = thickness of shroud), 

Eq. (5) can be simplified by 
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» '-fr^-fr (6) 

where r is the mean radius of shroud, m 
(b) Tangential displacanent equation for tube bundle 
According to the assumption 7, the tangential displacements for innermost and 

outermost tubes can be calculated by (see Fig. 3) 

u n 

d o - p 

d out , 
0 

W l di In, 

d 
0 

'WKuJ 
d 

0 " K u J + i%i • 

d i -"od-iJ^ootl* 

(7) 

(8) 

where w,,w = tangential displacements at the inner and outermost 
tubes, respectively, 

d.,d = distances measured frcm the inner and outer edges to the 
1 0 

plate nuetral axis (after plate movement), respectively. 
w. ,w ._ = thermal bowing displacements for the inner and outer in' out 

shrouds, respectively. 
p = half of horizontal pitch of perforated plate pius half 

of shroud thickness 
(c) Bending stress equations for tube bundle 
Due to the symmetry of the loading condition in the tube bundle, half ring can be 

used to calculate the bending stress in the tube bundle as shewn in Fie. 4- The 
solution of this problem is given in Ref. 2. The results are (see Fig. 4) 

M = 0.1816 PR (9) 
6 = 0.019(PR3/EI) (10) 

where N - maximum bending moment at the ends of the half ring, 
P,& - tangential force and displacement at the half way of the ring, 

respectively. 
R - ring radius 
E = Young's modulw of ring 
I = nonent of inertia of ring 

The maximum bending streps in the tube bundle now can be calculated by 
o * Mr^I (li) 

where r„ 1B the outer radius of tube, o 
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Combining Eqs. (6), (7), (9), (10), and (11), and letting x = L, we obtain the 
following equation for calculating the tube maximum bending stress: 

2 
Er a I L 

\o\ = 3.19 (rf) (—?—) (PP) (12) 
R n 

whers PF is the proportional factor for various radii of tube bundle. For instance, 
PF are equal to (d- - p)/d. and (d - P)/d for the innermost and the 
outermost tubes, respectively. 
2.4 Finite E.anent Method 

Equations (7) through (12) are derived by following assumption 7 in Section 2.2. 
Suppose this assumption is released, i.e., the support plates will move when the tube 
bundle pushes them, then the problem becomes ocmplicated and the closed-form 
solutions are not available. However, this complexity can be easily solved by the 
finite element method [3]. Figure 5 shews a finite element node! which represents a 
half of the tube bundle and support plates. Tubes at the locations 6 = 9U° and 
270° will move along fi = 90° or 270° directions, but still have rotation 
resistance. Tube bundle is represented by a series of rings which is modeled by 
many curve pipe elements. Each pipe element is bounded by two adjacent radial lines 
with an angle 5° between the lines. Support plates are modeled by beam elements 
and each beam element has a unit length in thickness. 

3. numerical Example and Results 
The following data were chosen for the numerical example: 

R. = 0.44 m (17.5 in), R Q = 1.9 m (74.65 in), 
R, = 0.48 m (19 in), radius o£ innermost tube, 
R = 1.86 m (73.15 in), radius of outermost tube, 
L = 6.8 m (268 in), r Q = 1.27 cm (0.5 in) , 
p •= 3.81 cm (1.5 in), E = 158,5f3MPa (23 x 106 psi) , 
a = 14.2^ x 10"6 m/mA (7.9 x 10" 6 in/in/°F>, 
T Q = AT/2 = 5.6°C(10°F) for outer shroud, 
T 0 = JT/2 = 2.76°C(5°F) for inner shroud. 

From Eqs. (7) and (8), we have 
w. = -0-137 cm (-0.054 in) , v . = 0.064 cm (0.U253 in) , in out 
d Q = 0.463 m (18.23 in) and d i = 0.99 m (38.9 in) . 

In the following, both simplified method and finite element method are used to 
solve the tube-plate interaction problem resulting from the thermal bowing of shrouds. 

(a) Simplified Method 
Based on Eq. (12), the maximum bending stresses,°] , and ° n , for the innermost and 

outermost tubes, respectively, are 
ol = 109 MPa (15.8 ksi) and ° n = 3.45 MPa (0.5 ksi) 

(b) Finite element method 
Table 1 presents the result of tube bending stresses for various numbers of tubes 

ranging ftcn 6 to 32. 
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Table 1. Tube bending stresses for given prescribed displacements 

[ 6 = 0.064an{0.0253 in) , 5. = 0.137 an (0.054 in) ] 
o l 

Number of tubes Rigid body motion 
(in) 

of plates ffl 
(ksi) 

°n 

6 -0.0224 6.7 7.2 

12 -0.0294 7.6 4.9 

16 -0.0362 5.6 3.6 
32 -0.047 2.2 0.95 

1 ksi = 6.895 Mpa, 1 in = 2.54 cm 
I t is interesting to note that the movement of plates gets bigger as the nunber 

of tubes increases. I t implies that the stiffness of tube bundle is comparable to 
that of plates when many tubes interact with the plates. The resulting rigid body 
motion of plates certainly reduces the tube bending stress. 

4. Comparison of Results and Conclusi — 

The results obtained from both simplified method and finite element method are 
shown in Fig. 6. The ratio of innermost tube stress calculated by the simplified 
method to that computed by the finite element method can be as high as 7.18 when 32 
tube rings are considered, i t can be concluded that the assumption that the 
stiffness of tube bundle is small in comparison with that of support plates can lead 
to an inaccurate result for bending stress in the tube bundle. However, this 
assumption is totally valid if the support plates are designed to be restrained in 
the radial direction. Therefore, a design of support plates with radial restraints 
is not desirable in the gas-cooled reactor steam generator from shroua bowing 
standpoint. This concept is obviously more predominant when more than four support 
plates are required in the tube-plate support system. 
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Figure 1. A section of tube bondlc support plate system in gas-cooled reactor steam generator. 
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Fffure 2. Amm«enieitl of rtrou*. pUl«. inn tube bundle when shroudi bow. 
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Figure 3. Movements of shrouds, plates and tube bundle 
due to thermal bowing of shrouds. 

Figure 4. Displacement and forces for a half ring structure. 
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Figure 5. Finite element model for tube-plate interaction 
with prescribed displacements. 
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