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ABSTRACT

Elastic and inelastic finite element analyses have been carried out for the shell to
tubesheet junction of a C2- Hydrogenation reactor subject to pressure and temperature
actions.

Three geometrically different models have been tested to select the most efficient one for
applying the analysis. These models are symmetrical and differ from each other by the
amount of tube to tubesheet perforations and the type of the supporting tubes. It has been
shown that a tubesheet FE model with full perforation supported by combination of the link
and three- dimensional elements produces quite reasonable results as compared to other
proposed models.

FE elastic analysis was carried out for tubesheet thickness as per datasheet, and also for
reduced tubesheet and shell thicknesses. Results indicate that the lower thickness can be
employed and additional thickening of the tubesheet and adjacent shells is not required.
Inelastic analyses for the gross plastic deformation and progressive plastic deformation
design checks have been carried out for the data sheet original thickness as well as the
reduced thicknesses. Results indicate that in either case larger pressure in comparison with
data sheet values can be carried safely by tubesheet and adjacent shells.

Moreover, employing Melaln's shakedown theorem, it is shown that the residual stress
field created during a loading and unloading cycle will not grow during successive load and
unload cycles once the tube sheet is subject to cyclic actions and, hence, the tubeshect
shakes down to completely elastic behavior.

Fatigue analysis for both welded and unwelded region of tubesheet and shell junction at
the groove location have indicated that the number of life cycles for this reactor is much
larger than the number of operating cycles anticipated to occur during the reactor life.

Radii effect analysis was performed in order to study the effect of radii size on the
magnitude of the stresses. Results of analysis indicate that small radii result in larger
stresses, which increase of this transition radius results in decrease of stresses down to a
minimum, and further increase leads to an increase of stresses. The optimum radius size has
been reported.

A manual calculation according to ASME Sec. VIII and EN 13445-3 Appendix 13 and
Annex J was performed to show the difference in results obtained according to these codes.



Statement of the Problem

Various codes and standards give quite different values for the thickness of
tubesheets of heat exchangers, and, based on this, fabrication time and overall price
will be quite different.

It has been suggested that considerable reduction in the cost of fixed tubesheet
heat exchangers can be obtained by employing the Direct Route in Design by
Analysis, according to EN 13445-3 Annex B.

The purpose of this work is the comparison of different results for various codes
and standards with the direct route approach, which requires linear-elastic ideal-
plastic Finite Element calculations.

The junction of a tubesheet to the shell of a fixed tubesheet heat exchanger for a
hydrogenation reactor of an olefin plant is to be modeled by means of ANSYS 8.1
software, in order to carry out the various finite element analyses that are required
to be performed in this method.

The results for the specified tubesheet thickness, based on ASME section VIII,
Division 1 and 2, and the standard EN 13445, Clause 13 and Annex J, shall be
compared with that of the Direct Route in Design by Analysis. In this investigation
for the Direct Route in Design by Analysis two constitutive laws are required in the
relevant design checks: A linear- elastic and a linear—elastic ideal-plastic
constitutive law.

Moreover, the effect of various radii sizes and shell thicknesses at the junction is
to be investigated because of their importance especially for fatigue life calculations.
In this investigation, linear analyses are to be performed for pressure and
temperature loadings, whilst for the determination of the GPD limit pressure and for
the shakedown design check a combination of pressure and temperature has been
considered.

Due to the base load operation, this reactor is considered not to be subject to
cyclic loading and, formally, in a classical admissibility check no fatigue
calculation is required. However fatigue checks are required in accordance with the
requirements of EN 13445-3, the Direct Route does require a detailed fatigue design
check even if fatigue is not governing the design, is not considered to be a problem.
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1. Introduction

Study of plane surfaces bent to a simple geometry has a long history, going back to
Poisson who defined extension of inner and outer fibers of a plate in terms of the radius of
curvature for the purpose of arriving at bending equations.

His work has been extended by many others to cover plates of various shapes subject to
different loads and with different edge supports.Results of these efforts for circular solid
flat plate with various edge conditions was presented among others by Timoshenko[1].

Timoshenko formulated the deflection equation by studying bending of a flat plate due
to distributed loadings. He considered equilibrium, compatibility and elasticity equations
for this purpose.

The result of his equation for the deflection of a solid flat circular plate made of linear —
elastic material uniformly loaded and with clamped edge is

w=ga® /(16-D) (1.1

There w is the maximum deflection, q the uniformly distributed load, a the plate radius, and
D is the plate flexural rigidity, D = Ee® /12(1-v?), with e the plate thickness.

With regard to the application of this equation to a fixed tubesheet heat exchanger some

factors require specific attention. These factors are:

(1) The effect of plate perforation.

(2) The effect of an imperforated rim with pressure loading as it interacts with the
perforated part of the plate.

(3) The effect of the staying action of the tubes specifically those close to the rim.

(4) The effect of differential thermal expansion due to different temperatures and/ or
different materials, tubes, tubesheets, shells.

These considerations have been subject of extensive studies by many researchers, the
effect of perforation on flat plate deflection and resulting stresses subject of analytical and
experimental work in the early 1960's.

Gardner [2-4] proposed to replace the perforated plates with a solid plate with elastic
constants appropriately adjusted. A review of the research including extensive literature
survey is given in [6], with the milestone papers [7-10] included in full.

Based on Gardner's work, ASME and other codes adopted his proposals for the
calculation an effective modulus of elasticity and an effective Poisson’s ratio.

In early 1980's, these curves were extended to lower thickness ranges with inclusion of
more general features [9,10].

The lateral deflection of the plate with respect to the outer edge of the imperforated rim
is governed by the classical plate solution, given, in the present context, among others by
Soler[11][12] in the form

DV*w=K*Q (1.2)



where D is the perforated plate effective stiffness, K an elastic foundation parameter
reflecting the staying effect of the tube bundle, and Q the imposed loading or any other
action that acts like an imposed loading.

The solution of equation (1.2) involves Bessel (Ber and Bei) functions and a parameter
Xa, which represents the ratio of the axial stiffness of the tube bundle to the bending
rigidity of the perforated plate, having the form

Xa* =24(1=v"2Y(E(d-0)1) (al h)’ 1(E* La) (1.3)

In the equation above E* and v* are the effective tubesheet modulus of elasticity and
Poisson's ratio. L is the tube free length between tubesheet inside faces, n the number of
tubes, E the tube modulus of elasticity, and d and t are the tube outer diameter and the
thickness, respectively. H is the tubesheet thickness and a the radius of the perforated
region. A manual computation is possible with the aid of the series of charts from which
values of the Bessel functions versus Xa can be obtained. Staying action of tubes has been
considered by replacing tubes by equivalent elastic foundation modulus.

This approach is employed in many codes and standards like ASME, CODAP, EN
13445 - 3, Clause 13, etc. A different approach is used in Annex J of EN 13445 - 3[14], an
approach based on limit analysis concepts.

Another, very different, very general approach is specified in Annex B of EN 13445 -3
the Direct Route to Design by Analysis, which allows for the usage of finite element
method (FEM) software in specified design checks. Out of the number of design checks
defined in Annex B three are of relevance here. These checks are:

e The gross plastic deformation design check (GPD - DC).

e The progressive plastic deformation design check (PD — DC).

e The cyclic fatigue design check (F-DC)

In short these three design checks are related to the modes of failure for which the
component should possess adequate safety margins. These failure modes are encumbered
fatlure criteria based on limit load theory, shakedown theory, and fatigue theory.

The gross plastic deformation and progressive plastic deformation design checks
cannot be dealt with in an elastic analysis, as the corresponding failure mechanism is
inelastic. Ideally, these inelastic failure modes should be assessed by appropriate analyses
that adequately model the mechanism of failure.
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2. Basic Data and Mechanical Properties of the Considered
Heat Exchanger

The considered C2—-Hydrogenation reactor is the largest and heaviest heat exchanger in
an Olefin plant. This special heat exchanger, considered here, is actually a chemical reactor
with 3200 tubes. It is considered to be a long delivery equipment, due to its very large
inside diameter and considerable time required for tubesheet drilling, tubes installation, and
various welding steps.

Dimensions, properties, and basic material information, which are repeatedly referred
to, are given below [15]:

2.1 Dimensions, design data and basic material type

Shell inside diameter = 4250 mm
Channel inside diameter = 4230 mm
Outside Tube Limit (OTL) = 4136 mm
Tube pitch = 69 mm
Tube pattern = 60°
Thickness of tubesheet = 135 mm
Shell thickness channel side = 90 mm
Shell thickness shell side = 70 mm
Corrosion allowance = 3 mm, with the exception of tubes, for which zero is
specified
Design fluid temperature on tube side = -4/190°C
Design fluid temperature on shell side = -4/145°C
Design pressure shell side = 1 MPa
Design pressure tube side = 4 MPa
Shell side test pressure = 6 MPa
Tube side test pressure = 1.5 MPa
Shell side mean wall temperature = 50°C
Tubeshcet mean wall temperature = 100°C
Calculated temperature for selection of material properties:
Shell material channel side = 190°C
Shell material tube side = 145°C
Tubesheet material = 167.5°C
Tube material = 167.5 °C
Basic materials:
Tube material: SA 334 Gr. 1
Tube sheet material: SA 266 Cl. 2
Lower shell material: SA 516 Gr. 70
Upper shell material: SA 516 Gr. 70



Figure (2.1) below indicates some additional dimensions, as given on the data sheet of
the considered heat exchanger. All thicknesses are uncorroded actual minimum permissible
thicknesses after manufacture.
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Fig (2.1) Basic dimensions and mechanical features

(2.2) Basic Material Data

(A) The material physical properties are extracted from EN 13445-3 Annex O
and have been cross-checked with ASME Sec 11, Part D. Values are reported at
the calculation temperature. In this regard E is the modulus of elasticity, o is the
allowable stress, and a is the mean coefficient of linear thermal expansion.
(B) Allowable stresses are calculated based on EN 13445, Clause 6, using yield and
tensile properties reported by ASME Sect. 11, Part D at calculation temperature. Table
(2.2.1),(2.2.1.A) and (2.2.2) below provide the material information, table (2.2.3) gives the
allowable stress values based on ASME Section VIII Division 1. Table (2.2.4) gives the
allowable stress intensity according to EN 13445-Clause 6.



Table (2.2.1) Material Properties Data at Calculated Temperature

d

a

at E(MPa) a Rm Rp,0.2/ Rp,0.2/ | te
(1/°C) 20 °C tcale | (°C)
10° (MPA) | (MPA) | (MPA)

SA 516 | 192000 |12.7 485 260 225.75 | 190

Gr 70°

SA 516 | 195000 |12.42 |485 260 232 145

Gr 70¢

SA 266 | 193875 |12.51 |485 250 217.5 167.5

Cl2

SA 334 [193875 |12.51 |380 205 181.5 167.5

Grl

? Calculation temperatures are :
e Fluid design temperature for shell material channel side.
e Fluid design temperature for shell material shell side.
e Average design temperature of shell and tube sides for tube sheet and tubes.
® Channel side.
¢ Shell side.
¢ q depends on t.y
¢ Rm is the ultimate stress at 20°C, Rp 0.2/20 is the material yield strength at 20°C,
or the 0.2% - proof stress, and Rp,0.2/tcalc is the material yield strength, or the
0.2 %- proof stress, at calculation temperature.



Table (2.2.1.A) Variation of Material Yield Strength, in MPa, with

Temperature

T°C |upto40 |50 65 100 108 125
Materi
SA 516 | 260 255 246 239 238 235
Gr 70
SA 266 |250 242 233 227 226 223
Cl2
SA 334 | 205 201 195 189 188 186
Gr |
SA 537 |310 303 292 283 282 279
Cl1°

? 64 <t <= 100 where t is thickness.

Table (2.2.2) Material Properties Defined for DBA (MPa)™

Rpo2 R0 Rpo.211cale YR RM RM ed
/t metal Rm

Materia
SA 238 485 49 1.25 190 165
516Gr70°
SA 255 485 .53 1.25 204 176.6
516Gr70°
SA 226 485 47 1.25 180.8 156.6
266CL2
SA 188 380 49 1.25 150.4 130.2
334Grl
SA 282 485 58 1.25 225.6 195
537CI2°¢
2 For RM = Rp 0.2/t cale
® Channel side shell
¢ Shell side shell
d Symbols according to EN-13445 Annex B.
; Proposed material for upper shell to make it stronger.

Reduced design value for usage with Mises yield condition.



Table (2.2.3) Material allowable stress (MPa) from ASME Div 1°

AT Allowable | Allowable | Allowable | Allowable |t
stress in stress in stress in stress in (°C)
tension shear bending - | bending-

(MPa) (MPa) Pressure Pressure

(MPa) & Temp.
(MPa)

SA 266CL.2 | 138 110.34 275.86 552 167.5
SA 108.2 86.62 216.55 432.8 167.5
334Gr. |
SA 138 110.34 275.86 552 190
516Gr: 70

 Calculation temperatures are :
e Fluid design temperature for shell material in channel side.
¢ Fluid design temperature for shell material shell side.

e Average design temperature of shell and tube sides for tubesheet and
tubes.



Table (2.2.4) Material allowable stress(MPA) from EN-13445: DBF

allow Allowable | Allowable | Allowable teal
Stress stress in stress in stress in °O)
value- shear bending- | bending-
Tension | (MPa) Pressure Pressure &
(MPa) ( MPa) Temperature
(MPa)
SA 266 145 116 290 435 167.5
Cl.2
SA 334 121 96.8 242 363 167.5
Gr. 1
SA 516 150.5 120.4 301 451.5 190
Gr. 70

% Calculation temperatures are :
Fluid design temperature for shell material in channel side.
Fluid design temperature for shell material shell side.

Average design temperature of shell and tube sides for tube sheet

and tubes.




3. Code Description and Results of Manual Calculations

The methods for calculation of tubesheets, as given below in the considered codes,
use the concept of the equivalent solid plate. In this method the perforated plate is
replaced by a solid plate that is geometrically identical to the perforated plate but
has modified values of the elastic constants - modulus of elasticity and Poisson’s
ratio.

3.1 ASME Sec. VIII|[13]:
In this code, the basic equations with regard to fixed tubesheets are provided
according to the classical plate theory with modifications for the plate perforation.

A. Divison 1:

For fixed tubesheets, Div 1 covers, in article AA-2.6, the effect of plasticity at the
tube sheet to channel or shell joints. This article suggests that if loading is such that
high discontinuity stresses exist at the channel-to-tubesheet and/or shell-to-
tubesheet joints, to alleviate this condition a decision may be made to change the
geometrics of the shells or the tubesheet in order to meet all stress limits given in
AA-2.4. These stress limits given in AA- 2.4 are limits on tubesheet shear and
bending stresses and tube streses in the outermost tube row. These limitations are:

|o|<15Q8
|t|<0.88

where

o is the bending stress in the tube sheet,

T is the average shear stress in the tubesheet at the outer edge of the perforated
region,

S is the allowable stress for the tubesheet material,

Q is the allowable stress amplification factor, (4/3) for pressure loading and (8/3)
for pressure and temperature loadings. For the value of the above parameters, see
table (3.3.1).

In certain cases, when the tube sheet stress level is below the limit, but either or
both of the shell or channel bending plus membrane stresses exceed their limits, an
additional “elastic-plastic’ solution step may be taken. This permits an adjustment
of the shell and/ or channel modulus of elasticity, which in turn affects the rotation
of the joint. Adjustment of the modulus of elasticity reflects the anticipated load
shift resulting from plastic action at the joint.

This code also emphasizes that the elastic-plastic procedure shall only be used for
pressure loading. However, it is indicated that the introduction of a reduced
effective modulus has the effect of reducing the shell or channel stress in the
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elastic—plastic iteration; however due to load shifting, this usually leads to an
increase in tubesheet stress.

Results of manual calculations according to the code procedure are covered in the
table given below.

B. Div 2:

The procedure presented in this code for a fixed tubesheet is also based on the
concept of the equivalent solid plate with basic plate theory and with additional
consideration of radial stresses coming from the pressure acting at the inside of the
tubes.

Article 4-931.1 gives the mechanical and pressure load on circular plates. This
article gives the stress intensity, based on stresses across the minimum ligament
width and through the thickness of the plate. Equations (1) and (2), of Article 4.931,
give the stresses across the minimum ligament width and through the thickness of
the plate. These equations are given below. The larger value calculated according to
these equations should be selected.The following descriptions are used

S = (P/h) V [(Ap R*/t) + (W/mtR*)* + (5,2, (1)
or
S = (0.5)(P/){N[(Ap R¥/t) + (W/rtR*) + (,)?] + o, + 2P;h/ P)},  (2)

where S is the equivalent stress, called here stress intensity, P is the tube inside
pressure, Ap is the differential pressure across tube sheet, R* is the effective radius
of perforated plate, h is the nominal width of ligament the minimum cross section,
t is the thickness of tube sheet, w is the radial displacement of tubesheet edge, and
o, is the radial stress averaged through the depth of the equivalent solid plate.

The first term in equations (1) and (2) under the square root reflects the effect of
the transverse shear stress due to the mechanical and pressure loads. It is maximum
in the outer most ligament of the perforated region. The averaged radial stress o, is
the stress resulting from applied in- plane loading averaged over the thickness of the
equivalent solid plate. It includes the stresses due to pressure in the tubes or
perforations. No bending stresses are included.

By reviewing the article the following points can be highlighted:

A) Effect of tubesheet displacement and/or rotations due to shell movement is
not clearly defined.

B) Article 4-904(c) states that staying action of tubes is not covered.

C) Article 4- 920(d) asks for a discontinuity analysis by considering the
imperforated rim as a separate ring or cylinder based on Article 4-7, but
requirements and details for such an analysis are not provided directly in the code.

D) The scope is limited to a tube sheet thickness to pitch ratio not smaller
than 2.0- the ratio of the heat exchanger under discussion is out side of the scope.
Due to overall consideration it was therefore decided not to provide the Div 2
calculations in this work.
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3.2 EN 13445-3:

Among other types of heat exchangers, Clause 13 and Annex J provide rules for
the design of the fixed tube type. The relations provided in Clause 13 are based on
the classical elastic theory of thin plates and shells with the assumption of tubesheet
staying on an elastic foundation created by tubes, similar to the ASME approach.

Annex J provides an alternative method based on limit analysis. This annex
assumes constant shell thickness at the junction. The basic equations are still
derived by classical plate theory with account for various stresses. The created
stress field is then simply compared with allowable limits that are based on limit
analysis theory.

The procedure tabulated in Appendix J for the calculation of staying effect of
tubes is structurally undetermined for fixed tubesheets. This fact requires the
calculation with various values, minimum, maximum, and, possibly intermediate
values. It is the code recommendation that, by making series of assumptions, the
most favorable final result should be used. This can affect the final conclusion.

3.3 Results and discussions of results of codes calculations

For the purpose of design work, the various loading conditions to be considered
shall include the normal operating conditions, the start- up conditions, the shut-
down conditions, the upset and the pressure test conditions, that may govern the
design of the main components of the heat exchanger (i.e. tubesheets, tubes, shell,
channel).

The related load cases are,

* Load case 1: Tube-side pressure (p=4 MPa) and shell-side pressure (ps=1
MPa) acting simultaneously, without thermal expansion.

* Load case 2: Tube —side ( p=4 MPa) and shell-side pressures(ps =1 MPa)
acting simultaneously and with thermal expansion.

*  Load case 3: Shell-side pressure (ps =1 MPa) acting only, without thermal
expansion.

* Load case 4: Tube-side pressure (p=4 MPa) acting only, without thermal
expansion.

* Load case 5: Thermal expansion acting only.

* Load case 6: Tube-side pressure(p= 4 MPa) acting only , with thermal
expansion.

* Load case 7: Shell-side pressure acting only (p; =1 MPa), with thermal
expansion.

» Load case 8: Tube side pressure (p= 6.6 MPa), thermal expansion, no shell
side pressure with shell side temperature of 50 °C. This load case is used for
preparation of table (8.1.A.1).

For purpose of this work, only the load cases with most severe effect, as given
below, have been considered. The load cases considered are:
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Load case 1: Tube- side pressure(P,=4 MPa) and shell side pressure(Ps =1 MPa)
acting simultaneously with out thermal expansion.
Load case 2: Tube-side pressure (P=4 MPa) and shell side pressure (P; =1 MPa)
acting simultaneously and with thermal expansion.
All calculations have been carried out at corroded condition.

Table (3.3.1) gives tabulated results.

Table (3.3.1): Results of calculation according to codes( A)

Load Gh,max Tmax Ta GCb,a Tmax / Ob,max Notes
Case Ta / Gpa
(MPa) | (MPa) | (MPa) | (MPa)

EN Pressure | 266.64 | 63 116 290 0.44 0.92 (P

13445-
3
Clause Pres.+ 130.33 | 30.8 116 435 0.27 0.30 fallow= 3

13 Temp. (E)
Annex | Pressure | - - - 0.88 0.51 (B)

J 0.39
ASME | Pressure | 265.53 | 56 110 275.86 | 0.51 0.96 ©), (D)
Sec.

VIII Pres. + 115 40.2 110 552 0.68 0.36
Div. 1 | Temp.
Notes:
{A) Op,max 1s the maximum calculated bending stress, (MPa),
Tmax 1S the maximum calculated shear stress (MPa),

T, is the allowable stress in shear (MPa),
Ob.a is the allowable stress in bending (MPa).

(B) Uniform wall thickness is assumed. The Annex J method is based on the
calculation of load ratios for bending and shear, the ratios are for the imperforated
region. The method presented does not contain effects of thermal stresses in this
part of the check. The 0.39 is the optimum value of Gpmax/ Oba. Optimal for
the whole structure

(C) Curves for the effective elastic tube sheet constants do not depend on the tube
sheet thickness.

(D) ASME Sec.VIII, Div. 2 has not been considered, since the staying action of tubes
is not covered. Also, curves for equivalent elastic properties are out of the
graphs’ limit.

(E) fis the allowable stress in tension, see table (2.2.4).

(F) The allowable stress in shear is .8f, the allowable stress in bending is 2f.



Comparing shear stresses due to pressure only, the ASME procedure gives
slightly larger values than the EN Standard, whereas for bending EN gives slightly
larger values. It should be noted that the effective elastic tubesheet constants in
ASME VIII/ 1, which do not depend on the tube sheet thickness, seem to be less
accurate than those of EN 13445-3, which do depend on the tube sheet thickness.



4. FEA Models and Boundary Conditions

This chapter deals with the FE models used in the direct route approach of design
by analysis, which is covered in chapter five.

A. Model Selection

The FEA has been carried out by ANSYS version 8.1. The primary step was to
decide on the model geometry and its overall dimensions. Three different models
were considered and, based on the results obtained, one was selected for the
additional detailed investigations.

The investigated models are:

(I)  Quarter of the size model (called full model) - Fig (4.1.1 — 4.1.5)

The geometry of this model has been constructed in a stepwise fashion in the
following way:

¢ Bottom up, with consideration of the actual geometry and for " of the tube sheet
surface.

e The model covers all tubes in the region, tube sheet and connecting shells with
grooves at the junctions.

¢ The model has been created basically by swap and extrude commands, at first the
tubesheet layout was constructed and then relevant areas were extruded.

e  All the three-dimensional tubes for half of their length and within the plane of 90°
symmetry have been included in the model. This type of modeling has also been
employed by Jones and Gordon[16].

e Solid 45 elements have been uniformly employed everywhere throughout the
model with good aspect ratio at tubesheet, radii and connection points.

Other parts have fair aspect ratios.

e Usage of long elements has been avoided everywhere.

For this model true elastic constants have been used due to the very exact
geometry.

e This model contains 501912 nodes and 254545 elements, which, although
giving efficient geometry, requires considerable time and memory storage for
numerical calculations of inelastic parts.

(I1)  One eighth of the size model(called link model) — Fig (4.2.1 — 4.2.2)

The second model was constructed in the following way:
¢ The geometry covers 1/8 of the tubesheet surface.
¢ The model covers some of the pipes, tubesheet, grooves, and shells at the
junction.
e This model has also been constructed by swap and extrude commands.
e The tubesheet for the three outermost rows of tubes is perforated and for the
rest it is a solid plate.
e The perforated zone is fitted with three- dimensional tubes, and for the rest of the
tubesheet link 2D elements have been placed at locations where in reality tubes are.
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e The three- dimensional tubes have half of their length.

e Elements are solid 45 and link elements.

e For this model true elastic constants have been used for the tubesheet on the
perforated and the rim region and reduced ones for non-perforated parts (of the
tubesheet).

The model is made of 18211 elements and 27280 nodes.

(ITI) Sector of tube sheet face (called sector model) — Fig. (4.2.3 -4.2.4)

The third model has been constructed in the following way:

e The geometry is of a cake type.

¢ The models covers three-dimensional tubes, tubesheet, and connecting shells,
with the grooves at the junctions.

e The model has been constructed by swap and extrude commands.

e The tubesheet has been modeled as a perforated plate.

e A large portion of the perforated zone has been fitted with three- dimensional
tubes.

e Holes which are not equipped with 3D tubes are supported in vertical
direction with link elements to simulate the missing pipes. The number of
link elements for each hole is twelve.

e Solid 45 elements have been used everywhere in the model with good aspect
ratios in the tubesheet and grooves and at the junction points, and with acceptable
values elsewhere.

e True elastic constants have been used everywhere in the model.

e The model consists of 42482 elements and 82238 nodes.

In comparison with the simpler link model, this model is much more accurate, and
since it covers all the holes in the region, the values of the elastic constants are the true
values. Moreover, staying action of tubes are captured by both of the link and three-
dimensional tubes.

(1V)  Tested Models

Due to various considerations and trade-off between accuracy, simplicity,
computational time, and memory requirements for selection of optimized model,
each model has been tested for the same load case according to the data presented in
section 2.

It is concluded that the sector type model is the most feasible one. Therefore,
this model has been used for all the other aspects of this work. It should also be
noted that for the full model, once it is read in, ANSYS requires additional memory
space in form of RAM, so that this could be used as a scratch file. Often this
required memory allocation had to be adjusted such that the program could read and
run internal Boolean operations.

Table (4.1) and the graphs (4.1.1 to 4.2.4) below give the result of the displacement
comparison for the various models.
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Table (4.1) Model Comparison — Maximum Displacements (mm)

( Peube= 4.0 MPa, P, = 1.0 MPa , ambient temperature)

Model Tube Sheet Tubes Shell
Link 0.5 1.0 1.48
Full 0.329 1.403 143
Sector 0.324 1.309 1.27

Fig. (4.1.1): Full model: geometry
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FIG1 - Perforated Tube Sheet Isometric

Fig. (4.1.2): Full Model: Tubesheet

1
ELEFFNTS
PRES FEB 3 2005
~HORA 22:42:11
e
1 1.667 2.333 3 3.667
1.333 2 2.667 3.333 4
PIGll -Pressure Loadings

Fig. (4.1.3): Full Model: Pressure Loadings
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DISPLACEMENT

STEP=1
SUB =1
TIME=1
DMX =.328488

FULL MODEL - NO Temp,

P =3 tube sheet, p=4 up.

shell,

p=1 low shell

AN..

MAY 3 2005
11:43:19

Fig. (4.1.4A): Full Model :Tubesheet Displacement

)

NODAL SOLUTION

STEP=1
SUB =1
TIME=1
USUM

RSYS=0
OMX =.328488
SMN =,074283
SMX =,328488

(AVG)

.102528
FULL MODEL - NO Temp,

N\)
/.
) A\
2
\
[ |
.130773 .187263 .24
. .215508 .
P =3 tube sheet, p=4 up. shell, p=1 low shell

.300243
8

AN

3 2005
11:46:08

MAY

. 328488

Fig. (4.1.4B):

Full Model: Tubesheet Displacement
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1 S
HODAL SOLUTION AN e e
AUG 2 2005
i 22:47:45
SUB =1

TIRE=1

usue (AVG)
RSYS=0

DEX =1.403
SHN =.467Z-03
SEX =1.403

.467E-03 .312144 .62382 .935497 1.247
+156305 .467982 . 779659 1.091 1.403

PULL MODEL - NO Temp, P =3 tube sheet, p=4 up. shell, p=1 low shell

Fig. (4.1.4): Full model: Tube displacement

1 AN
NODAL SOLUTION MAY 3 2005
sTEP=1 11:58:31
SUB =1
TIME=1
UsuM (AVG)
RSYS=0
DMX =1.434
SMX =1.434

1

1
4] .318724 .637448 . 956171 L2715
-159362 .478086 .79681 1.116 1.434

FULL MODEL - NO Temp, P =3 tube sheet, p=4 up. shell, p=1 low shell

Fig. (4.1.5): Full model: Shell displacement
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1
ELEMENTS

Tube Sheet to Shell Junction

AN
MAR 2 2005
14:01:19

Fig. (4.2.1.A): Link Model: Tubesheet geometry

ELBNMENTS

A

Tube Sheet to Shell Junction

AN

MAR 2 2005
14:03:17

Fig. (4.2.1 B): Link Model: Tube geometry
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1 AN

ELEMENTS o
MAR 2 2005
14:05:14
Tube Sheet to Shell Junction
Fig. (4.2.1.C): Link Model: Link element geometry
i AN
NODAL EOLUTION
MAR 1 2005
STEP=1 09:32:53
syB =1
TIMR=1
usUM (AVG)
ROY3=0
DMX =.50754

SMN =.113964
SMX =.50754

.288887 .376348 .463809
.245156 .332617 .4200795 .50754

Tube Sheet to shell Junction

Fig. (4.2.2): Link model: Tubesheet displacement
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! ANSYS 8.1
JAN 30 2006
16:43:59
ELEMEN?S
Sector Model
Fig. (4.2.3.A): Sector model: Geometry
T AN
NODAL SOLUTION
FEB 24 2005
STEP=1 07:11:17
SUR =1
TIME=1
usuMm {AVG)
R3YS=0
DMX =.324952
SMN =.002363
SMX =.324952

- T
.002363 .074049 .145735 .217422 .289108
.038206 .109892 .181579 .253265 .324952
Tube Sheet to Shell Junction

Fig. (4.2.4 B): Sector model: Tubesheet displacement (mm)
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2z
NODAL 3JOLUTION
STEP=1 ;:ji\Y
SUB =1
TIME=1
usuM (AVG)
RSY3=0
oMX =1.309
SMN =.006375
SMX =1.309

.006375

Tube Sheet to Shell Junction

AN

FEB 23 2005
07:09:51

.874838 1.164
1.02 1.308

Fig. (4.2.4.C): Sector model: Tube displacement (mm)
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1 AN -

NODAL 3OLUTION
FEB 24 2005

STEP=1 07:12:36
SUB =1
TIME=1
usuM (AVG)
RSYS=0
DMX =1.266
SMX ~1.266

0 .28138 56277 . .
<140693 -422078 .703463 .984848 1.266

Tube Sheet to Shell Junction

Fig. (4.2.4.D): Sector model: Shell displacement (mm)
(B) Displacement Boundary Conditions

All nodes of elements located at the edges of the tubesheet or shells have been
assigned with symmetry boundary conditions. These nodes cannot rotate but they arc
allowed to have radial displacements.

3D pipes or link elements are fixed in vertical direction at the lower end, and they are
attached to the tubesheet elements at the other end. For 3D tubes and link elements the fix
points only prevent the vertical movements and all other displacements or rotations are free.

To take into account the effect of the head reaction to applied pressure, which
imposes longitudinal stress on the channel side, vertical forces at the uppermost points have
been introduced.

The value of these nodal forces is given by the quotient at thc amount of longitudinal
stresses and the available area.

For the shell-side shell, the nodes at the lower part are fixed in all aspects since these
nodes are in the heat exchanger middle plane.

(C) Load Boundary Conditions and Load Cases

Actions at these boundary conditions are the pressure and the temperature that are
applicd in the various load cases.

For the inelastic analysis temperature effects have not been considered in the gross
plastic deformation design checks since their incorporation is not required according to the
code: Thermal stresses are self- equilibrating, and , therefore, they do not affect the results
of a limit analysis investigation, and are thus not to be included in this check. The
considered load cases are:

. Opcrating load casc with design pressure and design temperaturc in elastic
investigations.
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Pressure increase up to maximum allowable value according to the

requirements of the direct route in design by analysis for gross plastic
deformation checks (inelastic analysis).

Pressure cycles up to maximum aliowable value and back to zero, along with
constant temperature distribution according to the requirements of the direct route
in design by analysis for progressive plastic deformation design check (inelastic
analysis).

Pressure cycle up to the maximum value and back to zero along with constant
temperature distribution for extracting maximum stresses as required in the
fatigue design check (elastic analysis).
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S. Elastic Analysis

Elastic analysis of the reactor has been carried out with regard to two separate
goals. For the first goal the linear analysis has been carried out for the purpose of
comparison between results obtained by FEA analysis and various code formulas.
For the second goal the elastic analysis has been carried out to investigate the
reactor performance under cyclic fatigue loading.

5.1 Model Elastic Calculation

Based on the data presented in part 4 of this work for the selected sector model,
the elastic analysis with elastic material parameter at relevant temperature has been
carried out. Detailed studies were carried out for five cases to observe tube sheet
behavior under various loadings. The considered load cases are:

] Load case 1: Pressure only (table 5.1).

In this load case, the tubesheet, the tubes, and the upper shell, are subjected
to 4 MPa pressure, and the lower shell to no pressure. All parts are at ambient
temperature. In other parts of this work this load case is often referred to.

o Load cases 2and 3: Temperature only ( table 5.2 and 5.3).

Since EN 13445 Annex J for the tube sheet is based on mean
temperatures instead of true temperature distributions, load case 3 has been
performed to cover this condition. Load case 2 covers the temperature
distribution according to the data sheet.

. Load case 4: normal operating condition ( table 5.4).

For the combination of pressure and temperature see table 5.4. This table
indicates the result of load case 4. In this load case tubesheet and tubes are
subjected to 3 MPa pressure while the upper shell and the lower shell are subjected
to 4 and 1 MPa respectively. All parts have a temperature distribution according to
the data sheet.

. Load case 5: Normal operating pressures but no temperature ( table 5.5).

This load case covers the pressure loading only: 3 MPa on the tubesheet, 4
MPa on the upper shell, and 1 MPa on the lower shell. This load case has been
investigated for observing the amount of displacements due to pressure loadings
(Table 5.5), and serves as a comparison for load case 4 .
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(5.1) Tables of Results of FEA Linear Analysis

Table (5.1):— pressure only( load case 1)

upper Lower

tubesheet | tubes shell shell
Maximum 725 2.805 1.247 724
displacement
(mm)
Max. Mises 197.27 107.2 136.15 92.05
equivalent
stress (MPa)

Table (5.2): Temperature distribution according to data sheet,
no pressure (load case 2).

upper lower

tubesheet | tubes shell shell
Maximum 2.188 2.16 3.02 1.6
displacement
(mm)
Max. Mises 95.2 76.3 77.8 64.4
equivalent
stress (MPa)

Table (5.3): Mean temperature on tubesheet: temperature
distribution else where: no pressure (load case 3).

tubesheet | tubes upper lower
shell shell

Max. 2.04 2.04 3.04 1.6
displacement
(mm)
Max. Mises 99.73 86.9 68.89 59.2
equivalent
stress (MPa)




Table (5.4): Normal operating condition (load case 4)
(pressure and temperature according to data sheet)

Tubesheet | Tubes Upper Lower
shell shell

Maximum 2.38 2.38 4.12 2.07
Displacement
(mm)
Max. Mises 149.02 70.36 107.93 121.36
equivalent
stress (MPa)

Table (5.5): Normal operating condition (load case 5)
(no temperature, pressure according to data sheet)

Tubesheet | Tubes Upper Lower

Shell shell

Maximum 0.65 2.46 1.16 0.65

Displacement

(mm)

Max. Mises 181.7 87.26 131.99 102.7

equivalent

stress (MPa)

Table (5.6) combines the results of the above tables, and below that table the
results are discussed. The following graphs give details for cach load case.

(5.1.1) Graphs for load case 4
"~ Figures (5.1.1.1) to (5.1.1.11) show the relevant results. The load case considered

is: pressure with 3.0 MPa on the tubesheet, | MPa on the lower shell, and 4.0 MPa
on the upper shell, with temperature distribution according to the data sheet.
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PRES-NORM ANSYS 8.1
MAY 21 2005

TEMPERATURES 10:55: 08

PHINSS0

THAX=108 ELENENTS

1 25.133 49.267 71.7% 108
13.067 37.2 57.25 86.25
Elastic: Ptube Sht=3 MPa: P upper shell=4 Mpa: Temp Distribution

Figure (5.1.1.1): Loadings according to load case 4

108

50 ’ 64.5 79 93.5
57.25 71.75 86.25 100.75

Elastic: Ptube Sht=3 MPa: P upper shell=4 Mpa: Temp Distribution

Figure (5.1.1.2): Tubesheet temperature distribution °C.

34



STEP=1 ANSYS B.1
s0B =1 OCT 23 2005
TINE=] 17:40:2¢
DMX =4.12

DISPLACEMENT

Elastic: Ptube Sht=3 MPa: P upper shell=4 Mpa: Temp Distribution

Fig. (5.1.1.3): Overall displacement, load case 4

STEP=1 ANSYS 8.1
SUB =1 oCT 23 2005
TIMEB=1 17:41:17
DMX =2.38S

DIBPLACEBMENT

Elastic: Ptube Sht=3 MPa: P upper shell=4 Mpa: Temp Distribution

Fig. (5.1.1.4): Tubesheet displacement, load case 4

35




STEP=1

8UB =1

TIMBR=1

SEQV (AVG)
DMX =2.385
SMN =6.6€5

BMX =149.021

6.65

Elastic: Ptube Sht=3 MPa: P upper shell=4 Mpa: Temp Distribution

ANSYS 8.1
ocr 23 2005
17:42:20

NODAL BOLUTION

42.243 113.428 143.021
24.446 60.039

Fig. (5.1.1.5): Tubesheet, Mises equivalent stresses, load case 4

sTEP=1
sUB =1
PINRA
DMX 12.335

ANEYSB 8.1
ocT 23 2005
17:44:18

DISPLACEBMBNT

Elastic: Ptube Sht=3 MPa: P upper shell=4 Mpa: Temp Distribution

Fig.(5.1.1.6): 3D tube displacements, load case 4
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ST8P=1 ANSYS 8.1
SUB =1 ocr 23 2005
rIMRA 17:44:47
SEQV - (AVG)
DMK .385 NODAL SOLUTION
SMN =2.378
smx =70.36

2.378 18.373 6.36 .365 70.36

10.876 27.871 44.867 61.863

Elastic: Ptube Sht=3 MPa: P upper shell=4 Mpa: Temp Distribution

Fig. (5.1.1.7): 3D tubes: Mises equivalent stresses (MPa), load case 4

STEP=1 ANSYS 8.1
sUB =1 ocT 23 2005
TIMR=1 17:45:36
DMX =4.12

DI8BPLACEMENT

WENRAesagateyifititines @

Elastic: Ptube sht=3 MPa: P upper shell=4 Mpa: Temp Distribution

Fig.(5.1.1.8): Upper shell displacement (mm), load case 4
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STBP=1 ANGYS 8.1
sug =1 ocr 23 2005
TIME=1 17:47:14
SEQV (AVG) NODAL SOLUTION
DMx =4.12

SMN =2¢.88¢
gMx =107.933

107.933

29.884 66.408 87.17
56.027 76.789 97.552

Elastic: Ptube Sht=3 MPa: P upper shell=4 Mpa: Temp Distribution

Fig.(5.1.1.9) :Upper shell, Mises equivalent stress ( MPa), load case 4

STRP=1 ANSYS 8.1
gUB =1 OCT 23 2005
TIME=1 17:48:09
DMX =2.072

DISPLACBMENT

Elastic: Ptube Sht=3 MPa: P upper shell=4 Mpa: Temp Distribution

Fig.(5.1.1.10): Lower shell displacements (mm), load case 4
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1 ;j/‘\Y
eTE¥=1 ANSYS 8.1

SuUB =1 ocT 23 2005
TIME=] 17:48: 44
SEQV (AVG)

OMX =2.072 NODAL SOLUTION
6MN =16.32%

SMX =121.357

16.325 121.357
108.228

Elastic: Ptube Sht=3 MPa: P upper shell=4 Mpa: Temp Distribution

Fig. (5.1.1.11) Lower shell, Mises equivalent stress (MPa), load case 4
(5.1.2) Graphs for load case 1

Figures (5.1.2.1) to (5.1.2.10) show the relevant results of load case 1: 4.0 MPa on
tubesheet, tubes, and upper shell. No pressure on the lower shell. Ambient
temperature.
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STEP=1

ANSYS 6.1
SUB =1 sUL 21 2005
TIRE=1 01:22:21
DMX =2.805

DISPLACERENT

EBlastic: Ptube 3ht=4 MPa: P upper shell=4 Mpa: T = 21

L—

Figure (5.1.2.1): Overall displacement (mm), load case 1

1

STEP=1 ANSTYS 8.1
SUB -1 JUL 21 2008
TIMEal 01:11:00
DEX =. 725442

DISPLACENEAT

Elastic: Ptube Sht=4 MPa: P upper shell=4 Mpa: T = 21

Figure (5.1.2.2): Tubesheet displacement (mm), load case 1
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1
STEP=1 ANSYS 8.1
SUB =1 JUL 21 2005
TIRE=1 01:15:33
SEQV (AVG) HODAL SOLUTION
DHX =.725442
SHE =1.126
SHX =197.27

1.126 50.162 99.198 148.234 197.27
25.644 4. 68 123.716 172.752
Elastic: Ptube Sht=4 MPa: P upper shell=4 Mpa: T = 21

Figure (5.1.2.3): Tubesheet Mises equivalent stresses (MPa), load case 1

STEP=1 ANSYS 8.1
SUB JUL 21 2005
TR 01:14:31
DEX %2:605 DISPLACENENT

Elastic: Ptube Sht=4 MPa: P upper shell=4 Mpa: T = 21

Figure (5.1.2.4): 3D tube displacements (mm), load case 1
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STEP=1 ANSYS 8.1

SUB JUL 21 2005
TIBE Y 01:13:48
SEQV {AVG) HODAL SOLUTION
DMX =2.805
SHE =2.729

SEX =107.201

2.729 28.847 54.965 81.083 107.201
15.788 41.906 68.024 94.142

Elastic: Ptube Sht=4 MPa: P upper shell=4 Mpa: T = 21

Figure (5.1.2.5): 3D tubes: Mises equivalent stresses (IMPa), load case 1

STEP=1 ANSYS 8.1
SUB =1 2 JUL 21 2005
TIRE-1 01:16:18
DHX -.34459

DISPLACEMEET

Elastic: Ptube Sht=4 MPa: P upper shell=4 Mpa: T = 21

Figure (5.1.2.6): Link element displacement (mm), load case 1
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1

STEP=] ANSYS 8.1
SUB «1 JUL 21 200S
-1 01:21:28

DEX =.724775 DISPLACEREST

Elastic: Ptube Sht=4 MPa: P upper shell=4 Mpa: T = 21

Figure (5.1.2.7): Lower shell displacement (mm), load casel

1
mp-’i/LY ANSYS 8.1
SUB =1 JUL 21 2005
TIHE=1 01:19:56
SEQV {AVG)
DEX =.724775 EODAL SOLUTION
SHN =17.754
SHX =92.047
!
17.754 36.327 54.901 73.474 92.047
27.041 45.614 64.187 82.76
Blastic: Ptube Sht=4 MPa: P upper shell=4 Mpa: T = 21

Figure (5.1.2.8): Lower shell Mises equivalent stresses (MPa), load case 1
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STEP=1 ANSYS 8.1
SUB =1 JUL 21 2005
TIBE=1 01:19:00
SEQV (AVG)

08
DEX =1.247 EODAL SOLUTI
SME =12.585

SHX =136.153

12.585 43.477 74.369 105.261 136.153
26.031 58.923 89.815 120.707

Elastic: Ptube Sht=4 MPa: P upper shell=4 Mpa: T = 21

Figure (5.1.2.9): Upper shell Mises equivalent stresses (MPa) , load case 1

1

STEP=] ABSYS 8.1
SUB =1 JUL 21 2005
TIHE=1 01:17:48
DEX =1.247

DISPLACERENT

Elastic: Ptube Sht=4 MPa: P upper shell=4 Mpa: T = 21

Figure (5.1.2.10): Upper shell displacement (mm), load case 1



(5.1.3) Graphs for load case 2
Figures (5.1.3.1) to (5.1.3.9) show the relevant results of load case 2: no

pressure on tubesheet, tubes, upper and lower shell. Temperature distribution

according to the data sheet.

1
PRES-NORN
TEMPERATURE S
THIN=50
TRAX=108 b
r
.100E-11 .251E-10 .493E-10 71.75
.131E-10 -372E-10 57.25
No pressure : Temp distribution according to data sheet

ANSYS 8.1
SEP 2 2005
23:46:49

ELEHENTS

108
86.25

Figure (5.1.3.1): Overall loadings
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STEP=) ANSYS 8.1

SUB 1 SEP 2 2005

TIRE=1 23:47:54

DEX =2.188 DISPLACEHERT
2

Oo pressure : Temp distribution according to data sheet

Figure (5.1.3.2): Tubesheet displacement (mm), load case 2

STEP=} ANSYS 8.1
SUB =} SEP 2 2005
TIKE=1 23:48:30
SEQV (AVG)

DHEX =2.188 NODAL SOLUTION
SHR -.462218

SHX =95.228

- e
.462218 24.154 47.845 71.537 95.228
12.308 36 59.691 83.383

Ho pressure : Temp distribution according to data sheet

Figure (5.1.3.3): Tube sheet Mises equivalent stress (MPa), load case 2
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STEP=1
SUB -L,

TINE=
DHX =3;166:

So pressure

: Tewp distribution according to data sheet

ANSYS 6.1
SEP 2 2005
23:50:26

DI1SPLACERENT

Figure (5.1.3.4): Tube displacement (mm), load case 2

STEP=1
SUB =l
TIEE=
SEQV (AVG)
DEX =2.168
SHE =.015723
SHX =76.322

Do pressure :

.015723

Temp distribution according to date sheet

ANSYS 8.1
SEP 2 2005
23:51:52

KODAL SOLUTION

76.322

Figure (5.1.3.5): Tubes equivalent of Mises stress (MPa), load case 2
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STEP=1 AD3YS 8.1

SUB -1 sEp 2 2008
TIEE-1 23:53:18
PEX -1.6 DISPLACENEDT

Ro pressure : Temp distribution according to data sheet

Figure (5.1.3.6): Lower shell displacements (mm), load case 2

1 Y
STEP=1 ANSYS 8.1
SUB =1 9EP 2 2005
TIEE=1 23:52:34
SEQV (avG) HODAL SOLUTION
DAX =1.6
SHD =2.608
SHX =64.424

2.608 16.062 33.516 48.97 64.424

10.335 25.789 41.243 56.697

Ho pressure : Temp distribution accerding to data sheet

Figure (5.1.3.7): Lower shell Mises equivalent stress (MPa), load case 2.
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STEP=1 ANSYS 8.1
SUB =1 SEP 2 200S
TIRF=1 23:54:51

DEX =3.028 DISPLACENENT

Ho pressure : Temp distribution according to data sheet

Figure (5.1.3.8): Upper shell displacement(mm), load case 2.

1
STEP=1 ANSYS 8.1
SUB =1 . SEP 2 2005
TINE=] 23:54:27
SEQV {AVG)
DEX =3.028 BODAL SOLUTICN
SHH =8.539
SEX =77.817
8.539 25.859 43.178 0. 498 77.817
17.199 34.519 51.838 69.158
Hu piessure : Temp distribution according to duta sheet

Figure (5.1.3.9): Upper shell Mises equivalent stress (MPa), load case 2
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(5.1.4) Graphs for case 3 (no pressure and mean temperature)

Figures (5.1.4.1 to 5.1.4.9) show the various results for the case 3: no pressure,
temperature distribution according to data sheet except for the tubesheet for which
the mean temperature 79°C was used.

1

TEMPERATURES ANSYS 8.1
THIN=50 SEP 3 2005
TMAX=108 00:25:14

ELEHENTS

| ' S
50 64.5 79 9.5 108
57.25 71.75 86.25 100.75

o pressure : Mean Temp distrib. on tube shee: other acc. data sheet

Figure (5.1.4.1). Geometry and loadings
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STEP=1 ANSYS 8.1

SUB =1 SEP 3 2005
TIRE-1 00:19: 59
DEX =2.042 DISPLACERENT

o pressure : Mean Temp distrib. on tube shee: other acc. data sheet

Figure (5.1.4.2): Tubesheet displacement (mm), load case 3

1

STEP=1 ANSYS 8.1
5UB -1 SEP 3 2005
TIHE=1 00:19:05
SEQV (AVG)

DHX =2.042 NODAL SOLUTIOR
SHN =.082391

SEX =99.731

.082391 24.995 49.907 74.819 99.731
12.538 37.451 62.363 87.275
Ho pressure : Mean Temwp distrib. on tube shee: other acc. data sheet

Figure (5.1.4.3): Tubesheet Mises stress (MPa), load case 3
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STEP-1 AUSYS 6.1
SuUp .£ SEP 3 200S
TIRE= 00:20:41
brx '&ﬂz DISPLACENENT

Eo pressure : Mean Temp distrib. oo tube shee: other acc. data sheet

Figure (5.1.4.4): Tubes displacement (mm), load case 3.

STEP=1

ANSYS 8.1
SUB =} SEP 3 2008
TIEE- ~© 00:21:16
sEQv k  (ave) ;
bl S DODAL SOLUTION
SHE =.007727
SHX =86. 983

.007727 21.752 43.49¢6 65.24 86.90)
10.88 32.624 54.368 76.111
Ho pressure : Mean Temp distrib. on tube shee: other acc. data sheet

Figure (5.1.4.5): Tubes Mises equivalent stresses (MPa), load case 3
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STEP=1 ANSYS 8.1

SUB =1 SEP 3 200S
TINE=1 00:23:01
DEX =1.626 DISPLACERENT

No pressure : Mean Temp distrib. on tube shee: other acc. data sheet

Figure (5.1.4.6): Lower shell displacement (mm), load case 3.

1 Y
STEP=1 ANSYS 8.1
SUB =1 SEP 3 2008
TIHE=1 00:22:23
SEQV (AVG)
DHX <1.626 RODAL SOLUTION
SHN =2.789
SHX =59.271

2.789 16.91 31.03 59.271

9.85 23.97

Bo pressure : Mean Temp distrib. on tube shee: other acc. data sheet

Figure (5.1.4.7): Lower shell Mises equivalent stress (MPa), load case 3.
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STEP=1 ANSYS 8.1

SUB =1 SEP 3 2008
TIME=1 00:23:586
DXX =3.039%

DISPLACEMERT

Eo pressure : Mean Tewp distrib. on tube shee: other acc. data sheet

Figure (5.1.4.8): Upper shell displacement (mm), load case 3.

1

STEP=1 ABRSYS 6.1
SUB =1 SEP 3 200S
TIME=1 00:24:44
SEQV (AVG)

DEX =3.039 NODAL SOLUTION
SHN =6.393

SHX =68.895

o S
6.393 ) 22.018 37.644 53.269 68.895
14.205 29.831 45.457 61.082

¥o pressure : Mean Temp distrib. on tube shee: other acc. data sheet

Figure (5.1.4.9): Upper shell Mises equivalent stress (MPa), load case 3
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(5.1.5) Graphs for load case 5

Figures (5.1.5.1) to (5.1.5.9) show the various results for case 5: normal operating
pressure according to data sheet and no temperature.

1

PRES-KORH ABSYS 8.1

TEMPERATURES ﬂPza?zg?g:

THIN=20 _ :27:

TEAX=20 & ELEHENTS
1 ) 13.067 25.133 . ' 49.267

7.033 19.1 31.167 43.233
Elastic: Ptube Sht=3 MPa: P upper shell=4 Mpa: no temp

Figure (5.1.5.1): Geometry and loadings

55




0 0 D O 0 O O O RO ==

Elastic: Ptube Sht=3 MPa: P upper shell=4 Mpa: no temp

STEP-1 ABSYS 8.1
SUB =1 SEP 2 2005
TINE=1 23:29:09
DBEX =.653924 DISPLACEEENT
PRES-EORR

3

Figure (5.1.5.2): Tubesheet displacement (mm), load case 5

1.584

46.613 91.642
24.098 69.127 114,157 159.186
Elastic: Ptube Sht=3 MPa: P upper shell=4 Mpa: no temp

STEP=1 ANSYS 8.1
5UB -1 SFP 2 2005
TIRE-1 23:31:08
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Figure (5.1.5.3): Tubesheet Mises equivalent stress ( MPa), load
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Figure (5.1.5.4): Tubes displacement (mm), load case 5
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Figure (5.1.5.5): Tubes Mises equivalent stresses (MPa), load case 5.
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Figure (5.1.5.6): Lower shell displacement (mm), load case 5.

! reed
STEP ARSYS 8.1
SUB =1

SEP 2 200S
TIME=1 23:35:37
SEQV {AVG) BODAL SOLUTIOB
DXX =.653924
SHN =16.338

SHX =102.77S

16.338 37.947 59.557 81.166 102.77S
27.193 48.752 70.361 91.97

Elastic: Ptube Sht=3 MPa: P upper shell=4 Mpa: no temp

Figure (5.1.5.7): Lower shell Mises equivalent stress (MPa), load case 5.
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Figure (5.1.5.8): Upper shell displacement (mm), load case 5.
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Figure (5.1.5.9): Upper shell Mises equivalent stress (MPa), load case S
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5.2 Results and discussion of results

To compare the results for the various load cases, table (5.6) has been prepared:

Table (5.6) Maximum Mises equivalent stress (MPa) and maximum deflection of

various parts (mm) for all considered load cases

Pressure | Temp. Temp. Normal Normal
only- only only- operating operating
Load no temp. data mean pressure pressure,
cases (load sheet value + temp. no temp.
Items case 1) (load (load (load (load
case2) | case 3) | cased) case S)
Tube stress 197.27 95.2 99.73 149.02 181.7
sheet deflect. | .725 2.18 2.04 2.38 65
3-D stress 107.2 76.32 86.9 70.36 87.262
Tube deflect. | 2.805 2.16 2.04 2.38 2.46
Upper | stress 136.15 77.81 68.89 107.93 131.99
shell deflect. | 1.247 3.03 3.04 4.12 1.16
Lower | stress 92.05 64.4 59.2 121.36 102.7
shell deflect. |.724 1.6 1.6 2.07 .65

To conclude the results for the above load cases the following conclusion can be

noted, based on table (5.6) above:

Temperature imposes larger displacements in comparison to pressure but stresses

due to pressure have larger values.

It should be noted that the values of thermal stresses are strongly affected by
degree of the flexibility various parts.

It also can be observed, by examination of the results of tubesheet displacement as
calculated under load case 4 and 5, that from the 2.38 mm of total tubesheet
displacement under load case 4, 0.65 mm results from pressure loading and the rest

is due to temperature.

The reactor behavior under various conditions can be described as follows:
Tubesheet movement is greatly affected by the movement of the tubes and
the attached shells.
Tubes move up under temperature and few rows of them, close to the
imperforated region, will bend as a result of the interaction of movement
coming from the shells.
Under temperature loading only, tubesheet moves up uniformly except in
the rim area close to and at the grooves. At these locations some restriction
comes from the adjoining shells.
Under pressure loading only, tube sheet moves down except at the rim. The
rim portion is dominated by rotation of the upper shell, which pushes the

tubesheet in this region up.
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Rim of the tubesheet, which is extended below the upper shell, rotates
slightly down due to the bending action enforcing by the upper shell
movement.

Upper shell extends itself in radial and axial directions. This displacement
influences the tubesheet movement at and close to most of the regions.

The lower shell with much lower pressure brings extra stiffness to the region,
and it acts as a peripheral support for the tubesheet, preventing adjoining
tubesheet axial displacement in the region of the attachment.
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5.3 Fatigue Considerations

During the useful life of the reactor just a few operating cycles are expected to
occur. Cycles could come from startups and shutdowns, process upsets, and cases
related to overall plant load adjustments.

The variation in loads can cause fatigue damage, and cracks may grow and
propagate to some critical size with possibilities of total failure.

To check the effect of cyclic actions on the reactor, a fatigue calculation according
to EN 13445-3 Section 18 and Annex P has been carried out.

According to Niemi [26] and Petershagen [27] at a notch such as a weld toe usage
of 20 noded solid element with 3-point integration to model the nonlinear stress
distribution across the plate thickness usually produces poor results. The correct
linear stress distribution can be obtained using 8 node linear solid elements. This
type of modeling is employed in the present FEA model.

The calculation has been performed for the critical regions of the reactor. These
are locations in the various regions, welded and unwelded, with largest stresses
coming from pressure and temperature actions, locations which are, therefore, the
most susceptible to fatigue damage.

The selected locations for checking are the seam weld between tubesheet and the
upper shell, and in the tubesheet matenal at the location of maximum local stress in
the grooves on the channel side.

To start the calculation, a linear analysis has been performed for the load case
with design pressure on the tube side (pi=4 MPa) and no pressure on the shell
side(ps=0 MPa) and ambient temperature(LC 1) as well as one additional load case
with design pressure on tube side(p=4 MPa), no shell side pressure(ps=0 MPa) and
temperature distribution according to the data sheet from 50 to 108 °C( LC 1A).

These load cases corresponds to the maximum allowable pressure in one case and
maximum allowable pressure coupled with temperature distribution in the other
case. The maximum principal stresses have been extracted from FEA calculations
and fatigue calculation is performed for the governing case. Details with regard to
fatigue check are given on the following sections.

5.3.1 Seam Weld Location (welded region)
5.3.1.1 Stresses

For welded regions the proper approach uses the range of the maximum absolute
value of principal structural stresses normal or parallel to the weld joint direction.
Values of principal stresses extracted from FEA calculations of the above load
cases are given on table (5.3.1), (5.3.1.1), (5.3.2) and (5.3.2.1).

Figure (5.3.1) shows the geometrical location of node 68075 and other
neighboring nodes at the surface. Node 68075 is located on the weld line joining the
tube sheet to the upper shell.

Figures show a jump of principal stresses at the node 6807. The jump is caused in
the post —processing, extrapolation from element interior points to surface points
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and averaging values. The larger of the extrapolated value is used in the figure
calculation.

Therefore, the largest of principal stresses from above or below of this node
should be adapted for the further calculations.

Surface nodes above node 68075 belong to elements with SA 516 Gr 70 material
and surface nodes, below 68075 are belong to elements with SA 226 CI2 material
properties. Figure (5.3.1) shows the geometric locations of nodes 68075, 70861,
70862, 70863, 68073, 68072 and 68069.

Node 68075 1s directly located on the weld line joining tubesheet to the upper
shell, node 70863 is located 150 mm above the node number 68075 and other nodes
are in between with equal distance. Figure (5.3.2) shows the variation of the first
principal stress at these nodes under LC1.

More over, nodes 68069, 68071 and 68073 are located with in the radui surface ,
they are located close to each other and are with in small distance from weld line
node (68075).

Figure (5.3.3) shows the variation of the first principal stress at these nodes under
LC1, table (5.3.1.) gives the principal stress values extracted from FEA out put for
these nodes.

In regard to the surface nodes of the upper shell the result of quadratic
extrapolations of these stresses, based on equation 5.3.1, given below, and
according to figure 18.3 of section 18 of the code, is given in table (5.3.4). Whereas
it is admissible to use directly the values of principal stresses taken at the node
number 68075 (which is directly on the weld line), the code prescribes, for welded
regions, the usage of structural stress, 1.e. the neglecting of peak stresses obtained
by extrapolation of stresses using neighboring nodes.

i, v
@04-\.;“% TR P sz /,/ﬁc-vh;/' [Mep Iy

=,

Figure (5.3.1): Geometrical locations of nodes 68075, 70861, 70862, 70863,
68073, 68071, 68069.
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Table (5.3.1): Load case 1: Upper shell side( SA 516 Gr 70): Actual FEA nodal
principal stresses at 150mm above and at the toe of the weld line (MPa).

FEA node o1 62 o3
number

6807S (at the 176.84 73.489 34.908
weld line)

70861 (50 mm 149.31 54.555 -4.593
above weld line)

70862 (100 mm | 113.45 473819 -3.631
above weld line)

70863 (150 mm | 93.182 47316 -3.668
above weld line)

Table (5.3.1.1): Load case 1:Tube sheet side (SA 266 CI12): Actual FEA nodal
principal stresses at 17mm below and at the toe of the weld line (MPa).

FEA node G G2 G3
number

68075 (at the 267.49 109.65 64.02
weld line)

68073 (9.8 mm 265.47 109.16 64.516
below weld line)

68071 (14 mm 253.55 101.19 51.714
below weld line)

68069 (17 mm 2188 87.1 40.73
below weld line)
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Figure (5.3.2):Load case 1: Stress variation according to node location
for 68075, 70861, 70862, 70863
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Figure (5.3.3): Load case 1: Stress variation according to node location for
68069,68071,68073 and 68075

Table (5.3.2): Load case 1A: Upper shell side (SA 516 Gr 70): Actual FEA
nodal principal stresses at 150mm above and at the toe of the weld line (MPa).

FEA node G G2 o3
number

68075 (at the 138.03 21.83 475
weld line)

70861 (50 mm 106.44 -1.299 -4.188
above weld line)

70862 (100 mm | 65.483 1.0757 -3.838
above weld line)

70863 (150 mm | 45.19 9.68 -4.01
above weld line)

Table (5.3.2.1): Load case 1A: Tube sheet side (SA 266 C12): Actual FEA nodal
principal stresses at 150mm above and at the toe of the weld line (MPa).

FEA node L 73 o3
number

68075 (at the 216.82 47.05 35.96
weld line)

68073 (9.8 mm | 2145 48.5 34.64
below weld line)

68071 (14 mm 199.72 39.36 25.8
below weld line)

68069 (17 mm 167.06 30.194 12.955
below weld line)
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Figure (5.3.4):Load case 1A: Stress variation according to node
location for 68075, 70861, 70862, 70863
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Figure (5.3.5): Load case 1A: Stress variation according to node
location for 68069,68071,68073 and 68075

Comparing above results it is evident that the principal stresses of

load case 1(LLC1) are larger and in this case thermal stresses effect will decrease
the principal stresses at the weld location. Therefore, calculations have been
continued with principal stresses of load case 1.

Surface paths above and below node number 68075 has been checked for
determination of the larger principal stress values. Total stresses at the weld line
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have been calculated by interpolation of nodal structural principal stresses from
nodes above weld line.

The interpolated values of the principal stresses at the pivot points with distances
of 0,4e, 0,9¢, and 1,4e, are given in Table (5.3.3).

Table (5.3.3): Principal stresses ( MPa) at pivot points (mm)

Distance | 34.8 (mm) 78.3 (mm) 121.8 (mm)
o weld (.de) (.9¢) (1.4¢)
Stress
o 157.91 127.885 104.582
02 60.47 50.766 47.567
o3 7.75 -4.43 18.031

The equation of the quadratic extrapolation into the hot spot is given in general by

Yo=2.52Y,-224Y,+0.72Y; (5.2.1)

and specialized for the first principal stress o, by
0;=2.52(157.91)-2.24 (127.885) + 0.72 (104.582)
o)1= 186.77 MPa

The extrapolated values of the principal structural stresses coming from shell side
are:

o1 =186.77 MPa
6;=7292 MPa
03=42.43 MPa

Based on figure (5.3.3) and table (5.3.1.1) values of the principal structural stresses

coming from tube sheet side govern over the values from shell side, these values are:

0,=267.5 MPa
o= 109.65 MPa
o3=64.02 MPa

Table (5.3.4) gives the value of these principal structural stresses for each load and
unload cycle (MPa).
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Table (5.3.4): Principal structural stresses

Node ] G, G3 Load
cycle

68075 267.5 109.65 64.02 1

68075 0 0 0 2

Based on the values given in table (5.3.4), the structural stress range can be
calculated as

AGgrct 1 = AGstruct 1, max = AGruct 1, min
AGgryet 1 =267.5-0.0=267.5 MPa
AGgiruct 2= AGgiruct 2, max~ AGgiruct 2, min

AGgrci 2= 109.65 - 0.0=109.65 MPa

AGgruet 3= AGgruct 3, max = AGtruat 3, min
AGgma 3= 64.02 - 0.0 = 64.02 MPa

It should be noted that the directions of principal stresses are constant since the

applied actions act simultaneously same in the loading and unloading situations.

The direction of the maximum principa stress is the axial one, and it is normal to
the weld joint direction.

Aocq = max( I AGgiruet 1, max- AGsiruct 1, min | ’ | AGgruat 2, max" AGgiruct 2, min | s

| AGgiruct 3, max~ AGsiruct 3, min I )
Aoy = max(267.5, 109.65, 64.02) = 267.5 MPa

5.3.1.2 Data

In reference to the data sheet values given in section 2, the following parameters
are noted, with nomenclatures according to EN 13445-3 Clause 18:

tmax = 108 °C

tmin =20 °C

t* =0.75 tmax + 0.25 toin

t* = 0.75(108) + 0.25(20) = 86 °C

Rm =485 MPa

Rp 021+ = 230 Mpa (see table 2.2.1.A for SA 266 CI 2 at 86 °C)
6

e,= 87 mm
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Also, based on detail number 2.2 of Table P.2 of Annex P, the Fatigue Class (FAT)
63, and according to Table 18.7 of EN 13445-3, the endurance limit of 46 MPa
results.

The endurance stress is the stress range limit that is given in the code for single-
amplitude stress cycles, based on experimental investigation. It is the material
allowable stress range value below which no fatigue damage is expected to occur in
single- amplitude action cycles.

5.3.1.3 Correction factors

According to sub-clause 18.10.6 of EN 13445-3, the correction factors for
temperature, thickness, and plasticity, should be applied. However, since the t* is
below 100 °C the correction factor for temperature is unity. The thickness
correction factor is given by

fow = (25/e,)°%
fow = (25/87)%° = 0.732

Moreover, no plasticity correction factor is required per 18.8 since
AGeq,1 < 2Rpo 210 Herein, Aceq, is the range of the equivalent linear distribution
(over the cross section) corresponding to the actual stress distribution. With
AGeq, = 267.49 (see table 5.3.4) and Ry24+ = 230 (see table 5.3.1.2), the
requirement
AO’cq,| < 2Rp0.2/lv is fulfilled:
267.49 <2 (230), i.e. 267.49 < 460 (no correction for plasticity)
Therefore, the total correction factor is:
fo = few f*
fw=0.732(1)=0.732

5.3.1.4 Number of cycles

According to (18.10.7) of EN 13445-3 the Clause 18, the allowable number of
load cycles, N, at this stress range (267.49 MPa) and for FAT 63 is 2049 cycles:

AGeq/ f,=267.49 /0.732 = 365.42 MPa, Acp = 46 MPa, and since 365.42 > 46:
N = C/ (AGeq/ fu)™ with m; =3 and C; = 5.0 x 10", and, thus, N = (5.0 x 10'") /
(365.42)° = 2049 cycle

5.3.2 Groove location (unwelded region)

5.3.2.1 Stresses

The values of the principal stresses extracted from FEA calculation, are given in
table (5.3.1.1). Figure (5.3.6) shows node 68073 located in the groove,
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Figure (5.3.6): Location of node 68073 at the radius

Table (5.3.5) gives the values of principal total stresses (MPa) at the end of loading
and of unloading,

Table(5.3.5): Principal stresses

Node o1 o2 o3 Oeq Load
step

68073 265.47 109.16 64.516 182.77 1

68073 0 0 0 0 2

As a first step, the equivalent stress range and the equivalent mean stress, according
to requirement (18.7.1.2) of the code, are calculated. The details are:

o1=01(t1) - o1(tz) = 265.47 — 0 = 265.47 MPa
62=0a(t)) - 0a(tz) = 109.16-0.0 = 109.16 MPa
o3=03(t)) — 03(tz) = 64.516 — 0.0 = 64.516 MPa

[S12] mex = O1 - 02 =265.516 - 109.16 = 156.31 MPa

[S13] max = 01— 03 =265.47 - 64.516 = 200.954 MPa
[S23) max = 02— 03=109.16 - 64.516 = 44.644 MPa
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[S12] min=01-062=0.0-0.0
[Sis]lmin=01—03=0.0-0.0
[S23) min=02—063=0.0-0.0

Aceq= max ( S12max —=S12 min I > I S23max — S23min I ; | S31max ~S31min | )
AGeq=max (| 156.31 - 0.0|; |200.954 -0.0]; | 44.644-0.0])
AGeq=200.954 MPa

Also for code item (18.11.1.3), the mean stress correction:

Oeq = 0.5 [(JIUI(I/.i + o-lolalj )max + (O-Iola/‘i + Jmm/j )min ]
G o™ 0.5 [ (GI+ G.‘»v)nm,\‘—*' (,0|+03) min]
where the o,,,,; +0,,, are maximum and minimum stresses responsible for

otaly

determination of Ao, i.e. o, and o,.

q
G oy =-5(265,47+64,516)

o, =164993 MPa

max + (0’0 + O’O)min ]

According to (18.7.1.1) of EN 13445-3, the effective total stress range can be
taken to be equal to the equivalent total structural stress range, i.e. the effective
stress concentration factor may be used equal to the theoretical elastic stress

concentration factor k. =1. This is a conservative simplification used here, and
then

Ao ; = A0 o e = 200,954 MPa

5.3.2.2 Data

In reference to the data sheet values given in section two of this work, the
following parameters are noted, all nomenclatures are according to Clause 18 of
EN 13445-3:

tmax = 108 °C

tmin = 20 °C

t* = 0.75 tmax + 0.25 tin

t* = 0.75(108) + 0.25(20) = 86 °C

R, =485 MPa

Rp 021+ = 230 Mpa ( see table 2.2.1.A for SA 266 CI2 at 86 °C)
e, = 111 mm (tube sheet thickness under node 68073)
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5.3.2.3 Correction factors

The correction factors for the influence of following parameters must be applied
per code requirement (18.11.1) of EN-13445-3. These factors are
¢ Influence of mean stress: (18.11.1.3.1) of EN 13445-3:
Figure 18.16 of the clause 18 of the code gives the plot of the stress range Acgr
versus the number of allowed cycles for unwelded ferritic rolled steels with mean
stress equal to zero, the corresponding equations are:

Aok = 0.63Ry, — 11.5+ 4.6 x 109N
For assumed number of cycle of 80000 this results in,
Aog = 0.63(485) — 11.5 + 4.6 x 10* / V80000 = 456.7 MPa

Also, the endurance limit according to table (18.10), or the following equation, is
given by

Acp =21 +0.63R,,i.e. Acp=21 +0.63(485) =326.55 MPa.
Recalling,
Aceq=200.954 MPa, the maximum equivalent of total stress
Geqmax = 182.77 MPa (see table 5.3.3), and
Rpo.2n+ =230 MPa ( see 5.3.2.2),
one obtains for Aceq <2 Rpo.24+and | Geq,max | <Rpoane
200.954 <460 and 182.77 < 230, and the mean stress correction factor for rolled
and forged steel is given by
M = 0.00035R,-0.1 = 0.00035(485) - 0.1 = 0.069, and
fro = {1 - [M (2+M)/ (1+M)] (2 0oq/ Aog}’?
= {1-[.069 (2+.069) / (1 +.069)] (2 x 164.993/456.7)}*° = 0.95

¢ Influence of thickness, t : (18.11.1.2) of EN 13445-3:

fc — Fe (0.1 InN-0.465)

where Fe = (25 / ¢,)" "% = (25/111)*'%2 = 0.762
fe — (0762) (0.1 In 80000-0.465)
f.=0. 855

e Influence of surface finish: (18.11.1.1.1) of EN 13444-3 of EN 13444-3:

f.= F (0.1 In N-0.465)
Fs = 1- 0.056 (In R2)*®** InRm + 0.289 (In Ry)***

The surface roughness height index of 200 um for the tube sheet has been assumed.
There follows
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Fs = 1- 0.056(In 200)*** In(485) + 0.289 (In 200)°

Fs =0.69
f;=0.78

e No temperature correction is required since t* is below 100 °C

e Overall correction factor :

f, = fo.fo. 6.,

(0.78)(0.855)(0.95)(1)
0.63

fu
fu
5.3.2.4 Fatigue result for unwelded regions:

The result for Ao, / £, , with the assumed number of 80 000 cycles and

corresponding correction factors, is given by
Ao,/ f, =200.9/0.63 =319 MPa,

smaller than Ao, =326.6 MPa.
The correction factors depend on the (assumed) number of cycles. Iteration is,
therefore, required.
Assuming, as upper limit, 2 000 000 cycles rendes
£, =0.9333; £, =0.765; f, = 0.696 ;
and, thus,
Ao, ! f, =404.2 MPa

larger than Ao, =326.6 MPa - the correct number of cycles must be smaller than 2
000 000. Further itcration steps result finally, for an assumed number of cycles
equal to 425 000, in

S =0.937; £, =0.798; f, =0.737;
and, thus,

Ao,/ f, =364.6 MPa,

which renders finally
N =424908 cycles,
close enough to the assumed 425 000 cycles.
This value for the allowed number of cycles for unwelded regions is much larger
than the value for welded regions 2049, determined in 5.3.1.4 — the welded region is
governing the fatigue design.
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6. Inelastic analyses

In the past, up to the turn of the century, the usually used procedures in design by
analysis used linear- elastic analyses of stresses and categorization of stresses into
primary, secondary, and peak stresses.

The most significant problem in the above procedure is stress categorization and
partitioning, which particularly identifies and puts limits on primary stresses to
safeguard the component against gross plastic deformation, and on secondary
stresses to safeguard against progressive plastic deformation.

This approach is not adequate for locations with structural discontinuity or stress
concentrations if an FEA analysis is performed, especially so if in the FEM analysis
volume elements are used. [t cannot be decided easily which FEA 3D-output
stresses can be classified as primary stresses.

The most advanced procedure, bypassing these problems, is the Direct Route
given in EN 13445-3 Annex B. There, ideas of inelastic analysis have been used to
tackle failure modes directly, and Articles B.4 and B.5 in Annex B of EN 13445-3
provide complete criteria for these failure modes and the limit states. Among
various modes, gross plastic deformation and progressive plastic deformation are of
major concern for this reactor. Checks for these failure modes are given below. The
only additional failure mode to be dealt with — fatigue — has been discussed in detail
in section 5 of this work.

6. A Gross Plastic Deformation Design Check

The gross plastic deformation design check requires, in the (load) case under
consideration, increase of pressure from zero to its design value in the model with
zero initial stress state. As the pressure is continually increased, a region of the
vessel becomes plastic and the rate of deformation begins to increase, but
deformation of the vessel as a whole is usually still restrained by the surrounding
elastic material. Finally, upon further increase in pressure, a limit (plastic) collapse
pressure is reached. There the plastic zone has grown sufficiently large so that the
deformation begins to increase with little or no additional increase in pressure.

Two types of inelastic analysis method can be used to guard against gross plastic
deformation: they are, limit analysis and plastic analysis.

Gerdeen[17] describes the theory of limit analysis as an idealized theory that
enables the limit pressure to be found by considering only the limit (analysis) state
and by neglecting previous deformation.

Limit analysis, based on small deformation and elastic — perfectly plastic material
can be employed to determine the limit resistance of the reactor.

In limit analysis the yield stress S, the value in the constitutive law of the model
to one set of plastic flow, is the basic material property. Limit load is an estimate of
plastic load of an actual vessel at which plastic deformation becomes relatively
significant as compared to elastic deformation.

As an alternative to calculating limit load, the actual plastic load can be
determined by computer analysis, with the results of computer analysis in the form
of a deformation parameter as a function of a loading parameter.
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EN-13445-3 Annex B sub-clause B.8.2 deviates from this route, provides
different rules for checking against gross plastic deformation. In this design check
the (plastic) analysis is to be performed with:

e Linear elastic ideal-plastic constitutive law.

e Tresca's yield condition with associated flow rule.

e First- order theory.

e Proportional increase of actions.

o Stress-free initial state.

¢ Limitations of the maximum value of principal structural strains.

The above has been considered in the ANSYS model by selecting a linear- elastic
plastic model with rate- independent plasticity along with isotropic hardening but
with zero tangent modulus (no hardening).

Furthermore, plastic flow is specified to be an associated one, i.e. the potential
function, which is function of stress and is responsible for identification of direction
of plastic strains, is chosen to be identical to the yield function. There follows, that
plastic strain rates (infinitesimal increment) occur in a direction normal to the yield
surface, i.e. the normality rule applies. The final direction of the total strain is
calculated and reported by ANSYS.

It should be noted that the ANSYS routine is not based on the Tresca yield
condition, whereas Annex B is. Therefore, since the maximum ratio of the Mises
equivalent stress to the Tresca equivalent stress is 2/N3, a multiplication of the
design material strength parameter, the design yield stress, with V3/2 always leads
to conservative results. Table (2.2.2) gives the values of this yield parameter, which
is adjusted by this factor and has been used as input to the software.

It should be emphasized that the radius of the groove on this specific model is all
along the circumference at the junction of tube to tubesheet, and its presence
indicates that the evaluated strains are not local in nature. Wherever required, total
strain is used in following calculations instead of structural strains, although in the
strain limiting requirement structural stresses may be used.

Admissibility of the model design to pressure is evaluated by checking both, the
carring capacity of the model with reduced yield strength and the limitation of the
maximum absolute value of principal structural stresses by 5%, since either can
individually dictate the limitation point.

By examination of the results of series of calculations it became evident that the
upper boundary condition (junction to head) specifically and the upper shell itself,
in general, are the limiting regions of the model. These parts reach full
plasticization before the tubesheet, and before the tubsheet-to-shell junctions.

It should be recalled, that by using Ilyushin’s or Ivanov ’s generalized yield
functions the percentage of plasticization at any arbitrary path for shells and plates
can theoretically be evaluated. However, Annex B has no requirement in this regard,
but these evaluations can be, and are, used as an additional check of the level of
loading vis-a-vis the full plastification.

According to Burgoyne and Brennan [18], Ilyushin’s functions are stress functions
with capabilities of evaluating shell resultant stresses with regard to the degree of
plastification.
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Shell stress resultants are quantities of the dimensions force per unit length and
moment per unit length, respectively, which are defined on the shell middle surface.
These functions can be combined in the form of a generalized yield surface, which
then can be used for comparison of the ratio of the plasticization level to the full
plasticization based on Mises’s yield condition. In this way one can estimate the
percentage of plasticization of a cross- section of (thin walled) shells and plates.

To perform a complete check, including possible design improvements, two
different designs have been investigated in this step of the work:

Firstly, in a series of the checks, the original data sheet material SA- 516 Gr. 70
have been kept, the results are given in section 6.A.1 below.

Secondly, design checks have been carried out with a stronger material for the
upper shell SA — 537 CI2. In this way the upper shell is much stronger, and the
regions with large plasticization will be shifted from the upper end of the shell into
the tubesheet. With this choice of material the tubesheet behavior can be better
investigated — the critical regions are now the interesting ones, the tubesheet and the
tubesheet-to-shell junction.

It should also be noted, that the shell material is a carbon manganese steel, which
can easily be changed to a better quality of steel without much altering the process
requirements or the cost criteria in this type of applications with the stronger shell
material.

Section 6.2 gives the result of the calculations.

6. A.1 Upper shell material according to original specification
(SA 516 Gr. 70)

Results of calculations, which are given below, indicate that for pressure full
plasticization is reached first at the upper end of the upper shell section, and, in this
case, the tubesheet still remains at the corresponding pressure fully elastic or shows
small plasticity.

As an additional check a through-thickness path near the upper boundary
condition was selected, and the percentage of theplasticization along this path based
on the Ilyushin function was calculated at the evaluated critical pressure.

At 240% of the design pressure load no convergence was achieved. Therefore, the
previous ANSYS time step with convergent solution was selected as terminal point
for further checks on stress and strain.

At this time step the pressure is 7.932 MPa, which, by considering partial safety
factor of 20% according to table B-8.1 of EN 13334-3 Annex B, renders the critical
pressure

Pansys = 7.932 MPa
P critica =(7.932)/1.2

P critical = 6.61 MPa

Moreover, as a check, the value for the plastic load of the infinitely long cylinder
was calculated [19]. and the result is:

76



P plastic = (2/N3) R In (ro/ 13)

where 1, and r; are inside and out side radius given in section 2, and the design value

of the yield stress. With

R = Ruises = 165 MPa (table 2.2.2, channel side shell at 108 °C)
there follows

P ptastic = (2/93) (165) (In(1.0425)) = 7,9 MPa

Applying the partial safety factor 1.2, see table B-8.1 of Annex B of EN 13445-3,
one obtains Pcritical = 7.9/1.2 = 6.58 MPa, very close to the value obtained by
means of the FEA investigation. The difference is caused by the (slight) stiffening

effect of the model boundary condition at the upper shell’s upper end.

Figures (6.A.1.1) to (6.A.1.4) give details of the above checks.

STBP=1 ANSYS 8.1
sus =7 MAY 3 2005
TIME=. 82625 15:16:53
BEQV {AVG)
DMX =6.849
SMN =19.432
8Mx =156.4

NODAL SOLUTION

19.432 100 12% 150 157
50 115 145 154

GPD=(7.93/ 1.2)=6.6 MPa: Yield= Yield*0.866( Mises - Tresca)

Figure (6.A.1.1): Upper shell: Mises equivalent stress (MPa) for
a pressure of 7.93 MPa.
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ETBP=1 ANEYS 8.1
suUB =7 MAR 27 2005
TINE=]1 13:42:01
BRPTPOEQV {AVG) NODAL ROLUTION
DMX =2.592

SMN =.190£-03
8MX =.001824

-190E-03 .599E-03 .001007 .001416 -001824
.395R-03 .B0O3E-03 .001211 .00162

Shell strain at 200 % of the load

Figure (6.A.1.2): Upper shell: Mises equivalent total strain for a pressure of
7.93 MPa.

1
STEP=1 ANSYS 8.1
suB =7 MAY 3 2005
TIME=. 82625 15:23:31
88OV (AVG)
DMX =1.355 NODAL SOLUTION
SMN =3. 434

8MX =150.68

3.434 100 125 142 150
50 115 135 147

GPD=(7.93/ 1.2)=6.6 MPa: Yield= Yield*0.866{ Mises - Tresca)

Figure (6.A.1.3): Tubesheet: Mises equivalent stress for a pressure of 7.93 MPa.
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STEP=1 ANSYS 8.1
sUB =7 MAY 3 200S
TIMB=. 82625 15:24:43
EPTOBQV  (AVG)

oMxX =1.35% NODAL S8OLUTION

SMN =.1778-04
BMx =.005184

.177E-04 .001309 .002601 .003893 -005184
.664E-03 .001955 .003247 .004539

GPD={7.93/ 1.2)=6.6 MPa: Yield= Yield*0.866{( Mises - Tresca)

Figure (6.A.1.4): Tubesheet: Mises equivalent strain for a pressure of 7.93 MPa.

At Prigicar (6.61 MPa) the value of Ilyushin's function 1s 0.77 at the path defined
close to the end of the upper shell, details are given in appendix 1. At this load the

upper shell and tubesheet stresses and strains are given in Figures ( 6.A.1.5to 6.A.1.
8)

STEP~L ANSYS 0.1
sV 27 MAY 7 2005
TIME-1 11:04:40
sEQV (AVG) ¢

oot ~2.108 NODAL BOLUTION

23.303 100 135 147 157
50 130 140 152
GPD (6.6 ) MPa load : Mises * .866 yield value

Figure (6.A.1.5): Upper shell: Mises equivalent stress(MPa), inside view, at
a pressure of 6.61 MPa
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STEP=1 ANBYS 8.1
3UB =7 MAY 7 2005
TIME=1 11:11:52
EPTOBQV (AVG) NODAL SOLUTION
oMx =2.108

8MN = 158E-03
SMX =, 001372

.158E-03 .462E-03 .7T69E-03 .001068 .0013722
.310E-03 .613E-03 .917E-03 .00122

GPD (6.6 ) MPa load : Mises * .866 yield value

Figure (6.A.1.6): Upper shell: Mises equivalent strain (inside view) at a pressure
of 6.61 MPa

1
STRPa] ANSYS 8.1
3UB =7 MAY 7 2005
TIMBD] 11:15:00

EPTOEQV  (AVG)
DMX =1.107
OMN o, 20YE-04
SMX =.00364€

NODAL S8OLUTION

-208E-04 .927E-03 -001834 .00274 .003646
.474E-03 .00138 . 002287 .003193

GPD (6.6 ) MPa load : Mises * .866 yield value

Figure (6.A.1.7): Tubesheet: Mises equivalent strain at a pressure of 6.61 MPa.
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8TEP=1 ANSYS 6.1
suB =7 MAY 7 2005
TIBB=1 11:23:03
BEQV {AVG)

mmx =1.107 NODAL SQLUTION
SMN =4.037

sMX =150.68

4.037 75 120 ) 140 157
25 100 130 150

GPD {6.6 ) MPa load : Mises * .866 yleld value

Figure (6.A.1.8): Tubesheet: Mises’ equivalent stress at a pressure of 6.61 MPa

6. A.2 Upper shell material — 537 Cl. 2

The calculation for the behavior of the reactor with stronger upper shell matenal
is given below. It should be pointed out that with the stronger upper shell material
the critical points will move from the upper boundary of the upper shell to the
tubesheet. Both criteria for strain and stress have been checked.

Moreover, it should also be noted that the evaluation of Ilyushin’s function is not
suitable for a path through the thickness of this tubesheet. This is due to larger
stresses along the in- plane (z ) direction, shear and torsion bending stresses (that
result from stress components acting in the direction of the path and not
perpendicular to it. The Ilyushin function is not suitable for cases with large stresses
along the path, which are the governing ones in this case.

To bypass this problem, Mises” equivalent stresses have been extracted for a
series of the parallel paths next to each other and in the in-plane(z) direction , and
by integrating them it is possible to obtain an approximation of the integral over the
cross-section considered. To check the reactor performance, simultaneously
the upper shell condition has been monitored.

At a pressure of 10.4 MPa the program crashed, indicating no solution at this load,
the lower time (load) step for which program converges. corresponds to a value
slightly below 8.9 MPa.

Considering the partial safety factor of 1.2 on the action, according to Annex B,
the critical load is given by:

P eritical— 7.4 MPa
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To take into account the correction of the yield stress, required for the usage of
Mises yield condition, the reduced, lower material yield value has been used as
input to the ANSYS program, a reduced value obtained by multiplication of the

design value of the material strength parameter by 3/2.

Figures (6.A.2.1) to (6.A.2.4)) give information on above value, and other
relevant parameters. The results indicate that at a pressure of 8.8 MPa the maximum
strain in the tubesheet is 3.2% (at the groove location) which is below the 5% code
limitation. Plasticization at the upper end of the tubeside shell 1s small and 1s not
governing anymore. This can also be seen from the check of the limit analysis
pressure of the infinitely long closed cylinder, which is now, for the stronger shell
material, given by R = Ry,scs = 195 Mpa (see table (2.2.2)).

P pastic = (2/V3) R In (1/ )= 9.4 MPa.
Applying partial safety factor 1.2, see table B-8.1 of Annex B of EN 13445-3, one
obtains Pgitical = 9.4/1.2 = 7.8 Mpa.
There follows, that the cylindrical shell is not governing any longer.

1
NODAL SOLUTION AN
MAY 8 2005
STE=1 09:57:20
SuB =8B
TIME= 84625
SEQV (AVG)
mx =4.135
BMN =41.193
EMX =262. 4
I T
41.193 96.494 151.796 207.098 262.4
124.145 179.447 234.74%
GPD: MISES TRESCAYield (.866): 537 CL2: GPD-8.801/1.2= 7.34

Figure (6.A.2.1): Mises equivalent total stress, inside view of upper shell, for a
pressure of 8.8 MPa and SA 537 Cl. 2 material.
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1 RN
NODAL SOLUTION AN: -
MAY 8 2005
srep=1 10:02:36
SUP =8
TIMB=. 84625
BPTOEQV (AVG)
DMX =4.135
8MN =.247E-03
8MX =.001835
I
.247E-03 .644E-03 .001041 .001438 .001835
.445E-03 .B42E-03 .001239 .001637
GPD: MISES TRESCAYield {.B866): 537 CL2: GPD=8.601/1.2= 7.34

Figure (6.A.2.2): Mises equivalent total strain in upper shell for
a pressure of 8.8 (MPa)and SA 537 Cl. 2 materials.

NODAL SOLUTION AN
MAY 8 2005

STEP=1 10:08:15

SUB =8

TIMB=. 84625
SEQV (AVG)
DMX =3.274
SMN =4.398
SMX -150.68

100 120
50 110 130 147
GPD: MISES TRESCAYield (.866): 537 CL2: GPD=8.801/1.2= 7.34

Figure (6.A.2.3): Tubesheet: Mises’ equivalent total stress for 8.8 MPa
tube side pressure.
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NODAL SOLUTION

STEP=1

8uUB =8

TIME=. 84625
EPTORQV  {AVG)
DMX =3.274
SMN =.227B-04
SMX =.03137

.227E-04

.0039%41 .011778 .019615 .027451
GPD: MISES TRESCAYield (.866): 537 CLZ2: GPD=8.801/1.2= 7.34

AN
MAY B 2005
10:12:41

.007859 .015696 .023533 .03137

Figure (6.A.2.4): Tubesheet: Mises’ equivalent total strain for 8.8 MPa

tube side pressure.

B. Progressive Plastic Deformation Design Check

Another important failure mode that needs to be checked is progressive
plastic deformation. The reactor operates under base load conditions with just a
few cycles coming from startup and shut down as well as process upsets.

The Direct Route in Design by Analysis requires a progressive plastic
deformation design check to be performed. Therefore, for the structure with the
stronger upper shell material and the reported —GPD- pressure (critical pressure)
of 7.4 bar and for the temperature distribution ranging from 50 to 108 °C, the
reactor has been examined for shakedown or altemating plasticity. The check
performed here is based on EN — 13445 Annex B that states under repeated
application of the specified action cycles progressive plastic deformation shall
not occur in the model with the following properties:

First order theory.
A linear — elastic ideal plastic — constitutive law.

Mises yield condition ( maximum distortion energy hypothesis)
and associated flow rule.
Design strength parameters RM.

It should be emphasized that in this design check partial safety factors are
equal to 1, i.e. no reduction in material yield strength nor increase in applied
actions are necessary.

In the following investigations the actions are pressure and temperature, with
varnation between zero and maximum (design) values. The maximum value for
pressure is 7.4 MPa, which is the critical -GPD- pressure for the case of an upper
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shell selected from stronger material (SA 537 Cl1.2) instead of shell material (SA
516 Gr.70), which results in GPD- pressure of 6.61 MPa. For this pressure of 7.4
MPa the maximum values for the mean temperatures are the design temperatures of
108 °C for shell side materials and 50 °C for materials in tube side.

Moreover, these temperatures have been used in the model as surface
temperatures in thermal boundary conditions, and the temperature distribution has
been calculated and incorporated into the model for this design check.

With above parameters the maximum allowable tube side design pressure for
shakedown of the structure has been evaluated.

Melan's shakedown theorem states that the structure will shake down for a given
cyclic action, if a time-invariant self-equilibrating stress field can be found such that
the sum of this stress field and the cyclically varying stress field determined with
the unbounded linear —elastic constitutive law for the given cyclic action is
compatible with the yield condition. The equivalent stress field (of the
superposition of the self-equilibrating stress field and the linear- elastic stress field)
should not violate the material yield parameter at any time.

Self-equilibrating stress field can be found by two procedures which, are:

6.B.1 Load-Unload procedure

To obtain a residual stress field, the following procedure has been used:
(A.1) Loading of the model to the action state of GPD- pressure and design
temperature, and calculation of the stress field with the elastic-plastic constitutive
law (load step 1).
(A.2) Unloading of the model to a condition of above to near zero pressure and
zero temperature (load step 2), and calculation of the residual stress field. This
stress field, calculated in this way, is self- equilibrating since it is a residual stress
field, for zero imposed pressure and zero temperature.

Therefore, this residual stress field can be used in Melan's shakedown theorem
by adding it to the stress field obtained with an unbounded linear- elastic
constitutive law: With 6 res denoting residual stress field, o; jimi: the elastic-plastic
stress field at limit load, ojjo the elastic-plastic stress field after unloading from
load step 2, oj; 1imit the unbounded linear elastic stress field, the superposition of the
stress fields can be written in the form

[0 (D]sp= Gijres T a(t) [ Gijim ] With 0<a(t) <1
6.B.2 Direct subtraction procedure

In this procedure the stress field created in the elastic-plastic model for a
specified action will be subtracted from the stress field obtained with the
unbounded linear- elastic constitutive law for the same action. For the very same
actions this subtraction will result in a self- stress field since by this subtraction all
imposed actions become zero. After this step, the calculated self stress field can be
added to the linear-elastic solution, as discussed above.

Denoting the self equilibrium stress field by Gjj seir , One has
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Gijself= Oi j, limit —Gij, limit,
and, as in 6.B.1, the superposition in the form
[oi; (D]sp= Gjjseir+ a(t) [ Gijiimi ] With  0<a(t) <I

It must be indicated again that both extreme stress fields, for a=0 and a=1 , must be
compatible with the yield condition, i.e. 6, < RM, to fulfill Melan’s shakedown
theorem.

6.B.3 Upper shell material according to SA 537 C1.2

The figures below show the results of the calculations for the reactor for an
upper shell material according to SA 537 C1.2. Figure 6.B.3 shows the distribution
of Mises equivalent stress for a=0, i.e. Miseses equivalent stress for the self- stress
field. All equivalent stresses are below 121 MPa. Figure 6.B.5 shows the
distribution of Mises equivalent stress for the superposition given by a= 1. This
figure shows that after the superposition of the stress fields, in the added stress field,
the value of Mises’ equivalents stress is slightly above the yield stress given by 226
MPa. This indicates that the created self-stress field is not an optimum one. Since
the loading choice for creating self- stress field is arbitrary, the calculations were
repeated for a pressure of 8.8 MPa. This 8.8 MPa is the pressure determined in the
GPD design check as limit pressure, i.e. before applying partial safety factor.

Figures 6.B.6 and 6.B.7 and 6.B.8 show the results of the repeated
calculations. Figure 6. B. 8 shows that the distribution of Mises equivalent stress
for the superposition with a= 1 has no value above the allowable value(for
shakedown) given by 226 Mpa, the material yield value.

There follows that Melan's shakedown theorem is fulfilled, the structure shakes
down to linear- elastic behavior, plastic deformation does not occur.
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STEP=1 ABSYS 8.1
SUB 7 AUG 9 2005
TIME=1 23:33:07
SEQV {AVG)

DHX =2.011 KODAL SOLUTION
SMN =1.152

SHX =230.49

1.152

58.486 115.821 173.155
29.819 87.154 144.488
PD: Elastic - Plastic :

load to 7.4 MPa & T°C( Load stepl): cycle 1

230.49
201.823

Fig (6.B.1): Mises’ equivalent stress for elastic-plastic constitutive law at the limit
pressure of 7.4 MPa and temperatures at the surfaces of 108 °C on upper shell, and
50 °C on lower shell. Tubesheet with calculated temperature distribution.
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STEP=1 ANSYS 8.1
SUB =7 AUG 12 2005
TIME=1 19:37:41
EPPLEQV  (AVG)

DMX =2.011

EODAL SOLUTION
SHX =.001716

| R
.429E-03 .BSBE-03 .001287 .001716

.2149E-03 .643E-03 .001072 .001501

PD: Blastic - Plasti :un load to .001 MPa & 20°C( Load step 1): cycle 1

Fig.(6.B.2): Residual Mises’ equivalent strain at .001 MPa pressure and
temperature T= 20 °C.
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STEP=2 ANSYS 8.1

SUB =7 AUG 9 2005
TIRE-2 23:26:49
SEQV (AVG) NODAL SOLUTION
DNX =.122869
SHE «.008703
SHX <121.469

.008703 30.374 60.739 91.104 121.469
15.191 45.556 15.921 106.286

PD: Elastic - Plastic :UN load to .01 MPa & 20°C( Load step2): cycle 1

Fig.(6.B.3): Residual Mises’ equivalent stress at 0.001 MPa pressure and
temperature T= 20 °C.

STEP=1 ABSYS 8.1
SUB =1 AUG 9 2005
TIME=1 23:52:39
SEQV (AVG)

DHX =2.105 NODAL SOLUTTON

SEN =1.213

1.213 85.261 169.31 253.358 337.407
43.237 127.286 211.334 295.

UNBOUNDED at 7.4 MPa (GPD) & T

Fig.(6.B.4): Mises’ equivalent stress field for linear- elastic constitutive law and
limit pressure of 7.4 MPa on tube side and temperatures of 108 °C on upper shell
and 50 °C on the lower shell. Tubesheet with calculated temperature distribution.
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STEP=9999
SEQV [AVG)
DEX =.122869
SEN =1.149
IMX =242.521

ANSYS 8.1
AUG 10 2005
00:34:57

HODAL SOLUTION

1.149 61.492 121.835

152.007

182.178 242.521

31.32 91.664
UKBOUNDED at 7.4 MPa (GPD) & T+ Residual

212.35

Fig (6.B.5):Mises’ equivalent stress of superposition of stress fields, linear-elastic
and residual stress fields.

STEP=1 ANSYS B.1
sU8 =7 oCT 13 2005
TINR=) 15 56:33
BEQV (AVG}

SMN =.499658 NODAL SOLUTION
SN =237.72

119.11 178.415
148.762 208

-499658
30.152 89.457
boad to 8.8 MPa & T: Cycle 1

PD: Elastic- Plastic:

Fig (6.B.6): Mises’ equivalent stress for elastic-plastic constitutive law at the limit
pressure ad of 8.8 MPa and temperatures at surfaces of 108 °C on upper shell and
50 °C on lower shell. Tubesheet with calculated temperature distribution.
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STEP=2 ANSYD 8.1

BUB =7 oCT 13 200S
PTINR=2 16:01:01
SEQV (AVG)

SrN =.002852 NODAL FOLUTION

OMX *208.134

.002852 52.036 104.0693 156.101 208.134
718.052 130.085 182.118

PD: Elastic- Plastic:RESIDUAL: UNLOAD:.001 MPa & 20 °C: Cycle 1

Fig.(6.B.7): Residual Mises’ equivalent stress at 0.001 MPa pressure and
temperature T = 20 °C after pressurization of 8.8 MPa.

STBP=9999 ANSYS 8.1
SEQV (AVG) OCT 13 2005
DMX =4.431 ) 15:28:33
sMN =1.37

8MX =194.008 NODAL BOLUTION

1.37 49.529 37.68% 145.948 194.008
25.449 73.609 121.768 169.928

UNBOUNDED at 7.4 MPa (GPD) & T+Residual .001 MPa & 20 C

Fig.(6.B.8):Mises’ equivalent stress of superposition of stress fields, linear-elastic
and residual stress fields.

To plot the state of the stress for the above situation, usage of the deviatoric

map is suggested in reference [28]. Figure (6.B.9) shows the plot of Mises
equivalent stress as calculated in the figure(6.B.8) in the deviatoric map plane.
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Figure(6.B.9): Deviatory map o, = 260.86 MPa, 0,=176.93 MPa,
o3 = 88.138 MPa.: 6q= 149.61 MPa

The plot is for node number 67921, which has the largest linear-elastic stress
value, and the following principal stresses have been used:

Residual stress: 6,= 31.02, 6,=-2.25, 65=-191.75, all in MPa

Stress for linear- elastic constitutive law and for pressure of 7.7 MPa at

prescribed temperature: 6,= 452.12 MPa, 6,= 147.11 MPa , o3= 89.682 MPa

For an additional check of the possibility of changes in the residual stress and
strain fields, the model was run for 6 successive load and unload cycles, with
loading and unloading conditions as given above. The result indicates that the
small amount of the strain field created after the first unloading cycle will not
change in the following cycles.

This further indicates that the structure will shake down to lincar-elastic
behavior, and there exists no change in the residual strain field. Figure (6.B.10) to
(6.B.11) show the constant amount of residual plastic strain after six successive
cycle with all load and unload cycles according to the above.
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1
STER-1

ADSYS 6.1
SUB +? AUG 12 2005
TINE=1 19:37:41
:;;Lf’z.\vo‘l;ﬂvm DODAL SOLUTIOD
SHX =.001716

i} .329E-03 .BSBE-03 .001287 .001716
.214E-03 .643E-03 .001072 .001501
PD: Elastic - Plasti :um load to .001 MPa & 20°C( Load step 1): cycle 1

Figure (6.B.10): Residual plastic strain at the end of first cycle

1
STEP=12 ANSYS 8.1
SUB =7 AUG 12 200§
TIME=12 19:14:10
EPPLEQV  (AVG) g oN
DEX =.110304 NODAL SOLOUTT
SKX =.001719
- e
0 .430E-03 .860E-03 .00129 .001719
.21SE-03 .645E-03 .001075 .001504
PD:Blastic - Plastic: Un load to .001 MPa & 20°C( Load stepl2): cycle 6

Figure (6.B.11): Residual plastic strain at the end of the sixth cycle
Based on the above results, it can be concluded that for action cycle from

zero up to 7.4 MPa, the GPD- pressure and the considered temperature, the
progressive plastic deformation design check is fulfilled.
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6.B.4 Upper shell material according to original specification (SA 516 Gr. 70)

To investigate the model performance in the progressive deformation design
check with upper shell material according to the data sheet original material (SA
516 Gr. 70) the relavent calculations have been performed. In these calculations the
maximum value for pressure is 7.9 MPa, which is the last valid solution before
applying safety factor, and the GPD- pressure 1s 6.61 MPa.

The maximum values for the mean temperatures are design temperatures of
108° C for shell side materials and 50 °C for matenals in tube side.

Figures (6.B.12) to (6.B.15) show the result of these calculations.

STER=1 ANSYS 8.1
sue =7 OCT 24 2005
TIME=1 07:31:57
sEQv (AVG)

DMX =3.021 NODAL SOLUTION
SMN =7.709

SMX =235.331

1 18 210
S0 150 200 220
LIMIT:129 mm: UPPER SHELL 516 GR 70: P= 7.9 MPa (last valid) & T:ELs PL

Fig (6.B.12): Mises’ equivalent stress for elastic-plastic constitutive law at the limit
pressure of 7.9 MPa and temperatures at surfaces of 108 °C on upper shell and 50
°C on lower shell. Tube sheet with calculated temperature distribution.

93




STRP=2 ANSYS 8.1

S0B =7 OCT 24 2005
TINE=2 06:59:29
SEQV (AVG)

OMX =.13312v¢ NODAL BOLUTION

SMN =.193132
SMX =144.316

.193132 36.224 72.255 108.285 144.316
18.208 54.239 30.27 126.301

RES:129 mm: UPPER SHELL 516 GR 70: P= .001 MPa & 20 °C: ELatic - Plastic

Fig.(6.B.13): Residual Mises’ equivalent stress field at .001 MPa pressure and
temperature T= 20 °C.

BTBP=1 ANSYS 6.1
8UB =1 oCcT 23 2005
TIKE=]1 16:56:32
BEQV (AVG)

DMX =2. 825 NODAL 80LUTION
SMN =10.3%6

BMX =270.748

10.396 75.484 140.572 205.66 270.748
.42.94 108.028 173.116 238.204

UNBOUNDKED: 129 mm: UPPER SHELL 516 GR 70: P= 6.61 MPa {GPD) & T: Elastic

_

Fig.(6.B.14): Mises’ equivalent stress field for the linear- elastic constitutive law
and limit pressure of 6.61 MPa on tube side and surface temperatures of 108 °C

on upper shell and 50 °C on the lower shell. Tubesheet with calculated temperature
distribution.
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1
STBP=9999 ANSYG 8.1

SEQV (AVG) ocr 24 2005
DMX =2.715 07:19:57
SMN =10.71

gMx =183.475 NODAL SOLUTION

10.71 53.901 97.093 140.284 183.475
32.306 75.497 118.688

ADDED:129 nmm:516 Gr70:RES(.001 MPa&sT}+ UNBOUND(6.61 MPa & T)

Fig.(6.B.15):Mises’ equivalent stress of superposition of stress fields, the linear-
elastic and the residual stress fields.

The figures show that in the residual stress field and the superposition stress field
no value of Mises equivalent stress is larger than the yield stress, i.e. Melan’s
shakedown theorem 1is fulfilled, the structure will shakedown to linear-elasic
behaviour under the investigated action cycle.
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7. Discussion of the results

In reference to chapter five and six of this work, which use elastic and

inelastic analyses of the reactor, the following conclusions and results apply:
. The results of the elastic analyses of the reactor, as shown in tables 5.1 and
5.4 for two load cases, indicate that the values of Mises’ equivalent stress are
reduced by the temperature effect. Comparison of these result with values given
in table 3.3.1 indicates that the result of calculations according to design by
formula also confirms such an effect of temperature.
. Incorporation of complete perforation on the tubesheet with real elastic
constants brings much more realistic results to the analyses.
. It is not possible to categorize the type of stresses at the junction, where
quite complex situation exists . Any attempt in this regard gives an unrealistic
base for any comparison. Such an attempt has been made in the past, and has
resulted in unrealistic conclusions [15].

o Categorization of the stresses away from junction can be performed but this
brings no improvement to the work.
J To produce the optimum design with realistic bases for comparisons, the

investigations chapter six of this work have been performed. According to the
results given there, this reactor can withstand safely much larger pressure as given
in the data sheet.

. Temperature and cyclic loading provides no specific problem, and the
reactor is safe with regard to progressive plastic deformation.
. Fatigue analyses of this work indicated that the reactor is safe with regard

to anticipated load cycles. It should be also noted that the circumferential weld
between tubesheet and shell is the critical region with regard to cyclic fatigue.

. The material selection for the upper shell is not optimal since with stronger
material the high stress region will shift to the tubesheet. The analyses indicate
that this tubeshect is thick enough to withstand such a shift to the high stress
region.

. It also can be stated that the classical plate and shell theory approach, which
is specified in the design by formula approach, is incapable of determining the
stress in regions at or near the junction, with strong non-linearities along
evaluation lines and large shear stresses, whereas design by analysis, as indicated,
provides detail information for these parts. Therefore, the results obtained by such
analysis, which was the practice in the past is not optimal. The Direct Route with
FEM calculations render much improved results and insight into the behaviour.
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8. Groove radii effect

In fixed tubesheet exchangers grooves are normally placed at the junction of
the tubesheet to the adjoining shells for two main objectives. One objective is from
a computational point of view and the other one is from structural point a view.

By introducing grooves one can bypass the singularities, which will be created at
the intersection point. In this way the transition from one geometry to the other one
(tubesheet to shell) will be smooth and sharp corners will be avoided, sharp corners
produces high stresses, possibly even singularities, and more realistic stresses can
be captured by modelling the radii.

The other objective of grooves is to reduce the high surface stresses; by the
introduction of grooves, the allowable number of cycle loads will be increased at
the weld toe and at the base materials.

To investigate the effect of various groove radii on the principal and equivalent
stresses, different radii sizes were incorporated in the model. All calculations have
been performed for the same pressure and temperature loadings on the models with
different radii.

The pressure was selected to be 6.6 MPa, which is the GPD- limit pressure, and
the temperature was taken from tabulated values in the process data sheet( LC8).
For detail in limit load and metal temperatures see section 6 and 2 of this work.

Investigation of the computed values of relevant stresses at nodes at the top and
bottom of the grooves resulted in two conclusions:

(1) Top of the grooves

In this welded region, principal stresses are the relevant ones. At 5 mm radii

size this point has very large principal stress values and these large values do

decrease to smaller ones by increasing the radii. For radii of 21 to 27 mm the
stresses drop considerably from the previous high values and the changes are in
these radii region small. For larger radii the stresses continue to decrease.

(2) At the bottom of the grooves

In this unwelded region equivalent stresses are the relevant ones. Equivalent

stresses are approximately the same up to radii of 24 mm, and they increase for

increasing radii due to the decrease in tubesheet thickness under this point.
Figure (8.1.A.1) shows the node locations and table (8.1.A.1) is extracted
from program outputs and shows the relevant stress values. Figures (8.1.B.1 to
8.1.B.2) show quite clearly how the stresses change for change in radii.
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Table (8.1.A.1): Stresses (MPa) for various radii (mm), nodes 67919, 67925

Figure (8.1.A.1): Location of nodes 67919 and 67925 locations.

Diameter node o) L) o3 Gequ
number
8 67919 358.17 107.04 573 27931
67925 447.67 133.28 92.26 336.75
15 67919 328.7 76.37 36.2 274.66
67925 421.37 122.07 94.18 314.17
18 67919 3314 83.99 54.17 263.55
67925 416.38 12092 97.02 308.1
24 67919 3325 79.63 548 266.14
67925 399.19 112.68 93 .48 2973
27 67919 3348 78.4 541 2694
67925 394 8 109.55 90.159 29546
30 67919 334.74 77.15 52.78 270.6
67925 381.77 104.37 85.133 287.5
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Equivalent stress plot for node 67919
(groove bottom)
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Figure (8.1.B.1): Equivalent Stress Plot for grooves of various size

first principal stress for node 67925

400 N [—e—Seriest

first principal stress
(MPa)

360 T — T
0 10 20 30 40

groove diameter (mm)

Figure (8.1.B.2) First principal stress plot for grooves of various size

Reviewing above results one can conclude that in this heat exchanger thermal
stresses reduce the stressesses, load case with out thermal stresses are governing.
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9.

Reduced shell thickness

One important result that has been noted in the preceding sections is the
value of the pressure that the tubesheet can carry safely. It has been shown that
with 129 mm (corroded) thickness a pressure of as high as 6.6 MPa is
permissible. This thickness is the datasheet stated tubesheet thickness, obtained
by FEA elastic analysis with the method specified in ASME Section VIII, Div.
2, Appendix 4, which uses the stress categorization technique.

With employing the direct route in design by analysis a reduction of this
thickness seems to be permissible. The tables and figures given below depict
results of calculations for a tubesheet thickness of 100 mm and the usage of the
Direct Route of Design by Analysis approach. The shell thickness at the
junction has also been reduced to the uniform value of 60 mm down from the
data sheet values of 90 and 70 mm.

A. Elastic analysis

Tables (9.1) and (9.2) give the Mises’ equivalent stress and displacement of
100 mm tubesheet thickness for two load cases.

Load case 1( in section 5 this is load case 4) is for the normal operating case
given by 3 MPa in tubes and on channel side of the tubesheet; 4 MPa in the
upper shell, and 1 MPa on the lower shell. All parts are considered with
temperature distribution according to the data sheet.

The second load case ( pressure only), insection 5 this is load case 1), covers
the case with no pressure on the shell side, 4 MPa in the tubes and on the channel
side of the tubesheet and on the upper shell, and no pressure on the lower shell
and the whole structure atambient temperature.

Tables (9.1) and (9.2) give displacements and Mises’s equivalent stresses
calculated for above load cases.

Table (9.1): Result of FEA — pressure and temperature (load case 1)

tubesheet | tubes upper lower
Shell shell
Displacement | 2.366 2.365 4.465 2.077
(mm)
Mises’ 182.33 91.63 149.8 90.8
equivalent
stress (MPa)
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Table (9.2): Result of FEA —pressure only (load case 2)

upper lower
~ tubesheet | tubes shell shell
Displacement | .4956 2.698 1.581 492
(mm)
Mises’ 230.48 128.18 148.22 64.643
equivalent
stress (MPa)

Comparing the results in above tables with the results of tables (5.1) and (5.4), it is
evident that stresses rise due to lower tubesheet thickness. Whether or not the
design is admissible is investigated in the section following this one.

For a complete comparison of these results with results given in other part of this
report see section 10: Discussion of results.

B. Inelastic analysis

In this analysis, with the exeption of tubesheet and shell thickness, all
parameters are the same as given in chapter 7.

e Upper shell material SA 516 Gr. 70, tubesheet thickness 100 mm, upper
and lower shell thickness 60 mm

With this material due to its low strength value the crtical section will be at
the upper end of the upper shell. At 6.0 MPa the program crashes, indicating no
solution for this pressure. The last valid solution is at load step 0.895, which
corresponds to a pressure of 5.37 MPa. Application of the partial safety factor of
1.2 gives an allowable pressure of 4.475 MPa

Peritical = 4.45 MPa
This pressure is still larger than 4.0 MPa, the values of the data sheet.
Under 4.475 MPa, although tubesheet stresses are reasonably below yield point ,

the upper shell still is undergoing yielding through a considerable portion of the
thickness. This is shown in figures (9.3) and (9.4).
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STEP=1 ABSYS 8.1
SUB =5 JUL 24 200§
TINE-.75 02:05:26
SEQV (AVG) HODAL SOLUTION
DAX -1.822
SHN =26.618
SEX =156.4
26.618 100 120 145 156.4
50 110 135 150

GPD:100 nm:516 upper shell:sect+link:Eo temp:P=4.75 (MPa):Yield*.866

Figure (9.3): Mises’ equivalent stress at upper shell (MPa)

1

STEP=1 - ANSYS 8.1
SUB =5 JUL 24 2005
TIEE=.75 02:11:57
SEQV (AYG)

DAX =.57578 HODAL SOLUTLON
SHN =2.296

SHX =150.68

2.296 100 120 145 156.4
50 110 135 150

GPD: 100 mm:516 upper shell:sect+link:Eo temp:P=4.75 (MPa):Yield*.866

Figure (9.4): Mises’s equivalent stress at tubesheet (MPa)

102




To reduce the stresses at the upper shell without changing the material or
increasing the 60 mm shell thickness, the amount of stress and strain at a pressure
of 4.0 MPa, which is the same as the one given on the data sheet, is given in figures
(9.5 to 9.8) below.

STEP1 ANSYS 8.1
SUB =7 JUL 24 2005
TIRE-1 02:54:24
SEQV (AVG) NODAL SOLUTIOR
DNX =.510452

oM -1.983

SHX =150.68

1.983 100 130 140 180.68
50 120 135 145

GPD: 100 em:516 upper shell:sect+link:No temp:P=4.0 (MPa):Yield*®.866

Figure (9.5): Mises’ equivalent stress at tubesheet (MPa)

STEP=1 ARSYS 8.1
SUB =7 JUL 24 2005
TINE=1 02:52:37

EPTOEQV  (AVG)
DEX =.510452
SHE =-.151Z-04
SEX =.00205S

NODAL 30LUTION

.151E-04 .52SE-03 .001035 .001545 .002055
.270E-03 .760E-03 .00129 .oo1s

GPD:100 mm:516 upper shell:sect+link:Fo temp:P=4.0 (MPa):Yield*.866

Figure (9.6): Mises’ equivalent strain at tubesheet.
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1
ANSYS 8.1

STEP=1
SUB =7 JUL 24 2005
TIRE=] 02:50:10
SEQV (AVG) NODAL SOLUTION
DEX =1.613

SHN =23.743

SHX =149.252

AR
145 156.4

23.743 100 135
50 130 140 150

GPD:100 mm:516 upper shell:sect+link:8o temp:P=4.0 {(MPe):Yield*.866

Figure (9.7): Mises’ equivalent stress at upper shell (MPa).
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STEP-1 ANSYS 6.1
SUB =7 JOL 24 2005
TIRE=1 02:51:50
EPTUEQV  (AVG)

DMX =1.613 BODAL SOLUTION
SN =.140E-03

SMX =.754E-03

-140E-03 .299E-03 .447E-03 .600E-03 .754E-03
.217E-03 .370E-03 .S524E-03 .677E-03

GPD:100 mm:516 upper shell:sect+link:No temp:P<4.0 (MPa):Yield*.B66

Figure (9.8): Mises’ equivalent strain at upper shell.
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The next step considered is the progressive deformation design check. Figures
(9.8.A) to (9.8.D) show the result of this check for upper shell material with
516 Gr 70 matenial. According to this check the model shakes down to full elastic
behaviour under 4.45 MPa pressure.

1
ATRP=1

ANSYS B.1
sus =1 ocT 23 2005
rinE=1 11:09:15
seqv (ave) NODAL 5OLUTION
Do =2. 419
sMN =1.128

BMX =237.159

S
1.128 60.136 119.144 178.152 237.159
30.632 89.64 148.64 g

UNBOUND:100 mm:60 mm: Upper shell: 516 Gr 70: P= §.45 ( GPD): Elastic

Fig.(9.8.A): Mises’ equivalent stress field for linear- elastic constitutive law and
limit pressure of 4.45 MPa on tube side and temperatures of 108 °C on upper shell

and 50 °C on the lower shell. Tubesheet with calculated temperature distribution.

1
STEP=1

ANSYS B.1
suB =7 OCT 23 2005
TIME=1 09:48:13
SEQV (AVG)
DMX =2.518 NODAL SOLUTION

SMN =.73906%
SHMX =226.383

. 139065 57.15 113.561 169.972
8 85.356 141.767 199.178
AT LIMIT:516 GR 70:100 mm P= 5.37 (last valid from GPD):Elastic- Plastic

226.363

Fig (9.8.B): Mises’ equivalent stress for elastic-plastic constitutive law at the limit
pressure ad of 4.45 MPa and temperatures boundary of 108 °C on upper shell and
50 °C on lower shell. Tubesheet with calculated temperature distribution.
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8TRP=2 ANZYS B.1

sup =7 OCT 23 2005
TIME=2 05:42:17
SEQV (AVG)

oMX =.039216 NODAL 8OLUTION

SMn =,009000
BMX =79.476

.009008 19.876 39.742 59.609 79.47¢
9.942 29.809 49.676 65.543

RES:516 GR 70:100 mm: Unload to P= .001 MPa & T:Elastic- Plastic

Fi1g.(9.8.C): Residual Mises’ equivalent stress field at 0.001 MPa pressure and
temperature T= 20 °C after pressure loading of 5.37 MPa.

9TEP=9999 ANSYS 8.1
SEQV (AVG) ocr 23 2005
DMX =2.363 11:22:38
SMN =1.11

SMX =182.694 NODAIL SOLUTION

1.11 46.506 91.902 137.298 182.694
23.808 69.204 114.6 159.996

ADD:516 GR 70:100 mm:RES (.001 MPa & 20) + UNBOUND( GPD= 4.45) & T

Fig.(9.8.D):Mises’ equivalent stress of superposition of stress fields, linear-elastic
and residual stress fields.
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e Upper shell material SA-537 Cl. 2, tubesheet thickness 100 mm,
upper and lower shell thickness 60 mm
In order to investigate the tubesheet performance for large pressures, with

100 mm thickness of the tubesheet, the upper shell material was changed to the
stronger type SA 537 Cl.2. With this material for gross plastic deformation design
check the program crashes at 9.03 MPa indicating no solution for this pressure.

The last valid solution occurs at load step 0.721, which, after applying the partial
safety factor on action, results in a permissible pressure of 5.5 MPa.

Pciﬁcal =5.42 MPa

Figure (9.9 to 9.12) indicates the plot of Mises’ equivalent stress and strain.

sTse=1 ANOYE 8.1
sup =7 ©0CT 19 2005
TIng=.721 08:24:36

asQv {AVG)
oMy =. 933962
SKN =3.79

SMX =156.6

NODAL SOLUTION

(. _  __________ _ _ Shaaeaae.
3.79 41.993 80.195 118.398 156.6
22.991 61.094 99.296 137.493

GPD:100 mm:S537:No temp:P=6.54 (MPa):Yield*.B66

Figure (9.9): Mises’ equivalent stress in tubesheet (MPa)

[1

BTEP=1 ANZYS 8.1
£0D =7 oCcT 1% 2005
TIMB=. 721 08:38:19

BPTOEQV (AVG)
oM =, 933962
GMN = 295g-04
X =, 020901

NODAL SOLUTION

.295E-04 .005247 .010465 .015683 .020901
.002638 .007856 .013074 . 018292
GPD:100 mn:537:No temp:P=6,54 (MPa):Yield*®.B866

Figure (9.10): Mises’ equivalent strain in tubesheet.
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STBP=1 ANSYS 8.1
sus =7 ocT 19 2005
TIME=. 721 08:44:43
SEQV {AVG) NODAL BOLUTION

DMX =19.377
SMN =54.444
sMx =190

54.444 170 180
100 175 184 188

GPD:100 mm:537:No temp:P=6.54 (MPa):Yield*.866

Figure (9.11): Mises’ equivalent stress in upper shell (MPa)
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§T8P=1 ANBYS B.1
sUB =7 ocT 19 2005
TIME=.72] 09:16: 00

EPTOEQV  (AVG)
DMX =19.377
SMN =.756E-03
sMx =.011315

NODAL SOLUTION

.756E-03 .0033%¢6 -.006036 -008675 .011315
.002076 .004716 .007355 .00995%

GPD:100 mm:537:No temp:P=6.54 (MPa):Yield*.866

Figure (9.12): Mises’ equivalent strain in upper shell.
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Based on the above figures, it is evident that the tubesheet can withstand the

pressure of 5.42 MPa with thickness of 100 mm provided that for the upper shell
SA 537 C1.2 material, which has higher yield strength 1s used. This pressure is
larger than the data sheet pressure.
Furthermore, the case with a material possessing a higher yield strength value of
380 MPa has also been checked. With this yield strength, the program crashes at
9.0 MPa indicating no solution for this pressure. The last valid solution occurs at
load step .98, which, after application of the partial safety factor on action, results in
a permissible pressure of 7.3 MPa.

Figure (9.9A to 9.12A) show the plots of Mises’ equivalent stress and strain.

STEPel ANSYS 8.1
RYUB JUL 24 2005
04:54:38

BODAL SOLUTICE

4.124 40.763 77.402 113.041 150.68
22.443 59.082 95.721 132.36

GPD: 100 mu:737:sAacttlink:No temp:P=6.8 (MPa) :Yaeld® . 866

Figure (9.9A): Mises’ equivalent stress at tubesheet (MPa)
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sTER=1 ADSTS 8.1
SUB =5 JUL 24 200S
TIEE-.7S 04:41:31
EPTOLOY  (AVG) BODAL SOLUTION
DEX =.901293

SHD +.26@-04

SEX =.008354

.264E-04 .002108 .00419 .006272 .008354
.001067 .003149 .005231 .007313

GPD:100 rm:737:sect+link:No temp:P=7.3 (MPa}:Yield*.866

Figure (9.10A): Mises’ equivalent strain at tubesheet.

STEP=1 ABSYS 8.1
SUB =5 JUL 24 2008
TINE=. 7S 04:53:29
SEQV (AVG)

NCDAL SOLUTI
DEX =2.748 0%
SHN =42.968

SHX =255.549

R T
42.968 96.113 149.259 z02.404 255.549
69.541 122.686 175.831 228.97¢

GPD:100 mm:737:sect+link:No temp:P=6.8 (MPa) :Y1eld*.866

Figure (9.11A): Mises’ equivalent stress at upper shell (MPa)
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STEP=1 AD3YS B.1

SUB =5 JOL 24 2008
TIME=.75 04:57:58
EFTOEQY  (AVG)

OO0DAL SOLUTIOR
DRX =2.748

SMg =.256Z-03
SKX =.001291

+256E-03 .518¢-03 «773E-03 .001032 .001291
.3B8SE-03 . 644E-03 .903E-03 .001161

GPD: 100 rm:737:sect+link:Eo temp:P=6.8 (MPa) :Yield*.866

Figure (9.12A): Mises’ equivalent strain at upper shell.

STEP=1 ANSYS 8.1
SUB =5 JuL 24 2005
TIRE=.35 04:53:29
SEQV (aVG)

DX =2.748 NODAL SOLUTION
SAN =42.968

SEX =255.549

42.968 96.113 149.259 202.404 255.549
69.541 122.686 175.831 228.976

GPD:100 mmp:737:sect+link:lo temp:P=6.8 (MPa) : Yield®.866

Figure (9.11): Mises’s equivalent stress at upper shell (MPa)
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STEPs] AGSYS 8.1
SUB =5 JUL 24 200S
TIRE=,7§ 04:57:58
EPTUEQV  (AVG)
DX =2.748
SED =, 256E-03
SEX =.001291

DODAL SOLUTIOR

+2S6E-03 .S15E-03 . 173E-03 .001032 .001291
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GPD:100 rww:737:sect+1link:B0 tewp:P=6.8 (MPa):Yield*® .B66

Figure (9.12): Mises’equivalent strain at upper shell.

Based on the results shown in above figures, it is evident that the tubesheet
can withstand the pressure of 7.4 MPa with thickness of 100 mm, provided that
upper shell material with the 380 MPa yield strength value 1s used. This pressure is
larger than the data sheet pressure.

The next step is the progressive deformation design check. For both of the
above matenal cases this check has been performed.

Figures (9.13) to (9.15) show the results of this check for the upper shell material
SA 537 C12, and figures (9.13A) to (9.15A) show the result of this check for the
material with 380 MPa yield strength value.

According to these checks, the model shakes down to fully elastic behaviour
for pressure cycles from zero to 5.42 MPa for the SA 537 Cl1.2 material, and upto
7.4 MPa for the material with 380 MPa yield strength value.
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STRP=1 ANSYS B.1

sup =1 oct 21 2005
PINE=1 07:37:56
seqv (AVG)

DMX =2.522 NODAL S8OLUTION
SN =.889196

8MX =291.68

.889196 73.587 146.285 218.982 291.68
37.238 109.936 182.634 255,331
UNBOUND:100 mm:60 mm: P=5.42 ( GPD): Elastic

Fig. (9.13): Mises’ equivalent stress (MPa) for the linear- elastic constitutive law
and the limit pressure of 5.42 MPa on tube side and temperatures of 108 °C on

upper shell and 50 °C on the lower shell. Tubesheet with the calculated temperature
distribution
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EUB =1 ANSYS 8.1
TIME=1 : ocT 21 2005

SEQV (AVG) 07:08:09
DMX =2. 645
8MN =1.892 NODAL SOLUTIGON

SMX =238.798

1.892 100 185 210 226
50 130 205 220

AT Limit:100 mm:60 mm: P= 6.51 (last valid from GPD):ELastic-Plastic

Fig. (9.14): Mises’ equivalent stress(MPa) for the elastic-plastic constitutive law at
the limit pressure of 5.42 MPa and temperatures boundary of 108 °C on upper shell
and 50 °C on lower shell. Tubesheet with calculated temperature distribution.
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8T8P=1 ANBYS 8.1 1
Bus =7 OCT 21 2005
TIMB=1 07:45: 44
SBQV (AVG)

DMX =2.645 NODAL SOLUTION
SHN =1.892

SMX =238.798

1.892 61.119 120.345 179.572 238.798
1 i 4 5 209.185

RES:100 mm:60 mm: P= 6.51 {(last valid from:ELastic-Plastic

Fig. (9.14.1): Mises’ equivalent stress (MPa) for the elastic-plastic constitutive law
at the limit pressure of 5.42 MPa and temperatures of 108 °C on upper shell and
50 °C on lower shell. Tubesheet with the calculated temperature distribution.
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It should be noted that, by comparing figures (9.14) and (9.14.1), it can be
observed the plasticization has already ocurred at the channel side of the tubesheet,
which possesses a lower yield stress there due to the higher temperature in
comparison to the shell side of the tubesheet which is at 50 ° C and, therefore, has a
higher yield stress value. The amount of stress at lower side is quite high and very
close to the yield stress value at this location. See table (2.2.1.A) for material hot
yield properties.

STEP=2 ANSYS B.1
8UB =7 OCT 21 2005
TIME=2 07:13:40
S8EQV (AVG)

DMX =.042657 NODAL SOLUTION

8MN =.053792
SMX =152. 426

.053792 38.147 76.24 114.333 152.426
19.1 193 95.286 .379

RES:100 mm:60 mm: P= 6.51 (last valid from GPD):Unload :Elastic-Plastic

Fig. (9.15): Residual Mises’ equivalent stress field at 0.001 MPa pressure and
temperature T= 20 °C under pressure loading of 5.42 MPa.
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6TBP=9999

8EQV (AVG,
DMX =2.49
8MN =.7239

sMX =197.191

.7239 49.841 98.957
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ADD:100 mm:60 mm:RES( P= 6.51 last valid from GPD):UNB{ P=5.42 GPD)

ANEYS 8.1
oCcr 21 2005
07:27:01

NODAL BOLUTION

187.191

Fig.(9.16):Mises’ equivalent stress (MPa) of superposition of stress fields, linear-

elastic and residual stress fields.

1

STEP=1

sSUB =1

TIMB=1

SEQV (AVYG)
DMx =2.727

8MN =. 669421
sMX =397.952

149.65 248.971
UNBOUNDED: 100 mm: 60 mm: Radii 24 mm: 7.3 MPa (GPD) & T: Elastic

.669421 99.99 19%.311 298.631
50.33

ANSYS 6.1
OoCcT 15 2005
16:01:37

NODAL SOLUTION

397.952

Fig.(9.13A): Mises’ equivalent stress (MPa) for linear- elastic constitutive law and
limit pressure of 7.3 MPa on tube side and temperatures of 108 °C on upper shell
and 50 °C on the lower shell. Tubesheet with the calculated temperature

distribution.
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8TEP=1 ANSYS B.1

sup =7 ocr 17 2005
TIMR=1 09:33:52
SEQV {AVG) DAL SOLUTION
DMX =2.735 NODAL 8OLUTIO

SMN =.8685076
8MX =236.723

.885076 59.845 118.804 177.763 236.723
30.365 89.324 148.284 207.2433

PD:Elastic-plast: 100 mm: 60 mm: Load to 7.3 MPa (GPD) & T:Cycle 1

Fig. (9.14A): Mises’ equivalent stress (MPa) for the elastic-plastic constitutive law
at the limit pressure of 7.3 MPa and temperatures of 108 °C on upper shell and 50
°C on lower shell. Tubesheet with the calculated temperature distribution.

1
BTBP=2 ANBYS 8.1
sus =7 ocT 17 200S
TIME=2 10:34:48
SEQV (AVG)
KX <. 045894 NODAL BOLUTION
SMN =.0060033
SMX =201.v24
L S
.068033 50.532 100.996 151.46 201.924
25.3 15.764 126.228 176.692
PD:Elastic-plast: 100 mm: 60 mm:Unload to .001 MPa & 20 ° C:Cycle 1

Fig.(9.15A): Residual Mises’ equivalent stress (MPa) at 0.001 MPa pressure and
temperature T= 20 °C under original loading of 7.3 MPa.
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STEP®1 ANSYS 8.1

sUD =1 oC? 17 2005
SEQV (AVG) 10:51:18
oMX =2.698

NODAL SOLUTION
SMN =. 896211

SMX =237.252

.896211 59.98S 113.074 178.163 237.252
30.441 89.53 148.619 207.708

ADDED: 100 mm:60 mm: 537: Unbounded at 7.3 MPas T+ Residua

Fig. (9.16A): Mises’ equivalent stress (MPa) of superposition of stress fields,
linear-elastic and residual stress field.

To plot the stress states for the above situation, in [28] 1t is suggested to use the
deviatoric map.

Figure (9.17) and (9.17A) shows the plot of Mises’ equivalent stress, as calculated,
in the deviatoric map plane.

UNB, ,9!

ADD

147] RES O3

Figure (9.17.A): Deviatory map o, = 246.5 MPa, o,= 141 MPa, o;= 69.3 MPa:
Ocq= 154.3 MPa: Upper shell 537 CI2

The plot i1s for node number 67921, which has highest value for the linear- elastic

model, and following principal stresses have been used:
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Residual stress: o,=-128.6 MPa, 62=39.2 MPa, 63=1.19 MPa
Stress for the linear- elastic constitutive law and for the pressure of 5.42 MPa
at the prescribed temperature: 6,= 375 MPa, o,= 102.7 MPa, 63= 67.3 MPa

UNB

O

o5} a3
¢ RES

Fig.(9.17.A): Deviatory map o, = 339.9 MPa, 6, = 195.4 MPa, o3=95.324 MPa:
Ocq= 212.97 MPa: Upper shell yield strength 380 MPa

The plot is for node number 67921, which shows the largest value for the linear-
elastic model, and the following principal stresses had been used:
Residual stress: o,= -180.54 MPa, 62=37.15 MPa, 63= 0.62 MPa
| Stress for the linear- elastic constitutive law and for the pressure of 7.4
| MPa at the prescribed temperature: 6,= 520.41 MPa, c,= 159.09 MPa,
03= 93.88 MPa
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10. Discussion and comparison of the results

Based on various calculations performed for a variety of load cases, geometry
variants, different approaches, the following results can be reported.

a. Code calculations

In reference to table (3.3.1), which is given below as table (10.1), the EN
13445 Clause 13 calculations in comparison with ASME Sec. VIII Div | code
result in bending stresses that are identical in both codes, and that there are only
slight differences in shear stresses.

In fact, since both codes are based on similar approaches (shell and plate
theory with effective elastic constants), the close results have been anticipated to be
obtained with similar material properties.

The basic difference between the results for these two codes as far as the
comparision within the frame work of this study is concemned, results from
differences in the values of the equivalent elastic constants.

In the ASME code the elastic constants are out of range for this reactor with its
specific geometry, whereas Clause 13 of EN 13445-3 provides comprehensive data
in regard to these values.

ASME Sec VIII, Div 2, Article 4-900(c) and (b) indicate that the method
contained in (4-9) does not account for the staying action from tubes, and
recommends that the stiffening effect resulting from the staying action of the tubes
should be obtained by an analysis and incorporated. It also suggests that such
stiffening may either increase or decrease the stresses in the tubesheet itself and in
the attached shells. For this reason this division was not considered.

With regard to results of calculation based on Annex J it should be noted that
Annex J is not explicit with regard to the required length of thickened portion of the
shell on the head side. Usage of the corresponding requirements for the shell side is
obvious but not stated.

Comparing EN 13445-3 Annex J results with Clause 13 results indicate that
Annex ] gives larger values for the maimum allowable pressure. The values in
Table (3.3.1) are not the optimal ones as far as the calculations per EN 13445-3
Annex J are concerned — based on a limit analysis approach, the large margin for
bending stresses can be used, according to this Annex J approach, to increase the
small margin for shear stresses, resulting in an increase in the maximum permissible
pressure.
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Table (10.1) Results of calculations according to codes (A)

Load Ob,max Tmax Ta Ob,a Tmax / Gb,max Notes
Cases Ta /Gb,a
(MPa) | (MPa) | (MPa) | (MPa)

EN Pressure | 266.64 | 63 116 290 0.44 0.92 (F)
13445-
3
Clause | Press & 13033 [30.8  [116 [435 [027 [030 [ fuow-3f

13 Temp. (E)
Annex | Pressure | - - - 0.88 0.51 (B)

J 0.39
ASME | Pressure | 265.53 | 56 110 275.86 | 0.51 0.96 (©), (D)
Sec.

VIl Press& | 115 40.2 110 552 0.68 0.36
pivl | Temp

Notes:
{A) Opmax is maximum calculated bending stress (MPa).

Tmax 1S maximum calculated shear stress (MPa).

T, is allowable stress in shear (MPa).

Ob.a 1S allowable stress in bending (MPa).
(B) Uniform wall thickness is assumed. Annex J deals not with equivalent stress to
allowable stress ratios, but with action to allowable action ratios. The method does not
incorporate effect of thermal stresses, being a strict limit analysis approach. The 0.39 is the
optimum value of Opmax/ Ob o, Optimal for the whole structure.
(C) Curve for E*,v*are out of range also E*,v* are not function of thickness.
(D) ASME Sec.VIII, Div 2 has not been considered since the staying action of tubes

is not directly covered. Furthermore, curves for the equivalent elastic properties are
out of limit.
(E) fis the allowable stress in tension see table (2.2.4).
(F) The allowable stress in shear is .8f, the allowable stress in bending is 2f.
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b. Elastic calculations

Table 10.2 shows the results of elastic analyses.

Table (10.2): Result of elastic analyses at the tube sheet

Thickness (mm) | Load case Displacement | Maximum o4
(mm) (MPa)

129 pressure 725 197.27

129 Pressure + 2.39 149.02
temp.

100 pressure 49 230.5

100 Pressure + 2.36 182.33
temperature

c. Inelastic analysis

Table (10.6) shows the results for the permissible pressure in accordance with the

GPD design check.

Table( 10.6): Results of inelastic calculations

Check type Tube Sheet Upper Shell | Pressure
Thickness( mm) | Material

GPD 129 SA 516 Gr70 | 6.61°

PD 129 SA 516 Gr70 | 6.61°: O.K.

GPD 129 SAs537Cl2 |74°

PD 129 SA537Cl2 [74% 0K

GPD 100 SA516Gr70 |[45°

PD 100 SA516Gr70 [4.5% 0K

GPD 100 SA537Cl2 [s5.42°

PD 100 SA537Cl2 [5.42% 0K

? Critical pressure according to gross plastic deformation design check.

® The requirements of the PD design check are fulfilled for this pressure, the

maximum permissible pressure according to the GPD design check.
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11. Conclusions

The following conclusions result from this work:
A) Code calculations

o Calculations according to EN 13445-3 clause 13 and ASME Sec VIII, Div 1
produce precisely the same results in the case of this reactor. The same value of the
bending stresses and close values for the shear stresses have been obtained with
similar approximations for these cases.

This comes from the fact that both codes are based on the shell and plate theories
with effective elastic constants. EN 13445-3 Clause 13 gives tabulated values for
the equivalent elastic constants as a function of thickness, still not included in
ASME Sec. VIII, Div 1 code.

. Calculations according to EN 13445-3 Appendix J indicate that the
maximum allowable pressure on the tube sheet can be doubled as far as bending is
concerned, and some increase can be achieved as far as shear is concerned. With
further iterations an optimum between shear and bending could be achived. This is
a clear indication of the overly conservative design of the tubesheet as per data
sheet.

. ASME Sec. VIII, Div 2 has the limitation of not considering the staying
effect from tubes, and some parameters must be obtained by procedures not
tabulated in the code. In this regard, calculations according to this code are not
recommended.

. ASME Sec. VIII, Div. | and EN 13445-3 Clause 13 and Annex J differ from
each other considerably in the allowable stress values. Usage of the different
allowable stresses in above calculations would result in additional differences
between these codes.

. Incorporation of thermal stresses in the calculations according to both
ASME Sec. VIII, Divl and EN 13445-3, show in the considered load cases a
reduction in bending and shear stresses. Being based on limit analysis ideas,

EN 13445-3 Annex J does not include thermal stress effects.

B) Elastic Analysis

. The base for obtaining tubesheet thickness in the data sheet has been an
approach based on stress categorization. This stress categorization cannot be
performed realistically for the junction of tubesheet to shell.

° According to the calculations performed in this work, the tubesheet shows
larger Mises’ equivalent stress in the case of pressure action only in comparison
with the case of the combination of pressure and temperature. In this case thermal
stresses reduce the overall stresses. This is in line with the results obtained by code
calculations.
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. The calculation of the displacements of the tubesheet are larger in the case
with inclusion of the temperature effect. For the case of pressure only the tubesheet
moves up and rotates slightly, due to the influence of the upper shell. This behavior
is the same for the case calculated with temperature, but with much larger values
and almost no rotations.

. Reduction in the tubesheet thickness shows small amount of increase on
Mises’ equivalent stress with some changes in displacements for the same pressure
and temperature.

. Checking fatigue indicates that the circumferential weld between channel
shell and tubesheet can safely withstand a number of full pressure cycles far above
the shutdown and startup cycle anticipated for this reactor to occur during its useful
life.

. Check for various radii sizes have indicated that the data sheet design is not
optimal.

C) Inelastic Analysis

. Based on calculation results performed with data sheet thickness and
according to EN 13445-3, Annex B, the maximum allowable pressure on the
tubesheet could be greatly increased.

. Usage of stronger material for the channel side shell results in an increase of
85%. This means that the datasheet thickness is not an optimum one and can be
reduced to lower values.

. With above increase in maximum allowable pressure it has been shown that
the model shakes down to elastic behavior. Thermal stresses have been included in
these investigations.

. On repeated cyclic actions it has been shown that there is no progressive
plastic deformation. The small amount of plastic strains determined as residual
strain field after first unloading will not grow.

. Calculations with reduced tubesheet thickness indicate that even with the
weaker data sheet material for the channel side shell the tubesheet can carry safely
the imposed actions.

o With stronger channel side shell material and reduced tubesheet thickness
and reduced shell thicknesses at the the junction, it has been shown that the
requirements of the GPD design check are fulfilled and the tubesheet shakes down
to linear-elastic behaviour. The reduction in thicknesses of tubesheet and shells at
the either side of the tubesheet renders a safe design, and can be adopted for this
reactor.

o All calculations could be repeated to obtain an optimal tubesheet thickness.
Above calculations have been performed for a 22% reduction in tubesheet
thickness, and these show that a further (small) reduction is possible.
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12. Appendices

1. Evaluation of yield surfaces
2. Code calculations
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1. Evaluation of yield surfaces

To evaluate the degree of plasticization of a cross- section along lines in

thickness direction of plates and shells, two approaches have been employed. These
approaches are: Evaluation of the Ilyushin generalized yield function for portion of

the model located at a shell region, and averaging of Mises’ equivalent stress for
paths located in tubesheet area.

It should be noted that the actual stresses at the path of interest have non- linear

distribution, and via integration along the paths an equivalent linear stress
distribution can be obtained automatically by the software program.

A.1 Evaluation of llyushin 's yield function

Ilyushin's yield function is a function of standardized stress resultants.
Standardized stress- resultants are quantities obtained by dividing the stress
resultants by their fully plastic values.

Stress- resultants are quantities based on (thin) shell and plate theories, and,
therefore, can be determined directly only for cases treated with shell or plate
elements. For stresses obtained by usage of volume elements an appropriate
integration along evaluation lines in thickness direction is required. The selected
path 1s indicated below. It is located at the upper end of the upper shell, the
percentage of plasticization has been determined to be 93 %. Figures (A.1.1 to
A.1.4) give the relevant information.

PATH ANBYR 8.1
MAY 7 2005

11:56:08

ELEMENTS

GPD (6.6 ) MPa load : Mises * .866 yield value

Figure (A.1.1): Path location at upper shell, close to top boundary of upper shell.
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PATH

GPD (6.6 } MPa load : Mises * .866 yield value

Figure (A.1.2): Path location from node 70398 to 70348 at upper shell close to end.

1 DSUTTII] T
sTER=1 e e ANSYS 8.1
8UB =7 149.6300 T e MAY 7 2005
TIME=1 =t . S 11:46:55
PATH PLOT 149.161- ™ i -

NOD1=70398
NOD2=70348 148.692
8RQV

148.223

147.754 1.

146.816

16.307) |

145.8786

GPD (6.6 ) MPa load : Mises * .866 yield value

Figure (A.1.3): Mises’ equivalent stress(MPa) for through-thickness path, ata
pressure of 6.61 MPa applied to the upper shell.
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STEP=1 ANSYS 8.1

8uUB =7 MAY 10 2005
TIME=1 16:05:21
8RCTION PLOT

NOD1=70398 poST1

NODZ2=7 k588 651

56.007
STREES GLOBAL

MBMBRANR
MEM+BENi3J.362 |- - -
TOTAL

150.717

148.072

145.427.

142.782 §- -

140.137¢. -

137.492.

134.847

132.202

9 17.4 34.8 52.2 63.6 87.000
8.7 26.1 43.5 €0.9 78.3

DIST

GPD (6.6 ) MPa load : Tresca - Mises yield value correction

Figure (A.1.4): Equivalent linear stress distribution for a pressure of 6.61 MPa

It should be recalled that Ilyushin yield surface has been derived for Mises
yield condition. If Tresca’s yield condition is required, the yield stress has to be
corrected, the reduced value used.

A.2 Evaluation of average Mises’ equivalent stress in the tubesheet

Figures (A.2.1 to A.2.) indicate the path locations and the values of Mises’
equivalent stress through the thickness of the tubesheet.
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PATH ANSYS 8.1
MAY 7 2005
13:51:15

ELEMENTS

GPD (6.6 ) MPa load : Mises * .866 yleld value

Figure (A.2.1): Location of paths at the tubesheet

1
sTER=1 ANSYS 8.1
sup =7 MAY 7 2005
TIME=1 13:55: 45
8BQV (AVG)
oMX =1.107 NODAL SOLUTION

SMN =13.872
EMX =150.68

13.872 75 120 ) 140 157
25 100 130 150

GPD (6.6 ) MPa load : Mises * .866 yield value

Figure (A.2.2): Mises’ equivalent stresses for 6.61 MPa pressure at the paths.
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Figures (A.2.3) to (A.2.4) show the location of path A and path B, used in the
averaging Mises’ equivalent stresses.

PATH ANSYS 8.1
MAY 7 200S
15:44:04
ELEMENTS
GPD (6.6 } MPa load : Tresca - Mises yield value correction
Figure (A.2.3) Path A and B locations.
NODE NUM ANSYS 8.1
MAY 7 2005
PATH 15:54:19
NODBS
7°
Jeo
7633
7642
7634
7643
7635
7644
d630
q631
GPD (6.6 ) MPa load : Tresca - Mises yield value cocrection

Figure (A.2.4): Number of nodes attached to path A and B, see fig.(A.2.3)
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Table (A.2.1): Mises’ equivalent stress at path A and B at 6.61 MPa pressure

Node ] ) o3 Ceq Path
779 69.5 26.4 -17.128 75.023 A
7633 46.573 21.373 -21.998 60.075 A
7634 37.103 14.932 -29.02 58.296 A
7635 23.85 5.8026 -34.835 52.062 A
7630 16.751 3.49 -58.888 69.956 A
780 105 60.75 13.192 79.6 B
7642 70.601 43.114 -6.3432 67.535 B
7643 46.634 30.893 -24.617 64.83 B
7644 17.911 13.348 -52.839 68.583 B
7631 10.316 9.988 -58.775 68.928 B

Path series A
Mises’ equivalent stresses at the paths are extracted from the program output:

OAl = 75 MPa
6a2= 60 MPa
oa3= 58 MPa
Cas= 52 MPa
oas= 70 MPa

There follows the average value
6 =(0a) + 2042 T 204312044+ Gas) / (2n -2)
= [75+2(60) +2(58)+2(52)+70])/ 8 = 60.6 MPa

The material design yield stress, after application of the partial safety factor, see
section 2, is given by

G material — 156.6 MPa

and the degree of plasticization thus given by 60.6 / 156.6 = 39 %

Path series B

Mises’ equivalent stresses at the paths are extracted from the program output as:
op1 = 79.6 MPa

op2 = 64.83 MPa

oB3 = 68.58 MPa

OB4 = 68.9 MPa

o =[79.6+2(67.5)+2(64.83)+2(68.58)+68.9)/ (2(5) — 2)] = 68.79 MPa
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The material design yield stress, after application of the partial safty factor, see
section 2, is given by

G marcrial = 156.6 MPa

and the degree pg plasticization thus given by 68.79/156.6 = 44 %
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App.2 : Code Calculations

This appendix gives the detail calculations according to the code procedures
with results tabulated in table (3.3.1). Two load cases have been considered: normal
operating condition, and condition for tube side pressure only, see section 3.3 for
details.

A. EN -13445 -3 Clause 13

The rules provided in above clause are based on the classical elasticty
theory of thin plates and shells, effective elastic constants, and assuming that the
tubesheet rests on elastic foundation created by the tubes. The results of the
calculations according to this code have been tabulated below for the three major
parts and for the corroded condition.

For the purpose of comparison, the allowable stresses are taken from
EN13445- 3, details are provided in chapter 2. These parts deal with the evaluation
of geometry data, effective elastic constants, rigidities, and their conversion in the
effective pressure, as well as the stress calculation and the comparison with
allowable limits.

For fixed tubesheet exchangers this clause permits a local reduction of
thickness at the periphery of the tubeshcet in the form of a relief groove. For details
in this regard see section on groove analysis.

In the following, all nomenclature is accordance with the EN 13445, part 3.

(A.I) Effective geometry and constants
a) Effective constants:

Diameter of the perforated tube sheet area, Dy= OTL = 4136 mm
Basic ligament efficiency:

n=(p-d)p=(69-57)/69 = 0.174
u* = (p*-d*)/p*

where

p* = p = 69 (no unperforated diameter row, S=0)
d* = effective tube hole diameter
* = max{[d; - 2e( E/E).(f/f).p];[d\-2¢.]},
with outside tube diameter d, = 57 mm, and tube thickness €, =2.9 mm, there follows
E,=193875 MPa
E =193875 MPa
f;=121 MPa (see chapter 2)
f=145 MPa (see chapter 2)
d* =max {[57-2(2.9)(193875/193875)(121/145)p},[57-2(2.9)]}
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where p =1, ,/e.
Since tubes are not expanded, 1, =0.0, p =0.0, and

d* =57 mm
p* =(69-57)/69=0.174

Fig. 13.7.8.1, render, with u* = 0.174 and (e/p) = (129/69) =1.87,
ao=-2.1218*107 0,= 0.24215, a,= 3.961, a3= -6.0035, 04=3.29124,(E*/E)= 0.1313,
E*=0.1313(193875)=25455.8 MPa
Further more,
Bo=0.99605, B,=-4.2825, B2=9.2546, B3=-8.1112, B4 = 2.680187, v*¥= 0.49
b) Effective tube sheet diameter ( Corroded)
De= (Ds+Dc)/2, De=(4256+4236)/2= 4246 mm
¢) Effective tube length
L=L,-2e,L=4396+2(135-6), e=135-6=126 mm, L= 4396 mm
d) Tube sheet perforation coefficients
Xs = 1- N; (d/De) %, X, = 1- N,[(dt-2et)/Dc}?,
With N; = number of tubes = 3100, d,= 57 mm, e,= 2.9 mm, one has
Xs = 1-3100(57/4246), Xs =0.4413
X, = 1- 3100[(57-2*2.9)/4246]°, X,=0.5492
e) Axial rigidities
Tube:
K, = [n. e(di- e).E/L]
With ¢,=2.9 mm, d,=57 mm, L=4396 mm, E;= 193875 N/mm, one has

K=[n.(2.9)(57-2.9)(193875)1/4396 = 21727.25

Shell:

Ks = [1.e5.(Ds+es)Es)/L
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With e, = 70- 3 =67 mm, (Ds)corr. = 4250+6= 4256 mm,
E;= 195000 Mpa, L= 4396 mm, one has
Ks=[m.67.(4256+67).195000]/4396 = 40363316.05, and
K= KJ/(N.Ky)
K;.=40363316.05/(3100)(21727.25) = 0.599
Elastic foundation:

Kw= (8K1N.)/(7t.Dc2), Ky is the modulus of the assumed elastic foundation
equivalent to the tube bundle:

K= [8(21727.25).(3100)/(n(4246)*) = 9.513
J=1.0 (no expansion joint)
f) Tube bundle to tube sheet rigidity ratio
X= (Kw/D*)*#(D./2)
D* is the equivalent bending rigidity of the tube sheet (effective bending
rigidity) given by
D* =(E*.e’)/[12(1-v*?)].
With e = 129 mm, E*=25455.8 MPa, one obtains
D*=[ 25455.8.(129)°)/[12(1-0.49%)] = 5992640023
X=(9.518/599264002309)*%°(4246/2) = 13.4
g) Bending rigidity of the shell away from thickened portion
Ks = [2Ei(e9) *VA[12(1-vs")] " (Ds+es)*?)

Es = 195000 N/mm2 , modulus of elasticity of the shell side shell at the calculated
temperature, with the shell inside diameter below the thickened portion, D, and
with e;= 31 mm, one obtains

Es; = Es= 195000 N/mm?
Ks = {(2) (1925000)(31%))/{[12(1-0.39)]> 7 .(4292+31)"°}= 42317008.7 N/mm?2

Note: Due to shell thickening at the junction the axial rigidity already calculated
should be corrected as indicated below,
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Ks*= [(Dstes) )/ {[(L-L-1')/(esE)I+H(Li 1 )/(es Es )]}
Ds=4292 mm, e,=31 mm,es; =67 mm, | = 4396 mm, |, =1146 mm, I';= 745 mm
E= E;,=195000 N/mm’
K, =[n(4292+31))/
{[(4396-1146-745)/ (31)(195000)]+[(1146+745)/(67)(195000)]}

K, =24289713.05
(K1) corrected for end thickening = Ks / Ny K
(Kst) corrected for end thickening = 24289713.05/ (3100) (21727.25) = 0.36
Bending rigidities of shell and channel corrected for thickened portion,
Ks = [2Esi(ea) V{[12(1-vs)]* (Dses))™ )

= [2(195000) (67)*°)/ {[12(1-0.3%)""%] (4250+67)*°} = 36307271.3
Channel Shell
Ke= [2Ec (e)**V{[12(1-vc")]* *(Deter) )
E.= 192000 MPa, E;=90-3=87 mm, v.= 0.3, (D¢)cor= 4236 mm

Note: e at the thickened portion has been used in the determination of K since the
head starts immediately after this portion.

K= [2(192000) (87)*°)/ {[12(1-0.3))] *73(4236+87)"°}= 68638812.21
h) Tube sheet edge restraint factor due to both shelles
Z= (K+HKe)/ [(Kw)" (D))

Z=(36307271.3+68638812.21)/[(9.513)°%(5992640023)"7°] = 2.78

A. Il Effective Pressure
Pe= [(J.Ks)/ (1+JKgFg)] {Xs+2vi (1-X o)+ (2ve/Kg)-[(1- D((Ds+2W,)*-DS%Y/
(2QIK4DD)]} Ps- Ko/ (1+IKGF X+ 2vi(1-X)+(1/1Ks)] Py
+ [JKs/ (1+JKFQ)] (Kwr2) y

J=1.0,Ky=0.36, Fq=Fig 13.5.4-1, X=13.4 and Z=2.78, F,=5.983
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Xs=0.4413,v,= 0.3, vs= 0.3, X;= 0.5492, K,,=9.513

Y= v*= (Tim-20)0,mL-(ts m-20)[ts,m(L-11-1" ) atg m 1 (11 4+1)]

y* = (167.5-20)(12.51)(10°°)(4396)-(145-20)[(12.42)(10°)(4396-1146

-745)+(12.42)(10°%)(1146+745)]

y* =1.286

P.=[0.36/ (14 (0.36)(5.983))] [0.4413+2(0.3) (1-0.4413) + (2(0.3)/0.36)-0] P
- [0.36/ (1+(0.36) (5.983))] [0.5492+2(0.3) (1-0.5492) + (1/0.36)] P,
+[0.36/ (1+ 0.36(5.983))] [9.513/2] v*

Pe =278 P,—0.411 P, + 0.543 y*

For P&= 10 bar = 1.0 MPa, P;=40 bar = 4.0 MPa

P.=0.278(1.0)-0.411(4.0) +0.543y*= -1.366+ 0.543y*

A. IIT Load Cases

With regard to operating modes of the reactor , the following load cases are
considered in the following. Generally possible modes are:

A. Load case 1: Design pressures and ambient temperatures.
B. Load case 2: Design pressure and design temperatureon both sides.
C. Load case 3: Tubeside design pressure and temperature, no pressure or no
temperature shellside.
D. Load case 4: Shellside design pressure and temperature, no pressure or no
temperature tube side.

Due to plant operation requirements, these load cases are all also possible for
the purpose of this work, but the cases, with the largest effect on stresses have
been considered only. These considered load cases are: Normal operating
condition on shell and tube side, and design pressure on both sides but no
temperature.

A.IV  Stresses

a). Maximum radial bending stresses
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b= (1.5Fmp*)(De/(e-h'y )’Pe
Fm=1/(6H)
H, Fig 13.5.5.1 (0<= X<=20) for X=13.4, Z=2.78, H= 7.97568
Fm= 1/[(7.975)(6)] 0.0209, h’, = 0.0, no groove
ob = [(1.5)(.0209)/0.174)] [(4246/129)*] P.= (195.195) P. MPa
Allowable stress for pressure only is | o | <= 2f, where f is the allowable stress,
according to table (2.2.4) given by 145 MPa.
For y= 0.0 ( load case with pressure but no temperature), there follows:
P.=-1.34 MPa
op=(195.195) (-1.366)= -266.64 MPa
Therefore,
266.64< 2(145) =290, and o, /C4i10w = 266.64/ 290 = 0.92.

The allowable stresses for the load case considered, P and P, with thermal
expansion effect y (normal operating condition), are given by 3f:

| c | <=3f
For the load case with normal operating condition pressure and
temperatures, y= y‘=l .286, and
P.=-1.366+0.543y"
P.=-1.366+0.543(1.286)
There follows: P. = -0.6677, and o,=-130.33 MPa
Therefore,
130.33< 435, and o}, /Caiew = 130.33/435=0.30.
b) Shear stresses
T = (1/4p) (Dy/e) P,

Pe=-1.34+0.53 y* = -1.366+0.543(1.286)
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For load case with thermal load
P.=-0.6677, and

T =[1/(4(0.174))(4136/129)P,

1=46.07 P, =46.07(-0.6677) = 30.76 MPa.
The allowable shear stress is given by 0.8f:
| 7| <=0.8 f=0.8 (145)= 116 MPa, and

T /Ta0w = 30.76/ 116 = 0.265

For case without thermal load
P.=-1.366, and

T =46.07 P

1=46.07(-1.366) = 63 MPa, and

T /Tanow = 63/ 145=0.44

B. Calculation according to EN-13445 — Annex J

Annex ] provides alternative rules and has been created on the basis of limit
analysis theory.

(J.5) Parameters

d; =0TL=4136 mm

dy = min {max (d¢,dgc;max(ds,dgs)}

no gasket, and, therefore, dgc=dgs=0

d; = min{(4230,4250)} = 4230 mm, where dc = 4230 mm and d; = 4250 mm.
Furthermore,

br = (d>-d)/2 = (4230-4136)/2 = 47 mm

Ar = (2 br)/d, = (2)(47)/4136 = 0227
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bs = { max (dc;dgc)-max(ds;dgs)}/2 = (4230-4250)/2 = -10
As = 2bs/da = (2)(-10)/4230 = -0.00473

The signs of bs and As must be strictly observed.

(J.5.2) Tube sheet perforation

do = max{do-(26xAx/ep);dr-2e7}

Ax = (Ix+Vdrer) er

According to manufacturing detail on tubesheet groove and tube weld,
Ix =h;=4.0 mm

Ax = (4+ V(57)(2.9)) (2.9) = 48.885 mm?

dx = min{(1,0);(f/f,}}

fi and f;, are the nominal design stresses for tubes and tubesheet, see table 2.2.2:
fi=121 MPa, f,= 145 MPa.

Furthermore, one has

dx = min{(1,0);(121/145)} = min {(1,0); 0.834} = 0.834, and

doc = max {58-[(2)(0.834)(48.885)/129]; 57-2(2.9)}

= max {(58-0.63); 51.2} = max (57.36; 51.2) = 57.36, the effective tube hole di
diameter

(J.5.2.2) Parameters of the equivalent (effective) weakened plate
®p=1-doe/ P

®p=1-57.36/69 = 0.1686< 0.5

For ®p < 0.5, one has

kp =V Op(1- Dp) =V 0.1686 (1-.1686) = 0.374

(J.6.2) Active pressure
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(J.6.2.1) Direct fluid pressure difference at the whole tubesheet
Pp=Pr-Ps=4.0-1.0=3.0 MPa.
(J.6.2.2) Resultant shear force pressure at the outer boundary of the tube
region

PR = P[)= 3.0 MPa

(J.7) Tube sheet supported by straight tubes
(J.7.1.2) Relative area in the tubed region
For the relative fluid pressure loaded area in the tube region one has:
Xt =1- Nr. {(dr-2e7)/ d1}? = 1- 3100{(57-2(2.9))/ 4136} = 0.5249,
Xs=1- Nt (d/d))* = 1- 3100(57/4136)* = 0.412, and
v=Xr- Xs=0.5249-0.412=0.1129
(J.7.1.3) Buckling length of tubes
Nge=3,Ia=Ig=Ic=1165 mm

Irk = max{0.70 Ix ; Y 15;0.70 Ic} = max{ 0.70(1165); Y(1165);0.70(1165)},
for lCle

Furthermore,

Aa=1la/1g= 1.0, and Ac=1.0.

Y=V (0.4888 +0.102(1) + 0.11(1) + 0.091(1) + 0 + 0.01(1) = 0.895
Itk = max{0.7(1165);0.905(1165);0.70(1165)}

k =max{815.5;1054.3;815.5} x = 1054.3 mm

(J.7.1.4) Effective throat thickness of tube end welds

According to the weld layout, as given in the data sheet:
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h=4.0,h, = 4.0,w, = 4.0,hg = 4.0, wg = 2.0 and wt = 0.0
atp= (0.6(h,")+wp’) Vhy+w, = (0.6(4)"+(4)2)/N4*+4% = 4.525
a 1 = (0.6hg’+wgr?)/Vhr2+wg’ r = (0.6(4%)+2%) V16+2% = 3.04
ar1 = [(0.6)h’+ wr® ] N(hZ+wr?) 1= (0.6(16))/N16 = 2.4
(J.7.2) Active Direct Pressures
Pp =Py~ Ps =584 - 146 = 438 Psig = 3.02 MPa
Pe = Py X1 - Ps Xs £=4.0(0.525) - (1.0)(0.412) .= 1.6876
(J.7.3) Tube Support
The allowable longitudinal stress for the tubes in tension MPa f7, is given by
fre= fr-(| Ps | dr)/(2er), with the
nominal design stress for the tubes fr= 121 MPa one obtains
fro =121 = [(1D)SDA(2)2.9))] =111.17 MPa
(5.7.3.1.2) Allowable longitudinal compressive stress in tubes
fr.c - oreyH(fr- | orey | ) Y 1+ {(1216/E1)(130fr - | orepy | (v x/(dr-en))?}>
where
o1p) = [Ps.dr’. Pr.(dr-2.e1)’ 1/(6.(d1-e7).e7)
oty = [(1)(57)%-4(57-2(2.9))"] / [6(57-2.9)(2.9)] = -7.68, and

frc--7.68+(121-7.68) /N 1+
{(1.216/193875)(1.30(121)— 7.681)( 1054.3/(57-2.9))*} = 99.06

This calculation of the allowable longitudinal compressive stress in the tubes
includes a higher safety and, therefore, is more conservative than that in 13.9.3,
because here limit analysis is being applied.

(J.7.3.2) Calculation of the design stress for the tube to tube sheet connection
(J.7.3.2.1) for welded only:
With fg = (fp + fr)/2 = (145 + 121 )/2 = 133 MPa one obtains for

fx = fxw = min( (f; arr) ;(fr arr); (frarr)) er
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fx = fxw=min [145(4.425); 133(3.04); 121(2.4)]/ 2.9
w=min ( 641.625; 404.32; 290.4) /2.9 w=100.13

(J.7.3.3) Allowable axial forces per area unit of the tube bundle

v=0.1129 (see J.7.1.2)

[Q] = vmin{fr,; fx)

[Q] =(0.1129) min(111.17; 100.13}

[Q]=11.30 Mpa

[Qc] = vmin(frc; fx)

[Qc] = 0.1129 min( 99.06; 100.13}

[QJ=11.18

-[Qc] < [Q]

-11.18 < 11.30

Note: Normaly -[Q.]< [Q,]. If these condition in not met, the tubebundle is
overloaded and should be redesigned, in this case this was not required.

(J.7.4) Reactive pressures

The expected reactive axial forces per area unit of the tubebundle in the tubed
region are Q; in the inner zone and Q4 in the outer zone. They are to be determined
as follows:

Recalling P = 1.6876 ( see J.7.2):
For - [Q] <= Pg <=[Qc], -11.79 < 1.6876 < 11.448:

Qi- -Pg = -1.6876, Pg = Pp = 3.021 MPa > 0.0 (See J.6.2.1), and Qa=+[Q] = 11.30

(J.7.5) Active resultant pressure

The resultant active axial shear force at the outer boundary of the tubed region
is expressed by a corresponding pressure Pr. For heat exchangers with fixed
tubesheet and without expansion bellows, as in the present case, reactive forces are
included in Pg.
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(J.7.5.6) Fixed tube sheet without expansion bellows

Here Py is statically undetermined, and, therefore, and in consequence of the limit
analysis approach, only the extreme possible and allowable values are given. Later,
calculations may be made using any value Pr between the given extreme values,
and the most favourable final result be used.

Prmax = min{Pe + [Q(]; (Fr + [Fc])/ Ax}

With Pg =1.6876, [Q,] = 11.30, and

Fr =Pp. Ag + Psds>(n/4) = { Prd, 2+ Ps(ds? - d, 2 )} (n/4).
Furthermore

Pr=4,d,=OTL = 4136, Ps= 1, ds= 4250.

There follows

Fr=[4.0 (4136)* + 1.0(4250% - 4136%))(n/4) = 54492485.95 N

[F.] and [F¢] are allowable axial tensile and compressive force in the shell and have
been calculated with

[Fc] = n.ds.es.[osx,].min{[GSXC]/[GS,“]; |- Ps/[Ps;]; 1 + Ps/[Pse] - Ps/(2.[P5i])}

With di= 4250 mm, e;= 67 mm (shell is thickened), and the allowable longitudinal
tensile stress for the shell [osy], fs= 154.66 MPa (see table 2.2.4).

[osxc ] 1s the allowable longitudinal compressive stress of the shell, equal to o1,
where o.,; s to be determined in accordance with subclause 16.14.8.1 and limit
as 8.4.2. Details are:

e according to 8.4.2

c.= R p 0.2/t = 232 MPa ( see also table 2.2.1)
e according to 16.14.8.1

K=1.21Eey/ 0.D:

With E = 195000 MPa, E, = 67 mm, the mean shell diameter D is given by
(4256 + 4390)/2 = 4323 mm.

There follows
K =1.21(195000)(67) / (232)(4323) = 15.76

With D/e, = 4323/ 67= 64.522< 424
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a = 0.83/ V1.0 + 0.005D/e, = 0.83/V1.0 + 0.005(64.522) = 0.7217, and
A =[1- 0.4123/(0.7217(15.76)*%]/ 1.5 = 0.603
one obtains
Ccal = 232(0.6) = 140 MPa, [os« ] = 140 MPa
Psi is the allowable internal fluid pressure for the shell, equal to Py, ( Subcluse 7.4)
Note: Since the shell is thickened locally this pressure has been calculated
for 67 mm corroded thickness.
Furthermore,
Pmax = (2f.z.e,)/Dp,, F= 154.66,Z = 1.0, e,= 67 mm, and D= 4323 mm,
resulting in
Pmax = (2(154.66) (1.0)(67))/ 4323 = 4.8 MPa
Psi=2.218 MPa

[Ps] is the allowable external fluid pressure for the shell; [Ps.] = Pe.max (subclause
16.14)

e 16.14.7 item 4, P max the maximum permissible external pressure in the
absence of other loadings, from clause 8 is calculated as

e Clause 8(8.5.2.2)
L/2R =1165/2(2161.5)=0.3
where 1165 mm is the maximum length between stiffeners (baffel grids).
2R/ e,= 4323/ 31= 140, £ = .0025.
Pn=E.e,. & R n=195000(31) (.0027)/ 2161.5 = 7.55
There follows,
[Pse] = Pe, max=7.55
Furthermore,
F.=n.(4250)(67)(154.66)

min { (140/ 154.66); (1- 1/ 4.8); [1+1/7.55 - 1/(2(4.8)]}
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=138353965.5 min. {0.905; 0.8; 1.0282) .= 110683172.4 N

Prmax = min { Pet+ [QJ]; ( Frt [ Fc])/ Ar)}

With Ag= (n/4)(d,)’= 1/4 (4136)? = 13435410.54 mm? one obtains

Prmax = min { (1.6876+ 11.3); ( 54492485.95 + 110683172.4) / 13435410.5}
= min {12.9876; 12.294}

Prmax = 12.3 MPa

Similarly:

Prmin=max{Pe- [Qc]; (Fr-[FJ)/Ar}, Fi= m (ds)(es)[osx] min {1; 1+ Ps/[Ps]}

With

ds= 4250 mm, es=67 mm,

the allowable longitudinal tensile stress in shell [6sx] = fs= 154.66 MPa,

one obtains
Fi=m (4250)(67)(154.66) min{l; 1 +(1.0/2.218)} = 138353965.5 N
Furthermore,
Prmin = max {Pg-[Qc]; (Fr- [F.])/ Ar}
=max{1.6876- 11.18; (54492485.95- 138353965.5)/13435410.54}
=max{-9.4924; -6.241} =6 241 MPa.
PR,min =-6.241 MPa
(J.7.6) Governing pressure representing the resultant effective axial force
Resultants of active and reactive axial force per area unit in the tubebundle:
Pi=Pe+Q
Pg=1.6876
Qi=-Pg=-1.6876 ( see J.7.4)

P1=1.6876 - 1.6876
P1=0.0
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Pa=Pe+Qa

Pe=1.6876

QA= 11.3
Pa=1.6876+11.30=12.98 MPa

Note: If the strength of the tube is large enough to give the optimum support for the
tube sheet, then P; = 0.0. But, if this optimum is not realized, the tube bundle may
still have an acceptable good design.

(J.7.6.2) Force distribution parameter
§*= (Pa—Pr)/ (PA—P))

A necessary minimum requirement for the tube bundle strength is 0 <= <=0
[f this requirement is not met the tube bundle is unable to bear the active loadings
and must be redesigned.

For Pr= 0.0 and P;= 0.0, there follows 8;2= 1.0

For Pr < 0.0 and P, =0, there follows, (;2 =1- Pr/ Pa, (>0, not acceptable
For Pr > 0.0 and P;= 0, there follows, (;2= 1- Pr/ Py

Various values of  corresponding to Pg are possible.

(J.7.6.3) Governing pressure

P represents the governing resultant axial force. It depends on n and
€ ,where ( is the force distribution parameter, and n is the moment distribution
parameter.

Pr=1.35
Pr should be assumed, and the ratio of ®, and @y, to be checked to be less than
unity. Other values of Py fail the check or are not optimal. There follows:

Wmin= (12 xp Dp f,e,2)/( | Pa| di?)
Kp is the shear strength of tube sheet given by 0.374 (see J.5.2.2),
@y is the relative bending strength of the tube sheet, given by 0.1683 (see J.5.2.2),
f, is the tube sheet strength , given by 145 MPa,
ep= 129 mm, P, = 12.98 MPa, d,> = (4136)> mm?
There follows
N2min = [12(0.374)(0.1683)(145)(129))/ (12.98)(4136)?) = .008208
NMmin= 0.0906
Calculation of the following auxiliary parameters( J.7.6.3.3)
u=C| Pi/Pa|,Pi=0.0 (see J.7.6)

u=20.0
vV =1’ min—u = .0082
(= 1-Pg/Pa
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Pa=12.98 (see J.7.6)
Pr=1.35
£=1-(1.35/12.98) = .8959
= 0.9465
=0+ (RN VR Cvw

n°=0.896 + (.0082/2) + V(0.0082/2) + 0.896(0.0082)w
n°=0.896 + 0.0041 + V.00001681 + .00734w
w=2[(/ O+ D]/ [(n/ +2)]

w= 1.345— 1*=0.999 & w= 1.345, OK
n°=0.999 — n = 0.999

= 0.9465

0<0.9465 < .999 <1 OK
Po=(Pa-P). {1-3. 2 +2.2 /n+ Inn’} + P,
Po = (12.98-0.0)[1-3(0.896)+ (2(0.9465) >/ 0.999) + 0.896 In(0.999)] + 0
Po=10.1125

(J.8) Edge bending moments
(J.8.1) M4=0, on both side integral connections

(J.8.2) My, the active fluid pressure bending moment

bs=-10.0

As = (2bs)/d, = -2(10)/4230 (sign of bs must restrictly be observed) see (J.5)
=-0.00473 < 0.0

| As | =.00473< 0.05 then Mg = 0 may be assumed, but more precise:

Mg = {Ps (d-2bs) + (Pp-Pr) (d17/d;%)} (bs/4)

Mg = {1(4236-2(-10)) + (3-1.5) [(4136)2/4230]} (-10/4)

Mp=-25783.85

(J.8.3) M, the reactive bending moment from connected components

Mc = (fr es*/4)(2bp/dy) + (ec/ANEC? - 3(Pr dc/dec)® + (es/4)Vfs’ - 3(Psds/des)?

fpz fp: 145 MPa

er= 129 mm

br= 87 mm

d,= 4236 mm

ec= 87 mm

fc=150.5 mm

Pt=4.0 Mpa

dc=4236 mm

e;= 67 mm

fs= 154.66 Mpa

Ps=1 Mpa

ds = 4256 mm

Mc = [145(129)%/4][2(87)/4236]+(87%/4)N(150.5)*-3[4(4236)/4(87))*+(67%/4)
V154.66°-3(4256/4(67))°
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Mc=24778.83 + 235873.36 + 170800.16

Mc=331452.35

(J.8.4) My, the reactive bending moment limitation by the tube sheet for all
edge configurations

Mp= ((fp €% rea)/d){1- (Pr d2/2fpep rea)’}

fp = 145 MPa

€pred= €p= 129 mm

Pr=1.35 MPa

d;=4236 mm

Mp=[(145 (129%))/4] {1-[1.35(4230) /2(145)(129))*}

Mp=589180.29

(J.8.5) Resultant bending moment M,
Due to small plastic deformations, the real value M, approximates a value Mj o,
being optimum for the limit load.

M2,max = Min { MA+MB+M(:., MD}

M2 max= Min{0-25783.85+331452.35; 589180.29}
M3 ma= Min{305668.5: 589180.29}

M3 max= 305668.5

M2 min= max{Ma+Ma-Mc; -Mp}

Ma min= max{0.0-25783.85-331452.35; -589180.29}
M2 min= max {-357236.2; -589180.29}

Mﬁ,min= -357236.2

Mzop= [-di/8(14A)] {(Po/2(2+kp))+PrAr+ Pore’(1+1k/3)}

di=4136

Ar= 2bg/d\= 2(47)/4136= 0227 (see 1.5)

Pp=3.0 (see J.7.4)

kp=0.374 (see J.5.2.2)

kp=0.374(1-In n?)= 0.374(1-In 0.9827)— kp= 0.3674

Po=0.1233 (see J.7.6.3)

Pr=1.35

M3 op= [-(4136)%/8(1+.0227)]{ (0.1233/2(2+0.3674))+1.35(.0227)+
(3.0) (L0227)%(1+ (.0227/3)}

Ma,op=-121779

M; = max {M3 nin; Min(M2 op;M2,max)} = max {-357236.2; min(-121779; 305668.5)}
=max{ -357236.2;-121779} = -121779
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(J.8.6) Pressure representing the moment

PM= Mz . 8 (]+ )\R)/d2| + PR )\R+ P[) )\-2R(1+ 4 )\-R /3)

(-121779) (8) (1+.0227)/ (4136)% + 1.35(.0227) + 3.0(.0227)%(1 + (.0227/3))
=-0.026

It

(J.9.1) Bending within the tubed region

Li=3|Po|/[(2+ke) ®p] (for ®p see ).5.2.2)

L) = 3(0.1125)/ (2+0.3674) (.1683) = 0.847

La=3 [(| Po+Pm(2-Me) | )+ | Pm Aw | D)/ [(1+kp)Dp+ Ag]

L2=3[(]0.1233-.026(2-.0227) | +]-.026(.0227) | }/ [(1+.3674) (0.1683) +.0227]
=0.86

Ly=[|Po|+ | Po+Pum6 | 1/ (®p+Ar)

L3=[.1233+] 0.1233+6(-0.026) | 1/(0.1683+.0227) =0.81

®p=max (L1; L2; L3) [d,¥/ (12fpep?)] <= 1.0
®p = max (0.847;0.86;0.81) [(4136%)/ (12(145) (129)%)]
®p=( 0.86)(0.59078) = 0.51 < 1.0 O.K.

(J.9.2) Shear at the boundary of the tubed region

®s=[| Pr| di]/ [2Wpfpep] <= 1.0
Os=(1.35(4136))/ (2) (.1683) (145) (129) =0.88< 1.0 O.K.

(J.9.3) Local loading on untubed region
PR= 1.5

PD: 30

b,= (4250-4136)/2=57
(3.0)(57)/4250=0.4

1.5> 0.4, no check is required

(J.9.4) Additional effect of weight
ep/dy=129/4230 = 0.03>0.02, no check is required

151



C. Calculation according to ASME Sec. VIII, Div. 1, Appendix AA
All nomenclature is according to the above appendix.
Step 1:

d’= d- 2((E/E)X%ED/100)(S/S)

% ED= percent of expanded depth= 0.0 ( no expansion)
d'= d, where d= tube out diameter= 57 mm= 2.244 in
a=r.+d'/4

r. is the radius to outermost tube hole centre

re =(0OTL/2)- (d/2)=(4136/2) — (58/2)

re = 2068 - 29= 2039 mm= 80.27559 in

a= 80.27559+ (2.24/4)

a= 80.835 in

A= 2rewy,

w,= 0.0 ( no pass partition), A,= 0.0

tube= 2.9 mm=0.11417 in

x=ma’- A= n( 80.835)%- 0.0

x=20528.1

p'=p VI+ (Ay/x)

p= tube pitch= 69 mm= 2.716 in

p'=p=69 mm=2.716 in

n=1-d'/p

n=1-(2.244/2.716)= 0.173 (ligment efficency)

e= (E*/E)(0.91/(1-v'%)

Fig. A.2.2.1, (E¥/E)=0.16, v'= 0.46
e=(0.16)(0.91/(1-.46%))= 0.185 (flexural efficiency)
k=Db/a

b=4323/2 mm= 85.0984 in

k= 85.098/ 80.835=1.052

k= a,/a

a; is the imperforated ring outer radius

a;= A/2 is the outside diameter of the tubesheet given by 2205 mm= 86.811 in
k'= 86.811/80.835=1.07

k.= a./a

a. is the radial channel dimension given by 2160 mm= 85.039 in
kc=85.0393/80.835 =1.0517

Step 2:
&= (2/n) (b/d) (hs/t) (1/ (1-(Vd))) (EJ/E,)
Es= 195000 MPa= 28.08(10%) PSI
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Et= 193387 MPa= 27.87(10%) PSI

hsis the shell thickness at the junction to the tubesheet= 67 mm = 2.63779 in
t is the nominal tube wall thickness=2.9 mm=0.11417 in
E=(2/3100)(85.0984/2.244)(67/2.9)(1/(1-(2.9/57)))(195000/193875) = 0.67
Bs=1.285/\bh= 1.285/185.0984(2.6377)= 0.0857

B. = 1.285/Vach,

h is the channel thickness given by 87 mm= 3.42519 in

Be = 1.285/N(85.039)(3.42519) = 0.075

Step 3:

=10

A=v(b/he)+ (E/ENd/)[v/2+ (a*/ nd*)(1/(1- vd))(1- nd*/4a?))

A= 0.3(85.0984/2.63779)+ (2.244/0.11417)(28.08(10%)/27.87(10°))[(0.3/2)+

((80.835)%/3100(2.244)*)(1/ (1-(0.114173/2.244)))(1-(3100(2.244)°/(4(80.835)%)]

A= 9.678+ 19.8024[ 0.15+ 0.41859( 1/ (1- .0508)(1- 0.597)] = 16.17

A= (v2)(d/t)(1-2¢d)+[a /ndt(1-Vd)][1- (nd*/4a)(1-(4vd)+(4t%/d?)]

A= (0.3/2)(57/2.9)(1-(2(2.9))/57) + [80.856°/((3100)(57/25.4)(2.9/25.4)(1 -

(2.9/57)][1- (3100(57/25.4)°/(4(80.85%))(1-(4(2.9)/57)+ 4(2.9%/57%)]

=2.6482+8.67[1- 0.597(0.8088)] = 7.14

Qe= J(WAT - a,ATs)+ JA(ps/Es)-(p/E)JAH(0.5E,b/Eshs)]

Q.= [12.51(10)°(167.5-20)-12.42(10)®(145-20)+ 16.17(146/28.08(10%))-

(584/27.847(10%)[7.14+ (0.5) (27.847(10%) (85.0984)/ (2.63779(28.08(10%))]

«=.000292725+ 0.000083499- .0000211[7.14+ 15.996] .= -0.0001119

Step 4:

h= 129 mm

L is the tube length given by 4662 mm = 183.56 in

E= tube sheet modules of elasticity = 193875 MPa

X.=2.161[(nEt(d-t)/(eELa)])"“(ash)**

X.=2.161[(3100)(0.114173)(2.129)/

(27.918(10%))(0.185)(183.56)(80.835)]"*(80.835/5.0787)*" = 12.46

u=(2.198/ Eh®)[BshsEgb( 1+ Bsh+(Bs*h?/2) )+ Behc Ecac(1+Bch+( B2h%/2)]

p=[2.198/(27.918)10%5.0787)°] {0.0857(2.63779)°(28.08 (10°)(85.0984)[1+
0.0857(5.0787)+ (5.0787)*(.0857)*/2]+ [0.075(3.42519)*(27.648)(10%) (85.039)]
[1+0.075(5.0787+ (.075)%(3.42519)%/ 2]}

u=[2.198/(27.918)10%(5.0787)’1{ 0.0857(2.63779)*(28.08 (10°)(85.0984)(.0947)+
[0.075(3.42519)*(27.648)(10°%) (85.039)](1.42)} = 6.26
¥s=0.25(K>-1)(K-1)-7,
7. = B h K3 (1+Bsh)/ 5.46
=(0.0857)%(2.63779)%(1.052)°(1+ .0857(5.0787))/5.46 ;= 0.016
Y= 0.0
7. = BZh K (1+ Bch) 5.46
= (0.075)%(3.425)%(1.0517)°(1+ .075(5.0787)/ 5.46 = 0.0194
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Y= 0.25(1.05172-1)(1.0517+1)-0.5(1.0517>-1.0517)+ 0.0194 = .019
= 0.25(1.0517%-1)(1.0517-1)-0.016 = -0.0146

Step S:

X,=12.46, and then Z,X,=0.08,Zv=0.08/12.4= 6.5(10)'3 ( out of scale)

Zn=0.12

®= (0.91/e)(Ink+p) = (0.91/0.185)( In1.07+ 6.26) = 31.125

Qi = (K-1-0Z)/(1+DZ,,)

Qi=(1.0517-1-96.1(6.5)107)/ (1+ 96.1(0.12))= -.02249 = -.0318

Q2= [a (pivet P ¥ + PoYs-Ps ¥'5)+ Bdye)/ (1+ ©Zy)

a= 80.856

p= 584

y=.019

p*= (Eche/ac)(0eAT -0 AT,)

E.= 192000, E;= 195000, Epe= 193875, E= 193875

ae=12.7(10)’%, ae=12.4(10)®, a=12.51(10)"®, 0,i=12.51(10)"

temperature on channel side = 190 °C, temperature on shell side=145 °C,

temperature of tubes = 167.5 °C,

temperature of tubesheet=167.5 °C

AT = (.5)(ATc+ ATr)= 158.75 °C

AT = 5(ATs+ATr)= 136.25 °C

AT=190-20= 170 °C

ATs= 145-20= 125 °C

AT=167.5-20=147.5 °C

AT.= (.333)(170+125+147.5)= 147.5 °C

P’= (Eshyb)(0AT; -0isAT;)

P:s= [28.08(10%)(2.63779)/85.0984](12.4(10)°(136.25)- 12.51(145.5)(10°°)

P’=-135.5

P*=(27.648(10%)(3.425196)(12.7(10°°)(158.75)-12.51(10°)(147.5)

P*=190.31

Q2= [(80.856°)(584(.019)+ 190.31(.0194)+ 146(-.0146)-(-135.5)(.016)]/[1+
31.125(0.12)]

Qo= 20465.27

Step 6:

Xa=12.46, Q,=-0.0318 (out of scale)

QZ1/X,=0.42, QZ1=5.23 also, QZ2/ X,’= .02, QZ2= (.02)(12.46)*= 38.68

U= (0.5)(12.46)*[6.5(10)*+(1.0517-1)(0.12)]

U;=153.1

P.a’/ 2= [bEshQ.- JEQ2U - 0.5(ps- pt)a*(K2-D)/[1+ JEQZ 1+ (K-1)QZ2]

P.a’/ 2= [(85.04)(28.08)(10°)(2.637795)(-.0001119)- (.67)(20465.27)(153.1)
- 0.5(146-584)(80.856)%((1.07)- 1)}/ {1+ 0.67[5.23+ (1.07 — 1)(38.68)]}
=-411056.06
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Pe=-125.75

Q3= Q| +Qu/(Pca’/2) 3= -0.0318+ 20465.27/(-41 1056.06) = -0.08
2Fn=0.03 (out of scale)
m=0.015
ov= (2a/h)*(1.5)FPe/n
a= 80.856
h=5.0787
Fn=0.015
P.=-125.75
n=0.173
ov= (2(80.856)/5.0787)*[(1.5)(.015)(-125.75)/0.713] = 115 MPa
allowable stress according to table (2.2.4)
Gallow= 1.5QS= 1.5(8/3)(145)= 580 MPa

Also for the ASME material, the allowable stress, from table (2.2.3), is 138 MPa
which results in 6,0w= 552 MPa.

Step 7:

Shear stress:
1= Pea/ (2nh)
1= (-125.75)(80.856)/(2(0.173)(5.0787)) = -40.2 MPa

If temperature effect not to be considered, then

d’= d= 57 mm

a=2053.7 mm

A=0.0

x= ma’= 20535.7

p=p=69 mm=2.716

n=1-d/p'

n=1-(2.244/2.716)= 0.173 (ligament efficency)
e=0.185 where E'/E=0.16, v'= 0.46

b= 85.0984

k=b/ a=2160/2053.7=1.0517

k'=a,/a=1.07

ke=1.05, &= 0.67,B= 0.0857, B= 0.075, A= 16.17,0,=7.14
Recall also, ps= 146 , p= 584

J=1.0

Q= J(AT- asATs+ JA(ps/Es)- (P/E)[JM+ 0.5(Eb/Eghy)]
or with no temperature

Qe=16.17(ps/Es)- (p/E)[7.14+ 0.5E(85.0984)/1.22E]

Qc= 16.17[146/28.08(10%)]- [584/ 27.847728(10%))/{7.14+ [0.5(27.87728(10°%))
(85.0984)/ [ 28.08(10°)(2.63779527)]}
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= (0.000084- 0.00048557 = - 0.00040157

The following parameters remain the same:

Xa=12.46, u =6.26, y;=-0.0146, v,= 0.019, ® = 31.125, Q,=-0.0318, Z,, = 0.12
Then

P'=0.0,P =00

Q= (80.856)[ 584(.019)+ 146(-0.0146))/ [ 1+ 31.125(0.12)]

Q,=12377.3

U,;=153.1

P.a’/2 = {(85.0984) (28.08) (10°)(2.637795276)(-0.00040157)-
(0.67)(12377.3)(153.1)- 0.5(146-584) (80.856)%(1.072-1)}/ {1+
0.67[5.23+ (1.07-1)38.68]} = -568727.94

P.=.173.98

Q;= Qi+ Qy/ (P, a’/2)
Q= -.0318+ (12377.3/(-568727.94))

Q3: -0.054

2Fm= 0.05—F,= 0.025

ov= (2a/h)*[1.5 F, Po/m]

ov= [2(80.856)/5.07874)7[ (1.5)(.025)(-174)]/0.173 = -265.53 MPa

1= P.a/ 2nh
1=(-174)(80.856)/[2(0.173)(5.07874)] = 56 MPa
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