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FOREWORD

The purpose of this document is to justify and provide technical criteria for the rules of Part Unfired Heat
Exchanger (UHX) of ASME Section VIII Division 1, 2013 Edition, devoted to the design of U-tube,
Fixed and Floating head Tubesheet Heat Exchangers. The criteria document applies also to Paragraph
4.18 of Section VIII, Division 2, 2013 Edition, which is entirely based on Part UHX.

Confirmation and documentation of the basis for UHX-rules is important for the members of the ASME
Subgroup on Heat Transfer Equipment to use as a future reference, for confirmation or comparisons of

code[fequirements, and for code development. It willbe a valtuable Teference for both early career an
expefienced engineers who are using the UHX rules and may become involved in code development pf
such|rules in the future.

The analytical treatment of the fixed tubesheet heat exchangers is based on classical discontinuity anglysis
methods to determine the moments and forces that the tubesheet, tubes, shell and channel must resist,
The freatment provides, at any radius of the perforated tubesheet, the deflection, the rotation, the beng
and ghear stresses and the axial stress in the tubes. A parametric study permits ene to determine the

maximum stresses in the tubesheet and in the tubes which are given in UHX-13? The Floating Tubesheet
and WU-tube Tubesheet heat exchangers are treated as simplified cases of fixed tubesheet heat exchangers.
A check of the results obtained is provided by comparing Finite Element‘Analysis (FEA) results, Tulular
ExcHanger Manufacturers Association (TEMA) results, and the Freach pressure vessel code Code
Frangais de Construction des Appareils a Pression (CODAP). Applying the appropriate simplificatiops,
the cjassical formulas for circular plates subjected to pressure, have been obtained.
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ABBREVIATIONS AND ACRONYMS

ASME American Society of Mechanical Engineers
CL Clamped
EEC Effective Elastic Constants
FEA Finite Element Analysis
FL Floating
5 Heat EXchanger(s)

L Ligament Efficiency
SG-HTE  Subgroup on Heat Transfer Equipment
S Simply Supported
S Stationary
TEMA Tubular Exchanger Manufacturers Association
TBs Tubesheet(s)

HX Unfired Heat Exchanger
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PART 1
INTRODUCTION
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1 SCOPE

This criteria document covers the development of the tubesheet (TS) design rules for the U-tube, Fixed,
and Floating Head TS Heat Exchangers (HE) configurations contained in Part UHX of Section VIII
Division 1, 2013 Edition. It applies also to Paragraph 4.18 of Section VIII, Division 2 which is entirely
based on Part UHX.

The free body diagram of the HE, the equilibrium and compatibility equations, the solution of resulting
differential equations and all intermediate steps are provided to show the derivation of:
4 the deflection and the rotation at any radius of the TS,

the bending and shear stress at any radius of the TS,

the axial stresses in the tubes at any radius of the TS,

the axial stretch force acting in the shell,

the axial displacement of the shell.

The flocument provides the technical basis of the following items:

the required loading case combinations,

the acceptance criteria for each TS configuration, as applicable,
the TS characteristics including the Effective Elastic Constants,
the TS extended as a flange.

The following effects are in addition to the above basic items:

the effect of different shell material or thickness adjaceént to the TS,
the effect of plasticity at TS-shell-channel joint,

the effect of radial differential thermal expansion between the TS and integral shell and channel,
the tubesheet calculated as a simply supported TS.
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2 HISTORICAL BACKGROUND
The first rules devoted to tubular HEs were developed by TEMA [CS-1] for the first time in 1941 to

design U-tube and floating TSs. The design formula was based on the formula for circular plates subject

to pressure:

2\S

This semi-empirical formula does not account for the tubes that stiffen the TS, and for the holes that
weakentt—Fixet swerecovereeH T EMAT968-51editr TS Crardmerss—

Gardner [1][2] in 1948 for floating TSs and in 1952 for fixed TSs’was the very first to set-ub the hasip

arbitfary choice between these two extreme cases.

Gallgtly [4] in 1959 overcame this issue by taking into account the degree of rotational restraint of thg

at its|periphery by the shell and channel. This method was adopted by the French pressure vessel codg

Codg Frangais de Construction des Appareils a Pression (CODAP) [CS-4] in 1982 for fixed and float
HEs|{CODAP rules were adopted by the European PressureVessel Standard EN 13445 [CS-5] publig
in 2do2.

Gardner [5] in 1969 improved his method for U-tube and floating HESs by considering the unperforats
solid rim at the periphery of the TS. This designimethod was adopted by BS 5500 [CS-6], CODAP (f
pe) and I1SO [CS-7] in the late seventies and by ASME Section VIII (Appendix AA) in 1982.

Desplite these improvements, TEMA rules,have been extensively used throughout the world during th
last dix decades as they have the merit-of long satisfactory industrial experience and simplicity. Howsd
due fo that simplicity (the strengthéning of the tubes is assumed to counterbalance the weakening effg
the tyibesheet holes), they often-ead to TS over-thickness if the strengthening effect controls or under
thickiness if the weakening effect controls. Today these disadvantages increase as the chemical and p¢
industries need larger exchangers operating at higher pressures and temperatures. For more details, sd
Osweiller [6].

In 1975 ASME Subeommittee V111 established a “Subgroup on Heat-Transfer Equipment (SG-HTE)’
with|the task of-developing new rules for the design of TS HEs based on a more rigorous approach th
TEMA. This:was achieved by considering the perforated TS, the tubes acting as an elastic foundation
unpeyforated rim and the connection of the TS with the shell and channel. The analytical treatment is

5S

e TS

ng
hed

wer

@D

an
. the

basedl on"Soler’s book [6].

In 1992 ASME and CODAP decided to reconcile their rules (scope, TS configurations, loading cases

notations, ligament efficiencies, effective elastic constants, design formulas), as they were based on the

same approach. For more details, see Osweiller [7]. The 1% ASME draft was issued in 1985.

From 1992 to 2002 the ASME tubesheet rules have been published in non-mandatory Appendix AA of

Section VI11I-Div. 1 so that manufacturers can use them as an alternative to TEMA rules.
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In 2003 these rules were upgraded to mandatory status and published in the 2003 Addenda as a new Part
UHX of Section VIII Div. 1, UHX standing for Unfired Heat Exchanger. As of January 1, 2004 a
designer does not have the option of using the TEMA rules if the HE needs to be U-stamped.

UHX design rules cover essentially the design by formula of the heat exchanger pressure containing
components. For other aspects such as fabrication, tube-to-tubesheet joints, inspection, maintenance,
repair, troubleshooting, etc. see Reference [8]. TEMA [CS-1] also covers similar aspects of design such
as minimum component thickness (e.g., baffle plates, pass partitions, etc.), tube vibration, etc.
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3 TYPES OF HEAT EXCHANGERS COVERED

UHX rules apply to the three typical types of tubular HEs:
o U-Tube Heat Exchanger: HE with one stationary TS attached to the shell and channel. The HE
contains a bundle of U-tubes attached to the TS, as shown in Figure 1 sketch (a).
e Fixed Tubesheet Heat Exchanger: HE with two stationary TSs, each attached to the shell and
channel. The HE contains a bundle of straight tubes connecting both TSs, as shown in Figure 1
sketch (b).
e Floating Tubesheet Heat Exchanger: HE with one stationary TS attached to the shell and
channel, and one floating TS that can move axially. The HE contains a bundle of straight tubjes
connecting both TSs, as shown in Figure 1 sketch (c).
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(1

(b) Fixed tubesheet Feat exchanger

y—
t

T

(c) Floating head heat exchanger 1
Figure 1 — Three Types of Tubesheet Heat Exchangers

! Configurations of tubesheet — shell — channel connections are detailed in 3-2.
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4 TYPES OF TS CONFIGURATIONS

The TS is attached to the shell and channel either by welding (integral TS) or by bolting (gasketed TS)
according to 6 configurations encountered in the industry (see Figure 2):

e configuration a: tubesheet integral with shell and channel;
configuration b: tubesheet integral with shell and gasketed with channel, extended as a flange;
configuration c: tubesheet integral with shell and gasketed with channel, not extended as a flange;
configuration d: tubesheet gasketed with shell and channel, extended as a flange or not
configuration e: tubesheet gasketed with shell and integral with channel, extended as a flange;
configuration f: tubesheet gasketed with shell and integral with channel, not extended as a flange.
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(e) Configuration e:

Tubesheet gasketed with shell and integral with
channel, extended as a flange

@ Figure 2 — Tubesheet Configurations

2

D
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5
The

LOADING CASES
normal operating condition of the HE is achieved when the tube side pressure P; and shell side

pressure Ps act simultaneously. However, a loss of pressure or a loss of temperature is always possible.
Accordingly, for safety reasons, the designer must always consider the cases where Ps=0 and P=0 for the
normal operating conditions.

He must also consider the start-up conditions, the shutdown conditions and the upset conditions, if any,
which may govern the design.

A TS HE is a statically indeterminate structure for which it is difficult to determine the most severe
condjtion of coincident pressure and temperature. Thus, it is necessary to evaluate all the anticipated

load

design.

For gach of these conditions, the following 3 pressure loading cases must be considered.
¢4 Loading Case 1: Tube side pressure P; acting only (Ps = 0).

and

simu

Wheh vacuum exists, each loading case is considered with.and without the vacuum.
Thesg loading cases have been traditionally considerediin TEMA, French code CODAP, European

Stan
The
cont

oper
toin

design. These new loading cases are detailed in Section 3.3 of Part 3.

As the calculation procedure is iterative, a value h is assumed for the tubesheet thickness to calculate
check that the maximum-stresses in tubesheet, tubes, shell, and channel are within the maximum
pernfissible stress limits.

Becguse anyzinerease of tubesheet thickness may lead to over-stress of the tubes, shell, or channel, a {
check must.be performed, using in the formulas the nominal thickness of tubesheet, tubes, shell, and
chanpel,-in both corroded and uncorroded conditions.

¢4 Loading Case 3: Tube side pressure P; and shell side pressure Ps acting simultaneously.

For :lixed TS HEs, the axial differential thermal expansion betweenfubes and shell has to be consider

for t:l\e actual operating pressures and temperatures so that the designer can realistically determine thg

ng conditions mentioned above to ensure that the worst load combination has been corsidered in

Loading Case 2: Shell side pressure Ps acting only (P: = 0).

ne set of arbitrary thermal loading cases must be added (loading cases 4, 5, 6, 7) as they act
taneously with the pressure loading cases.

lard EN 13445, and earlier editions of UHX.
P013 UHX Edition replaces these arbitrary thermal loading cases by actual loading cases accoun
olling conditions for each operatingJoading case considered, including, but not be limited to, no|

ting, startup, shutdown, cleaning, and upset conditions. The pressure definitions have been chan
Clude maximum and minimum, design and operating pressures that may be encountered in a parti

the

ing

Fmal
ged
cular

and

inal
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6

STRUCTURE OF PART UHX

UHX-1 to UHX-8 provide general considerations (Scope, Material, Fabrication, Terminology,...)
which are common to the three types of HEs.

UHX-9 provides design rules for the TS flange extension

UHX-10 (Conditions of Applicability) specifies under which conditions the rules are applicable
UHX-11 (TS Characteristics) is also common to the three types of HES and provides the design
formula for the ligament efficiency and the effective elastic constants.

UHX-12, UHX-13 and UHX-14 provide the design rules for U-tube, Fixed and Floating TS HEs.

These three chapters are self-supporting and structured in the same way:
(1) Scope
(2) Conditions of Applicability
(3) Notations
(4) Design Considerations
(5) Calculation Procedure

Additional rules are provided to cover more specific calculations:
(1) Effect of different shell material or thickness adjacent to the TS
(2) Effect of plasticity at the tubesheet-shell-channel joint
(3) Effect of radial thermal expansion adjacent to the TS
(4) Calculation of the TS when considered as simply Supported
(5) Calculation of the TS flange extension

UHX-15 to UHX-19 provide considerations on Tube-to-Tubesheet Welds, Expansion Bellow
Pressure Tests and Marking.

ASME PTB-4-2013, ASME Section VIII <\Division 1 Example Problem Manual (PTB-4),
provides design examples for each type ©f HE.

w

10
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7 STRUCTURE OF THE DOCUMENT

This document is structured in 6 PARTS.

PART 1: Introduction (purpose, background, general issues)

PART 2: Tubesheet Characteristics (ligament efficiencies, effective elastic constants)
PART 3: Analytical treatment of Fixed TS HEs

PART 4: Analytical treatment of Floating TS HEs

PART 5: Analytical treatment of U-tube TS HEs

PART 6: Conclusions

Each PART is independent with basically the same chapters: Scope, Historical Background, Notations,
Confligurations covered, Design assumptions, and Analytical treatment.

The prder of the analytical treatment is based on the complexity of the HE model. The Fixed TS HE i
treated first, because it is the most complex. The Floating TS HE treated second, since’it is a simplifig
case pf the Fixed TS. The U-Tube TS HE is treated last, since it is a simplified case of the Floating T
The gletailed structure is given in the Table of Contents.

Urag o

This|document provides the derivation of UHX design rules (UHX-1, UHX-9 to 14, UHX-17 and 20) and
referg explicitly to these as necessary. Other UHX rules (UHX-2, 3 and-4, UHX-15 to 19), which are jnot
linkgd to design formulas are not covered.

11
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8 NOTATIONS
Notations are common to the three (3) types of HEs. They are detailed in PART 3, Section 3.2.

12
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1  SCOPE (UHX-11.1)

PART 2 provides the technical basis for the determination of:
e the ligament efficiencies p and p*
e the effective elastic constants E*;

which are given in Section 11 of Part UHX.

These quantities are important as they enable the replacement of the actual perforated tubesheet (TS) by
an equivalent solid plate, which is necessary to develop the analytical treatment.

15
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2 NOTATIONS
Notations are taken from UHX-11.3 and are repeated here for convenience.

AL = total area of untubed lanes = U1 Lis + Uiz Lo +.... limited to 4Dop
Cs = tubesheet corrosion allowance on the shell side
Ct = tubesheet corrosion allowance on the tube side
Do = equivalent diameter of outer tube limit circle (see Figure 6)
d = diameter of tube hole
i = TIommiTat outside tiameter of tubes
* = effective tube hole diameter
E = modulus of elasticity for tubesheet material at the tubesheet design temperature
e = modulus of elasticity for tube material at tubesheet design temperature
E* = effective modulus of elasticity of tubesheet in perforated region
h = tubesheet thickness
Ng = tube side pass partition groove depth (see Figure 9)
1'9 = effective tube side pass partition groove depth
Lup Lz, = length(s) of untubed lane(s) (see Figure 7)
i = expanded length of tube in tubesheet (0 < /i < h) (seéfigure 8).
p = tube pitch
h* = effective tube pitch
ro = radius to outermost tube hole center (see Figure' 6)
S = allowable stress for tubesheet material at tubesheet design temperature
DT = allowable stress for tube material at tubesheet design temperature
t = nominal tube wall thickness
U} Uz, =  center-to-center distance between'adjacent tube rows of untubed lane(s), limited
.. to 4p (see Figure 7)
7 = basic ligament efficiency for-shear
| = effective ligament efficiency for bending
* = effective Poisson’s ratio in perforated region of the tubesheet
19 = tube expansion depthratio = /w/h, (0< p<1)

16
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3 DESIGN ASSUMPTIONS (UHX-11.2)
The perforated TS is assumed to be uniformly perforated in a triangular or square pattern.

17
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4.1

ion 1
LIGAMENT EFFICIENCIES (UHX-11.5.1)

Introduction

The TS treatment necessitates the replacement of the actual perforated TS by an equivalent unperforated
solid plate of same diameter. The ligament efficiency accounts for the fact that the shear load and the
bending moment calculated in this unperforated solid plate must be corrected as they apply only to the
ligament located between two adjacent holes in the actual TS.

Sot
This
be 5

Am
leng
calcu

bend

Its m}

For t
TS W
two §
the al

bendting moment in the actual TS must be multiplied by the ratio ®®>/e{@’ or divided by the minimum

on the safe side, this formula is generally used to calculate the shear stress in the actual' TS.
means that, for the example pattern (p=1.25 and d=1.0) u= 0.2 , the shear stress irf'the actual TS
imes the shear stress calculated in the equivalent solid plate.

ng all the ligaments located at radius r of the TS, one can reasonably assume that at least one of
h aa’ is radially oriented as shown in Figure 4. Therefore the radial bending moment M(r)
lated in the equivalent TS applies only to the ligament between the two holes, which means that

ng ligament efficiency:

ean length B’ leads to a higher ligament efficiendy value:
2
_pd-zd"/4; 7 d_; 7859
pd 4 p p

*

he example pattern above: p*=0.372 j which means that the calculated bending moment in the ag
ould be almost half the value of that using the minimum ligament efficiency of 0.2 above. Thes
pxtreme examples show the significant impact of the ligament efficiency on the stresses obtained
ctual TS.

Y
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N
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Figure 3 — Ligament Area in the Actual Tubesheet
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4.2
Vari

pus formulas have been used for the determination of the bending LE in codes and standards.

Figure 4 — Ligament Orientation in the Actual Fubesheet

Historical Background

BS5500 [CS-1], CODAP [CS-2], EN 13445 [CS-3],.1SO [CS-4] and STOOMWEZEN [C
have used the minimum LE when the tubes are welded only: ¢* = p—d

When the tubes are expanded throughout the full depth of the TS, experimental tests have shq

that about half of the thickness participates to the TS strength, which leads to: x* = ﬂ
p

TEMA [CS-6] uses the mean LE:based on the ratio of the hole area, s;=rd?/4, to the portion

[IP%2]
S

. S )
TS area “s” pertaining to that hole, as shown in Figure 5: /* =1——= (u* quoted 1 in
S

TEMA).This leads to:

2
For square pattern: S= p2 and ﬂ*zl_giﬂj 1 0.7852
4\ p (p/d)
r d? 0.907

For triangular pattern: S = p®sin(60° and *=1-— =1—
gular p p”sin(60°) K o)~ (pray

wn

)

of
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ﬁ hatched area=s \

< (O

a) Square pattern b) Triangular pattern

N
A

5
o

I

Figure 5 — Ligament Efficiency Used in TEMA

For ghear, these codes and standards, use the minimum ligament efficiency: u = p_—d

43| LEin Part UHX (UHX-11.5.1)

(a) Equivalent diameter D, of the perforated TS is defined as the equivalent diameter of the outer tdbe
limit circle, calculated from the radius r, of the outermost tube hole center (see Figure 6):

D, =2r, +d,

D O
D QYO
> O

o

o 300%/

000’/
OO

O
OO
OO0

O
OO

Figure 6 — TS Equivalent Diameter Do

Fhediameter D corresponds-to-thesimitarconceptused T EvAfor theequivatent dameter By
used for the determination of shear stress and D, and D, will have about the same values.
(b) Basic ligament efficiency for shear load
Once the shear load has been determined in the equivalent TS, it must be corrected to account for
the holes in the actual TS, by applying the minimum ligament efficiency p:
u=p=d
p

(c) Effective ligament efficiency for bending moment
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Once the bending moment has been determined in the equivalent TS, it must be corrected to account
for the holes in the actual TS, by applying the bending effective ligament efficiency p* defined as

follows:
=P
p
(d) Effective pitch p*
o Ifthe TS is uniformly perforated p*=p
lf the TS-has-an-unperforatedlane of area Ar=U+L+asshown-in-Figure 7{a) the N+ tubes are

- . L D? .
redistributed so that the equivalent TS is uniformly perforated over the area 7 —= withcan

equivalent pitch p*. This is necessary as the analytical treatment is performed for & uniform
of tubes.

Assuming that the portion of TS area pertaining to each hole is p?, p* is obtaified from the
equation:

A D D
N, p ET:th (”T_AL)

which leads to:

14A‘-

- 2
s

So as not to deviate too much from the assumption of uniform pattern, the width U, of the
untubed lane in Figure 7(a) is limited to 4p.over the diameter Do, i.e. an area 4pD,, which lea
to: Ac<dpD,. This condition of applicability appears explicitly in the definition of A_ in UH)
11.3. It has been set-up after discussions'among ASME and CODAP experts, based on soun
engineering practice, and does not liave a theoretical basis.

If there are several untubed lanes of widths Ui1, U2, Uys,... and lengths Lis, Li2, Lis,... as shd
in Figure 7(b), the limit isStil 4pD.. Accordingly, p* becomes:
*_ p

Jl‘ 4MIN[(A),(4pD,)]

2
7D,

If there isHo untubed lane, A =0 and p*=p.

rray

s
(_
d

wn
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0000 %
olelelelel0
olelelelelele!

DOOOCOOOO0
OO0O000GOO00

L L

OO%%OOOOOO

(e) §

Fffective tube hole diameter d*

ole’elelelele}et0!

‘1

(@) one unperforated lane (b) several unperforatéd- lanes

Ar=Unln Ac=Unln+ Un+ UsLs
Figure 7 — TS with Unperforated Lanes

When the tubes are welded only: d*=d;
When the tubes are expanded into the TS, feedback from HE faanufacturers has shown that the
bending strength of the TS is increased by the degree of tube.expansion p (see Figure 8).

‘

——t

i LN
.

Figure(8= Tube Expansion Depth Ratio p=lx/h

The degree of increased strength is also dependent on the difference between the TS and tube
material properties:” Finally, the effective tube hole diameter is written:

a2 2

where p is the tube expansion ratio: p =1 /h. This formula was proposed for the first time|in

the 1980 Edition of ASME Section VIII-Division 2.
o If the tubes are welded only: p=0 and d*=d;

e If the tubes are fully expanded: p=1 and d*=d-2t; if the TS and tubes are made of the same
materials.

The effective diameter cannot be less than the inside tube diameter d¢-2t;, which leads to:

e e e

Values of pu* are generally comprised between 0.25 and 0.4.
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To illustrate the difference between the TEMA method and the Part UHX method for determining the
bending ligament efficiency, consider a tube (d=1.0, t:=0.0625, p=1.25) that is the same material as
the tubesheet.

e If the tube is expanded throughout the full depth of the tubesheet, then z" = 0.304

e If the tube is welded and not expanded at all, then x" = 0.20.

However, the TEMA ligament efficiency is 0.420 and 0.498 for triangular and square pitch layouts
respectively, regardless of whether the tubes are expanded or not.

The ligament efficiency has a direct bearing on the calculated tubesheet stress. A smaller ligamept
dfficiency results in a larger predicted tubesheet stress and a larger ligament efficiency results in &
dmaller predicted tubesheet stress. Thus, as may be seen, if the same basic theory is used to
determine the stress in a plate, then the TEMA ligament efficiency would result in a_ smaller
dalculated stress as compared to the ASME method, even when the full tube wall is.considered. This
gifference is exacerbated when the tube is not expanded.

Effective tube side pass partition groove

\Vhen there is no pass partition groove on tube side of a TS of nominal thickness hy, the TS corroded
thickness hmin is given by: hmin=hn-Cs-Ci=h, as h is the corroded TS thickness obtained by calculatipn in
Fart UHX.

(f)

\Vhen there is a pass partition groove of depth hg, it is assumedsthat the bottom of the groove doe$ not
dorrode.

Two cases are possible:

If hg<c: (see Figure 9(a)): hmin=hn-Cs-Ci=h
If hg>c: (see Figure 9(b)), a correction for thexgroove depth in excess of the tube side corrosidn is
necessary: hmin=hn-Cs-Ct-(hg-Ct)=h-(hg-Cy)

In both cases hmin can be written: hmin=h=l’y which will be used to calculate the TS bending stre
Where:

S

1724

h, =MAX| (h,-¢,) , (0)]
The same formula is used in TEMA.
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TUBESIDE
h, . o |
I S hy — —
P | hg-o
hmm h=hn-Ct-Cs hn h=hn-Ct-Cs T
I—‘min
I R O A Y
1 Cs \ Cs
SHELLSIDE
(@) hg<c (b) hgz.ci

Figure 9 — Pass Partition Groove on Tubesidé&-ef the TS

24



https://asmenormdoc.com/api2/?name=ASME PTB-7 2014.pdf

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

5
5.1

EFFECTIVE ELASTIC CONSTANTS (UHX-11.5.2)

Introduction

The analytical treatment of TS HESs necessitates the replacement of the actual perforated TS Modulus of
elasticity E and Poisson’s ratio v by an equivalent solid plate of Modulus of elasticity E* and Poisson’s
ratio v*. These EECs E* and v* are determined so that the equivalent TS has the same mechanical
behavior as the actual TS when subjected to the same loading. Due to the weakening effect of the holes,
E* is lower than E and E*/E is always lower than 1. Values of v+ may be higher or lower than v.

The EECs depend on the ligament efficiency, p, ratio h/p and pattern type (triangular or square). They
must| be as correctly evaluated as possible:

The gonsequence is that inaccurate estimates of the EECs result in inaccurate stress results.

5.2

Duripg the last decades many authors (about 60 papers) have proposed-experimental and theoretical

If they are underestimated, the calculated TS stresses at the junction with shell and channél|will be
Ipwer than reality.
If they are overestimated, the calculated TS stresses close to the center of the TS willbe lower than

ality.

Historical Background

methods to solve the problem. A detailed review of these works was published in 1989 in a JPVT paper

by Osweiller [1]. A short synthesis is provided below.

a)

b)

etween 1948 and 1958 several authors (Gardner, Miller,"Horvay, Duncan, Salerno and Mahoney, ...)
roposed various methods for the determination of EECs. These methods had no sound basis ang
Ipading to a great disparity of results, PVRC decided in 1960 to undertake theoretical and
gxperimental investigations in order to determiné’more accurate values for the EEC.
E 1960 Sampson [2] undertook experimental tests on plastic plates using photo-elastic techniquep for
-plane and bending loadings.
For in-plane loading, values of E*/E and v* are independent of the TS thickness.
For bending loading, values of E*/E and v vary significantly with the TS thickness when h<{2p.

(Vhen h>2p this variation is yery'slow, and as the plates gets thicker, the bending values approach the
plane stress values.

It appears that that h=2p is a transition zone between thin and thick perforated plates. These results
ere confirmed by.keven [3] in 1960.
1962 O’Donfiell' & Langer [4] made a synthesis of these results and proposed a curve for in-plane

gfficiency,for thick plates (h>2p) perforated with triangular pitch. This curve was adopted by ASME
bection N1 in 1966 and later by Section VIII-Div. 2.
1963 and later, new theoretlcal methods were developed on powerful computers to enable the

prewously covered. These methods are based on doubly perlodlc stress dlstrlbutlon theory induced in

an infinite plate evenly perforated in two directions and loaded by in-plane or bending stress. Two

techniques have been -used:

e The “direct technique” developed by Meijers [5] in 1969 for thin plates loaded in bending or
plane-stress. Grigoljuk and Fil’shtinski [11] obtained the same results using a similar method
(see Annex A, Table 4)

In 1985, Meijers [12] improved his method by proposing for the determination of E*/E and v:
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o An asymptotic solution for thin plates in bending (h/p—0) and for thick plates (h/p—0),
consistent with the 1969 results

o Aninterpolated solution for the intermediate range (0<h/p—0), substantiated by FEA

calculations.

See Table 1 for triangular pitch.

These values were adopted by many pressure vessel codes (BS 5500, CODAP, EN 13445, 1SO,

STOOMWEZEN) for treating thin and thick plates loaded in bending.

ble 1 — Values for EXE and vk for Trianaul : lers [12]

p h/P 0 0.25 0.5 1 2 4 o
; 25{151; 0.348 0.297 0.261 0.230 0.215 0.208 0.205
A 0.032 0.171 0.273 0.359 0.399 0.421 0.427
i (EE 0.452 0.410 0.365 0.340 0.319 04313 0.310
' 1 v 0.073 0.159 0.250 0.302 0.346 0.357 0.364

in 1971 for thick plates.

5.3| The Square Pattern Problem

Contrary to the triangular pattern, the square.pattern is characterized by an anisotropic behavior whic
been|enlightened both by theoretical and.expérimental investigations. Values of EECs E* and v are
different in the pitch direction P and diagenal direction D (See Figure 10). Anisotropy is more marke
for Iow values of ligament efficiency:0.2 < p*< 0.4 than for high values approaching 1(which corresp
to anunperforated plate), as shown)by Slot and O’Donnell [7] (see Table 2).

()
O

OO

O

D
P

¢4 The “indirect technique” developed by Bailey and Hicks [6] in(2960 and Slot & O’Donnell

These two techniques led to very good agreement both for’triangular and square patterns with
discrepancies lower than 0.1 % (see Annex A, Table 4)xFor more details, see Ref. [1].
e) These theoretical results have been corroborated by many‘éxperimental investigations undertaker
Duncan and Upfold [8] in 1963 and O’Donnell [9][1O0]NA 1967 and 1973 and by F.E.M. calculati
from Tran-Huu-Hanh in 1971 and Roberts in 1975,

[7]

by
DNS

N has

d
onds

QOO

Figure 10 — Pitch and Diagonal Directions for Square Pattern
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Table 2 — Values of E*/E and v#* for Square Pattern in Pitch and Diagonal
Directions from Slot and O’Donnell [7]

Pitch Diagonal “Isotropic”’
direction direction value
[0 E; : Ej y E% ;
Vp S Va Vo
E E E
0311 0122 0123 0.654 0218 0217

e

0.525 0.216 0.380 0433 0459  0.316
0.734 0.275 0.681 0.328  0.708  0.301
0.918 0.297 0914  0.301 0916  0.299

cooP
oo ON B o

This|anisotropy has been confirmed theoretically by O’Donnell [9] and experimentallyby-Bayley &
Hicks [6] and O’Donnell [10].

Due fo this anisotropy, the equivalent plate cannot be treated with the classical-isotropic solution, likg
the tfiangular case. The anisotropic solution should be used.

n

Whep the plate is clamped or simply supported, the anisotropic circular plate deflection is given by
formulaswhich can be compared to the classical isotropic formulag;“\Erom that comparison, equivaler
“isotropic” values for E*square aNd v#square have been determined by O’Donnell [10], which enables the
application of the classical isotropic equations to the equivalent-solid plate.

—

1-0; 4
Esquare = Ep 1 Squ*are U:quare = 340 1 * -1
—Up p 7Y

1+v, 1l+u;
These formulas have been used for the square pattern to calculate the “isotropic” EECS E*square aNd Vsquare
from|the anisotropic values proposed by various authors, as shown in Table 2.
5.4| Synthesis of Results

In 1989, Osweiller [1] made a synthesis of all these experimental and theoretical results for triangulan and
squafe patterns which are presented in a graphical form in Figure 55 of Annex A. They give the valups of
E*/Hand v* as a function-of'the ligament efficiency p, for various ratios h/p.

This|figure shows thatexperimental values are available for u ranging from 0.1 to 0.5, whereas theorgtical
valugs cover the full range of p.

5.5| Detetmination of EECs for the Full Range of p* (0.1sp*<1.0)

From this’synthesis of results, three ranges of TS thickness were set-up for the determination of E*/Efand
V]

o for thin plates (h/p<0.1) values are taken from theoretical values of Meijers [5][12] and
combined with experimental values

o for thick plates (h/p>2.0) values are taken from theoretical values of Slot & O’Donnell [7] and
combined with experimental values.

e for the intermediate range (0.1<h/p<2.0) values are taken from theoretical values of Meijers
[5][12] and combined with experimental values of Sampson [2] and O’Donnell [10].
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Numerical values and resulting curves are given respectively in Sections 3 and 2 of Annex B. These
curves were initially used in CODAP in 1985 and in Nonmandatory Appendix AA of Section VI1II-Div. 1,
which later became Part UHX.

Note: Experimental and theoretical values of EECs have been obtained from perforated plates for which
the ligament efficiency is u=(p-d)/p. For TSs, the stiffening effect of the tubes mentioned in Section 4.3(e)
IV-3c may also be accounted for in the determination of the EECs. Accordingly, the EECs are
determined using the bending ligament efficiency u*=(p*-d*)/p*.

In 1991 Woody Caldwell, as a member of the ASME SG-HTE, provided polynomial approximations|for
the eptire range of these curves (0<p*<1) by using polynomials of degree 4 for E*/E and of degree 7 for
v* (gee Section 4 of Annex B).

Section VIII Div.2 has retained these curves for the range 0.05<u*<1.0 for the stress analysis of
perfqrated plates (Annex 5.E of 2013 edition).

5.6 | Determination of EECs for the UHX Rules (UHX-11.5.2)

Numerical values obtained from the polynomials developed for Appendix¢AA polynomials were not
accufate enough for curve h/p=2.0 for low values of pu*. The discrepancy‘was about 6% on E*/E for |i*=
0.15jand could reach 15% for u*=0.1. This caused significant effectson calculated tubesheet stresses
Accqrdingly, the precision for these polynomials was improved byOsweiller [13] in 1994 by:

4 using more points (35 instead of 21)

4 exploring several polynomials degrees (degrees 3, 4,and 5 were tested)

4 reducing the range of pu* from 0.1 to 0.6 (0.1<u*<0:6), based on the fact that the ligament
efficiency of HEs is always between these twothimits.

The precision targeted for these polynomials wasy1%, which corresponds to the reading error of the
curves. Polynomials of degree 4 were finallyiretained, both for E*/E and for v*, which leads to a
discrepancy of about 0.2%, with a maximunvof 0.77% for the curve h/p=2.0.

Figulre 11 for Triangular patterns‘and Figure 12 for Square patterns provide the curves and
polynomials for calculating the EECs E*/E and v for the reduced ligament efficiency range 0.1<u*<0.6
and for fixed values of the ratia._b/p:

¢ for E*/E: h/p=0,1,.0/25, 0.5, 2.0.
Note: For h/p=0:25 no curve was available for E*/E for triangular pattern, due to lack of reqults.
This curve has\béen added by interpolation between the two adjacent curves relative to h/p=0.1
and h/p=0:6:

4 for v+ h/p=0.1, 0.15, 0.25, 0.5, 1.0, 2.0.

Numerical values are available in Section 3 of Annex B. Note: The polynomials cannot be used for
ligament-éfficiencies outside the range 0.1<.*<0.6, as shown by Figure 13. In such a case E*/E and
v+ shouldbe determined per Section 5.5 above.

5.7 Conclusion

The perforated tubesheet plate is now replaced by an equivalent solid plate of:
o diameter D, determined from Section 4.3(a),
e equivalent modulus of elasticity E* and Poisson’s ratio v* determined from Section 5.6.

The unperforated TS rim extends from diameter D, to diameter Ds with the basic modulus of elasticity E
and Poisson’s ratio v.
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0 1111 0 D
4] 0.1 0.2 0.3 04 0.5 0.6 0 0.1 0.2 0.3 04 0.5 D.6
/-[' ﬂ*
{a} E*/E (Equilateral Triangular Pattern) {b)v* (Equilateral Triangular Pattern)
(a) Equilateral Triangular Pattern: £5/F = ag + ayp* + g™ + aau*? + agu™
p a @ o ay oy
0.10 0.0353 1.2502 -0.0491 0.36049 -0.6100
0.25 0.0135 0.9910 1.0080 -~1.0498 0.0184
0.50 0.0054 0:5279 3.0461 -4.3657 1.9435
2.00 -0.0029 0.2126 3.9906 -6.1730 3.4307
(b) Equilateral Triangular Pattern: »* = By + Buu* + Bop*? + Bop™® + Bau*t
p B B B & Ba
0.10 —0.0958 0.6209 -0.8683 2.1099 -1.6831
0.15 0.8897 -9.0855 36.1435 ~54.5425 35,8223
0.25 0.7439 —4.4939 12.5779 -14,2092 5.7822
0.50 0.9100 -4,8901 12.4325 ~12.7039 4.4298
1.00 0.9923 -4.8759 12.3572 -13.7214 5.7629
2.0 0.9966 —4.1978 9.0478 -7.9955 2.2398
GENERAL NOTES:
{a) The polynomial equations given in the tabular part of this Figure can be used in lieu of the curves.
(b} For both parts () and (b) in the tabular part of this Figure, these coefficients are only valid for 0.1 <
n* S 0.6,
{c) For hoth parts (a) and {b) in the tabular part of this Figure: for values of A/ lower than 0.1, use i
= (.1; for values of A/ higher than 2.0, use ip = 2.0.

Figure 11 — Curves and Tables for the Determination of E*/E and v* (Triangular
Pattern)
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[+] 0.1 0.2 0.3 g4 05 0.6 0 0.1 0.2 D.6
#l
{a) £*/E (Square Pattern) {b) v* {Squate Pattern)
{a) Square Patiern: E%/E = ap + au® + age*? + mi*® + agu*t
74 ag m oz a3 ag
0.10 0.0676 1.5756 -1.2119 1.7715 -1.2628
Q.25 0.0250 1.9251 -3.5230 6,9830 ~5.0017
0.50 0.0394 1.3024 -1.1041 2.8714 -2.3994
2.00 0.0372 1.0314 -0.6402 2.6201 -2.1929
{b) Square Pattern: +* =B+ Biu* + Bau*? +Bsu*® + Bau™
hip Bo B Bz B By
0.10 =0,0791 0.6008 —0.3468 0.4858 -0.3606
0.15 0:3345 —2.8420 10.9709 -15.8994 8.3516
0.25 0.4296 —2.6350 8.6864 -11.5227 5.8544
0.50 0.3636 -0.8057 2.0463 =2.2902 1.1862
1.00 0.3527 -0.2842 0.4354 -0.0901 -0,1590
2,00 0.3341 0.1260 =0.6920 0.6877 -0.0600
GENERAL NOTES:
(a) The polynomial equations given in the tabular part of this Figure can be used in lieu of the curves.
(b) For both parts (a) and (b) in the tabular part of this Figure, these coefficients are only valid for 0.1 <
2 % 0.6.
{c) For both parts (a) and (b} in the tabular part of this Flgure: for values of A4 tower than 0.1, use fip
= 0.1; for values of //p higher than 2.0, use A = 2.0.

Figure 12 — Curves and Tables for the Determination of E*/E and v* (Square
Pattern)
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Approximation Given in Figure 12
(Only valid for 0.1<p*<0.6) from [13]
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1 SCOPE (UHX-13.1)

PART 3, devoted to Fixed TS HEs (Figure 14), provides the technical basis for the determination of
o the displacement and loads acting on the TS, tubes, shell and channel,

o the stresses in these four components and their relationships with the design rules of UHX-13
) )

i@ (T

T
1
1
!

Figure 14 — Fixed Tubesheet Heat Exchanger

2 see TS configurations in Figure 15
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2 HISTORICAL BACKGROUND

In the past decades many authors have proposed theoretical methods for the design of fixed TS HEs. The
most important contributions are provided below. A more detailed list of technical papers can be found in
Ref. [1] .

Gardner [2] in 1952 was the very first to develop an analytical approach by taking into consideration the
support afforded by the tubes and the weakening effect of the TS holes. The TS is considered as either
S|mply supported or clamped at |ts perlphery to 5|mulate the rotatlonal restralnt afforded by the shell and
the cf f 3

extr

Gallgtly [4] in 1959 improved these design methods by accounting for the degree of rotational restraipt of

Other authors (Yi Yan Yu [5] [6] , Boon and Walsh [7] , Hayashi [8] ) have developed more refined
methods accounting for the membrane loads acting at mid-surface of the IS, the unperforated rim, the
TS-shell-channel connection, and the bending effect of the tubes whickrreinforces the strength of the [TS.
Sinc¢ a solution using these methods requires the use of a computer they were not adopted by Codes.
Soler [9] in 1984 developed a similar method accounting for the;unperforated rim and the TS-shell-
chanpel connection. Thanks to a parametric study, it does not need the use of a computer.

The ethod was adopted by the SG-HTE in the 80’s, put into a code format, and published for the firgt
timefin 1995 in Nonmandatory Appendix AA of Section VIII Division 1. In 2003 it was published inja
new Part UHX of Section VIII Division 1 “Rules.for Shell and Tubes Heat Exchangers” which becanpe
mandatory in 2004.

This|criteria document provides the technical basis of Part UHX-13 of Section VIII Div. 1, 2007 Editjon
[10] | including the 2008 and 2009 Addenda. A few items (analysis of cylindrical and spherical shellp
allovyable stress limits) are takenfrom Appendix 4 of Section VIII Div. 2, 2004 Edition [11] .
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3 GENERAL

3.1 TS Configurations (UHX-13.1)

The TS is attached to the shell and the channel by welding (integral TS) or by bolting (gasketed TS) in
accordance with the following 4 configurations (see Figure 15):

o configuration a: tubesheet integral with shell and channel;

o configuration b: tubesheet integral with shell and gasketed with channel, extended as a flange;

e configuration c: tubesheet integral with shell and gasketed with channel, not extended as a flange;
4 configuration d: tubesheet gasketed with shell and channel, extended as a flange or not extengled.

An expansion joint can be set-up on the shell as shown on Figure 15 configuration a.

(a) Configuration a: (b) Configuration b:
Tubesheet integral with shell and channel Tubesheet integral with shell and
gasketed with channel extended as a flange

S ==t e == =

Tubesheet integral with shell and gasketed with channel, Tubesheet gasketed with shell and channel
not extended as a flange

Figure 15 — Tubesheet Configurations
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3.2 Notations (UHX-13.3)

(a) Data for the design of the HE are as follows.
Symbols Do, E*, h'y, u, u* and v* are defined in Section 2 of PART 2.

A = outside diameter of tubesheet
ac = radial channel dimension
o =  equivalent radius of outer tube limit circle
as = radial shell dimension
C = bolt circle diameter
D. = Inside channel diameter
D; = inside diameter of the expansion joint at its convolution height
Ds = inside shell diameter
d = nominal outside diameter of tubes
E = modulus of elasticity for tubesheet material at T
Ec = modulus of elasticity for channel material at T
Es = modulus of elasticity for shell material at T
E: = modulus of elasticity for tube material at T
Ge = diameter of channel gasket load reaction
Gs = diameter of shell gasket load reaction
G1 = midpoint of contact between flange and tubesheet
h =  tubesheet thickness
Ky = axial rigidity of expansion joint, total forcé/elongation
L = tube length between outer tubesheet faces
Nt = number of tubes
Pe =  effective pressure acting on tubesheet
p shell side design or operating pressure, as applicable. For shell side vacuum use
® a negative value for Ps,
P _  tube side design or operating pressure, as applicable. For tube side vacuum use
! ~ anegative value for P;.
Notation P, instead-of Py, is used throughout the analytical development so a$
to maintain the Symmetry of the equations involving the shell (subscript s) andl
the channel (subscript c).
S = allowable-stress for tubesheet material at T
Se = allowablestress for channel material at T
Ss = allowable stress for shell material at Ts
St =  allowable stress for tube material at T
Sy = _\yield strength for channel material at T
Sys =) yield strength for shell material at T;
Syt = yield strength for tube material at T
Spg¢ = allowable primary plus secondary stress for tubesheet material at T
Spse’ =  allowable primary plus secondary stress for channel material at T
Sess =  allowable primary plus secondary stress for shell material at Ts
T = tubesheet design temperature
Ta = ambient temperature, 70°F (20°C)
Te = channel design temperature
Ts =  shell design temperature
T =  tube design temperature
Tsm = mean shell metal temperature along shell length
Tem = mean tube metal temperature along tube length
tc =  channel thickness
ts = shell thickness
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t; = nominal tube wall thickness
Ws W, = shell or channel flange design bolt load for the gasket seating condition
\\//vals’ shell or channel flange design bolt load for the operating condition
mlc
Winax = MAXT[(Wc), (Ws)]
W* =  tubesheet effective bolt load determined in accordance with UHX-8
Ols,m = mean coefficient of thermal expansion of shell material at Tsm
Otm = mean coefficient of thermal expansion of tube material at Tm
v = axial differential thermal expansion between tubes and shell
v =  Poisson’s ratio of tubesheet material
Ve =  Poisson’s ratio of channel material
Vs =  Poisson’s ratio of shell material
Vi = Poisson’s ratio of tube material

(b) Design coefficients (UHX-13.5.1to 4)
The following coefficients, specific to each component of the HE, will be uséd'in the analytical
treatment.

Perforated TS
Equivalent diameter of outer tube limit circle (see Section 4.3(a)'ef PART 2): D, =2t +d

Equivalent radius of outer tube limit circle: a, = %

TS coefficients:

2 2
d d
e Shell side: =1-N,| — . 1-x =N | —-
2 2
Tubesid ‘Z1oN do= 2t Loy on (G2t
e Tube side: =1- ~ ; - X = B
S 2a o 24,
2
* x —x =N, dtz—(dt_Ztt) :Nt'st:Nt'kt I :Nt'Kt_ L [111.2
4 a? ra’ E, rza E, ~ra?
* _ d*
e Ligament efficiency: u*= P >
Effective tube hole diameter d* and effective pitch p* are defined in Section 4.3(d) an

of PART 2.
o Effective elastic constants E* and v* are given in Section 5.6 of PART 2 as a function
L* and h/p (triangular or square pitch).

b1]

i (c)

of

Ex.h’

e Bending stiffness: D™= ———
J 12(1-v*)

o Effective tube side pass partition groove depth given in Section 4.3(f) of PART 2: h'g
o Effective pressure acting on tubesheet: P

2) Tube Bundle

Tube cross-sectional area:
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T T
=5 147 (- 20)" =t (d-t) =2 (- x)

t
Axial stiffness K. of one tube: K, = EtLSt = 7L (dtL_ t‘) E,

s, _ 27t (d —t)E ok
L t

Axial stiffness k; of one half tube of length I=L/2: k, = Etl

Effective elastic foundation modulus equivalent to the half tube bundle:
N.-k 2N.-K, 2N,-E -t (d, -t 2E E
2N BB 28 ()= )
ra, ag La; L I
4 kW . . 0<r< 0<x<k ka =X
k = 5 ;o x=kr srsa, = SXsKa, a=A,
Axial stiffness ratio tubes/TS:

f 3 2%
Xa:ka0:4k_wa0:|:24(l—v*2) NtEttt (dt tt3) a0:|
D> E* Lh

3] Shell

K, =

&
a

0
Integral configurations (a, b and ¢): as = Ds/Q
Gasketed configuration (d): as=Gs/2
D, +t,

Radial shell dimension: a; o, =

Mean shell radius: a'S =

Shell cross-sectional area: S, =77t (DS + ts)

Axial stiffness Ks of the shell of téngth L k-Es _7t(B+L)E
L L
E.s, 27t (D +t)E
I L -
K, (D +t)E

Nt'Kt - Nt 'tt (dt _tt) Et

Axial stiffness k’s of the half shell of length I=L/2: Kk = 2 K

Axial stiffness 1atio shell and tube bundle: K =

{12 (1-v2)
4/(Ds+ts) t,

E,-t°
Bending stiffness: ku =P, 5—54
6{1-v)

Shell eoefficient: B =

4) Channel
. . - aC
Radial channel dimension: a. o, = a—
0
Integral configuration (a): ac=Dc/2
Gasketed configurations (b, ¢ and d): ac = G¢/ 2
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ion1
Mean channel radius: a, = D. +1t
. 412 (1— vj)
Channel coefficient: B, =
(DC + tC ) tc
E.-t
Bending stiffness: kC =p. - c—cz
6(1-v;

3.3

The
Ps an
of pn

alwals consider the cases where Ps=0 or P=0 with and without thermal expansion for the normal
opergting condition(s).

The glesigner must also consider the startup condition(s), the shutdown condition(s) and the upset
condjtion(s), if any, which may govern the design.

A fi

condjtion of coincident pressure, temperature and differential thermal expansion. Thus, it is necessar

evall
has 1

For ¢
(@) R
L

AXial differential thermal expansion Detween the tubes and the Shell:
V= I:at,m (Tt,m _Ta) _as,m (Ts,m _Ta)] L

Expansion joint
D; = inside diameter of the expansion joint at its convolution height
K, = axial rigidity of the expansion joint, total force/elongation

J = ratio of expansion joint to shell axial rigidity (J = 1.0 if no joint); +.J’=

Unperforated rim
D, = internal diameter
A = external diameter

Diameter ratio: K=A/D,

Loading Cases (UHX-13.4)

normal operating condition of the HE is achieved when the tube side pressure Py, shell side press
d axial differential thermal expansion between tubes and shell y act simultaneously. However, a
bssure or a loss of temperature is always possible. Accordingly, for safety reasons, the designer

ed TS HE is a statically-indeterminate structure for which it is difficult to determine the most se

ate all the anticipatedToading conditions mentioned above to ensure that the worst load combing
een considered. inthe design.

ach of these:conditions, ASME, TEMA, and CODAP used to consider the following loading cas
ressurg-gnly loading cases
Loading Case 1: Tube side pressure Py acting only.

Ire
loss
must

ere
y to
tion

LLoading Case 2: Shell side pressure Ps acting only.

Loading Case 3: Tube side pressure P; and shell side pressure Ps acting simultaneously.

(b) Pressure and Thermal loading cases

Loading Case 4: Differential thermal expansion acting only (P; =0, Ps = 0).

Loading Case 5: Tube side pressure P acting only, with differential thermal expansion.
Loading Case 6: Shell side pressure Ps acting only, with differential thermal expansion.
Loading Case 7: Tube side pressure P: and shell side pressure Ps acting simultaneously, with
differential thermal expansion.
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ASME 2013 Edition provides the detail of the pressure “design loading cases” and “operating (thermal)
loading cases” to be considered for each operating condition specified by the user (normal operating
conditions, startup conditions, the shutdown conditions, etc.). For the pressure loading cases, a table
(table UHX-13.4-1) provides the values to be used for the design pressures Ps and P; in the formulas,
accounting for their maximum and minimum values.

For the operating (thermal) loading cases a second table (table UHX-13.4-2) provides the values to be
used for the operating pressures Ps and P; in the formulas for each operating condition considered. So,

this

new concept allows the operating pressures (instead of the desian pressures to use for operating

(thermal) loadings.)

As the calculation procedure is iterative, a value h is assumed for the tubesheet thickness to calculate
check that the maximum stresses in tubesheet, tubes, shell, and channel are within the maximum
pernfissible stress limits.

Becguse any increase of tubesheet thickness may lead to overstresses in the tubes,shell, or channel, 3
final|check must be performed, using in the formulas the nominal thickness of-ttibesheet, tubes, shell,
chanpel, in both corroded and uncorroded conditions.

3.4

Design Assumptions (UHX-13.2)

A fided TS HE is a complex structure and several assumptions arésecessary to derive a ‘design by 1y
method. Most of them could be eliminated, but the analytical treatment would lead to ‘design by
analysis’ method requiring the use of a computer.

The
(€))

(d)

lesign assumptions are as follows.
HE

The analytical treatment is based on the theory of elasticity applied to the thin shells of
revolution.

4 The HE is axi-symmetrical.

4 The HE is a symmetrical unit with identical TSs so as to analyze a half-unit.

TSs

4 The two tubesheets are cirgular and identical (same diameter, uniform thickness, material,
temperature and edge ¢onditions)

4 The tubesheets are uniformly perforated over a nominally circular area, in either equilateral
triangular or square’patterns. This implies that the TSs are fully tubed (no large untubed win
4 Radial displacement at the mid-surface of the TS is ignored

4 Temperature-gradient through the TS thickness is ignored

4 Shear defermation and transverse normal strain in TS are ignored

Tubes
4 Tubes are assumed identical, straight and at same temperature

4 Thewunperforated rim of the TS is treated as a rigid ring without distortion of the cross section

and

and

les

jow)

e Tubes are uniformly distributed n sufficient density To play the role of an elastic foundation
the TS

o The effect of the rotational stiffness of the tubes is ignored

Shell and channel

o Shell and channel are cylindrical with uniform diameters and thicknesses

o If the channel head is hemispherical, it must be attached directly to the TS, without any
cylindrical section between the head and the TS.

o Shell and channel centerlines are the same.
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(e) Weights and pressures drops
o \Weights and pressures drops are ignored
e Pressures Psand P are assumed uniform

3.5 Basis of Analytical Treatment

3.5.1 General

The design of a fixed TS HEs is complex as the two TSs are connected to each other both through the
tube

] p g
al expansion. Accordlngly the structure is statically indeterminate. Many geometrical, mechanjcal,
al and material properties are involved in the design as shown in Section 3.2(a) which lists-the

sive input data.

nalysis includes the effects of the shell and tube side pressures, the axial stiffening-effect of the
, the stiffening effect of the unperforated ring at the tubesheet edge, and the stiffening effect of the
integrally attached channel or shell to the tubesheet. For a tubesheet that is extepded as a flange to which
a chgnnel or shell is to be bolted, the bolt load causes an additional moment .in-the tubesheet which is
included in the total stress in the tubesheet in addition to the moments caused by pressure.

The analysis is based on classical discontinuity analysis methods todetermine the moments and forces
that the tubesheet, tubes, shell and channel must resist. These cormponents are treated using the theory of
elast|city applied to the thin shells of revolution.

Becquse the heat exchanger is assumed to be symmetric about a plane midway between the two

tubegheets, only half of the heat exchanger is treated. The main steps of the analytical treatment are ds

follows.

a) The tubesheet is disconnected from the shell and channel. Shear load V. and moment M, are

applied at the tubesheet edge as shown in Figure 16.

b) The perforated tubesheet is replaced by an equivalent solid circular plate of diameter D, and

effective elastic constants E* (effective modulus of elasticity) and v* (effective Poisson’s Raio)

depending on the ligament efficiency p* of the tubesheet. This equivalent solid plate is treat¢d by

the theory of thin circular-plates subjected to pressures Ps and P; and relevant applied loads tg

determine the maximum stresses.

c) The unperforated tubesheet rim is treated as a rigid ring whose cross section does not change

under loading.

d) The tubes are replaced by an equivalent elastic foundation of modulus k.

) Connectiorof the tubesheet with shell and channel accounts for the edge displacements and
rotations.of the 3 components.

f) Theghell and channel are treated by the elastic theory of thin shells of revolution subjected tq
shellside and tube side pressures Ps and P; and edge loads to determine the maximum stresses.

). The maximum stresses in tubesheet, tubes, shell and channel are determined and limited to th
appropriate allowable stress-hased classifications of Section VI Division 2 PART 4

@D

42


https://asmenormdoc.com/api2/?name=ASME PTB-7 2014.pdf

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII

Division 1

a) REAL MODEL

iy =

bJANALYTICAL MODEL

u

G
| s o §

FETTITIL]

3.5.2

rele
com

In thjs figure, forces (Va, Vs, Qs, V¢, Qc) and moments(Ma, Ms, M¢, MR) are per unit of circumferentiz

Ll
N

—

N, tubes of rigidity: Nk, =-

elastic foundatibn of modulus:
Nk
k,=—
mTa,

Ap' =x,P.—x.P,

E*-I

12(1-v€}

D*=

Figure 16 — Analytical Model Used in Design-Method

Free Body Diagram

Figufe 17 shows, for a tubesheet integral both sides (configuration(a)ythe free body diagram of the
com\}onent parts (perforated tubesheet, unperforated tubesheet tim, shell, channel). The figure detail

length. The following subscripts are used:

4 s for shell,
4 ¢ for channel,
4 R for unperforated rim

No spbscript is used for the perforated TS.

Notation P. instead of P: (tube,side pressure) is used throughout the analytical development so as to
maintain the symmetry of.the equations involving the shell (subscript s) and the channel (subscript c)

nt discontinuity forces (Va, Vs, Qs, Ve, Qc) and moments' (M., Ms, M¢, Mg) applied on each
onent, together with edge displacements.
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Figure 17 — Free Body Diagram

of the Analytical Model

Dettey | channel (c)
D¢ = 2ac W
— | tc %
L1 - 1. L \Q_-)IMEQC \-)I ec
Perforated Tubesheet CHPEUTAEU A
Tubesheet
Pc = Pt T™Va P: = Pt \Ve
M
|1HHHHHH { oty Qg
A R
h E*,V* ea) ‘\) (/ |A E,V Hll )MR )eRzea
— Ma M, Ti
PS | Va Ps \/VS
\
D,=2a
042
s L
_ |
Ds _ZH' . 95 = QR
Ds + tsﬁ! " shell (s)
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4

4.1

AXIAL DISPLACEMENTS AND FORCES ACTING ON THE TUBES AND ON

THE SHELL

Axial Displacement and Force Acting on the Tubes (Figure 18)

Py
do
O 1 = ‘A
PS l\/t I'
ﬂl )
— r
P Et s Yt
: 9, .
P. - Ot

=~

Figure 18 — Axial Displacement of Tubes

Vi(r) V(r)l I
) (Vt) = =— N Vi (r)
K, E s.o 7E (d-t)t
p) Axial Displacement of the tubes due to temperature 6; of tubes:
é}(@t)ZOCLm (9t I et :Tt,m _Ta
c) Axial Displacement of the tubes due to Poisson’s ratio v of tubes (Annex C):

@(vt):-ki[(l—xt)a—(l—xs)e]vt

W

d) Total axial displacement of the tube row at radius r:

tTotaI [5 :' * [5 ]

tube displct. due free displct. [|V.1d]
to axial force of tube
(unknown) (known)

) axial force acting on each tube at radius r:

V(1) =k [6,00)] =k [Giroa (1) - 5.(8) — 5 ()]

fnet effective pressure acting on the TS due to each tube atradiusrof TSarea a2/ N,:

@) Axial Displacement of the tubes due to axial force V() acting on the tube row at radius r:

-V, (r) Nk o (M)~ Nk _ Nk
== =——tt5 -5,(6,)-9 K, =
W)= N T mat e Lo (N =8(6) =6, (v)] p-

ki
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4.2 Axial Displacement and Force Acting on the Shell

(a) Axial displacement of the shell and expansion joint due to axial force acting on the shell
e due to axial force V; acting on the shell:

V,2zra, V.2ral |
5 (V)= — = = A
k E 2rat, Et

S S S
D, +t,

2

V; is per unit of length

a, = mean shell radius =

‘ w(as) =0 Ve

‘= (D ) 1

a's= (Ds + §)/2 Ofs

S —

| o il
7

Es,Us/' He

05,015 il

FigureTg— Axial Displacement—of the Shell

4 due to axial force V; acting on the gxpansion joint J:

: V. 2ra
0, (VS) = Sz—zas ZKJ = axial rigidity of half expansion joint
J
4 axial displacement of shetf'and expansion joint:
: . : ' 5(V.
5(V)=8 (V)ap (v,)=Ye2raly k| wera a(W)_ 1
K, 2K, Kk, J J J E t,
1 .
J = kS =2 KS J = L
L+k /(2K;) Ky +K,
Verification: axial rigidity k: shell and expansion joint: i*zi,+i:i‘ 1+ Ky :L
k. k. 2k, Kk 2k, J k.
Y1 ' (V.
kS:‘]kS 5S(VS):V52kZTaS:V52k7Z'aS: sgs)

(b) Axial displacement of the shell due to temperature 65 of shell:
65 (95 ) = as,m 95 I 8 =Tgm —Ta
(c) Axial displacement of the shell due to Poisson’s ratio v; of shell (Annex C):
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55(‘/5):_%(& Dsz)vs

(d) Axial displacement of the shell due to pressure Ps acting on bellows joint side walls J (Annex D):
7 (D?-D?)/2 D? — D2
55 (J ) = S ( ! * ) = z J s F)S
4x2K, 8 2K,
(e) Total axial displacement of shell:

=0 (V. Fog)Fo(v)To (N
s, Total \ ) s\ s) s\ s) k ) [|V.2€]
shell displct. due free displct.
to axial force of shell
(unknown) (known)
() Axial force acting on the shell:
I
5‘(\/) sTotaI 55(05)_55(‘/5)_58(‘]): VS
JEt,

=2 (G = 8.(0) -4, (%) -5, (9)]

(9) Axial displacement of tubes at radius r:

o () = Guros +W(r) =0, (V) +6,(6) + 6 (1) +6, (3 w(r)

where w(r) is the TS deflection at radius r (see Figure 21)

[iv.1d]: @mm(0=5KW)+@(@)+@(%)
6 (Vi) =0, (V) +w(r)+[5.(6,)-6,(6) ]+ [8.(v.) -8 (v)]+[6.(3)]

—yl2
(h) TS deflection at radius r:
) =0 (Vi) =6 (Vo) ]+ /2 +[8.(m)-8.(x)]-[4.09)]
Y
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5 DEFLECTION AND LOADS ACTING ON THE TUBESHEET

5.1 Equivalent Plate Resting on an Elastic Foundation

(a) Net effective pressure acting on the TS

LLLLT

Q-

T T

Figure 20 — Loads Acting-enthe TS

due to tubes: q,(r)=-k, [é} (V,)+6,(6,)+& (Vt)_5t(6’t)—5t("t)]

Tubes act as an elastic foundation of equivalent modutus given by the axial rigidity of the half-byndle
per unit of TS area:

V. (r
qt(r):——” atj(/)l\l ==Kk, [ (W) +wW(r)=5(0)+3,(v.) -6, (v)+ 3 (R)]
t
due to pressures Ps and Ryacting on the equivalent plate (see Annex E):
A =% R —x R =Ap"
net effective pressure:
. V. (r
q(r)=0,+q,(r)=Ap _;ratz% [V.1a]

q(r)=g, £g.(r)=2ap" -k, [[55(95)—@(64)]{55 (vo)-6.(v)]+[ 8, (R)]+s. (Vs)}—kww(l
Q
¢« |Q :Ap* +k, |:|:5t (d)_é‘t (‘9t )] +|:5t (Vt)_és (VS):I _[5J (I:)s):l_[5s (VS)H [V.1a7]

In this equation, the displacement 5s(Vs) of the shell subjected to axial force Vs is unknown. Other
quantities are known for a given HE.

e AnnexC: K, 5t(vt):—2vt[l3t (1—Xt)—Ps(l—xS)]

A
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2v (DY
kw é‘s(‘/s):_i — Ps
ks,t Do
e Annex D:
_ﬂkW 2 2 _72- Ntkt 2 2 _Ntkt D\JZ_DS2
kwé‘J(PS)_EK_J(Dj -D?) S_EW(DJ —Ds)Ps—4KJ D7 R

q(r)=Q—k, w(r)

(b) deflection of TS (Figure 21)

w(r)

Deflected tubesheet (mid-surface)

o i 7L ;

. i H=-dw/dr ps
w(r)
q I+ wit 0 )+ r?éated
Qi+ M )+
O r r
hell

Figure 21 — TS Displacement

The [TS is replaced by apequivalent solid plate:
4 of equivalent radius a,
having effective elastic constants E* and v*.

L
: S . E"h°
4 With-bending rigidity: D =——
12(1-v7?)
N k
restig-on-an-elastcfodndation-afmoduhus: K= ;
T a;

subjected to a net effective pressure q(r)
e subjected at its periphery to edge loads V. and M,
The deflection of such a plate is governed by a differential equation of 4" order:
d'w 2d°w 1 d*w 1 dw_ a(r)  Q—k, w(r)
rdr> r*dr D’ D

+_
dr* r dr®

49


https://asmenormdoc.com/api2/?name=ASME PTB-7 2014.pdf

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

Q

whose solution is written (Annex F): W(X) = Aber(x) + B bei(x) + «

w
where:
e X isanew dimensionless integration variable which is introduced to solve the differential

. K,
equationX=Kr=4-%r,
D

—Atthe TS peripherytr=ayA—Ka ——0<r<a — Jox<X
. a 0 1] A a

ber(x) and bei(x) are Kelvin functions of order 0, which will be noted respectively berx andljeix

Q

in the following. Accordingly: w(x) = Aberx + B beix + o

W

4 A and B are integration constants to be determined by boundary conditions at{TS periphery (
Xa)

S
I

_ ;k E t (d-t)a’ g
At the TS periphery (r =a,): Xa:ka0:4D—W*a0:{24(1—v*2) Ny —— (di-t)

E* Lh®

net effective pressure: q(w)=-k, (Aberx#B beix)

(c) the rotation, using the sign conventions shown in Figure,21(6>0 clockwise), is written:
o(r) = — aw_ _ aw
dr dx

O(x)=—k [A bef’x + B bei'x]

Note: For x=0 6(0)=0: the rotation at the Center of the TS is 0 as expected.
(d) The shear force writes:

1r
Qr(r)zFIpq(p)dp 0<p<r x=kr

=%I—kwp[Aber(kp)+Bbei(kp)]dp y=kp 0<y<x

1k f T
Fk—vz“ Ajyberydy+Bjybelydy

y bery =+ y bei'y +bei'y =+ (y bei'y)y :beery dy =+ ybei'y
y beiy =— yber'y + ber'y = — (y ber'y)v :>jy beiy dy =— y ber'y

Q (r)=—%t—“§[Axbei'x— B x ber'x |

K y .
r)=——*(Abeix— Bberx
Q(r)===( )
(e) radial bending moment is written:

| dPw v odw
M (1)==D [W*Tﬂ
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M =—-D"k*| Aber’ B bei’ V—* Aber’ B bei’
(%) [ er x + B bei x]+ x[ erx + EIX]
with:

ber'x = — beix — ber x

bei'x =+ berx — bei x

¥, (x) =beix + 1-v
With:

ber x

¥, (x)=berx + 17V beix
X
(f) gircumferential bending moment is written:
2
M, =D |, 4w, 1dw
dr r dr
The same calculation leads to:

M, (X)==D"K*| - AW, (x) + B ¥, () |

X
x 12 o 1-v - 1-v .
M, (x)=—D"k*| — A| beix + ber x |+ B | berx — bei x
X X
BZCRY T
M, (x)==D"Kk*[- AW (x)+BW¥,(x)]

Y, :\Pz(xa)

\vith: ¥, (x)=v" beix — 1= ber'x ¥,(x)=v" berx + 1Y bei'x
This|moment does not generally control the TS design since:
‘Mr (x)‘ > ‘Mg(x)‘
5.2
(@) 4

Determination of Infegration Constants A and B

Q (a,)=V

\ and B are determinedfrom the boundary conditions at periphery of TS:
a M r (ao) = M

Qr(Xa):—?W[Abei'(Xa)—Bber'(Xa)]

a
vhere V, et M~are the loads applied at periphery of TS (point A in Figure 21).
¢

:>Abei'—Bber'=—£Va
s M, Kk?
Mr(xa):_D k (_qul(xa)—i—B‘PZ(Xa)—IjAwl_B\PZZ.-\*.a?=._Ma

DK K, ]
2
M, (X,)==D"k*[-AW (X,)+B¥,(X,) |> AV, -BY¥,= 'Y'la(Z——Ma
ber =ber(X,) bei=bei(X,) ber =ber'(X,) bei=bei(X,) ¥, =¥,(X,)
\PZ:\PZ(Xa)

51



https://asmenormdoc.com/api2/?name=ASME PTB-7 2014.pdf

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

(b) Integration constants A and B are obtained from Section 5.2a:
(kber )M, +¥,V,

k
u Ze with: Z, =— ¥, ber + ¥, bei’
k (kbei' )M, +¥,V,

K V4

w a

(c) The 3" boundary condition at the periphery of the unperforated rim, at its connection with the shell of

A=

41ean radius ds (point S in Figure 22) is written: W(a;):o

Pi
_—tubesheet
A _
Ps 1 0, /
unperforated
rigid ring
W(ao) <
‘*=S r
do

Ei

jure 22 —TS Displacement of therUnperforated Ring and Connection to Shell

If the shell is integral, the TS rotation"at point A is written:

dv_ ow_ W@ W) w(a)

T odr Ar a-a  a-a

Where Aw = W(as) =Ww(a, ) as the unperforated rim is considered as rigid.

v(a,)=0,(aa,)=4a, ea(g—lJ

aO
' D,
INegtecting shell thickness: s =d; W(ao) =a, 0, (ps —1) [V.2c] with P, = % = 2as
0 0
If the shell is extended as a flange (configuration d): o, = —— = &
2a, a,

(d) Substituting the expressions of A and B in V.1b enables one to determine
w(x),q(x),8(x),Q(x), M (x) as functions of x, depending on Va and M, which are still
unknown.
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53 Deflection

W(X):g_i(kber'Ma+‘P2Va)berx+(kbei'Ma+‘P1Va)beix
K,k 2
3 : L _
Q l* a03 [k M. ber’ ber x + bei’ bei Xy W, ber x + ¥, bei x}
D X; 7 Z

a

a

w( ):i—%[MaZW(x)+(a0Va)Zd(x)] [V.3]

ber ber x + bei’ bei x i
7., 1% = 2+ z, (x)= w, ber x3+ P, bei x
X2z, X2z,

a

. Alan Soler’s formula is incorrect: ZV(X) is used instead of Z,, (X) . However the UHX rule is

Note

corrgct as it only uses Z,, (Xa ) in its formulas and it can be easily shown (see;Arinex G) that

ZW(Xa)zzv(Xa)

5.4 Net Effective Pressure
a(x)=Q -k, w(x)

q(x)= % K (M, Z, (x)sa,V, Z,(x)]| V4]

D
55 Rotation
_dw_ dwde Uy dw | aln -
0 == =" e Ko o [M4 Z,,(X)+(3, Vo) Zi (X) |
0(x) = ao* NI ber ber x + bei bei x ra V. Y, ber x;r‘Pl bei x
D X, Z, X2z,
_ z, (% 2,00
0(x)= gﬂ (M, Z,(x)+3,V, Z,(X)]| [V5]
her ber'x + bei heix WY _berx+ Y, hei x
£, (X)= Z,(X)= 2
Xa Za xa Za

4 =0 . .
n (%) } 6(0)=0: the rotation at TS center is 0 as expected.

Note: for x=0:
Z,(x)=0
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5.6 Shear Force

Qr(X):kber M, +¥,V, bei.X_kbei M, +¥,V, ber'x k:%
Qr(x)zi M. ber bei x: bei ber x X +aV. ¥, bei x—q\}fl ber'(x)
% <, L,
L Qa(x) QB(X) |
1
Qr(x):g[Ma Qa(x)+(ao Va)Qp(X)} [V.6]
Q, (x)- ber bei'xz— bei ber x X Q,(x)= W, bei'xZ— W, ber x
L (X,)=0 1
Note} forx= X, N ( ) Q,(Xa):—aova _ Q(Xa):Va
Q(X,)=1 a,

The boundary condition Q, (X, ) =V, is satisfied.
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5.7 Bending Moment

5.8

1)

2)

3)

Qm a :1
Note[. for x=Xa { ( ) —  M:(Xs)=Ma: the boundary condition M(Xa)=Ma is satisfied.

‘s . .
Mr(x):Dkk {_(kber Ma+\szaJTl(X)+[kbeu M”“’lvajlpz(x)}

w Za Za
M, (X)=M, bei ¥, (x) —ber ¥, (x) Lay B ¥, (x)- ¥, ¥,(x)

Z, 0 e X, Z,

Cm X <y (X)
M, (x)=M, Q,(x)+a,V, Q,(x)| [V.7]
:bei"I’z(x)—ber' ¥, (%) _ ¥ ¥, (x)-¥, Yo(x)

Za QV(X) Xa Za

Qu (%)

Q,(X,)=0
Conclusion

Coefficients Z,, (X), Zy(X) 3 Z,,(x), Z,(X) 5 Q, (X).Qp(X) ; Qu(X), Q,(x) are
gombinations of Kelvin functions. They are known for &given HE and for a given value of x vary

firom 0 at the TS center to X, at the TS periphery. These coefficients are defined in Table UHX-1
of UHX-13. Annex G provides their expressionsfor x=0 and x=X..

Quantities W(X) ) q(x) ) H(X) ,Q (X), M, (X) depend on moment M, and force Vv, acting a
}eriphery.

dge loads at TS-shell-connection arestill to be determined from the boundary conditions at TS
eriphery (see Section 6 hereafter).

ing
B.1

LTS
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6 TREATMENT OF THE UNPERFORATED RIM

6.1 Edge Loads Applied on Shell and Channel at their Connection to the TS

The following equations are developed for integral shell and channel.

(a) Shell subjected to edge loads Qs and M; at its connection to the rim (see Figure 17)
Radial displacement ws and rotation 0s are detailed in Annex H. Loads are per unit of length of
circumference.

XS '\/IS 5 P 0 QS 2 !\'/!S
Radial displacement: (W, =———+ +04 Iy rotation: =—+
ﬂs kS ﬂs ks ) ﬂs kS kS
Vhere:
J2(1-v7)
B =—— is the shell coefficient.
(D, +1t,)t,
E.t® |. I L
k, = 8, ———=—| is the bending stiffness coefficient of the shell.
6 (1— %
D? D, v . . .
o, =—— -——= s is the coefficient due to,pressure acting on the shell.
4 E t, D, +t, 2

Note: In UHX, ts has been neglected compared to Dgand the formula is written:
2
. ﬁ)

*TAE L 2
Ms :ks 95 _ﬂs ks Ws +ﬂs ks 55 Ps
Qs :_:Bsks 05 +2:Bs2 ks W, _Zﬂs ks 55 Ps

INeglecting the radial displacement at mid-surface of the ring, compatibility of displacements of the

Equations for Ms and Qs write: {

fing and the shell is written.(see Annex I): w, = — 2 6, and loads M;s and Qs become, using:

.=hp.:

S

M, =+Kk, (1+t—5]95 +B.k o, P,
2 [VI.1a] for an integral shell (configurations a, b)

:-)s :_ﬁs ks (1+t;)95 _21852 ks 55 Ps

When the shell is not integral with the TS (configuration d), ks=0 and 6s=0 lead to: M, =0 and
Q,=0.

Note: These formulas are valid for a shell of sufficient length. Annex J provides the minimum length
above which these formulas can be applied.

(b) Channel subjected to edge loads Q. and M at its connection to the rim (see Figure 17).
Note: To ensure the symmetry of the equations, notation P.=P is used.
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c (ch + & + 5(: Pc
. . . ﬂc kc ﬂc kc .
Replacing subscript s by subscript c: 0 oM for an integral channel
6 — C + C . .
c Bk, k. (configuration a)
f12(1-47)
ﬁc = channel coefficient.
VO FTT
E t o -
k. =8 —C— bending stiffness coefficient of channel
6 (1 —v? )

D? D. v . .
o=—"—|1-—"-——= coefficient due to pressure acting on chanael.
4E t, D, +t, 2

Mc:+kc 90 _ﬂc kc Wc+ﬂc kc 50 Pc

[Equations for M, and Q. write )
Qc :_ﬂc kc 60 +2ﬂc kc Wc_zﬂc kc 50 Pc

¢ompatibility of displacements: w_ =— g 6, lead to equations for M. and Q., using t. =h g, :

M, =tk |1+ |0, + 4.k, 5, P | .
2 [\i:1b] for an integral channel (configuration a)

c :_ﬂc kc (1+tc )ec _Zﬂcz kc 5(: Pc

(Vhen the channel is not integral with-the' TS (configurations b, c, d), kc =0 and 5C =0 Iead to:
M. =0 and Q,=0

INote 1: These formulas arevalid for a channel of sufficient length. Annex J provides the minimum
l[ength above which these fermulas can be applied.

INote 2: These formulas are valid for a cylindrical channel. If the channel is hemispherical, it myst
he attached directly to the TS (configurations a, b or c), without any cylindrical section between the
head and the. TS. Annex K provides the relevant formulas for that case. Only coefficient d. is
8

ffected:
D? ( 1 D, vc}
o, = —— =
AE t 12 D +t 2
Note 3: In UHX, t; has been neglected compared to D ¢ and the formula is written:

5D (1 v
4E t (2 2
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6.2  Equilibrium of the Unperforated Rim

a,=D,/2 a,=D,/2
(a) due to axial loads : t : t
=a, +—= a,=a, +—
as as 2 C C 2
Channel head
13
P, c
- ac =D¢/2 - | &
Va Pt °
R R R N
A‘:,," ~ “Ring -~
M ls.
B Vs

Figure 23 — Ring Equilibrium af'the TS

The axial equilibrium of the ring is written: (see Figure 23);

praV, +x(al-al)P=27aV,+27a,V, +z(a -a] )R  [VI2a]
where:

o V,=axial edge load acting at connection of ring with equivalent plate is still to be
determined

e V= axial force acting in the shellwill be obtained from above equation, once V, will
have been determined. V. positive when the shell is in tension.

o V.= axial force acting inithe ST channel is known.
2
278N, =ralP, = Qw=%a [V1.2a-2]

a2 2 _a2
Axial equilibrium of thering is written: |a_ V, =a, V, + 70 P+ & 5 > P, [V1.2a-3]

Note: For U-tubg:and immersed floating head HEs:

2 2
2raV, = ra’P, = aV, :%PS =a\V, :%0(& —P,) V,isknown.

(b) due te-applied moments
Equitibrium of moments applied to the ring relative to the axis located at radius a, enables to

atormina tho mamant N (cnn Dinnirn 173
CteTrT e treT ot v toceT1rgurc——=1 -
C \ J 7

A+2a,

R =radius at center of ring =
RMR:_[ao Ma]"'l:a:: Mc_a::Qc j|+[M (F)C)_a‘;vc(a‘;_ao)]

h
f [V1.2b]
D] [m(R)-av.(a-a)]

_[a; Ms_als Qs
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a, +a P

M (P.)= moment due to pressure P. acting on the ring = (af - ag)( c ) ° aoj ?C
P

M (Ps)= moment due to pressure Ps acting on the ring = (61.S —a, )(as 2a° aoj?S

Replacing terms of equation [V1.2b] by their expressions, one obtains for configuration a (see Annex

L):

3 3 Al

RM =—a, M, +a2V, (p. 1)+ P, ‘%L(pf -1)(p, —1)J—PC %L(pc -1)(p2 +1)-2(p, —1)J

2 2
_{a's K, (1+t; +t~°’?j+a'C k. [1+t; +%H 6,+a,[o, P. -, R]

_ k.o, (1+h = k. o (1+h
o,=p, kS (1+hB) |o=p Bk S (1+hs) [VI.2b"’]

(c) Rotation of rigid ring

A 12 RM
K :EO 0, = =13 TKR leads to, with g =@

3 3
R M, {El; Ln K}@R =[El; Ln K}Ha

Replacing RMr by its expression [V1.2b’] leads to:
C1

_Eh3 t ot
LnK +a, k, | 1+t +? +ack 1+tc+é 0, =—a, M, +a’V, (p, -1)

{_3 —1)]~ao ws}‘ " {%2[(Pc ~1)(p +1)-2(p.~1) -2, ‘0}

C3

%

Annex L provides the relevant modifications to cover the three other configurations b, ¢ and d.

[V12v7]

2 2 3
C, (D +t,) k, 1+t+%] %(Dc+tc)kc[1+t;+%j+ELnK :;‘—2[/15+2.C+ELnK]

6 C 12 6 Cotl
=—(D,+t)k |1+t +—= A=—([D,+t)k |1+t +-°
hS( S s) s( S ZJ (o h3( c c) c( C 2}

Note: if A + 4. is high (>3) the TS is considered clamped
if 4 +4.is low (<1) the TS is considered simply supported
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I 52_1 s_l * -1 -1
C2=4a,4a’ (p )(p ) ~w,1=a, o, w, =a’ (P-4 (p. ) — w,
4 4
[ 02+l c_l — | *
C3=a,7a (p )4(,0 )—’052 1 -, r =8, O,
P G A Y
c 0 4 2 c

(d)

\Where ws and o are given by [VI1.2b’’].
\Vhen the shell and channel are integral with the TS (configuration a), edge loads WM< andV, , which

gre still unknown, are linked by equation:

The generic equation covering the 4 configurations a, b, ¢ and.d is‘written, accounting for th¢
flesults obtained at Annex L for configurations b, ¢ and d:

3
T—Z[,15+,16+E|_n K]o, =—a, M, +a’V, (ps—1)+ao(a):|3s—a): PC)

Configuration a)

IV, and W, are bolt loads applied on shell and channel when the TS is gasketed (configurations b
q). Coefficients y,, and y,.are defined.as follows:

¢ Configuration a: k giveninVI1la k. giveninVIL1lb 7 =0 Ve =0
. . . . Gc _Cc
¢+ Configuration b: k givenin VI.la k. =0 Vs = 0 Yoo = D
0
. . G, -G,
¢ Configuration'€:k givenin VI.la k, =0 Vs = 0 Ve = D
0
. . G, - C, G, -C,
¢ Configuration d: k,=0 k. =0 Tbs = Toc =
D, D,

WHX=13 covers the usual case where Cs=C.=C, which leads to:

60

3
%[as +A, +ELnK]O, =—a, M, +a’V, (p,—1)+a, (&) B—a] PC)+:—°[WC Voo =W, 75]  [Y1-2d]
T
Wwhere:
As, Ac and s, mc are coefficients obtained above. They are known for a given HE.
C,
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7, =0 for configuration a ,
G, -C . :
Vp=— for configurationb ,
DO
G. -G . :
7, = ———= for configuration c,
DO
¥ = G. -G, for canfiguration d
|9 D0
3
'112 [ +4 +ELnK]6,=—a, M, +a2V, (o, ~1)+a, (& P, —a PC)+:—;’ryb[Wc W,
6.3| Edge Loads Vaand Ma Applied to the Tubesheet
(a) Determination of Ma

Quantities 6,,Va and M, at periphery of TS, linked by relation [V1.2d] above, are still unknown.
Equation [V.5] enables to determine:

6, =0, :e(xa)zg[l\ﬁa Z, +(aY,)2, ]

Which leads to a 1% relationship between V, and Ma:

(a,V,)Z, |=2a, M, +a2V, (p,-1)+a, (e P. -
+i[wcybc_wsybs]
T

h31

*2
—SM[& + 4 +ELnK]

D *
E h

(1-v%)
GD:?[/LS+/10+ELH K] [V|3]

INote: @ denotes the-degree of restrain of the TS by the shell and channel
o if @is high'(>4) the TS can be considered as clamped (4s+ A high)
o if @islow (<1)the TS can be considered as simply supported (As+ Ac low)

Using coefficient F relative to U-tube HEs used in UHX-12.5.5:

-y

v, P

F=— = [A + A +ELnK] ®=01+0)F

DM, Z,+(a,V,)Z,]=-M, +a,V, (p,~1)+(a P —a P) [Wc Voo W, 74 [VI32']

S C C
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M, (1+0Z,)=2,V,[(p, —1)—q>zv]+[(a): P_w pc)+(Wc7bc—Wsts)}

27
1\ _ (a):PS—a):IDC)Jr(WCyW_WS?/bs]
Ivlt'i:(aova)(pS 1) CDZV+ 2r 27 [VI1.33]
1+0Z 1+0 27,
Q Q,
‘Ma:(aova)Ql-}'Qz
. . Voo "
~1)-dZ (0f P = P)+|W, 22—, 7=
Q —(a V) P v Q, = 27 27
o 1+@ 2z, . 1+® Z,

fror the usual case (see V1.2d) covered by UHX-13 (Cs=C.=C and Ws=W=W*):

(e P.-a) )W 22
Q,= 2z
1+ 7,

INote: In M, formula:
1 term (g v,)q, represents the moment due to the.equivalent pressure Pe acting on the TS.

(b) 2" relationship between V, and M,

\ 2" relationship between V, and M, is.gbtained from boundary condition [V.2c]:
V.= a, ga (ps _1)

Replacing wa, and 6, by their expressions [V.3] and [V.5], [V.2c] is written:

2 2
R 2 (.2, (@ 2] M. 2, (@) 2]

.

kgzaz M2, +(p~1) Z, |+(8, V. )| Zg +(p. - 1) Z,

¢ term Q, is the sum of the moments acting on the TS, due to pressures Ps, Pc and bolt load W.

D" (O] -
Py )
st TV (p=2,+(p,-1)Z,
k, D L™a T % Ta ) 72 | LV E9H [pz =Z, +(ps_1) Z,

where Q is given by [V.1a’]:

0,)]+[5.(w)=8.(v)]-[4(R)]-5.(%)

Q=24p"+k,|[4(6)-6.(
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5=[6(6)-4.(6.)]+[ 8 (v)=6.(v.)]-[4(P)]

o a
In this equation, all quantities are known except o, (VS) = Jﬂ—ka.lsvS :
) 2 2_a2
With [VI.2a-3]:  a V. =a, V, +% P+ >R
* 2 2 2
Q A o 2|,y B &al,]
w Ky JkJ| W7 2~ 2 "]

(c) Determination of V,
Introducing Q/kw in [V1.3b] leads to a 2" relationship between v, and M , already lifiked b

elationship [VI.3a] M, = (a0 Va) Q+Q,
which enables to determinev, :

Q _Ap 5 27 [(aova)+a—°P fEA Ps}= a‘i{[(aova)QﬁQz]pﬁ[(aoVa

K, K, J Kk, 2 ¢ 2 D
k, a2 Jk, | Ap” a a—a’ Jk, a
A V. [1+J— — = S| —/— 4+ __OR:_ 0 - s _o*
0 a|: (pl Ql :02):| 272_ |: kW 2 2 2 D le
| ek Nk 1 KA kA kagk' o X/
D" za D zD" N, K, 2zD" 2Nk, 2

L ks ag X: X:
Vo (A Q) =K [ (Zu @+ Z) (2 1) (2, Q+Z,) | = K
Rea) Q0
X X4 .
Qu = (20 Q+Zg) Qi =(2, Q+2,) 7 F,=Q,+(p.-1)Q,

' * 2 1 a2 2 .2
aova(1+J K, Fq')zJ K {(A—p+5]—%p&2 —%"Pc—a‘ % P [VI13]

o (1+ JK,, Fq')

[VL3¢’]

M. = V.
Ma. is given by [V1.3a] :L—=2 (ao a)Q1+Q2
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7 EQUIVALENT PRESSURE ACTING ON TUBESHEET
7.1 Definition

(a) A circular plate under uniform pressures Ps and P is subjected to a differential pressure Pe = PS -
The axial force V, at periphery is determined from the plate equilibrium:

2ra,V,=P, 7ra =

e

2V
avzﬂ P= aa [VI1.1]

0 Va Y
—

0

Pe=Ps - P,
Ps

Figure 24 — Equivalent Pressure and Axial Force Acting on Plate

2V
(b) The uniform pressure acting on the equivalent solid'plate is written: P, = 2
0
This equivalent pressure is due to the variqusyloads acting on the TS:
¢ Differential pressure: AP =x. P —x P
¢ Axial differential thermal exparision tubes-shell: ~ 5(8) =%
. . 2
¢ Force due to Poisson’s(fatio of tubes: 5 (v)= —k—[(l— X )P —(1-x) PS] v,
W
. . T 2
¢ Force due to_Peisson’s ratio of shell: 5, (vy)= e [PS D; ] v,
S
. - z D?-D?
¢ Force due to shell pressure acting on the joint: o, (F’S ) =——1_—=p
16 K,
seeéAnnex C, Annex D, and Annex E)
Note: I:qnilihrium of the aqni\mlnnf solid plafn is written (cna [\/I 29 Q])

2

aZ :
a,V, =2 (R-R)-Z R+aV,

2
Equilibrium of a circular plate is written (see [VI.1]): a Vv, = %( P-PR)
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7.2 Determination of Pe

2V
Equivalent pressure P, = a_a can be obtained directly from V, formula [V1.3c]:

0

' 3> 2 22
aova(1+‘] Ks,t Fql):‘lzks I:[Ap 5j *p1Q2:| a t_as_a0 R

7|k D 2 2

W
All terms nppparing in this formula are known for a gi\mn HE However like TEMA and CODAP did, it
is befter to write P, formula in a format which makes appear explicitly the contributions of pressures:Ps
and PP, acting directly on the equivalent plate, loads acting on the unperforated rim, bolt load \WW*whgn

the TS is gasketed, and differential thermal expansion tubes-shell. Following manipulationsiare’necegsary
to achieve this goal.

2

(1+I K, F)P = I K {i(Ap*+kw 5)—%p1 Qz}Pt—(pj—l)Ps

ra; |k,
with
K K, ke _X{
7Z'a§ kW :N[ k[ :Ks,t 7Z'D*: as Ks,t §:|:5t(01)_65(es)jl+|:5t(Vl)_5s(vs)]_|:5J(F)s ]

4 7 K, 7k, D?-D?
[Ap™+k,5 | = Kst[(st xtPt)+kW§—2(1—xt)v[Pt+2(l—xs)vtPs— o PD2v, — 1 JKJ s
S

'vao K,

2
k N, K 2 (D
‘7[ o PSDSZVs:ﬂ.'—t;DszvsPs:_[_s] VsPs
2k, 2k, ma; K\ D
' ' 2 "2 _ 2 "2
‘7Z'|(W (DJZ— 52)= . ks (DZ—D2)= 1 ks DJ E)S _ 1 1-J DJ 2DS
16 K, a’ K, 16 K, 2K, 2K, 4a. 2K, J D

J S
ksl _ 114, +(ps _1)2 = Yo \pn*
° ﬁplQZ_ Ks,ta_2|: 1+<DZm X :||:(a)sps @, H)+2_W

0
U

st 0

\V is given by [V1.2d]

a2 27 1+d Z

1%t term accaunts for the effect of moments due to pressures Ps and P;acting on the unperforated fim:

ALY

rnm

0

0

29%rm accaunte for tha affactiva haoltina laoad \A* actina antha TS (canfiaurations b o d)
£ teHH-= tHHSHetHe-eHeGH Y e- B e84t r—attHRg-BhtHe 1o coRHgH-HORS B+-6-67

p - Y 7y
Yooa2rx

k,
Thus _ﬁ P QZ = [Prlm +FR ]
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st

(1+I K, F)R=JK

pav)

XS+2(1_XS)Vt+K_

2 (D,
DO

st

P -1

1-J

DJ2 — Ds2

2

CIK,T2JK,,

D2

0

k
P Xt+2(1—X1)Vt+J :|+7/[?W}+[PW]+[PM]
L st
J K, . .
b~ st __[p_pipyp 2P 1l [viio FE=Q.(p-1)Q,
1+J K, F - ! - ! ) g
In this formula:
P, dccounts for the loads due pressure Ps acting on:
o the perforated TS,
o the external wall of the tubes (effect of Poisson’s ratio v, ),
o the external wall of the shell (effect of Poisson’s ratio v ),
e the unperforated rim,
o the sidewall of the joint.
2
: 2 (D -1 1-J DisD?
P+R|x+2(1-x)v,+—| = vs—pS — v E
KS,t DO J KS,t 2 J KS,t DO
P’ dccounts for the loads due pressure Pt acting on:
e the perforated TS,
o the internal wall of the tubes (effect of Poisson’s«atio v, ),
o the unperforated rim.
P =+P {xt +2(1-x ) v, + 3 Ks,t:l
Py gccounts for the loads due_to differential thermal expansion between tubes and shell y.
k N, K
P = = _w = —t t
17 [ 2 } { T } ’
PW gccountsdor the effect bolting load W* acting on the TS (configurations b, c, d)
U .
PW — AW
a, 2rxw
Prim accounts for the effect of moments due to pressures Ps and Piacting on the unperforated rim:
Ur . .
I:)rim ___2|:a)s Ps — Pt]
a'0
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Note 1: Different expression of the equivalent pressure. P, can be formulated differently if it is needed
to set J equal to 0 to simulate a shell of rigidity 0. Introducing the numerator JKs; inside the parenthesis
leads to:

1 . ,
P, :m[%_ﬂl"‘al +P, +Prim1:|
with: P, =P, [(JK: Ox + K )2(1-x)v, +(J)2f3T v, — (o’ —1)—( 1-9)[0 iDSZ]
L \L)O) Z Uo
P, =P [(3K, )%+ (K, )2(1-x% ) +1]

T ag a; 2r

0

N. K U . U . .
P;/l ZJKs,t{ : 2t }/:| PWlZ'JKs,t |:__2AW :| Prim ZJKs,t |:__2 (a)sps_wcpt)‘|
This|is the way TEMA formula is presented.

Notd 2: Externally sealed HE. Setting the bellows rigidity to 0 simulates the(Case of a HE with an
externally sealed floating head which will be covered in PART 4. K,=0 and D,=0 lead to:

» | .
Pk T M0 B[ -nJR =R Ri=[lR=R

\—4

N, K U s .. U, .. .
P}'l :‘]Ks,t|:7z_ta§t 7:|=0 I:)Wl ZJKs,t |:_a_§iw :|=O I:>riml ZJKS,t |:_¥(0)SPS—Q)CR):|=

0

P P, —P,=(-p?)P.—P| which is the UHX:14 formula for an externally sealed floating head

Notg 3: Direct determination of the equivalent.pressure. Equivalent pressures P’s, P’rand P’, can e
obta|ned directly by examining the loads applied on the TS as shown in Annex M.
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8 STRESSES IN THE HEAT-EXCHANGER COMPONENTS

Deformations (w, 6) and loads (q,Q, , M, ) applied in the TS have been determined in Sections 5.3 t0 5.7

as a function of the TS radius. These formulas are general as they are valid whether P #0 or Pe=0. They
depend on loads V. and M, acting at TS periphery, given by equations [VI.3¢’] and [VI.3a]:

2
aoVa=a7°Pe with P given by [V11.2] M, =(aV,)Q +Q,
The farmulas used in UHX-13 are Inrpcpnfnr{ ina different way
M Q 2Q
If Va0 (Pe0): L =Q+—2-= M, =(a,V =Q +—= v
' a#0 (Pe 70) v, Q a V. Qs a (ao a)QB Q=Q agpe[ ]

The advantage of this presentation is that it enables to provide directly the maximum of the T|S
bending stress and the maximum of the tube stresses, thanks to a parametricstudy using X, and

Qs.
¢ If Va=0 (P =0): Qs becomes infinity and equation [VII1] is no longer~valid.

Equation [V1.3a] shows that M, is written:  |M, =Q,

See Annex N for relevant equations to be applied in this case:

The following Sections provide the deformations (w, 8) and loads{((}, Qr , M ¢ ) applied in the TS, using

both|the general formulas and the UHX-13 formulas
Maxjmum stresses calculated in the TS, tubes, shell and channel must remain below allowable stress
limits which are defined in Section 9.

8.1| TS Net Effective Pressure

V.4 q(x)za‘;lfW[M Z,, () + (@, V)'Z, ( x)]——o;:1 oVa)LatA\ja)Zw(X)Jer(X)}

=

q(

2,(x)] -7

X) [P, =F(x)R| [VIL1]

Ft (X)

As shown by Figure21ya positive value of g denotes a pressure upward.

8.2| TS AxialDisplacement
Q_a(¥)_Q 1><“

[v.4] W(X):E_W:E (x)+Z4(x)]
Ft(X)
with [V1.30]; kg— o (8, V,)[Qs o+ 2, ]
Q-F(x Xq
w(x)——k( JF. F(x)= 5 +Z4(x)]
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Developing p1, p2, Va, Q and Fy(X), w(x) is written:

20 (02 +2) (@2, (0 + 2,(0) J+[ (. -1)(QZ, +2.)]

w(Xx) = >

The minimum and maximum values of w(x) when x varies from 0 to X, are obtained from the minimum
and maximum values Fimin and Fmax Of Fi(X).

F«(x) depends on parameters X, and Qs which are known for a given HE. X, is usually comprised between
land 20 and Qs between -0.8and +0.8. A parametrlc study has been performed usmg 20 values for X,

=|\/||N[Ft ] ad F

t,max

= MAX [ﬁ (x)]
Anngx O provides for 1<X.<20 and -0.8<Q:<+0.8:
4 values and graphs of Ft(x) for 0<x<X,

4 values and graphs of Fimin and Fimax
4 locations of the minimum and maximum of Fi(X): Xmin and Xmax

The minimum and maximum of w(x) are given by:

1| X 1| X
Wl T, _(pl 'QB +p2)_ I:t,min ’ Pe and WZ = (101 Q3 +p2) Ft,max ' Pe
kK, 2 kW 2

As shown by Figure 21, a positive value of w denotes a deflectionupward.

The maximum tubesheet deflection is given by:

W] = MAX [ ]

8.3| TS Rotation

(3, V,)[ Qs Z, (x)+Z,(X) ]

[V.5 0(x)=g*[MaZm(X)HaoVa)ZV(X)] D

3
0

0= 2010, 2, ()42, (%) ]2 5 (@ 20 () 2. (0] P =

kX
1

Q Z, (X)]

F, (X)

o J

o ):kL F(x)P, Fe(x)z%:[Qg Z,(x)+Z,(x)]

Z (x)=0
Z,(x)=0

As showf by Figure 21, a positive value of 0 denotes a rotation clockwise.

Note}: for x=0: { } 6(0)=0: the rotation at TS center is 0 as expected.

8.4 Stresses in the Tubesheet

(a) Bending stress
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[V.7]
x)+Q, (x
M, (X)=M, Q, (x)+(a,V,)Q, (x)=(a, V.)[ Qs Qu (x)+Q, (x) =22 pe|:Q3 Qu ( 2) Q, ( )}
Fm(X)
bei ¥, (x)—ber¥, (x
Q. (%)= 2 )z (%)
M A)_,\Z P (X) —tx =Oq OM(X)-FO.,(X) . a
e e 2 W, (x) -, W ()
Q0= X, Z
X, )=1
Notef At TS periphery(x=X,): gvm((X:)): O} F.(X,) :% =M, (X,)=M,:
the boundary condition is satisfied.
. . . 6M,(x) 6aP F,(x)
The pending stress in the TS is given by: o, (X)=——== £
u h uh
2
Gr(X)=1'SZT(X)(2;°] p Fm(x):Qst(x2)+QV(x)

As shown by Figure 21, a positive value of o;(x) denotes a bending moment clockwise.

The maximum value of o(X) when x varies from 0 t0-X; is obtained from the maximum value Fmmax ¢f
Fm(X). Fm(x) depends on parameters X, and Qs which are known for a given HE. A parametric study [has
been|performed which enables to determine, for'each couple [Xa, Qs]: Fm,max = MAX [Fm (X)].
Figufe 25 shows the bending stress distribution throughout the TS for Qs=0.0 and X.=1, 3, 5, 7, 10 and
15.

Anngx P provides for 1<X.<20 and=0.8<Qs<+0.8:

4 values and graphs of Fn(x)y for 0< x< X,
4 values and graphs of Fm,max

4 location of the maximum of Fu(X): Xmax

The maximum stress-is obtained for: £ =|F, _ |=MAX D F., (x)|]

2
The maximunt bending stress in the TS is written: |o = % (2 % j P| |F,=MAX U F (X)H
7] h
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=1,

Division 1
09 =10 i -0.45 RT) r -0.02 Xp=50 ']
0.4
3 r -0.53 —0.06 i
2 .25 0. 075 B " 3 g 2 3 3
DexemXa 0« Xa D« 8
b 02 x.-m' 0.02 x.-mo' 0015 x.:‘&ﬂ ‘
b.0) 001 e 0.01 N I';
0 " 0.005 %
a1 -
| . 301 —— 0
Bl i P e P s G { 5 10 15
DexemXa 0 <x<n Xy DexenXa
Fighre 25 — Bending Stress Distribution-Fhroughout the TS for Q3=0.0 and Xé
3,5, 7,410 and 15
(b) $hear stress
[V.6
1 avVv
Q ()= [M. Q. () (3, V) Q)= [0, . (0+Q, (9] = 5@ @. () +Q, ()] P
° Fo (%)
ber bei'x —bei ber x
Q)= X,
a 3 a
=% F(x)= X)+Qq (X th: iy .
Q (=" Fo (B o (%)= Qs Qu (%) +Qy (x) wi v, bei'x —y/, ber'x
QB( ): 7
a
. Q. (X,)=0
Note[ At-TS pe”phery (X:Xa) (ap N\ a4 Fo(xa)zl = Qr(xa)zva:
(A ) =4

the boundary condition is satisfied.
The shear stress in the TS, averaged throughout TS thickness, is given by:

7(%)

QW & ¢

/,lh Zﬂh Q(X)Pe
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(

X):Zﬁ Fo(X) PR, Fo(¥)=Q; Q,(x)+Qy(x)

1l a

The maximum value of t(x) when x varies from 0 to X, is obtained from the maximum value Fq,max of
Fo(x). Fo(x) depends on parameters X, and Qs which are known for a given HE. A parametric study has

been

performed, which enables to determine, for each couple [Xa, Qs]: Fomax = MAX [Fo (X)]

Annex Q provides for 1<X:<20 and -0.8<Qs<+0.8:

The

Max|

Shed

This
perif
and

TEM
of th

diam

enclgsed by this perimeter. This leads to DL = 4Ap /Cp

D.ig

ASM

If <

Xa for which the TS bending stress o(X) controls the design.

values and graphs of Fo(x) for 0< x< X,
values and graphs of Fg max
location of the maximum of Fg(X): Xmax

maximum stress is obtained for: Fy, = |, . | = MAX D Fy (X)H
h in the TS is written: _h g,
mum shear stress in the TS is written: 7, = Z F A Fy 5 MAX U F (X)H
o 1 b,
r stress at periphery is written: T=T(Xa)=4—7 .| as FQ(Xa)=1
formula does not provide necessarily the maximum shedr:stress as Fo(X) is not always maximun

hery. However, a parametric study has shown that the fmaximum of t(x) appears for values of Q

A rules provide the same formula, but use the-equivalent diameter D, corresponding to the perir
b outermost ligaments, instead of the equivalent diameter D, of outer tube limit circle. The equiv

eter Dy is calculated from the perimeter-of the tube layout, Cp =7 DL and the area A, = zD? / 4

always lower than D, and 1éads to a lower TS shear stress: 7 —

e

[
h

1
y7i
. 1 \(1) 4A
E 2013 edition has.adopted that formula under the form |7 =| — || = || —2 |P,

h
0.8S : B < 3.2/13 S the shear stress does not control and t does not need to be calculated
L

at
g

neter
hlent

L

8.5

A - LA L O . -l L
AATdD VICTTTUT AT OIS 11T TUDES

Axial force F¢*(r) in tube row at radius r is obtained from [V.1a]:

V (r
q(r):_ﬁJFAP* Ap” = %P, — xR,

ra?lN

0 t
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2 . X4
V,(x)= EI\TO [Ap —q(x)] with [VIIL1] q(x)= 2a [Q: 2, (x)+Z,(X)|P. =F ()P,
Fe ()
at(x)zvtﬁx)zﬁa; [Ap"=F(x)P. | with [111.2b1] Kla(’s = fXS
o ([T L3P FOTR] [R00=5[Q 2,07 Z,(%)]

oi(X)|is either positive (tubes in tension) or negative (tubes in compression). The extreme,values
(maximum and minimum) of o(X) must be determined to obtain the maximum stresses‘in-the tubes.
These extreme values of o¢(x) are obtained for the minimum Fmin and maximum Fgmax Values of Fi(X)

Foin =MIN[F (X)]  F =MAX [F; (x)]

Anngx O provides for 1<X;<20 and -0.8<Qs<+0.8:

4 values and graphs of F(x) for 0 <x< X,

values and graphs of Fmin and Frmax

locations of the minimum and maximum of F(X): Xmin andXmax
values of F(X,) and Fq

The minimum and maximum of o(X) are given by:

1 1

Oulr (xR =%P)=PFRm | [0S [ (XP.=%PR) = PR ]
X — X, X — X

If tulpes are in compression (ot1 Or 611 Negative), special consideration must be given to their load carfying
ability, which could lead to failure by buckling if a substantial number of tubes were above their buckling
limit]
See Annex R which provides the altewable buckling stress limit for tubes.

Note[: The general of a¢(x) can pbewritten, using the general formula of q(x) given by [V.4]:

[ 2, (0+ (&) 2 (4]

q(x)=

XX a;

o ()= — {Ap*X;{MaZW(X)Jr(aOVa)Zd(X)H M, = (2, v )+,

3,

2 [2,(0+Qu 2 (%) ]+Q, 2, (¥)

[A] :=(ao Va) Ql Zw (X)+Q2 ZW (X) +(ao Va) Zd (X) =

1N

o (X)= 1 {Ap* - X2 {% (Zd (x)+Q ZW(X))+% Z, (X)J}

X, — X 0
This equation can be used whether P<£0 or P.=0. However, it does not permit to determine the minimum

Ftmin @and maximum Fmax Of Fy(x) using the parametric study of X, and Q, to obtain the curves Fymin and
Frmax @s a function of X, and Q.
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8.6 Stresses in the Shell

(a) Axial membrane stress
2 . D+t
(R-R)+ZR a="

2 2
_ao

2 2 2
[VI'Za_B]a;Vs:aova_'_%R+%P5:aova+as 2

e axial force in the shell:

2 2
aP a
V=

2 a;
—.(ps _1)(PS—Pt)+9—a; P [VIII.6a]

¢ axial membrane stress in the shell:

vV, a; a

N CE AT i [l Cea ek

1t term is due to the equivalent pressure P. acting on the tubesheet
2" term is due to the pressures Ps and P; acting on the unperforated ring
3 term is due to the end load pressure P; acting on the channel head

Note for the other types of HEs:
J tubes HE: P, =P, — P, (see PART 5)
2 2 2
8, 2 a R 8
O = P-P)+ = P
(D, +t), p(R-R) (D, +t)t, (D, +t)t °
2
o= 15 P
™ 4(D,+t))t,
Immersed floating head: P, =P, — P, (see PART 4)
DZ
7sm = : Ps
™ 4(D+t)t
In both cases the classical cylinder formula is obtained.
fexternally sealed floating head:'p, = (1— p2)P, — B, (see PART 4)

2

2
G :(DSTT)J“"’?’PS —R+(p2-1)R ~(p2-1) Pt]+(Dsf—ts)ts R =0

There is no axialforce acting in the shell of an externally sealed floating head
Internally sealed floating head: P, = (1— psz) (P, —P,) (see PART 4)

a2 2

0 g _
Ot Zm[(l—/f)(':’s —R)+(P52—1)(R—R)]+m R=0
DS2

o,, = ————— P, The classical cylinder formula is obtained.
™ 4(D, +t)t,

(b) Axial displacement of the shell
1V,

For the half-shell of length | [IV.2e]:  Oqora = ——=—
I E

+8,(0,)+6,(v,)+6,(R)
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2 2 2
v, +ay, (T, T 'D. R 2 B=bp

S = Vs _
sToel = JE ¢ :) 2E,(D,+t)t, ° 16 K, °

For the shell of length L=2I: AS =2 55T

LD P,
)

V,+La,, (T, -T,)-
L (T 2E, (D, +t)t, °

a

K, °

nd term is due to the displacement of the shell subjected to the mean temperature Tsm
" term is due to the effect of the Poisson’s ratio vs of the shell
" term is due to the pressure Ps acting on the sidewalls of the expansion joint
(c) Bending stress
he bending moment M; in the shell at its connection with the TS exists only when the shell is

integral with the TS (configurations a, b, ¢). As explained in Annex J, the shelmust have a minimum

length 1 i, =1.8,/D; t; adjacent to the TS.
[VI.1a]: M, =Kk, (1+t§5j 0. +(kS B, 55) P with 6= 0. given by[V.5].
12(1-v" 2
93 Z%[Ma Zm +(aova)zv]: go* [(aova)(ZV+Q1 Zm)+(Q2 Zm)]z%ao |:a20 Pe (ZV+Q1 Zm)+(

6(1—1/*2) a Y 2
[ S— R 6b
o, = (hj {F’e(ZV+lem)+a§(Q2 zm)} [V111.6b]

_ ts 6(1_‘/*2) ao ’ 2 o
M, = 5{(“5}?[?) |:Pe(ZV+lem)+a_§(Q2 Zm)}“(Ps B, 55)} t.=h 4

Bending stress o, is written: 0, 5. = 6t—2S

S

6(1v?) (g V?
Osh =t22ks {ﬁs 55 Ps + % (%j (l‘i‘h—zﬂsJ |:Pe (Zv +Ql Zm)+§(Q2 Zm ):|} [VIILG

INote 1: If P, «0-the equation can be written as a function of Qs:

2 (2,402,)+(Q 2,) =R {zﬁzm {Qﬁ% Z, Qz}}= P (2,+Q2,)

0, zm)}

0 e
a> (v a2 _v_@a’
Note 2: In Section 6.1(a): o, = — kl——’J =
E t, 2 E.t, 2 Eft,
The equation used by SOLER [9] in his book, page 429, looks more general:

2 2 2
t

5SAS: % —Vs asz ﬁz % —Vs % _so-sm
Es ts Es ts Ps Es ts Es ts Ps Y
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where V. is the axial force acting in the shell, wh

In page 447 the term Vv,

S S

ich leads to: 0y, =t—s

S

o,
& Ism is neglected as osm is not yet determined. However that term is

reintroduced in the final equation giving osp, Which is not correct.

2
-2 (1-%)-s
E.t ' 2

f the classical shell formula is used for gen: O, = % P
S
2 2
545 is written: N = % —v, %
: Et °2Et
8.7| Stresses in the Channel

(a) axial membrane stress
Integral channel (configuration a):

Oen (D, +1)t, (DAt

74
/ Channel head

yd

T

f Channel

General fermula: o. =

c,m

—P
(D, +t,)t,
(b) Bending<stress

Gasketed channel (configurations b, c, d):

¢ 2
2
DL
Oem = = . P,
T (Dy+t)t, (D, +t)t
!
|
V Channel head
EEEE o
| ’
| 2 5
- ==
|

t

hedending moment M. in the channel at its connection with the TS exists only when the shell i
integral with the TS (configuration a). As explained in Annex J, the channel must have a minimu

M

length 1. i, =1.8,/D, t, adjacent to the TS.
VB m, =i (105 o+ (k0 R

M = 6(1—1/*2)

76

with: 6, =- 6, and @, given by [VII1.7b]

t aY 2 -
c kc{_(l+5] E* (hj |:Pe (Zv+lem)+a§(Q2 Zm):|+(PC 'BC 50)}t°_h'8°
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_6 6(1—v") (a,Y'(,, A 2
O-c,b_Ekc :Bcé‘cpc_?(Fj (1+ 2 j Pe(zv+lem)+a_§(Q2 Zm)
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9

9.1

DETERMINATION OF THE ALLOWABLE STRESS LIMITS

General Considerations

The tubesheet rules of Part UHX are intended to generally follow the stress classification of Appendix 4.1
of Section VIII, Division 2 [11] for primary and primary plus secondary stresses. The scope of Part UHX
does not include any consideration of peak stresses or any requirements for fatigue.

(@)

(b)

Design (pressure) loading cases
The bending stress resulting from a pressure loading in a flat plate is a primary bending stress. A

ny

occur until the plate fails (or the deformation is so large that the plate cannot perform its intenc

nction). When the tubesheet is extended as a flange, the loading generated by the bolting)mome
gonsidered primary. Thus, primary bending stress limits are appropriate when considering the
tubesheet bending stress resulting from pressure loading acting alone or in combinatign with the
Ipading when applicable, i.e. the so-called “design pressure loading cases”.

%eldmg of the plate material results in a permanent deformation, and the deformation may confin]

The stresses in the shell and channel are somewhat more complex to categorize. The axial memb
dqtresses in the shell and channel remote from the tubesheet resulting from pressure loadings are
primary.

rom restrained differential motion at these junctions. As suchjdhese bending stresses have the b
haracteristic of a secondary stress. However, a very important distinction has to be made regardi
e status of these stresses, based on footnote 2 of Table4-120.1 of Section VIII Division 2 [11] |

Isewhere in the plate to within its allowable stressithe shell/channel bending stress is classified a
rimary bending and should be limited to the primary bending stress limit.

ccordingly, when an elastic stress analysisqincludes the rotational stiffness of the shell and chan
in determining the tubesheet stress under primary loading, the discontinuity bending stress should
ategorized as primary bending stress:ahd be limited accordingly.

owever, there may be instances.where the design needs not consider the full strengthening effeq
e shell/channel. For example;'if one choses to not include the stiffening effect of the shell and
hannel for the tubesheet analysis, the shell and channel bending stresses could be correctly
ategorized as secondary and be limited according to the secondary stress considerations.

r, if the shell/channel bending stresses resulting from pressure/bolting loads do not satisfy the
rimary bending-stress limits, then full credit cannot be taken for the stiffness of that component.
uch a case,.it Is deemed appropriate to apply a "knockdown™ factor to the stiffness of the shell of
hannel gomponent by reducing its modulus of elasticity. The "knockdown" factor used in the U
‘|[ElasticsPlastic analysis” is based on evaluations of the extent of strengthening offered by the ful
lastio moment at the shell and channel junction when the primary bending stress limits are not

The bending stresses at the shell-to-tubesheet junction and the channel-to-tubesheet junction resjf:

ue
ed
ntis

polt

ane

ic

9
If

e discontinuity bending moment at the edge of a flat\plate is required to maintain the bending stress

5
nel
be

t of

HX

atisfied

Operating (pressure + thermal) loading cases

The stresses resulting from the temperature difference between shell and tubes (operating pressure +

thermal loading cases) are secondary in that they are self-limiting. The code limits on secondary

stress are derived to accomplish "shakedown” to elastic action". UHX rules consider the tubesheet,

shell, channel, and tube stresses to be secondary stresses under the action of thermal loads.

Note: It has been a long, standing practice of TEMA to divide the loads resulting from thermal

expansion by a factor of two, including the tube loads. Thus, the TEMA allowable tube tensile stress
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for thermal loading cases is effectively increased by a factor of two. This practice has not led to any
noted problems or deficiencies in allowed tube loads, and this practice is continued for the Part UHX
rules for allowable tensile stress when considering thermal load conditions.

9.2

Allowable Stress Limit in the Tubesheet

(Pb) to be limited to 1.5S.

The bending stress ¢ due to pressure loading (design loading cases) is a primary bending stress

The bending stress due to pressure + thermal loading (operating loading cases) is a secondary

If the
fore
Seco
The

9.4

If the
Ss,b d

9.5

bending stress (Q) To be Timited T0 Ses.
The shear stress is limited to 0.8S, as this is the practice in most codes (TEMA, CODAR,'EN

Allowable Stress Limit in the Tubes

The axial membrane stress o: due to pressure loading (design loading cases) is‘a.pfimary
membrane stress (Pm) to be limited to S:.

The axial membrane stress due to pressure + thermal loading (operating leading cases ) is str
induced and therefore a secondary stress (Q) to be limited to Sps;

However, this limit has been lowered to 2S; for two reasons:

and that the tube bundle could not sustain the required leading, especially for tubes in
compression.

2) Consistency must be ensured with Appendix A, which limits the maximum axial load in
tube-to-tubesheet joint to 2S..

tubes are under compression, tube buckling may restrict the tubes load carrying ability. This is
ther pressure or thermal load conditions. Accordingly, no distinction is made between primary
hdary allowable compressive loads in the tubes:
ube axial stresses are limited to the maximum buckling stress limit Sqp,, determined in Annex R.
Allowable Membrane Stress Limit in the Shell
The axial membrane stress.dsm due to pressure loading (design loading cases) is a primary
membrane stress (Pm) to®e timited to Ss.
induced and therefarelis a secondary stress (Q) to be limited to Spss.

shell is under compression, the axial stress must be limited to the maximum buckling stress lim
etermined by-applying UG-23(b).

Allgwable Membrane + Bending Stress Limit in the Shell

The membrane + bending stress os Of the shell at its junction to the tubesheet due to pressure

loading (design loading cases) is a primary bending stress (Pv) to be limited to 1.5S.. If this i

The axial membrane stress due to pressure + thermal loading (operating loading cases) is strajin

in

1) If the stress level in the tubes is too high, it may happen that @substantial number of tubep fail

he

rue
ind

—

it

is exceeded, an elastic-plastic analysis may be performed as mentioned in Section 9.1a.

e The membrane + bending stress due to pressure + thermal loading (operating loading cases) is a

9.6

secondary stress (Q) to be limited to Sps;s.

Allowable Membrane + Bending Stress Limit in the Channel

The same rules as for the shell above apply.
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9.7
The

Conclusions

analytical method is based on the concept of the TS replaced by an equivalent solid plate resting on

an elastic foundation to which the classical discontinuity analysis is applied.

The

analytical development enables to determine:

e atany radius r of the TS, the deflection w(Xx), rotation 6(x), net effective pressure g(x), bending

The

Spedific rules complete the UHX-13.5 design rules to cover:
4 The effect of different shell material or thickness adjacent to the tubesheet (UHX-13.6)

¢ in the shell, the axial force and resulting axial displacement and membrane stress, and the

¢ in the channel, the membrane stress, and the bending stress at its connection withsT'S'and she

stress o(X), shear stress t(x)and axial stress in the tubes o+(Xx), where x = r:‘f k, /D" . Their

maximum has been obtained thanks to a parametric study performed on the two dimensionless
coefficients X, and Qs of the HE.

bending stress at its connection with TS and channel.

results obtained confirm the correctness of the design rules given in UHX-13.5.

The effect of plasticity at tubesheet-shell-channel joint (UHX-13.7)

The effect of radial thermal expansion adjacent to the tubesheet (UHX-13.8)
The calculation procedure for simply supported tubesheet (UHX-13.9)

The design of tubesheet flange extension (UHX-9)
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10 ADDITIONAL RULES

10.1 Effect of Different Shell Thickness and Material Adjacent to the TS (UHX-

13.6)

(a) General: When the shell is integral with the TS (configurations a, b or c), if the stresses are above
their allowable stress limits (i.e. 6s>1.5S; for pressure loadings or os>Sps s for thermal loadings), the
calculated stresses can be reduced by thickening the shell adjacent to the TSs. As explained in Annex

1olr\+

+la. hall + o A [ tlo ocls kol
o, HITOTICIT ITIUSU TIave a TIrirutiT TCyuT daUjdaLtiit tU Uic

Q
1o Ul IS,min — 1.U V I_lS LS .

Accordingly, the shell must be thickened over a minimum length I, ., =1.8, st,l t, 4 adjacen

the TSs. The thickened TS sections should have the same thickness ts1 and the same_material to
¢omply with the assumption that the HE is a symmetrical unit (see Section 3.4a)However the
K:ickened lengths |; and 1’1 adjacent to each TS can be different. The material<an be different ovg
ese lengths with modulus Es 1 and thermal coefficient asm.1 .

Configural

a, b,org

T

Es1= modulus of elasticity for shell material adjacent to-fubesheets at Ts
I, 1.’=" lengths of shell of thickness ts1 adjacent to tubesheets (12> Ismin1 11> Ismin,1)
Ds1= internal shell diameter adjacent to tubesheets
ts1= shell thickness adjacent to tubesheets
Ss1= allowable stress for shell material adjacent to tubesheets at Ts
Sys1= yield strength for shell material adjacent to tubesheets at Ts.
Sps,s.1 = allowable primary plus secondary-stress for shell material at Ts
Osm1= mean coefficient of thermal expansion of shell material adjacent to tubesheets at Tsm
L
Corffiguration L
alb,orc —p
x ¢, L-t~&; I
T [/ =03 , w1 [\
A Jh__ [ L A h
< o . >
E E;m,l Ez,
D a D
5
=

Tubesheet

f to

14
=

Additional notations are as follows, using subscript 1 for the quantitiesinked to the shell thickenling.
$ee Figure 26

fion

(b) Shell axial stiffness Ks* is determined from:

1 1

1 1
+—

K K

S s,0

+
K

s,1 sl

where:
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ﬂts(Ds+ts)Es . - . . .
Ko = 3 is the axial stiffness of the basic shell section of length | =1 —1, —1.
0
t..(D.,+t.)E . - .
Ko, = T s ( 5'1| 5‘1) >1 is the axial stiffness of the shell section of length I,
1
, t.,(D.,+t,)E . . . .
K., = 7 hsa ( 5'1|_ S'l) >L s the axial stiffness of the shell section of length I’
1
i_ L, R L+l
K: #t (D, +t)E, rt, (D, +t,)E,
R V4
K, = ;
L, I, +1,

Ds1 1 ts1 can be assimilated to Ds + t; for the following reasons:

(c) Awxial differential thermal expansion hetween tubes and shell is written:
T = at,m (Tt,m _Ta)L _I:as,m (Ts,m _Ta)Lo + as,m,l s,m _Ta)(ll + Il):|

+
ts (Ds + ts) Es ts,l (Ds,l + ts,l) Es,l

Ds1=Ds in most cases

ts1 is small compared to Ds1 and can be replaced by ts
calculation performed on Example E4.18.7 (see Annex V), using t;1=1.0 (instead of 0.625) and
I:=l,"=15.0 (instead of 0.0), shows that Ks* decreases from-8.866 to 8.860 (0.1 % difference)
when Ds 1+ ts1, is replaced by Ds + ts. There is no effection TS stress ¢ and shell bending stregs

Os,b.

. (D, +1,)
* L_(I1+Ii)+ I, +1,
ts Es ts,l Es,l

Accordingly the formula is written:

7/*

= (Tt,m _Ta)at,m L— (Ts,m _Ta) [as,m (L - Il - Il) + as,m,l (Il + Il)J

(d) Des

nd

yse

Quantities concerned by the shell thickening are those which are involved by the TS-shell connedtion

ign procedure is affectedas follows:

which involve Esits) Ks, or y. Accordingly:

o K must bereplaced by Ks*, which affects Ks; and J.

o [, ks, 8¢and osm, s are calculated replacing ts with ts; and Es with Es,1.
e mustbe replaced by y*, which affects P,

Iif the waaterial of the thickened shell section is different from the material of the current shell secfiion,

the allowable shell stress limits Ss1 and Sps;s 1.

10.2

Effect of Plasticity at Tubesheet-Shell-Channel Joint (UHX-13.7)

(1) General: If the bending stress in the shell at its junction to the tubesheet exceeds 1.5Ss (i.e. yield) for

the

pressure loadings only, then some type of plastic hinge is developed. The elastic analysis

accounts for the edge moment, based only on discontinuity considerations. It does not recognize that

the

fully plastic moment can never be physically exceeded. Thus the amount of edge restraint that

reduces the stress in the center of the tubesheet will be overestimated as the plastic hinge increases.
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Taking that into consideration through an elastic-plastic analysis, Note (2) of Table 4-120.1 of ASME
Section VI Div.2 classifies the shell bending stress as a secondary stress (Q) to be limited to Sess.
Thus the membrane + bending stress o5 Of the shell at its junction to the tubesheet due to pressure
loading (design loading cases) can go up to Spss, provided that an elastic-plastic analysis is
performed.

When the shell/channel bending stresses resulting from pressure loads do not satisfy the primary
stress limit, then full credit cannot be taken for the stiffness of that component. In such a case, it is
eemed appropriate to apply a "knockdown" factor to the stiffness of the shell or channel component
By reducing its modulus of elasticity. This will increase the rotation of the joint up to a value
@btained when there is no more support from the shell and channel loading, to the extreme case of a
q

g

imply supported TS which is covered in Section 10.4. The "knockdown" factor is based‘on
valuations of the extent of strengthening offered by the fully plastic moment at the shelland chapnel
junction.

Ih 1985, Soler [13] proposed to use a reduced modulus of elasticity Es* for theéshell (and Ec* for the
ghannel) based on the degree of overstress in the shell: E: =E, (S: / O's,b) where Ss* is the allowable
dtress limit. This formula has been modified for use in U-tube TS HESs (UHX-12);
E.=E, . fs: / o, . The same formula applies for the channel,Using subscript c.

eries of elastic-plastic finite element calculations have been:performed in 1990 by Soler [14] onla
hort cylindrical shell to improve this straightforward formula for fixed TS HEs. The results enable
p determine a reduced modulus of elasticity Es* which-gives the same rotation obtained by the elastic
olution at the TS-shell-channel joint:

E: =E [1— f(O's,b /SS*)} where function f(o,, / S:‘) =0 when O,y = ss*

(D _r—+ (N N

nd increases wheno,, > S

3
(2) WHX formula: The above formulahas been refined later, using additional elastic-plastic calculafions
gs follows.

Horthe shell: E =E, {1.4-0.4%’} For the channel:  E] =E_ [1.4—0.4 GC;:’ J
S Se

N

The reduced effectivermodulus has the effect of reducing the shell and/or channel stresses obtaingd
rom the elastic calculation. However, due to load shifting, this usually leads to an increase of th¢
besheet stress;~Accordingly, this simplified elastic-plastic procedure can only be performed when
e TS stress-obtained in the elastic calculation is below the allowable stress limit 1.5S for pressufe
Ipading.

The,maximum allowable bending stress limit in the shell and channel for design loading cases 1, 2, 3

A

o d i daofinad oo
MU = 1o UCTTITICTU do.

oo (5] oo (2]

Above this value, which is more or less the yield stress, the shell and channel start to yield.

(3) UHX procedure is given hereafter for the shell. It applies to the channel, using subscript ¢ instead of
S.
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(1) The procedure applies when

q
)

Lo (N

t

10.93

Whe
acco
integ
Add
Tl

—

o

If |6| < 1.5S, the design is acceptable. Otherwise, the HE gedimetry must be reconsidered.
For Example 3 given in Annex V, the results for the elastic galculation are as follows for controll
Ipading case 2:

Ih this example the elastic-plastic caleulation leads to a decrease of the TS stress. In most cases if]

>S' = E <E,

Gs,b

ES *
<S; = E; >E, are covered by the

normal elastic procedure and are out of the scope of the elastic-plastic procedure. Therefore
formula can be written:

k *
=Ss =E,=E, orwhen

Cases where |0, Oy

Es*

E.=FE_fact | where |fact_= MIN H1 4-0 4iﬂ (1)1

- It s. )]
*

= Ss to 0.6 when = SPs,s =25

P) Quantities affected by the elastic-plastic procedure are those which are involved in’the TS-sh
channel joint and which involve Es. Accordingly:

*

Facts varies from 1 when (O, O s -

Qs, Fmand finally the tubesheet bending stress o.
e 3 is not affected because it is used only in @, = p, S.K.0, (1+ hﬁs) in which E; is cancell
out by the product Ksds.

tiffening coefficient ®=9.0, 6=23084<1.55=23700;:6s=30035>1.5Ss=23700, but lower than
ps,s=47400

imilar results for the channel.

For the elastic-plastic calculation: the stiffening coefficient ® decreases to 7.6, and 6
£22205<1.55=23700.

he opposite, where the elastic-plastic calculation increases the TS stress.

Effect of Radial Thermal Expansion Adjacent to the Tubesheet (UHX-13.

N there is a significant témperature gradient at the TS-shell-channel joint, it may be necessary to
Lint for the resulting. radial differential thermal expansion at the joint. This occurs when the TS is
ral with the shell(configurations a, b, c) or the channel (configuration a).

tional notations are as follows (see Figure 27):

tubesheet.metal temperature at the rim

channel metal temperature at the tubesheet

e ks affects As, which leads to new values for F, ®, Q1,Qz1, Qz ,U ;:Pw, Prim, Pe ; Q.

|-

ed

ng

S

B)

—

- w»

-8

K

Laoll ol + + oo &0 1 L +
STITTETTIICLAT tCTHPTTAturt dt Uit tTUUToTItTl

= mean coefficient of thermal expansion of tubesheet material at T

1
¢ = mean coefficient of thermal expansion of channel material at T

05 = mean coefficient of thermal expansion of shell material at T
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T 4T, +T,
Averjage temperature of the unperforatedrim T,: T, = %
Average temperature of the sheH Ts* and channel TC* at their junction to the tubesheet:
1 T, +T4 7+ _ T, +Tq
? 2 ‘ 2
1 * 1
Radipl strain of the:$hell due to Ts* and Tr: & =a, ( T, —Ta) —a (T,-T,)

ac »~ Channel
t(.. - -
"
3 _ o
| | } o™= (To# TR)2
PERFORATED TS % RING
T Tr=""3 } T (T + TR)I2
as T's
4
'ts—-r -
" Shell

Figure 27 — Temperature“Gradient at TS-Shell-Channel Joint

The fadial displacement of the shell is given by: w_ (P") = a, £, Which can be written in the same y
as w{(Ps)-given by [A-VI.1a-1]:
w, ()= 2, (J.—i\l-’—OI-’ Wit 5, = a. (1—£\
S Y e TELL 2
)
S
2 2
. a: E.t . a . E.t
W(P)=—"—"S¢ =6,P" with |6,,=——| and |P, =——¢,
ES tS S Y ’ ES tS a'S
H_J
S0 P
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The total radial displacement of the shell ws given in VI1.1a accounting for w, () becomes:

W= Moy )= 2 M sp s
B K kﬂ B K, kﬁ

[ ER

with: [P, as[ (T T) (Tr_Ta):|

Thusd, P must be added to 0P, in each equation where 0P, appears
The total radial displacement of the channel w. is written in the same way:
_ QC C
"1k Tk
B B

c /7¢C

with P—Eat[ (T T) (Tr_Ta):|

C

Thug EC’OPC* must be added to 5CPC in each equation where 5CPC appears.
Equdgtion [VL.2b’] giving the moment of the ring becomes:

3
RM, =a, M, +aV, (p, -+ R 2 (0 1) (o, -1)] <R

[(p. =) (P2 +1)-2(p -]
' o t2 . Ct2

_[as k. [1+tS +s?)+ a, k. [1+tc +§H 0,.+#@, (o, P, —w, P]+a, [a)m P —aw,P

whgre: |0 = P f; K, Js.0 (1+ h :Bs) W0 =P Bk 5c,o (1+ h ﬂc)

Equdtion giving Prim in VI1.2 is written:
U

P o] (62 1) (2, -0 B 00k +2) 2. -)- 2, -0) ][+ ol P -0 )

aO

» &)

| E—

%(a)P a)P)

S

A tefm P, must be added to Pimy)~ P, =

QD

0

JK
Accqrdingly the equivalent pressure P. becomes: |P, = ———— [P P + P+P, +P,+P ]
1+J K, F,

(0f Py =i R) (s P = 7)o (W 20 )

27
1+ Z,

Coeflficient Q2 becomes: Q,=

osp and ocp become:

S

6 6(1-v")(a, V'(, h 2
Gs,b :t_zks {ﬂs(5sF)s+ S,0 s )+(E—*)(ij (1+%j|:l:)e (Zv+zm Ql)+a_§ szm:|}
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Gc,b:tgzkc ﬂc(5cR:+ S,0 c)_@(a_j( hﬂ j|: (Z +Z Ql) 2 szm

h

C

10.4 Calculation Procedure for Simply Supported Tubesheets (UHX-13.9)

(a) General: There are instances where the design does not need to consider the full strengthening effect
of the sheII/channeI When they are |ntegral Wlth the TS A Code Case was |ssued in 2005 to answer

(b)

(©)

of UHX rules would need to increase 5|gn|f|cantly both the thlcknesses of the floatmg TS and the

dttached channel, which is not always possible due to diameter and layout constrains. The\Code
proposed to consider the TS as simply supported.

Iff one chooses to not include the stiffening effect of the shell and channel for the tubesheet analygis

hen they are overstressed, this assumes that a plastic hinge has formed at the/F S=shell-channel

junction. Accordingly, the shell and channel bending stresses can be categerizéd as secondary and be

limited according to the secondary stress limitations.

hese considerations are a limit case of the elastic-plastic considerations‘of X-2, using for the shql
gnd channel moduli of elasticity reduced to zero. Accordingly, the design procedure is similar and

ust be conducted in two phases.
Phase 1: Perform the normal calculation of the TS stress ¢ anfd/its limitations. Calculate the shel
ghannel stresses which are considered as secondary and mustbe limited respectively to Spss and

and
SPS,c-

he shell and channel minimum length limitations lsmin,and ls,min N0 More apply as the stiffening gffect

due to the bending rigidity of these components will.not be considered in Phase 2.

fFor Example E4.18.8 given in Annex V, the resultsiare as follows for controlling loading case 2:

$tiffening coefficient ®=9.0, c =23084<1.5S=23700, os =30035>1.5S:=23700, but lower than

ps,s=47400.

bimilar results for the channel.

fPhase 2: Ignore the bending rigidity ofdhe shell i.e., from [V1.1a]: k=0 and 6s=0, which leads to
s=0. Same for the channel; k=0 and"6.=0. Then calculate the TS stress ¢ for pressure loading

(design loading cases) and check that 6<1.5S.

ffor Example 3, the stiffening coefficient ® decreases to 0.14, and ¢ =15170<1.55=23700 ;s
1561<1.5S,=23700

As already mentioned above, the same result would be obtained by imposing Es*=0 and Ec*=0 in
glastic-plastic method.

In this exdample the simply supported calculation leads to a decrease of the TS stress. In most casq
is the oppasite, where the simply supported calculation increases the TS stress.

10.8 Tubesheet Effective Bolt L. oad (UHX-8)

the

S it

Tubesheets with flanged extensions are affected by the bolt loads in two ways:
- externally (at the flanged end). The design of the tubesheet extension is covered in 10.6

- internally (in the perforated region). The application of the bolt load for a fixed tubesheet exchanger is

more complicated than for a regular flange.

The technical basis for the effect of that load on the perforated region is investigated in detail in Parts 3, 4

and 5.

87


https://asmenormdoc.com/api2/?name=ASME PTB-7 2014.pdf

PTB-
Divis

7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
ion 1

For some loading cases, the bolt load is a secondary, self-limiting load. As an example, when considering
Loading Case 2 (shell side pressure only) for a configuration b geometry, the bolt load only produces a
secondary effect in that it does not directly resist pressure, and if the tubesheet-flange deflects
sufficiently, then the bolt load may be totally relieved.

Likewise, for those loading cases where the bolts directly resist the pressure load, the bolt loads used for
the design should be consistent with Appendix 2, which requires that the gasket seating bolt load be used

to ch
The

eck the flange at ambient temperature for protection against damage due to over bolting.
"primary” bolt load, W is used in Appendix 2 for designing the flange under operating conditi

ns.

In or
prim

Press
appr
W*’
the a
acco

loads.

Whe
W; 3
W 3
Wia
Wy

Her to be consistent with Appendix 2, W1 must be used as the bolt load for loading cases where
Ary stresses are determined i.e. Pressure Design Loading Cases.

ure and Thermal Operating Loading Cases require consideration of secondary stresses,for which
ppriate to include the design bolt load from Appendix 2. A new term “tubesheet effeétive bolt log
, is introduced in 2013 Edition and selected from a new table UHX-8.1 where the designer can s
ppropriate bolt load to be used for the respective Configuration and Loading.Ease combinations
ints for the above considerations. So, part UHX is consistent with the philosophy of Appendix 4

Table UHX-8.1
TUBESHEET EFFECTIVE BOLT LOAD, W*

Loading Case
1 2 3 4-7
Configuration

a 0 0 0 0
b Wmlc 0 Wmlc Wc
C Whnie 0 Whnie W;
d Wmlc Wmls Wmlmax Wmax
(5] 0 Winis Winis Ws
f 0 Wmls Wmls Ws
A 0 0 0 0
B Wmlc 0 Wmlc Wc
C Wmlc 0 Wmlc Wc
D 0 0 0 0

Fe:

channel flange design bolt load for the gasket seating condition
shell flarige design bolt load for the gasket seating condition

= MAX{(We), (W5)]

= ¢hannel flange design bolt load for the operating condition

itis
d
elect
that

bolt

Wm1<

=shell flange design bolt load for the operating condition

Winimax = MAX [(Wmlc), (Wmls)]
W = tubesheet effective bolt load selected from Table UHX-8.1 for the respective Configuration and
Loading Case

10.6 Tubesheet Flange Extension (UHX-9)

(a) General: UHX-9 provides the rules to determine the required thickness of flanged TS extensions
when bolt loads are transmitted to them (configurations b, d, e and B) and to flanged and unflanged
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(b)

TS extensions when no bolt loads are applied to them (configurations ¢, d, f and C). The rules in
UHX-9 are not applicable to Configurations a, A and D.

The required thickness of the flanged TS extension calculated in accordance with UHX-9 may differ

from that required for the interior of the TS calculated in accordance with UHX-12, UHX-13, or
UHX-14.

Figure 28 depicts thickness h, for some representative configurations.

~ T |

! : |

l ! i [
Ty |

- owle e G i
[ F— - |

M P '
7 | Lo

- |

hrJ HG |
1 !
|

|

|

Figure 28 — Tubesheet Flanged Extension

fFlanged TS extension with bolt loads applied:
The moment acting on the TS flanged extension is-Written:
M =W h, =W %

The bending stress in the TS flanged extension is written:
_6M _6WhG _1.91WhG

"GN 2Gh_(GH

and is limited to the allowable TS stress.

For the gasket seatifig condition, the minimum required thickness of the tubesheet flanged extens
R, is obtained fore =Sa:

| [Lowhe
' 5,G

A\ similar formula must be applied for the operating condition (W=Wm1, S). Accordingly:

h —max| [FWhs L Wiho
S,G SG

For design conditions, W = Wp,: from equation (1) of Appendix 2, Section 2-5(c)(1) [10] .
For gasket seating condition, W = W from equation (5) of Appendix 2, Section 2-5(e) [10] .
S = allowable stress for the material of the tubesheet extension at design temperature

Sa = allowable stress for the material of the tubesheet extension at ambient temperature
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(c) Flanged and Unflanged TS extension with no bolt load applied:
For flanged Configuration d and for unflanged Configurations D and C having no bolt loads applied
to the extension, the shear load due to effect of pressure at the gasket ID must be considered. The
derivation of the shear stress equation is shown in Section 8.4(b). The minimum required thickness
of the extension, h;, shall be the maximum of the values determined for each design loading case as
follows:

h —( De \Ip _p|
©o328)

—h

[Pe = maximum of the shell and channel gasket inside diameters, but not less than the maximum ¢
the shell and channel flange inside diameters

(d) Wnflanged TS extension with bolt loads applied:
The calculation procedure for unflanged Configurations c and f are not provided in UHX-9, but the
minimum required thickness of the extension, h;, shall be calculated in acCordance with ASME
$ection VIII, Division 1,Mandatory Appendix 2, 2-8(c) for loose typecflanges with laps.
W
\'.»"'T\ ] 5
1 1 i i
l' - -} b ol -' 1 (I 1
] : 1 1 pme= |
' - 4 i .
l LE K N} _— - - —
- 2 L . + k ey | \ I - I
-.--n—-- . —— -I
; h, :
h t .
I
I
(a) Raised Face (b) Grooved for Ring Gasket

Figure 29 — Minimum Required Thickness of the Tubesheet Flanged Extensipn

10.7 HE Set-up-with a Thin-Walled Expansion Joint (UHX-13.16)
The Joint mustseemply with the rules of Appendix 26.

10.§ HE Set-up with a Thick-Walled Expansion Joint (UHX-13.17)

The & , 5
The desrgn of the jomt may be performed usmg hlgher allowable stress Irmrts defrned in Table UHX 17,
which allow the expansion joint to yield and decrease its stiffness. Accordingly, the HE must be re-
designed for design (pressure) loading cases using a zero expansion joint stiffness (K;=0).

The equivalent pressure P. must be recalculated using K;=0. Using Note 1 of Section 7.2:

(1-3)[D§ D]
2 D2

P.=P (JKs,t)xs+<JKS,I)2(1—xs)vt+(J)2(%] v, = (P! -D-
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Py =R [(IK, ) (K, )2(1-% ), +1]

: 1| D? 1| D}
P=P|l-p?-—=| =L_p? Pl1-=| =2+
S S ps 2|:D2 ps}:l |: 2|:D0 ,0 :|:|

P =R (Ko )% +(IK, )2(1-% )% +1] =R,
-

X
1 2
i il F’{ { Z
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11 HOW TO USE THE RULES

The calculation procedure can be summarized as follows:
e Set the data listed in Section 3.2a
o Calculate the design coefficients listed in Section 3.2b ( Xs,Xt ; ps,pc ; Kst;J)
e Calculate first characteristic parameter X, and coefficients Q1,Q- ; ®s*,mc*
e Calculate coefficients Qz1, Qz, U, the equivalent pressure Pe, and second characteristic parameter
Qs
e Calculate the maximum stresses in TS, tubes, shell and channel and limit their values to the
maximum allowable stress limits.

Becquse of the complexity of the procedure, it is likely that users will computerize the solution), Anngx V
prov|des a Mathcad calculation sheet for a fixed TS HE defined in PTB-4 Example E4.18.7.\The
calcylation sheet is divided in 2 parts:

Part [L follows strictly the various steps (Steps 1 to 11) of UHX-13.5 calculation pracedure.
Part P provides the equations developed in VIII, which enable to calculate:

4 at any radius of the perforated tubesheet: net pressure, deflection, rotation, bending stress, shear
stress

4 at any radius of the tube bundle: axial membrane stress.

4  at tubesheet-shell-channel connection: loads and displacements acting on the shell.
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12 CHECKING OF THE RESULTS

12.1 Comparison with FEA

(a) General
SG-HTE proceeded to Finite Element Analysis to check UHX rules. Example E4.18.7 (configuration
a) given inAnnex V was selected for the comparison.

FEA was performed by Joel Gordon, member of SG-HTE, using ANSYS with plate elements for the
S and shell elements Tor shell and channel. The results are in Tull agreement with results obtaingd by
Tony Norton, member of SG-THE, using a KSHELL analysis with maximum discrepancies_less than
3%.

%0 as to reflect the UHX assumptions as closely as possible, FEA calculation was petformed as

follows:

o The TS is replaced by an equivalent unperforated plate with an effective ligament efficiency
w* and equivalent effective constants E* and v*,

e The tubes are replaced by an elastic foundation of modulus k, $N.k, /(778.5) :

e The unperforated rim is narrow enough such that it tends toward a rigid behavior.
(b) Results

1) for tube axial stress o(r), calculated from the TS displacements, FEA and UHX show very good
agreement, with discrepancies less than 5% at the center\(r=0) and at theperiphery of the TS
(r=ao). The stress distributions throughout the TS track-each other almost perfectly as shown py
the shape of the curves given in

) Figure 30 for design (pressure) loading cases 1,\2 and 3.

It must be noted that the curves meet at the;same point (x =5.5; 6:=0).This surprising result is
demonstrated analytically in Annex S.

3) For TS bending stress o(r) the comparison is not so good: the TS stress obtained by UHX i
significantly higher (by about 50%)than the stress obtained by FEA. SG-HTE is still looking for
an explanation for this discrepancy. This might be due to the unperforated rim, considered as|a
rigid ring in the analytical treatment.
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Stress(psi)

dist. (in)@x(1) psi oy2) psi o}(3) psi FEA 1 FEA 2 FEA 3

UHX vs FEA Tube St dist. fin)

= W TS center (r=0) 08, -1129 1486 |357 -1106 1425 342
906 1145 1503 358 1141 1462 344

2500 - 12 1193 1551 360 1176 1499 348

= 619 1250 1608 (358 1211 1536 343
2000 825 1289 1634 (345 4245 1573 338
= 1032 1249 1558|308 1281 1610 333
1500 ﬂﬁ‘ 1238 -1046 1286 241 1031 1330 277
1444 581 718 137 758 955 233
1000 =3 = 1650 209 195 14 23 18 153
500 e o 1857 1265 1338 |73 1161 1011 81
——— oA TS periph(r-20.63) 20,63 2259 2277 |17 2204 2135 59
0 = — - 3
00 : 11’ A= = = Series: 1 (UHX) 2 (UHX) 1 (FEA) 2 (FEA) 3 (FEA)
. N
LY
-1000 3 = .
-1500 -‘\
Sl
-2000 = "“I
2500 =
-3000 -

Center/OTL Radial Dist{{in}

| —+—1UHX | —2UHX 3UHX (——1FEA —S—2FEA —&—3FEA ‘

Figure 30 — Comparison of Tube Stresses Calculated Per UHX and FEA (Example [E4.18.7)
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12.2 Comparison with CODAP French Rules

(a) General
ASME and CODAP (French Code for Pressure Vessels — Part Design, Chapter C7.3 “Fixed TS HEs)
rules are based on the same analytical approach (TS replaced by an equivalent solid plate of effective
elastic constants E* and v*, tube bundle replaced by an equivalent elastic foundation, shell and
channel disconnected from the TS with relevant edge loads). In 1992 ASME and CODAP decided to

reconcile their rules so as to have unified rules: scope, notations, figures, TS configurations, loading
Gases, Iigampnt efficiencies_effective elastic constants_stress dp:ign formulas

fHowever additional assumptions have been maintained in the basic rules of CODAP (sectians C71.3

devoted to Fixed TS HEs and C7.4 devoted to FL TS HESs), which simplify the analytical treatme

e TSisassumed to be perforated up to the internal shell diameter Ds. Accordingly the
unperforated TS rim is ignored

e Treatment of the TS-shell-channel connection is simplified

e Effect of the bolting load (configurations b, c, d) on the TS is ignored.n return, the
maximum allowable stress is lowered down.

e TS radial displacement at shell-channel connection is ignored

o Effect of Ps and P; on shell and channel at their connection with TS is ignored

-
[

Note: In June 2012, new chapters C7.5 and C7.6, based on UKHIX¥13 and UHX-14, have been
introducted in CODAP code as alternative rules to sections:C7.3 and C7.4.

These simplifications, applied to the UHX method, lead to-the CODAP formulas, as shown heree;t‘ter.
(b) Wnperforated rim ignored: The TS is assumed to hecperforated till the internal diameter Ds of the
ghell. Therefore:

D0=D3=Dc = aozaszac = pszl pczl AzDOjK:A:l

0

2
Xaiswritten: | X = X 24{/24 (1_V*2) N, % (%)

Ka, Named X in CODAP, is the first characteristic parameter of the HE.

(c) gffect of Ps and P on shell.and channel at their connection with TS ignored
5. P.=0 = 6,0 Jo, =0 @ =0

P =0 = 6550 @ =0 o =0

(d) TS radial displacement at shell-channel connection ignored

v, =0 =( M, =k,
v. =0.{= M, =k,
Moment Me acting at TS periphery is such that:
A —_(I\/IS +I\/Ic)—_(l(s+l(c)ﬂt =—K 4

}MS +M, =k.0, +k 0, =(k +k)0. as 6,=0, =0,

K

0

_ K0 _ Ds ks + kc
kD" 2X D
CODAP considers the liaison of the TS with shell and channel as an elastic restraint:
e If Z=0:the TS is simply supported

The second characteristic parameter of the exchanger is defined as:
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e If Z =00:the TS is clamped

(e) Coefficient @

W=—D6’=O:t'=0:ﬂp=6DS . o
o2 s A | L 1-v 1-v* 6 1
O="——(A+4)="—=——5(Dk,+D.k,) = = (D.k, + D;k, )
h 6D, E h D
79 0=t =0=>4, = RS %G

Accordlnulv d =X 7 playsthe role of Zin CODAP:
o If the plate is simply supported (no support from shell and channel): ®=0 in ASME ,,Z=( in

CODAP
o If the plate is clamped (full support from shell and channel): ®=c0 in ASME , Z%0'in
CODAP
() $econd coefficient Qs of the HE
* * 7b *
WP -wP )+ >W
I ASME: Q, = (p 1)—(DZV o :( s's CC) [2” j Q=0+ 2Q2
1T 1+d 27, 2 1+®Z, U pal
Inh CODAP, these formulas become, with ps=1, ©*s=0, ®*:=0, W*50:
CD Z, D7 (X Z) Z,
Qoo = 1407 [Qleone =0 [Queopme == 1+ Z, :_1+(X z)z,
_ Q3 l
Q3 Z +Z, X

The gouple [X,Z] in CODAP plays the role of couplé [X.,Qs] in ASME to determine coefficients Fq, Fm,
Fo and F.
(9) Equivalent design pressure

J K,
In ASME: P, = ' [P —P+P,+PRy+P,+P,|
1+J K I:Q21 + (ps sz]
4
! Qu=(Z,Q+2Z, )% Substituting [Q1]copar , Zw and Zg, it can be shown that:

Q,, = |:FqJ Thus, with ps=1:  1+J K, {Qu +(Ps —1) sz] =1+ KS{FJ
CODAP CODAP

2 2 2 2
¢ Ps': XS+2(1—XS)VI+L g Vs_pS 1_ S L 2Ds R
K LD JK,: 2JK,, D

o o

with Ds=D, and ps=0:

. 2 1-J D2
Ps: Xs+2(1_xs)vt+K Vs — :IP [ ]CODAP

st st

. Pt': Xt+2(1_xt)vt+%:|Pt:[F:':ICODAP
st
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_ Nt Kt _ Nt Kt —
° Py_ 7ra§ 7= ”Rez _KWy_[PYJCODAP
U .
. PW=—2AW =0  dueto W*=0in CODAP
a’2n
Ur . .
° P =—?|_60< P - R]ZO due to ®*s=0 and ®*.=0 in CODAP.
0
U
¢« |P,= —[a) P -oPR ]=0 due to ws=0 and w=0 in CODAP.
a2
0
B J K,
Kinally: |P, = —1+J K F [P P+P] [Pe]cooAp

(h) TS bending stress
Ih ASME: F, (x) = Q (¥ +(2?3 Q. (%)

94

$ubstituting Qv(x) and using: [Qs} Y
CODAP m

it can be shown that: |, (x)=|F, (X)}CODAP and:

o (0=l 28 g o (]

u
(i) TS shear stress

AsME: Fy(x)=QQ,00+Q50)  ro=1 2R 00R
Y2

The maximum shear stress is-at'periphery (x=Xa,), for which:
D, (X)) =0, Q,(X,)#£L= F,(X,)=1

i 1 a
Thus: |7= 2,u h e_[T]CODAP

(i) Tube axial stréss

ih ASME F{x) =X7§ {Qg zw(xj+ zd(xj]

Z
S W d 3 = -
E LODAP 1+¢ 2,

it can be shown that: |, (X)= [Ft (X)Jcomp and:

1

O, (X) =— [Ap* - Ft (X) Re] - [O-t (X)}CODAP
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(k) Shell stresses

(1) Axial membrane stress
2 2

o -
In ASME: o, _m[a+(pj—1)(a—ﬂ)]+ma

In CODAP, that formula becomes, witha, = % and p, =1:

D,
T4t (D, +t,)
P) Bending stress

6 1_ *2 3
In ASME: M_, =k, {ﬂs 5P +(—:/)(& (1+ hzﬂsj{& (Z,+Q Zm)+§(Qz Zm):|}

7
s,m JCODAP

| A VA e T I P |
XNz ra]

D [m A
P T ) —

r
LU

E h

In CODAP, that formula becomes with, 8. =0 §,=0 a, = %

-0Z
[Ql] = , [QZ] =0:
CODAP 1 +CDZm CODAP
k 1 (DY zZ 6
Msb:_S (_Sj —VPe:[Msb] Gb:_M =\ 0O,
, * : , 2 Vish b
2D 2 1+®d Zm CODAP s ts s [ s :|CODAP
(I) €hannel stresses
a2 D2
1) Axial membrane stress: |0, =——~PB=—""——-PR = [o-cm]
™ (Dt )t 4(D, +t,)t, M Jcopap
. . - . — 6 M —
?) Bending stress is obtained the same way as for the shell: |0, = t_z ch = [chb]comp
C

Where there was no connection between ASME and CODAP committees. This tends to prove that
Roth methods are correct and coherent. This coherency extends to TEMA as shown in Section 12.3.
jh CODAP, the ignorance of unperforated rim and bolting loads are the most important
dimplifications andhave a significant impact on the results. Other simplifications have a less
important impégt:

(m) IIn conclusion, all CODAP formulas have been retrieved, although they were obtained at a time
|

alculation-of a HE by CODAP method can be obtained from a UHX-13.3 software, such as Mathcad
oftware'shown in Annex V for Example UHX.20.2.3, by imposing the simplifications listed in
ections 12.2(b) to (e) above.

Like ASME, CODARP results for tube axial stress o(r) are in good agreement with FEA results as
shown by Figure 31 which provides the tube stress distributions throughout the TS.
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CODAP vs FEA Tube Stresses
3000 -
¥
2000
= 1000 - “x
s 51
z o i
5¢
i AN
digt.(in) CODAP1 CODAP2CODAP3| * _1g00 :
0 1168 1549 381 e = A
2|063 -1186 1570 384 I L0 )
4126 1241 1632 391 — =
6]189 -1318 1719 401 k [q))
8|252 -1388 1797 409 ,.K((
10315 -1392 1799 407
14378 -1234 1615 381 -3000 - JN
14441 792 1107 315 Center/OTL Radial Dist.(in)
1¢.504 41 155 195
194567 1257 -1229 29 —— 1UHX —— 2 e 3UHX —— 1FEA —8— 2FEA
201626 2562 -2700 137 —a— 3FEA w—ge \QODAP1 =it +CODAP2 === «CODAP2

Figure 31 — Tube Stress Distribution Obtained by UHX, CODAP and FEA
throughout theeTS fromr=0tor =ao

12.3 Comparison with TEMA Rufes

(a) General: TEMA rules for fixed\TSs have been developed by Gardner, based on its 1952 paper [P] .
The analytical approach is the same as for ASME and CODAP with several assumptions to provige
rpore simple rules. CODAR._assumptions are used, plus additional simplifications. The TS is assumed
tp be either Simply Supported (SS) (i.e. no restraint from the shell and channel) or Clamped (CL) (i.e.
full restraint from the shell and channel).

The original TEMA formula for the determination of the TS thickness in bending:

G<P
[ =F E\/g is based on flat circular plates formula, which can be either SS:

aw TEMA uses the mean value F =1.0

or CL:
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h-FC 1:0.879\/E if o, =5
2\ o 2\S
:0.719\E if o, =155
2\'s

(b) Ligament efficiency
That formula was modified later to introduce a ligament efficiency n based on the mean length of the

TEMA uses the mean value F =0.8

G f P
ligament |T =F EX Ik as proposed by Miller [3] (see Section 4.1 of PART 2):
n

—0'907 5 For Square pitch: 7 :1——0'7852
(p/d,) (p/dy)

Accordingly TEMA ligament efficiency n is lower than ASME ligament efficiency p*.
The new formula was set-up so that the value of T remains approximately-the'same for the triangular
pitch value n=0.42, obtained from the minimum pitch imposed by TEMA«{p=1.25d).
TEMA simplifications applied to ASME-CODAP methods lead to theyTEMA formulas, as showr
hereafter.

() TEMA bending formula

ASME-CODAP formula for TS bending can be written using.the TEMA format:

_ [1.5Fm(x)D /pe ~ ,9><1.5Fm(X)DO { P,
lLl* ° Oaw ﬂ*/ﬂ 3 10 aw

:In TEMA, the TS is assumed uniformly perforated up to the shell: D,=Ds (noted G in TEMA for
ixed TS).

¢aw =S for design (pressure) loadings (loading cases 1, 2, 3 and 4), o =2S for operating (thermal
pressure) loadings (loading cases 1,2;3and 4)

ffor Triangular pitch: 7 =1—

=+

Using n/u*=1.33, which is quite:tsual:

D ’P D P
1=\/12Fm(x)?s U_SZFCODAP?S o FCODAP:\]lZFm(X)

nS

P

Thus, in CODAP=ASME the TS thickness depends strongly on coefficient Fn(X), whereas TEMA
goefficient F-hds fixed values. Figure 32 gives the variation of Fcopar as a function of X:
o when the TS is SS (obtained for Z=0 in CODAP).

o ‘when the TS is CL (obtained for Z=c in CODAP).

TEMA cansiders the TS as SS when t/D.<0 02 with F=1_and Cl when tJ/D> 05 with F=08 In
between TEMA uses a linear interpolation (see Figure 33).
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F
Feopap=12Fy (X) 10 %w,‘ =1
CL 3

= { 1.0(SS) 0.8 I
TEMA =
0.8(CL) 0.02 0.05

g l TEMA
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s

R
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gure 32 — TEMA and ASME-CODAP Coefficient F for X Varying from X=0 fo
X=20

Figure 32 shows that:
o for low values of X, (X, <3) TEMA rules generally lead to an unconservative thickness;

« for high values of X, (X, >6) TEMA rules generally lead to consérvative thickness

o values of X, between 3 and 6, TEMA rules lead to tubesheet thickness that is close to

ASME.

Due to simplifications mentioned above, TEMA does not ensure an overall and consistent design
hargin for all heat-exchangers. Accordingly, TEMA has‘imposed limitations on shell diameter s
nd design pressure P:  Ds<60inch P < 3,000 Psi-~<PDs< 60,000 Psi inch (see Figure 34).

{F
un| samply
supporied
- (o r ) Cipgee claniped
| [n
S S T — —— ST . =p

Figure 33 — TEMA Coefficient F

A\P(?Si) : /2;;>
s s NG >
B R - ™ cnd™ o S ™ wins. ™ o .o
_1. ’ \\
2500 e \\
e "\\ S
2000 o o N
T g N
- 'EMA .
\}L.\;Bll lullgk . '\\ -
—
1000, \ N K
\\
: N
S0 N
!
N8
o 10 20 20 we 50 &0 (ir:h)

Figure 34 — TEMA Design Range
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However, it must be pointed out that

changers According to Part UHX of ASME Section VIII

the value of coefficient F has been remarkably well chosen

as it represents approximately the mean value of coefficient F(X). Finally TEMA formula is

written:

2_pD. B _ G [Fow
3 \\nS 3\ S

where:{

Peua 1S the TEMA effective pressure
G is the shell internal diameter D,

(d) TEMA effective pressure is given by: PTEMA = F{TEMA - PSI,TEMA + Pd,TEMA with:
1-J D? -D?
0.43[15+K, (15+x,) |-~
N 2 D 1+0.4JK,, (1.5+x) 5
JEMA — =
S 1+ "]Ks,t Fq S t, TEMA 1+‘]Ks,th t
D _ 4‘]Ests /L with AL = [as,m(Ts,m _Ta) — Qe (Tt,m _Ta)] L=+ V4
T (D, 3t ) (1+ K, F,) " | D,, =external shell diameter = D, + 2t,
ASME-CODAP formula for equivalent pressure is written:
(KRR JROK)R
e 1-|-JK tF sl tl 7l .
sY q
B 2v, 1-J] Dj-Df
. (‘]Kst)Psl _(JKS’t)|:XS+2(1 Xs)VtJrKs,t 20K, D }P
UL+ K F, 1+ K, F, :
2 2
I[ KX +2K, (1=x ) v, +2v, —%%
= —FP Using v, =0.3 v, =0.3and D, =D} :
1+ JK, K,
PRY
043[L5+K,, (15+x,) —HDJDZDS =
P,k s P=P Porewa = ————P
sl 1+~]K3,t Fq s, TEMA s,TEMA 1+\]st1 Fq s
o (K X +2(1-x ) S
L _ (KR V7 LK KX 2K o] e s,
e P,= R ) = \ sing v, 50.3:
LK R 1+ JK,,F, 1+ JK,,F,
NA+04IK,, (15+x, . . K,
Pt,1 = 1+ ‘]Iés(,t Fq ) R= Pt,TEMA Pt,TEMA = m R
. p.- (IK,, ) FiNK, _ 43K, ) 4JEL (D, +t,) »
"1+ IK R ) et (143K F,)2Dl " (143K, F,)DZ L

102


https://asmenormdoc.com/api2/?name=ASME PTB-7 2014.pdf

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

D, +t D,. —t, 1 D,, 1 1 1 1 1

D! (p,,-2t) D [1_ 2 ]2 D, (1_ 4, J(“ ] D, (1_ 3tsj (D,.-3t,)
Ds,e Ds,e Ds,e DS,E

P — 4JE.t, Y _ 4JEt, _AL:—P
yl /[ L NI / Y, N - )
\l+ IR '_q)\Us,e _‘5[5) C kJ_+ ‘”\s,t"q)\Us,e —5[5) (.
JK
Pd,T;MA:_—S'tP
1+JKs,th r
Finally:
(K )P —(IK )R +(IK )P, | |
R . R T I - - .
1+JK,,F, 17T Ty TEMA T FtTEMA TEMA TEMA

(e) Coefficient X

_ 2 (197 2
Xa:XZQ/M(l_V*Z)N‘M[gj :4%% N.E, (d, ) Dj

s
E'Lh® 2 — " YR

EStS (DS +t$ )/ KS,I
Introducing the deflection efficiency:

., D" E° 1-v? ) 1=v? 1-v?
N === which leads tos ———==—_, it follows:
D 1-v° E E En
6(1-v*) Et, (D, +t,) D? 6(1-v? 3
X,=X=3 ( ) (D, S)D—g Neglecting t, compared to D, ;| X gya = 4 ( )4Ests Y
n*E LK, h n*  ELK K

() Coefficient Fq is given on Figure 35 as a function of X for SS (Z=0) and CL (Z=x) TS.
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Figure 35 — Coefficient Fq as a Function of X for SSand CL TS

2

a =—=whentheTS is SS

V2

= T when the TS is CL

o can be approximated as: F, =0.25+aX  with:

F =1.0 when the TS is SS

TEMA coefficient F equals: .
{F =0.8 whenthe TS is CL

2
Thus, o can be written: & =(F _O'G)E and Fq is written:

M
1l

0-25+(F—0-6)£§/6(1_V2) =, (3J3=0.25+(F—0.6) 2A(L-") e (&T

0.8 n* ELK,,{h 4 0.8%n= ELK,,
, ,
A
For the determination of coefficient A, TEMA uses:
=0.3 and »*=0.178 which leads to A=300 and:

3
F, = 0254 (F - O.G)Jssfists (%) Figure 35 shows that lowest value of Fqis 1. Thus:
st

[ h |
3
F, = MAX | (1), 025+ (F ~0.8) o/ oomsts [ s
ELKs,t T

(9) TEMA shear formula
CODAP formula for shear stress is written: =

1 Do p with 7<0.8S
2u 2h °©
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1 D

Thus, the minimum TS shear thickness is written: h=——_.=°c.p
32u S °
ASME 2013 uses for D, the equivalent diameter D, of the tube center limit parameter, which leads
to:
T= 0.31D, E
u S

(h) Tube longitudinal stress is calculated by TEMA at periphery of bundle:

D10 = = |:(Psxs_PtXt)_FqP9:|

Xi =X

\ith:
Ntst Nttt (dt _tt) ' '

[111.2.b1] X -X=—7= > a:=Ds/2  —F, = Rgya = Rrema ~Roremn + Pirewa
7a, a,

F,D? XP —-xP . : F,D? : P . x.P
O T 4Ntt[q(dt _tt)|: : quXt Lt Pt,TEMA_Ps,TEMA+ Pd’TEMA}:ArN‘ttq(dt—tt) [R,TEMA_XI?;J_(PS,TEMA_::;J"' Pd,TE A
PZ P3

If 6:0>0 (tubes in traction) o, is limited to 2S;

If 6:0<0 (tubes in compression) ot, is limited to S; andto the maximum permissible buckling
stress limit Sy, named S¢ in TEMA.

2
(i) $hell longitudinal stress is obtained from [ X+L211a]: o, , = 5 (P.+PR)
" 4t (D, +t,)

pith: D, =D+t and B, =—Re=F ey — Rreva — Pireva

;0.

D2
- =s _ ' _
Ogm = R — Bawa + Poreva — Porewa

TToAt (D, +t) |

e

$hell and channel bending stresses are not calculated.

12.4 Comparison with Circular Plates Subject to Pressure
The ¢lassical formulas of circular plates subjected to pressure for SS plates are:
2
r
3+v)|1-—
( )( RZJ( 2R

2
—W (P.-P) with :
16 N,

Fss(r)

JFSS (0) = 31+_60 at TS center (r =0)

(¥)=L5
{FSS(R)= 0  atTS periphery (r =R)

for CL plates:
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(1+U)—(3+U)r—22 IRV F(0) = 1;—60 at TS center (r =0)
o, (x)=15 RETEE (P -R) with:
' 16 h st

FeL(r)

F(R) =—% at TS periphery (r =R)

The following modifications must be applied to UHX-13.3 rules.
[a,=a. =R D,=D, = p =1 o =0

(a) No unperforated rim: .
a,=a,=R D,=D, = p.=1 o =0,

(b) No holes and no tubes: ,u* =1 E'=E U* =0

2
*2 Et tt (dt _tt) Ds
N,=0 = x =1 x=1=X, :J24(1—v )N, “= o 0
fVhen there no more tubes, there is no more elastic foundation and X,=0. cEor X,=0 several
¢oefficients are to infinity
Z4, Zw, Qm, Qu,...). Accordingly, these coefficients will be calculated*for X,— 0, as shown in
Annex F.

KJ —
K, +K,

(d) No bolted flange: W*=0  No differential thermal€xpansion: y =0
(e) No effect of Ps and P; on shell and channel at their connection with TS:
oP=0 = 6,=0 o,=0 a)::0

SP=0 = 6,=0 o=0 &=0

c

(c) No bellows: K; =0 = J= 1

2
(f) Calculation of Aand ®: A=D, N L W P (A +4)
DO
From [VI.3]:
(a):Ps—a):Pc)+(W}/bj
1 D Q _ 2w ~0
R = ———— 2
4(l+u J+@ 1+aZ,
2 1 D
= + — = -
= <’:l§F’eQ2 < 4(1+u*)+CD
Using-Zw and Zq from Annex G:
X4 i 1 -0 2 ﬁX4
=(Z +7Z,)—2 = +— |2 =1
QZl ( le d) 2 {4(1+U*) 4(1+U*)+CD X:J 2

Using Zy and Zy, from Annex G:
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Xd 1 —P 1 |X5
QZZZ(ZVQ1+Zm)7_ 4(1+u*)4(1+u*)+q>+1+u* 2 ©
U :ZW+(pS_1)Zm x4 Z_wx4: 1 1 x4:

140z, 10z, " 410 ) 1402,

(9) Equivalent pressure is written:

1 C . |
= LHS_H_'_PY_'_PW_'_anJ

1
‘]K5,1+|:Q21 +(ps _1)sz]

If the plate is simply supported (no support from shell and channel): ®=0 in(ASME , Z=0 in
CODAP
If the plate is clamped (full support from shell and channel): ®=c0 in ASME , Z=w in CODA

(h) Coefficient Fr is written: F_(x)= Q. () +Q:Qy (X)

e

2
where Qu(x) and Qm(x) are given by Annex G when X, — 0:
1+v 1+v
b (0= s B0 X,
27, 1+v 2
Xa
2
1+v 1+v y y
QV(X—>0):( )‘Pl: ( | ) 3+v Xa2:3+u
27, X, 1+v ,, 16 8
2 X
Coefficient Fr at TS center is given(by formula:
3+v 17 @ 3+v

F(x—>0)=%+ N +
m 2 16 8(1+U*)+q) 16

Coefficient Fr at TS periphery is given by formula:

Qe
P (Xa)= 2 8(1+u*)+<D

2
(i) TS bending stress is written: o, (x)=1.5F, () (2%) (P,-P)

[ 2.,
F>(0)=——" atTsS center
Ifthe TSisSS: ®=0 = Q,= 0 16

F*(R)= 0 atTS periphery
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F-(0) _ L1 340 10 TS center

fthe TSisCL: d=c0 = Q=-> = 8 16 16

FH?L(R)z—% atTS periphery

Accordingly classical formulas for circular plates subjected to pressure given in this section have been
retrieved. Similar calculations can also be performed for the TS deflection w(x) and rotation 6(x).

Th 14 o lntos £ LILINZ 47 A £1 o ANMoila | £1 Lo : A V
€ TTOUTLS LAl VT UULAITITU TTUTNT a UTT/ATLO.0 SUTLWAl©, SULIT as Iviatrivcau suttvwailc stiuvwin it /ATNTTA y

by imposing the simplifications listed in (a) to (¢) above.

12.4 Conclusions

Applying the relevant simplifications, it has been analytically demonstrated that UHX-13.3 method I¢ads
to CODAP, TEMA and circular plates’ formulas. This intends to prove the correctness of ASME
method, which is confirmed by FEA comparisons for the TS deflection.
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PART 4
FLOATING TUBESHEETS

110


https://asmenormdoc.com/api2/?name=ASME PTB-7 2014.pdf

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

1 SCOPE

PART 4 applies to floating tubesheet (TS) Heat Exchangers (HE)s that have one stationary tubesheet and
one floating tubesheet. Three types of HES are covered as shown in Figure 36:

o immersed floating head (sketch a)

o externally sealed floating head (sketch b)

¢ internally sealed floating tubesheet (sketch c)

Stationary tubesheet Floating tubesheet
configurationa.b.c. d. e orf— .
TONTQUTaIoN =, 0, OT & /

A

1 Q
: :\‘lx

}—
S ——

(a) Typical Foating Tubesheet Exchanger With an Immersed Hg{w

Stationary tubesheet O
configuration a, b, ¢, d, e, or f E ubesheet
3 uration A
N e
N |
£
n n"g T r
\'9
|__3%__}__4_- _—
T L) 1
ﬁgré I ] l
) JiC
xO

(b) Typical Honlng &uﬁm Exchanger With an Externally Sesled Floating Head
N\

Stationary tubasheat C)
configuration a, b, ¢, d, e, or f Floating tubsshast

configuration D

3

{c} Typical Floating Tubesheet Exchanger With an Internally Sealed Floating Tub

@® Figure 36 — Floating Tubesheet Heat Exchangers

L TQ £ i H | Lo Y } P i 200
LT T O LUTTTITYUTAUUTIS T TTyutrc o m difa T Tyurt o0 )
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2 HISTORICAL BACKGROUND

In the past decades many authors have proposed theoretical methods for the design of floating TS HEs.
The most important contributions are provided below.

Gardner [1] in 1948 was the very first to develop an analytical approach by taking into consideration the
support afforded by the tubes and the weakening effect of the TS holes. The TS is considered as either
simply supported or clamped at its periphery to simulate the rotational restraint afforded by the shell and
the channel, which compels the designer to make a more or less arbitrary choice between these two

K.A[G. Miller [2] at the same time, proposed a similar approach that was published in the British’"Code

Gallgtly [3] in 1959 improved these designh methods by accounting for the degree of rotational restraint of

Gardner [4] in 1969 improved his 1942 method by proposing a direct determination of the TS thickngss
which accounts for the unperforated rim and the TS-shell-channel connection. The method was adopted
by 130/DI1S-2694 in 1973, by BS5500 in 1976 and by CODAP in 1995:

Soler [5] in 1984 developed a similar method accounting for the;unperforated rim and the TS-shell-
chanpel connection. The method is derived from fixed TS method and published for the first time in Non
mandatory Appendix AA of Section VIII Division 1. In,2003 it was published in a new Part UHX of
Section VIII Division 1 “Rules for Shell and Tubes Heat Exchangers” which became mandatory in 2(04.
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3 GENERAL

3.1 TS Configurations (UHX-14.1)

(a) The stationary TS is attached to the shell and the channel by welding (integral TS) or by bolting
(gasketed TS) in accordance with the following 6 configurations (see Figure 37):
e Configuration a: tubesheet integral with shell and channel,
o Configuration b: tubesheet integral with shell and gasketed with channel, extended as a flange;
o Configuration c: tubesheet integral with shell and gasketed with channel not extended as a flange;

4 Configuration d: tubesheet gasketed with shell and channel extended as a flange or not;
4 Configuration e: tubesheet gasketed with shell and integral with channel, extended as aflangeg;
4 Configuration f: tubesheet gasketed with shell and integral with channel not extended'as a flahge.
f 1 R - ‘v;,,, te
e B
t f , =t
e e ——) :
—— ¢ e "
_‘__P = ! = =] E 2 G|
A== E— P — &
a1 o
1 =cE T o gl
‘ go—— —
e =
————— 9 l = " 5
e —— !
‘ AT S == i
1 +_-_! — 4 _ 1 -
(a) Configuration a: {b} bnnhg:nhofb: (¢} Configuration ¢!
Tubjesheet Integral With Shell and Channel Tubesheet Integral With Shell and Gasketed Tubesheat Integral With Shell and Gaskefted
With Channel, EW as a Alange With Channel, Not Extended as a Flange
— = (== = N
— e B g ==
=T A : Tt il
p— ._{_ - — - =
ot l RN 4§— A = ;:—P'“‘ c
— c| = B=r =2 B=
o— ( r—2 B—1Ts G 3 p—'s
€ = B—= Py exmr:)ct‘;ed} D _:]———- - Gg ,Dc ST T e G
G, — ?.__ | — h = [ h
“LEw . nf ==
E= k_j ‘
‘_—_g _____i ( L = a1
(d) Conﬁguntiw,& (e) Configuration e: {f) Configuration f:
Tubgsheet Gasketed With Shttand Channel Tubesheet Gasketed With Shell and Integral Tubesheet Gasketed With Shell and Intefgral
With Channel, Extended as a Flange With Channel, Not Extended as a Flanhe
Figure 37 — Stationary Tubesheet Configurations
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(b) The floating TS is free to move along the HE longitudinal axis in accordance with the following 4
configurations (see Figure 38):

Configuration A: integral tubesheet;

o Configuration B: gasketed, tubesheet extended as a flange;
o Configuration C: gasketed, tubesheet not extended as a flange;
o Configuration D: internally sealed tubesheet.
=5- ;
! | R |
| ——
e = —
.9_.__. - —3
= H="
c et G. A
— . —— . ——— — —_— 0. A - e
— —h -E -—i;:
e ——— e —— -
p== | L—;‘ ‘
e = ; == e 3
{a) Configuration A: ib) Confiyuration B:
Tubeshest Integral Tubesheet Gasketed, Extended as a Flange

|¢) Configuration C: (d) Configuration D:
Tubeshedt Gpsketed, Not E ded as a Flange Tubesheet Internally Sealed

Figure 38 — Floating Tubesheet Configurations

3.2 Notations

(a) Data for<the design of the HE are as follows (UHX-14.3)
$ymbels Do, E*, hy, u, u* and v* are defined in Section 2 of PART 2.

A~ = outside diameter of tubesheet

a:. = radial channel dimension

a& = equivalent radius of outer tube limit circle

as = radial shell dimension

C = boltcircle diameter

D: = inside channel diameter

Ds = Inside shell diameter

dc = nominal outside diameter of tubes

E = modulus of elasticity for tubesheet material at T
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Ec = modulus of elasticity for channel material at T

Es = modulus of elasticity for shell material at Ts

E: = modulus of elasticity for tube material at T;

Gc = diameter of channel gasket load reaction

Gs = diameter of shell gasket load reaction

G: = midpoint of contact between flange and tubesheet

h = tubesheet thickness

Li = tube length between outer tubesheet faces

N: = number of tubes

Pe = effective pressure acting on tubesheet

p, = I:f,hell side design or operating pressure. For shell side vacuum use a negative value f

5
p, = tube side design or operating pressure. For tube side vacuum use a negative-value f

(b) I

Ps.

Notation P, instead of P;, is used throughout the analytical development so as‘to maintain the
symmetry of the equations involving the shell (subscript s) and the channel(subscript c).

S

Se

Ss

St

Sy
Syc
Sys
Syt

Vt

allowable stress for tubesheet material at T

allowable stress for channel material at T

allowable stress for shell material at Ts

allowable stress for tube material at T

yield strength for tubesheet material at T

yield strength for channel material at T,

yield strength for shell material at Ts

yield strength for tube material at T;

allowable primary plus secondary stress\for tubesheet material at T
allowable primary plus secondary stress for channel material at T
allowable primary plus secondary:stress for shell material at Ts
tubesheet design temperature

ambient temperature, 70°F {20°C)

channel design temperature

shell design temperature

tube design temperature

channel thickness

shell thickness

nominal tube wall thickness

tubesheet-effective bolt load determined in accordance with UHX-8
Poisson’s ratio of tubesheet material

Poisson’s ratio of channel material

Poisson’s ratio of shell material

Poisson’s ratio of tube material

Design-coefficients (UHX-14.5.1 to 4)

-

"he-following coefficients, specific to each component of the HE, will be used in the analytical

treatment. They complete the data given above.
(1) Perforated TS

Equivalent diameter of outer tube limit circle (see Section 4.3(a) of PART 2): D,=2r +d,

Equivalent radius of outer tube limit circle: a, = %

TS coefficients relating to the tubes:
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d ) d Y
e Shellside: X, =1-N, | — - l-x = t
o x =10 Mo
2 2
_2 _2
o Tubeside: X, =1-N, =2t . 1-x =N, d.-2
28, 2a,
° X_X(:N(dxz_(dt_Ztt)z)th'St:Nt'kt_ I :Nt'Kt_ L
; rk 4a; ) ﬂa; E, 72'8.; E, ﬂa;
*_d*
e Ligament efficiency: u*= P x

)

o Effective tube hole diameter d* and effective pitch p* are defined in Sectioh 4.3(d) and (¢

PART 2
o Effective elastic constants E* and v* are given in Section 5.6 of PART.2 as a function of
* and h/p (triangular or square pitch).

E*.h’
e Bending stiffness: D*Zm

o Effective tube side pass partition groove depth given.in Section 4.3(f) of PART 2: h'g

o Effective pressure acting on tubesheet: P

Tube bundle

2
Tube cross-sectional area: s, = % [df d, -2t )ZJ =zt (d, -t)= ﬂTa‘) (% —X)

Axial stiffness K; of one tube: K, = tL t_ 7t (dtL_ t‘) E,

Axial stiffness k; of ong half tube of length I=L/2: k, =

Et S _ 27[tt (dlt__tt) Et ) Kt

Effective elastic foundation modulus equivalent to the half tube bundle:
o Nok 2NCK _2NCEt (dt—tt)zzEt (x _XS):E(X “x)
Y ol ral La’ L |
k
k:4/D_W* . x=kr ; 0<r<a, = 0<x<ka, ka-=X,

Axial stiffness ratio tubes/TS:

®)

- 1
E t (d-t)a |

xa:kaozd& a,=|24 (1-v**) N, = % ;) -

D* E*Lh
Shell
. o _a

Radial shell dimension: as P = a
0

ST TS Integral configurations (a, b and c): as=Ds/ 2

Gasketed configurations (d): as =G/ 2
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FL TS configurations (A, B, C and D): as = ac
Mean shell radius: a, = DSZHS
Shell cross-sectional area: s,=rt, (D, +1,)

Axial stiffness k's of the half shell of length I=L/2: k' — Esl s, _ 278 (Di”s) E

2(1-v?)

—2K,

Stettcoefficent—p =—————
J(D, +t) t,
o E, -t
Bending stiffness: =p, (1 % )
) Channel
a
Radial channel dimension: a p.= a—°
0
Integral configurations (a, e, f,and A): a.=D./2
Gasketed configurations (b, cand d):  ac=G¢/ 2
Gasketed configuration D: ac=Al2
Mean channel radius: a, = DCZHC
Channel coefficient: g V12 (l_ VCZ)
- Jo )
- Bt
Bending stiffness: k.=p. - m
f— VC

5) Unperforated rim
D, = internal diameter
A = external diameter

Diameter ratio: K = AlD,

3.3| Loading Cases (UHX-14.4)

The pormal operating-condition of the HE is achieved when the tube side pressure P; and shell side
presqure Ps act simultaneously. However, a loss of pressure is always possible. Accordingly, for safd
reasqns, the designer must always consider the cases where Ps=0 or P=0 for the normal operating
condjtion(s):

—

y

Th HA ct alen cancidny thn cfartiin Pa¥a It 11 thao chitda nditioni{a} and tha tincnt
e ul\adlullbl IIIU\)I. MIJU UUIIJIU\:I Ie oLtuAr \.UrJ UVIIUI\.IUII\J}, e JIIULUUVVII UUI IUILIUII\J} ul LAY B9 B Av) UP A%2Y

condition(s), if any, which may govern the design.

A floating TS HE is a statically indeterminate structure for which it is generally not possible to determine
the most severe condition of coincident pressure and temperature. Thus, it is necessary to evaluate all the
anticipated loading conditions mentioned above to ensure that the worst load combination has been
considered in the design.

For each of these conditions, ASME, TEMA and CODAP used to consider the following pressure loading
cases.
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e Loading Case 1: Tube side pressure P; acting only (Ps = 0).
e Loading Case 2: Shell side pressure Ps acting only (P = 0).
e Loading Case 3: Tube side pressure P; and shell side pressure Ps acting simultaneously.

ASME 2013 Edition provides the detail of the pressure “design loading cases” to be considered for each
operating condition specified by the user (normal operating conditions, startup conditions, the shutdown
conditions,...). For the pressure loading cases, a table (table UHX-14.4-1) provides the values to be used
for the design pressures Ps and P: in the formulas, accounting for their maximum and minimum values.

Additional npnmfing (fhnrmnl + prnccnm) Innrling cases must he cansidered if the offect of the radial

thermal expansion adjacent to the tubesheet is accounted for (see Section 10.1)

As the calculation procedure is iterative, a value h is assumed for the tubesheet thickness to.caleulate jand
check that the maximum stresses in tubesheet, tubes, shell, and channel are within the maximum
pernfissible stress limits.

Becguse any increase of tubesheet thickness may lead to overstresses in the tubes;shell, or channel, 4
final|check must be performed, using in the formulas the nominal thickness oftubesheet, tubes, shell [and
chanpel, in both corroded and uncorroded conditions.

3.4 | Design Assumptions (UHX-14.2)

A FU TS HE is a complex structure and several assumptions are.necessary to derive a ‘design by rulep
method. Most of them could be eliminated, but the analytical treatment would lead to ‘design by
analysis’ method requiring the use of a computer.

72
-

The g¢lesign assumptions are as follows.
(a) HE

The analytical treatment is based on theheory of elasticity applied to the thin shells of
revolution.

4 The HE is axi-symmetrical.

The HE is a symmetrical unit with identical TSs so as to analyze a half-unit.

(b) TSs
¢4 The two tubesheets are circular and identical (same diameter, uniform thickness, material,
temperature and edge conditions). Deviations will be allowed for the FL TS to cover the 3 tyjpes
of HE.
4 The tubesheetsare-uniformly perforated over a nominally circular area, in either equilateral
triangular orsquare patterns. This implies that each TS is fully tubed (no large untubed window)
Radial djsptacement at the mid-surface of the TS is ignored
Temperature gradient through TS thickness is ignored
Shear deformation and transverse normal strain in the TS are ignored
@&he'unperforated rim of each TS is treated as a rigid ring without distortion of the cross sectipn
[ubes
Tubes are assumed identical, straight and at same temperature
Tubes are uniformly distributed in sufficient density to play the role of an elastic foundation for
the TS

e The effect of the rotational stiffness of the tubes is ignored
(d) Shell and channel

o Shell and channel are cylindrical with uniform diameters and thicknesses

o If the channel head is hemispherical, it must be attached directly to the TS, without any

cylindrical section between the head and the TS.

—_— 8 8 0 &

(©)
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o shell and channel centerlines are the same.
(e) Weights and pressures drops

o \Weights and pressures drops are ignored

e Pressures Psand P are assumed uniform

3.5 Basis of Analytical Treatment

3.5.1 General

The flesign of a FL TS HE 1s complex as the two TSs are connected to each other through the tube bundle.
Accqrdingly the structure is statically indeterminate. Many geometrical, mechanical and material

propgrties are involved in the design as shown in Section 3.2(a) which lists the extensive input data.
Althpugh the FL TS differs from the ST TS (smaller channel diameter, edge conditions,...); the two
tubegheets are assumed to be identical. This assumption may seem unrealistic, but if the‘real floating[TS
geonpetry is accounted for, the analytical treatment would lead to a ‘design by analysis’ method requifing
the use of a computer.

As for a fixed TS HE, the analysis includes the effects of the shell and tube side’pressures, the axial
stiffgning effect of the tubes, the stiffening effect of the unperforated ring at the tubesheet edge, and the
stiffgning effect of the integrally attached channel or shell to the tubesheet! For a tubesheet that is
extended as a flange to which a channel or shell is to be bolted, the bolt-load causes an additional moment
in the tubesheet which is included in the total stress in the tubesheet in addition to the moments caused by
presqure.

The analysis is based on classical discontinuity analysis iethods to determine the moments and forces
that the tubesheet, shell and channel must resist. These:components are treated using the theory of
elast|city applied to the thin shells of revolution.

Becguse the heat exchanger is assumed to be symmetric, only half of the heat exchanger is treated. The
main steps of the ST TS design follow the analytical treatment of fixed TS HEs. The FL TS will be
designed the same way in a second stepi.using its appropriate data (channel thickness and diameter,
boltipng data, edge conditions,...).
(a) The tubesheet is disconnected-from the shell and channel. The shear load V, and moment M, are
applied at the tubesheet edge,as shown in Figure 39.
(b) The perforated tubesheet is replaced by an equivalent solid circular plate of diameter D, and effe¢tive
glastic constants E*(effective modulus of elasticity) and v* (effective Poisson’s Ratio) depending on
e ligament efficieney pu* of the tubesheet. This equivalent solid plate is treated by the theory ofl thin
gircular platessubjected to pressures Ps and P; and relevant applied loads to determine the maximpum
qtresses.
(c) The unperforated tubesheet rim is treated as a rigid ring whose cross section does not change undgr

rotatlons of the 3 components.

() The shell and channel are subject to shell side and tube side pressures Ps and P; and edge loads V. and
Ma to determine the maximum stresses.

(9) The maximum stresses in tubesheet, tubes, shell and channel are determined and limited to the
appropriate allowable stress-based classifications of Section VI1II Division 2 Part 4.
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a) REAL MODEL bJANALYTICAL MODEL
> g\ AV
E,U Ze 8o " Nld( E.' U‘ ‘—:—-r )M.-;
2 FERETI11
p=L elastic foundation of modulus:
2 p Nk
Y ra
Ap' =x,P.—xF,
ki I'E ¢ ‘~_E*;h‘_
N, tubes of rigidity: Nk, = A"I;‘ % e 12 (l - 1“':} :
Figure 39 — Analytical Model Used in Design-Method
2 Free Body Diagram for ST TS

Figure 40 shows, for a ST TS integral both sides (configuration a); the free body diagram of the

rele
com

nt discontinuity forces (Va, Vs, Qs, Ve, Qc) and moments' (M., Ms, M¢, Mg) applied on each
onent, together with edge displacements.

com\}onent parts (perforated tubesheet, unperforated tubesheet tim, shell, channel). The figure detail

In thjs figure:
Forces (Va, Vs, Qs, V¢, Qc) and moments (Ma, Ms, M, Mg) are per unit of circumferential length

The

following subscripts are used:

4 s for shell,
4 ¢ for channel,
4 R for unperforated rim

No shibscript for the perforated/ TS
Notation P. instead of P: (tube,side pressure) is used throughout the analytical development so as to
maintain the symmetry of.the equations involving the shell (subscript s) and the channel (subscript c)
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D + tcéi __channel (c)
D¢ = 2ac
R T
<5 >Qe ~—- B¢
Perforated Tubesheet nperforated AV
Tubesheet
P. =P T™Va P: =P, A Ve
EEREENEEREEE | 1) QoM

' \
| :h E*, v* ea)ADMaéAE’V?_S )MR )9R=ea
BEREER B

—>
V.
Ps | a Ps Vs
Do=2a _
042
s sy
- N
Ds _ZH' . B = QR
Ds + tsﬁ! " shell (s)

Figure 40 — Free Body Diagnam of the Analytical Model for the ST TS

3.5.3 Free Body Diagram for FL TS

The FL TS is attached to the FL channel either by welding (integral configuration A) or by bolting
(gasketed configurations B or G);-but there is no shell, which implies Vs=0 and Ms=0.

Accqrdingly, the free bodydiagram is different from the free body diagram of the ST TS and depends$ on
the HE type shown on kigure 36: immersed, externally sealed, internally sealed. Figure 41 provides the
free body diagram ofsan immersed FL TS with configuration A.
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AVa —
Ps Ps
Ma Ma
FLOATING TS A ) (A RING
C

Pe MY

AW4

Ps

Figure 41 — Free Body Diagram of the Analytical Model for the FL TS
(floating channel is shown on Figure 48, Figure 49 and Figure 50 for the 3 types of FL. TS HE
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4

AXIAL DISPLACEMENTS AND FORCES ACTING ON THE TUBES AND ON
THE SHELL

4.1 Axial Displacement and Force Acting on the Tubes (Figure 42)
Py
do
O (— + A
P v
Vi (n)
- . “hly
P B
P. ' 0 . o
= d =
Figure 42 — Axial Displacement of Tubes
(a) Axial Displacement of the tubes due to axial force Vi(r)-acting on the tube row at radius r:

(b) A
() N

=L

k., Es  7E(d-t)t

\xial force acting on each tube at radius.r: V, (r) =k, [ét (Vt)]
Net effective pressure acting on the T'S'due to each tube at radius r of TS area ﬂaj / N, :
V) NkS(M) N TNk
()= a0 RO Nk Gy k=D Gk )
way N, 7 ag 7T a, T a,
Kw
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4.2 Axial Displacement and Force Acting on the Shell (Figure 43)
~A
S
[
0 .
S
w(@s)=0 Vs
s
a's= (Ds + t)/2 : ‘a
.Sl
b
Es y ”5/ i i £
0. 0. b H l
Figure 43 — Axial displacement of the Shell
(a) Axial displacement of the shell due to axial force V; actingn-the shell:
V. 2ra. V.2ral |
5. (V.)=——— == - = V. Vs is'per unit of length
(V) «  Eo2rat, Et P J
D, +t,

(b) 4
(c) A

(@) 7

h. = mean shell radius =

s is known and depends on the HE type (se&)V1.2).
Axial force acting on the shell: V, = % o, (Vy)

Axial displacement of tubes at.radius r:

D, (Vt) =0, (VS) + w(r) where w(r) is the TS deflection at radius r (see Figure 45)

[S deflection at radius: - {w(r)=2,(V,) -5, (V,)
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5 DEFLECTION AND LOADS ACTING ON THE TUBESHEET

5.1 Equivalent Plate Resting on an Elastic Foundation (Figure 44)

(a) Net effective pressure

-

Figure 44 — Loads ATting onTS

o

ue to tubes: |q, (r)=-k, 5, (V)

Tubes act as an elastic foundation of equivalent modulus giventby the axial rigidity of the half-
hundle per unit of TS area:

szl:lzt—al? Qt(r)z_kw [5S(VS)+W(r):|

dlue to pressures Ps and Py acting on the equivalent plate (see Annex E);

o =% P —Xx P, =Ap’

net effective pressure:

_ _ap . (n)
()= 40, (1) =00~y vl
1(r)=Ap" +k, [-00H] -k, w(r)  [Q=ap —k, 5.v,)] [Vial

Q

Ih this equation, the displacement &5 of the shell subjected to axial force Vs is known and
q(r)=Q <k w(r)

(b) Deflection.of TS (Figure 45)
The determination of the deflection given in Section 5.1(b) of PART 3 applies:

W(X)=AberxFBheix+—— wnere: X=kr:{*jD'; T

k

W

Quantities q(x), 0r(x), Qr(x) and Mr(x) are respectively given in Section 5.1(a), 5.1(c), 5.1(d) and 5.1(e) of
PART 3

f Et (d—t)a2]*
At TS periphery (r =a,): Xa=ka0=4%a0:{24(1—v*2) N, b (d-t) &

E* Lh®
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w(r)

P Deflected tubesheet (mid-surface)
O' xf ;

o, i 0—-dwidr ).

w(r) A
0 rperforated
w(ao)
Qi+ M pn
S r

D r o S

as w
> a shell
| ts

Figure 45 — TS Displacement

5.2 | Determination of Integration Constants A and B

The fletermination of the integration constants A and B given in Section 5.2 of PART 3 applies.
Subgtituting the expressions of A and B in V.1b enables to-determine:

w(%),a(x), 0(x),Q(x), M (x)

as functions of x, depending on V, and M, whichrare still unknown.

>
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6 TREATMENT OF THE UNPERFORATED RIM

6.1 Edge Loads Applied on Shell and Channel at their Connection to the TS

ST TS: Section 6.1(a) and 6.1(b) of PART 3 apply.

FL TS: Section 6.1(a) of PART 3 does not apply as there is no shell.

Accordingly, the shell coefficients Bs, ks, As, ds: shall be taken equal to 0, and as shall be taken
equal to ac.

Section 6.1(b) of PART 3 applies

6.2 | Equilibrium of the Unperforated Rim

6.2.1 Due to Axial Loads

(a) The ring equilibrium for the ST TS is written (see Figure 46):

praV, + (&l —al )P, +27aV, =x(a’ —al )P +27aV,  [VI2.11]
Wwhere:

a = axial edge load acting at connection of ring with equivalent plateis'still to be determined
s = axial force acting in the shell, which depends on the HE typeAimmersed, externally sealed,

internally sealed).

¢ = axial force acting in the stationary channel: 2 za Vi=za’?P, = aV,=—2P

C

N |09’N

ac—> ||
27‘73'[;\/(: = Wazc Pc \ J
ac
Ve

Va Ve
Pc P
1€ . " 2

STATIONARY TS Al A RINg
. , P,S A A S
Va v,
" \Vs
a's
27agVa + (@’ - a%)Ps + 27ma'V, = 1(a’ - a%)Pe + 27a'sVs &
. —

Figure 46 — Ring Equilibrium of the ST TS
(b) The ring equilibrium for the FL TS is written in the same way (see Figure 47), but there is no shell
connected to the TS (Vs=0): 27za V, + 71(6\32 — af) P +27aV, = ﬁ(af -a’ ) P [VI21.2]
where:
V. = axial edge load acting at connection of ring with equivalent plate is still to be determined
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V. = axial force acting in the floating channel, which depends on the HE type (immersed, externally
sealed, internally sealed).

(©)

AVa R
PS PS

o |
FLOATING TS [aX ¢+~ RING |

P L

Pe A
Va A4 |

%_1

21agVa + (a2 - a%)Ps + 27mal Ve = (@’ - 8%)Pe Ve !

Figure 47 — Ring Equilibrium of the FL TS

Accordingly, the free body diagram of the FL TS is different-from the free body diagram of
$T TS and depends on the HE type shown on Figure 36: immersed, externally sealed, internally
dealed, which must be considered separately to calculate theraxial edge load V. (point A) and the

florce Veacting at the periphery of the ring (point E).
1) Immersed FL HE (see Figure 48)

2raV, = ra’P,
2raV, = ra’P,
which, combined with [VI1.2.1.1],-l€ads to:

V. =274V, —27aV, = 7a’P, - 7a’P.

For STTS:

27y, =7l (P,~R) =V, = 2 (P.-R)

For FLTS: 278V, =78 P, ~7&P, |v, = 27aV, - za’P, — za’P,
which, combined(with [V1.2.1.2], leads to:

27y, =gAlP-P) = N, =2 (R -P)

P) externally sealed FL HE (see Figure 49)

the

axial

278V, =0 }

2raV_ = za’P
C C C C

V. =27aV. -27aV, = 7a’P,

For STTS:

J

which, combined with [V1.2.1.1], leads to:

2eaN, = (& -a )R~ 7aR =78 [(1- 02 )R- R ] = |V, = 2 [(1-7)R.-R ]

For FLTS:27aV, =7a;P. |V, =27aV, - 7a’P,
which, combined with [V1.2.1.2], leads to:
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2ma, = (& -al )P, -walR = mal[(1- o )R- R ] = N, = 2[(1- )R -R]

(3) internally sealed FL HE (see Figure 50)
2raV, = ra’P,

2ra VN, = na’P,

which, combined with [V1.2.1.1], leads to:

V. =27aV, -2raV, =0| (assuming a, =a,)

For ST TS:

2maV, =7 (8 - P, ~x(a ~a )R =78l (1- ) (R -R) = V, = 2(1-pf ) (R

FOrFLTS: V, =0 = |V, =27aV, =0|
which, combined with [VI1.2.1.2], leads to:
raV, =x(al—al )P —x(al—al )R =xa[ (1-p2)(R.-R) | = V, =%(1—p:)(Ps—Pc)

Thug, the axial edge load V. (point A) and the axial force Ve acting at the periphery of the ring (poin{ E)
are t:L\e same for the ST TS and the FL TS, which enables the FL HE to be:considered as a fixed TS HE

for the analytical treatment.

Howgver, the FL TS is different from the ST TS as its internal radits is smaller, it is not connected to|the
shellland the edge moments are different, except for the externally sealed HE which can be considerefl as
a fixed TS HE with an expansion bellows of rigidity (see Note 2 of Section 7.2 of PART 3).
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Pe a2
V. = ra? L&
2ra'.V. = ma. Pe A
Ve
b
A AV
Fe Ps
STATIONARY TS~ A A RING E Ve Z2meele - S0
= Tacg e @ sFs
Ps Ps
Vg Yy,
\ 2 Vs
2ma'sVs = masPs a's
as—

PV T+

MID-PLANE

/\VA 8_5_)_
Ps =
FLOATING TS A A RING AE| || Ve = 2mal Ve
= aPe - 7a%Ps
P. l
P. Ve
VAV '
2malV, = watP; - makPs a=Jy,
P, *7
Ps
Ps

Figure 48 — Immersed Floating TS HE
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Pe a2
Ve = 2c P
27a 7a a :)r
Ve
A 2
’Va I\VC
Pe Pe
STATIONAW A A RING )2/" Ve =2maVe -0
A _ .2
=T7a cPc
Ps Ps
\fVa V —
e =
27a'sVs = ma%Ps o I Vs =0
as —»
P,V T+
MID-PLANE
P,V l+
/\VA 8_5_)
BEs Ps
FEOATING /TS/ A A.RING <E || |Vg =2ma'Ve = ma%Pe
Pc Pe Vel'
Vad Ve
27Ta‘(;VC = TTBZCPC = TrazSPS alc :
Pe 8c %
Fs

Figure 49 — Externally Sealed Floating TS HE

131


https://asmenormdoc.com/api2/?name=ASME PTB-7 2014.pdf

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

Pe > i
2ma' Ve = mma’ Pe o ﬁd:
Ve
~ ve
X Pe
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Figure 50 — Internally Sealed Floating TS HE
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Note: The determination of the axial load V; acting in the shell enables the calculation of the shell
membrane stress:

VS
O-s,m =T
tS
, : a’P, _ a’l
e For immersed Floating TS HE: V,=—-* leadsto :o0,,,=————FP,
2a, ™ (D, )t
Eorintarnallv caalad Elaatina TS LIE- \/ = n |DQ(‘|Q oo = n
AL LD AR b LA d e LLLL B S s,m
: .y &R . a
¢ For externally sealed Floating TSHE: V, =—=-% leadsto :o0,,,=————FP.
2a, ™ (D +t)t,

Thesp formulas match the general shell membrane stress formula given in Section 8.6(3)0f PART 3,

using for Pe the relevant formula given in VII hereafter.

6.2.2 Due to Applied Moments

ST TS: Section 6.2(b) of PART 3 applies.
FL TS: Section 6.2(b) of PART 3 applies using Bs=0, ks=0, As=0 and &s=0,which leads to:

0=0 and @ =a’ [(psz 1) (~ _1)}

° 4

6.2.83 Edge Loads V. and M. Applied to the Tubesheet

(a) Determination of M,: Section 6.3(a) of PART Zapplies, which leads to: M, = (a0 Va) Q+Q,

(b) Determination of Va: Va is known and depends on each HE type, as determined in V1.2.1.3.

Accqrdingly, Section 6.3(b) and 6.3(c) of PART 3 are not relevant for FL TSs and quantities Qz, Qz

U dd not apply.
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7 EQUIVALENT PRESSURE ACTING ON THE TUBESHEET

A circular plate under uniform pressures Ps and P; is subjected to a differential pressure Pe = PS - Pt

The axial force V, at periphery is determined from the plate equilibrium:

2 2V

27Z.aova:Peﬂa§ = aV=a°—F:* |:)e: :
(o] a 2

0

Whefe V. is given in Section 6.2.1(c) for:
(@) immersed FL HE: Vv, :%(pS -P). =

(b) gxternally sealed FL HE: V, =a—2°[(1—p§)P -PC] = |P, =(1_p§)ps_R

S,

(c) ihternally sealed FL HE: vaza—g[(l—pf)(a—a)] = |R=(1-p)(R-R)

As shown in Section 6.2.1(c), these formulas’apply both for the ST and FL TSs.
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8 STRESSES IN THE HEAT-EXCHANGER COMPONENTS
Stress formulas calculated in Section 8 of PART 3 apply.
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9 DETERMINATION OF ALLOWABLE STRESS LIMITS

The determination of the allowable stress limits developed in Section 9 of PART 3 apply.
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10 ADDITIONAL RULES

The following additional rules apply in the same way as for the fixed TS HE covered in PART 3:

(1) Effect of radial thermal expansion adjacent to the tubesheet (UHX-14.6), covered in Section 10.3 of
PART 3.

(2) Calculation procedure for simply supported TSs (UHX-14.7), covered in Section 10.4 of PART 3

(3) Effect of plasticity at tubesheet-shell-channel joint (UHX-14.8), covered in Section 10.2 of PART 3.

(4) Tubesheet flange extension (UHX-9), covered in Section 10.5 of PART 3.
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11 HOW TO USE THE RULES

UHX-14 rules have been developed on the basis that the floating TS HE could be treated as a fixed TS,
with some modifications due to the floating TS which is free to move axially inside the shell as outlined

previously.

11.1 Stationary TS

The ST TS is designed in the same way as the fixed TSs rules of UHX-13, with the following
modifications:

4 the floating TS is free to move axially, which implies K;=0 and J=0,

Ts,m:O and y=0,
4 the equivalent pressure depends on the HE type and is defined in Section 7,
4 Coefficients Qz1, Qz2 and U do not apply.

11.3 Floating TS

The FL TS needs some adaptations as it differs from the ST TS:

no attached shell,

channel diameters (A, C, Ds, Gs,G1) are smaller than the shelldiameters,
channel thickness t. may differ from the ST channel thickness

TS configuration is different from the ST TS configuration:

The FL TS shall be designed in the same way as the ST T.Susing:

its own geometrical data (A, C, Ds, Gs,Gy, to),

its own TS configuration,

4 a;=a; which is needed for the calculations of Qi, ws* and wc*.

So a$ to maintain a minimum of symmetry between the two TS, the FL TS shall have the same mater
and the same design temperature as the ST TS , which implies that the FL TS material properties are
of the ST TS (Ec, v, Se, Sy.c), and the same thickness as the ST TS.

11.3 Calculation Procedure

Like[for the fixed TS HE, the talculation procedure can be summarized as follows:

¢ Set the data listedin Section 3.2(a)

¢ Calculate thexdesign coefficients listed in Section 3.2(b) ( Xs,Xt ; ps.pc )

¢ Calculatgfirst characteristic parameter X, and coefficients Q1,Qz ; @s*,0c*

¢ Calculate the equivalent pressure Pe, and second characteristic parameter Qs

¢ Calculate the maximum stresses in TS, tubes, shell and channel and limit their values to the
rmaximum allowable stress limits.

Because of the complexity of the procedure, it is likely that users will computerize the solution.
A Mathcad calculation sheet is provided for the immersed floating head TS HE defined in PTB-4
Example E4.18.8.

The stationary TS is gasketed with shell and channel (configuration d) and the floating TS is gasketed

with the channel, not extended as a flange (configuration C). The data are shown in the sheet and the
calculations follow strictly steps 1 to 10 of UHX-14.5 calculation procedure. The calculation sheet is
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provided both for the ST and the FL TS. See Annex W and Annex X for UHX-14-Example E4.18.8
(PTB-4 2013 Edition) Stationary and Floating TS respectively.

11.4 Calculation Using a Fixed TS HE Software

The ST TS can be calculated using a fixed TS HE software, such as the Mathcad software used in Annex
V, provided that the other TS is free to move axially by using a bellows of rigidity close to 0, which

simulates an externally sealed FL HE. As shown by Section 7.2-Note 2 of PART 3, P, = (l—pf) P-P
i 1 i i 1 [Taalaa oatina-hes HE

, Whigh-is-effectivelr-the-equivalentpressureformulafor-this-bype-ofH 0
and internally sealed HE, it is necessary to replace P. respectively by Pe = PS —R and
P = (1—,052)(I3S —PR) in the software.
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1 SCOPE

PART 5, devoted to U-tube TS HEs (Figure 51), provides the technical basis for the determination of the
stresses acting on the TS, shell and channel and their relationships with the design rules of UHX-12.

AE@T I | N\
:.__-_._.AL_.__._.._-_._) :

_y‘ . e : L : |

7N\ :
) Jidl
Figure 51 — U-tube Tubesheet Heat Exchangers
(1) see TS configurations in Figure 52
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2 HISTORICAL BACKGROUND

The first rules for the design of U-tube TSs were published in Appendix AA of Section VIII, Division 1
in 1982. They were based on the 1969 Gardner method [1] to cover configurations a (integral
construction) and b (gasketed construction), with some improvements:

o use of an effective pitch p* to account for unperforated diametral lanes,

e use of an effective tube diameter d* to account for the tube expansion depth ratio p,

e derivation of a direct formula to determine the tubesheet thickness.

Later on, Urey Miller [2] , as a member of the ASME Special Working Group on Heat Transfer

Equipment, developed a more refined analytical approach accounting for the unperforated rim for
conf{gurations b and e (tubesheet extended as a flange), which were not covered before. The method|was
adopted in ASME in 1992.

This|new set of rules was not totally satisfactory for the following reasons:

¢4 Three different set of rules, based on different analytical approaches, werg proposed to cover
configurations a, b, d and e.

4 Configurations c and f (gasketed tubesheet not extended as a flange):wetre not covered.

4 Rule for configuration "d" covered only the case were the tubeshgét was not extended as a flgnge,
with gaskets both sides of same diameter,
4 Rule for configuration "a" used the same formula, corrected by a TEMA coefficient F which did
not account properly for the degree of restraint of the tubesheet by the shell and channel.

Accqrdingly, Osweiller in 2002 [3] developed a more refined and unique approach to cover the six
tubegheet configurations. This approach is based on UreycMiller's method mentioned above, with the
folloving improvements:

4 treatment of configurations ¢ and f where the tubesheet is not extended as a flange.

4 accounting for local pressures acting on‘shell and channel, when integral with the tubesheet.
4 use of Poisson's ratio v in all formulas; rather than using v=0.3, which leads to inexact
coefficients.

4 derivation of more condensed formulas providing rules consistent with fixed tubesheet rules.

This|method was published forthefirst time in Nonmandatory Appendix AA of Section VIII Divisiop 1.
In 2Q03 it was published in anew part UHX of Section VIII Division 1 “Rules for Shell and Tubes Hgat
Exchangers” which becamejmandatory in 2004.

Soler [4] in 1984 devefoped a similar method accounting for the unperforated rim and the TS-shell-
chanpel connection.

143


https://asmenormdoc.com/api2/?name=ASME PTB-7 2014.pdf

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII

Division 1

3 G

ENERAL

3.1 TS Configurations (UHX-12.1)

(a) The stationary TS is attached to the shell and the channel by welding (integral TS) or by bolting
(gasketed TS) in accordance with the following 6 configurations (see Figure 3752):
Configuration a: tubesheet integral with shell and channel;
Configuration b: tubesheet integral with shell and gasketed with channel, extended as a flange;
Configuration c: tubesheet integral with shell and gasketed with channel, not extended as a

flange;

Configuration d: tubesheet gasketed with shell and channel extends as a flange or not;
Configuration e: tubesheet gasketed with shell and integral with channel, extended as‘a flang

Ol

< sl ¢

(a) Configuration &

Tubgsheet Integral With Shell and Channel

= a: A (extended)~$

(d) Configuratiofi:

Tubekheet Gasketed With-SKell and Channel

3.2

Figure 52 — TS Configurations

Notations

b} Configuragh b>
Tubesheet Integral With Shelt and Gasketed
With Channel, Extefided as a Flange

— -~ — -
rt~ [ W —-

c| A=z BE=F

{+ Pofommssacn e o/n

(e) Configuration e:

Tubesheet Gasketed With Shell and Integral

With Channel, Extended as a Flange

P

nge.

]
B!J%”
il
e
|

(¢} Configuration ¢:
Tubesheat Integral With Shell and Gask|

A

With Channel, Not Extended as a Flange

—=H ﬁ::f:
t '

A ¥ ———

Dy ==~

P —=
=B
]

]

1%

(f) Configuration f:

Tubesheet Gasketed With Shell and Intpgral

With Channel, Not Extended as a Fla

(a) Data for the design of the HE are as follows (UHX-12.3)

Symbols Do, E*, hy, u, u* and v* are defined in Section 2 of PART 2.
= outside diameter of tubesheet
= radial channel dimension

A
dc
do
as
C

Dc

= equivalent radius of outer tube limit circle

= radial shell dimension
= bolt circle diameter
= inside channel diameter
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Ds = Inside shell diameter

E = modulus of elasticity for tubesheet material at T

Ec = modulus of elasticity for channel material at T,

Es = modulus of elasticity for shell material at Ts

G. = diameter of channel gasket load reaction

Gs = diameter of shell gasket load reaction

G: = midpoint of contact between flange and tubesheet

h = tubesheet thickness

N:__= number of tubes

Pl = shell side design pressure. For shell side vacuum use a negative value for Ps.

P] = tube side design pressure. For tube side vacuum use a negative value for P:.
Notation P, instead of P, is used throughout the analytical development so as to maintain
the symmetry of the equations involving the shell (subscript s) and the channel (subscript c)

S = allowable stress for tubesheet material at T

. = allowable stress for channel material at T

S =allowable stress for shell material at Ts
Syt =vyield strength for channel material at T,
Syb = yield strength for shell material at Ts

Sy} =vyield strength for tube material at T;
Seg = allowable primary plus secondary stress for tubesheet material at T
Spst = allowable primary plus secondary stress for channel material at T
Sps4 = allowable primary plus secondary stress for shell material at T
T = tubesheet design temperature
T¢ = channel design temperature
T¢ = channel design temperature
T{ =shell design temperature
Ic = channel thickness
ts = shell thickness
= nominal tube wall thickness
s, Wc = shell or channel flange design-bolt load for the gasket seating condition
/* = tubesheet effective bolt load determined in accordance with UHX-8
. = Poisson’s ratio of channélmaterial
s = Poisson’s ratio of shell'material

< 2 =< =

(b) Design coefficients (UKX-12.5.1to 5)
The following coefficignts, specific to each component of the HE, will be used in the analytical treatment.
They complete the data given above.
1) Perforated TS

o Equivalent diameter of outer tube limit circle (see Section 4.3(a) of PART 2): D0 =2 LT dt
> Equivalent radius of outer tube limit circle: a, = %
TS coefficients:
: . < P -a
e Ligament efficiency: u™= o
o Effective tube hole diameter d* and effective pitch p* are defined in Section 4.3(c) and (d) of

PART 2
o Effective elastic constants E* and v* are given in Section 5.6 of PART 2 as a function of
4* and h/p (triangular or square pitch).
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E*.h°
e Bending stiffness: D*=———~
12(1-v¥)

o Effective tube side pass partition groove depth given in Section 4.3(f) of PART 2: h'g
e Effective pressure acting on tubesheet: P

(2) Shell
e Radial shell dimension: a,__p = i
a'0
o Integral configurations (a, b andc): as =Ds/ 2
o Gasketed configuration (d, e and f): as = Gs/ 2
o Mean shell radius: a, = DSZHS
- §12(1-v2)
o Shell coefficient: g =
(D, +t,) t,
E,-t
e Bending stiffness: K, =, ———<
: ©Ue(1-V)
3) Channel
a
¢ Radial channel dimension: 'l P, =a—°
0
e Integral configuration (a): ac=D¢/2
o Gasketed configurations (b, ¢ and d): a=G¢/2
e Mean channel radius: a, = D°2+t°
- {12 (1-v2)
e Channel coefficient: po=-—
1/( D, +t.)t,
Bending stiffness: k.=p Bt
L y = .
Y (Vi
1) Unperforated\xim
e D, = internal diameter
e A=external diameter
o _‘\Diameter ratio: K =A/D,
3.3 Lilgading-Cases(UHX-12.4)

The normal operating condition of the HE is achieved when the tube side pressure P; and shell side
pressure Ps act simultaneously. However, a loss of pressure is always possible. Accordingly, for safety
reasons, the designer must always consider the cases where Ps=0 and P=0 for the normal operating
condition(s).

The designer must also consider the start-up condition(s), the shut-down condition(s) and the upset
condition(s), if any, which may govern the design.
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For each of these conditions, ASME, TEMA and CODAP used to consider the following pressure loading
cases.

o Loading Case 1: Tube side pressure P; acting only (Ps = 0).

o Loading Case 2: Shell side pressure Ps acting only (P = 0).

e Loading Case 3: Tube side pressure P, and shell side pressure Ps acting simultaneously.

ASME 2013 Edition provides the detail of the pressure “design loading cases” to be considered for each
operating condition specified by the user (normal operating conditions, startup conditions, the shutdown
con 'finna’” ) A _table (fnhln UHX.12 4 1) prn\/irloc the values to bhe used for the rlneign pressures P, and

P: infthe formulas, accounting for their maximum and minimum values.

As the calculation procedure is iterative, a value h is assumed for the tubesheet thickness to.caleulate jand
check that the maximum stresses in tubesheet, shell and channel are within the maximum-permissible
stres$ limits.

3.4 | Design Assumptions (UHX-12.2)

A U-tube TS HE is a complex structure and several assumptions are necessary£0 derive a ‘design by
rules| method.

Most of them could be eliminated, but the analytical treatment would 1¢ad to ‘design by analysis’ method
requiring the use of a computer.

The glesign assumptions are as follows.

(a) HE
4 The analytical treatment is based on the theory:of elasticity applied to the thin shells of
revolution.
4 The HE is axi-symmetrical.

(b) TS
4 The tubesheet is circular.
4 The tubesheet is uniformly perforated over a nominally circular area, in either equilateral
triangular or square patterns:\This implies that the TS is fully tubed (no large untubed windopw)
4 Radial displacement at the mid-surface of the TS is ignored
4  Temperature gradient through TS thickness is ignored
4 Shear deformatiop-and transverse normal strain in the TS are ignored
4 The unperforatédyrim of the TS is treated as a rigid ring without distortion of the cross sectiof
(c) $hell and channel
4 Shell ang-channel are cylindrical with uniform diameters and thicknesses
4 Shell.and channel centerlines are the same
(d) Veights.and pressures drops
4 YMeights and pressures drops are ignored
4 _\(Pressures Ps and P; are assumed uniform

3.5 Basis of Analytical Treatment

3.5.1 General

Comparison of Figure 3651 and Figure 5136 of PART 4 shows that the U-tube TS HE can be considered
as an immersed floating head TS HE where the floating TS does not exist and the tubes do not play the
role of an elastic foundation.
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Accordingly, the U-tube HE could be designed as an immersed floating head TS HE where the tubes have

no axial rigidity (see Annex U). However the analytical treatment presented below is based on the
approach developed by Urey Miller [2] as explained in Section 2.

Although the design is less complex, many geometrical, mechanical and material properties are involved

in the design as shown in Section 3.2(a) which lists the extensive input data.

As for a floating TS HE, the analysis includes the effects of the shell and tube side pressures, the
stiffening effect of the unperforated ring at the tubesheet edge and the stiffening effect of the integra
attached channel or shell to the tubesheet. When the tubesheet is gasketed with the shell or the chann
the bolt load causes an additional moment in the tubesheet which is included in the total stress inthe
tubegheet in addition to the moments caused by pressure.

The analysis is based on classical discontinuity analysis methods to determine the moments and force
that the tubesheet, shell and channel must resist. These components are treated using.the elastic theo
thin ghells of revolution.

The main steps of the U-tube TS design follow the analytical treatment of floating TS HEs.
(a) Tubesheet is disconnected from the shell and channel. Shear load Va-and moment M, are applied
e tubesheet edge as shown in Figure 53.
(b) Rerforated tubesheet is replaced by an equivalent solid circular-plate of diameter D, and effective
glastic constants E* (effective modulus of elasticity) and v*(effective Poisson’s ratio) depending
e ligament efficiency p* of the tubesheet. This equivalent'solid plate is treated by the theory of
gircular plates subjected to pressures Ps and P; and relevant applied loads to determine the maxim
qtresses.
(c) Wnperforated tubesheet rim is treated as a rigid_ring whose cross section does not change under
Ipading.
(d) Connection of the tubesheet with shell and.channel accounts for the edge displacements and rotat|
of the 3 components.
(e) $hell and channel are subject to shell-'side and tube side pressures Ps and P; and edge loads V. ang
p determine the maximum stresses.
() Maximum stresses in tubesheet.shell and channel are determined and limited to the appropriate
dllowable stress-based classifications of Section VI1II Division 2 Part 4.

3.5.2 Free Body Diagram

Figufe 53 shows, for a 1S integral both sides (configuration a), the free body diagram of the compong
partg (perforated tubesheet, unperforated tubesheet rim, shell, channel). The figure details the relevar
discgntinuity forces (Va, Vs, Qs, Ve, Qc) and moments (Ma, Ms, M¢, M) applied on each component,
together with-&dge displacements.

In thys figure:

y of

at

on
thin

ons

Ma

nt

—

Forces\(Vg Vs, Os, V., O.) and moments (Ma, Ms, M¢, Mg) are per unit of circumferential length

The following subscripts are used:
e s for shell,
e ¢ for channel,
e R for unperforated rim
No subscript is used for the perforated TS
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Notation P instead of P; (tube side pressure) is used throughout the analytical development so as to
maintain the symmetry of the equations involving the shell (subscript s) and the channel (subscript c).

De + \; channel (c)
/
Dc = 2aC ’ AL
4 | ftc L9
N 1 O
\Q).M;QC 1
Perforated Tubesheet Unperforated Ve
Tubeshest
P, = Pt A P, = Pt AV

|1} o

¢
e A (Rt
RERBERY

PS }
Do=2a
] E‘ y
%
K~
- Bs = Og
[ D
- shell (s
S (s)

Figure 53 — Free Body Diagram of the Analytical Model for the TS

149


https://asmenormdoc.com/api2/?name=ASME PTB-7 2014.pdf

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1
4 TREATMENT OF THE PERFORATED TUBESHEET

The perforated tubesheet is treated as an equivalent solid circular plate of radius a, with effective elastic
constants E* and v*, subjected to an equivalent pressure P and edge loads V, and M, at periphery.
The equilibrium equation of the plate is written: -2 7 a, V, +7 a2P, =0

which leads to:  V, :a—2° P, [IV-1]

L, 3 —I
The ratation aof tha nlata at radiiic 2 ic Aivzan hye 12 (1 v ) ’7" N a n N2]
StatoR-eHHe-pPrateatHatidSaor S g eR-By-—~FGC— Luo v+ 3 t QJ THY—=7

2 E* h?
The fadial bending moment at radius r of such a plate is given by the classical formula:
a2
[)=M, +(3+v*) 6

ol

The maximum bending moment appears

M

~—

2
either at center (r=0): M (r) =M, +(3+v*) % P,

4 oratperiphery (r=a,): M (r) =M,
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5 TREATMENT OF THE UNPERFORATED RIM

5.1 Edge Loads Applied on Shell and Channel at their Connection to the TS

The following equations are developed for integral shell and channel.
(a) The edge loads Qs and M applied on the shell write (see Section 6.1(a) of PART 3):

M, =+k (1+%Sj¢95+,85 k; o, P.

l [V.1a] for an integral shell (configurations a, b, c)

Qs =_ﬁs ks (1+ts)95 _Zﬁsz ks 55 Ps

[Vhen the shell is not integral with the TS (configurations d, e, f), ks=0 and 8s=0 lead to:" M, =0 |and
D, =0.
Note: These formulas are valid for a shell of sufficient length. Annex J provides the minimum length
above which these formulas can be applied.

(b) The edge loads Q. and M. applied on the channel write (see Section 6.1(b)of PART 3):

—

M, =+k, |1+ |6, + 4 k 6, P | .
2 [V.1b] for an integral.channel (configurations, a e, f

Qc :_ﬂc kc (l+tc )ec _Zﬂcz kc 50 Pc

(Vhen the channel is not integral with the TS (configurations b, c, d), kC =0 and 5C =0 lead to:
M. =0 and Q,=0

Note 1: These formulas are valid for a channel\of sufficient length. Annex J provides the minimum
l[ength above which these formulas can be applied.

INote 2: These formulas are valid for-a-cylindrical channel. If the channel is hemispherical, it myst
he attached directly to the TS (configUrations a, b or c¢), without any cylindrical section between the
head and the TS. Annex K provides the relevant formulas for that case. Only coefficient d. is

8

ffected:
5 D? (1-v,
4.t 2

5.2 Equilibrium of the Unperforated Solid Rim

aS:DS/Z aCZDC/Z
(@) duetoaxial loads < | t . t
a=a+ 8, =a +
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Channel head

- dc =Dcf2 -1
Py

R Y

Channel

A+~ Ring - -
_ ]S _
Ps Ve
Figure 54 — Ring Equilibrium of the TS
The axial equilibrium of the ring is written: (see Figure 54):

praV,+x(al-a))P=27aV,+27a,V, +x(a’-a})P

S

The axial equilibrium of the shell is written: Zﬂa;VS = ﬂaSZPS

The axial equilibrium of the channel is written: 27ra'CVC = 7raC2PC

This leads to: |V, = %(PS — Pc)

Comparison with equation [IV-1] shows that |Pz=P. —P,
gs for an immersed floating head HE.
(b) dlue to applied moments

Equilibrium of moments applied to the:ring relative to the axis located at radius a, enables to
determine the moment Mg (see Figure 53).

A 2a,

R = radius at center of ring =
. . h ' ‘
RM =~ [a, Ma]{ac M.-a Q.5 }L[M (P.)-a.V, (a -a,)]

Slam-a Q) [ [M(R)-av.(a-a)]

. . 2 2 ac + ao
M (B2)= moment due to pressure Pc acting on the ring = (ac - ao) > —a,

N O o |eT

. . 2 2 aS + ao
M (R,)= moment due to pressure Ps acting on the ring = (61.s - ao) > —a,

From Annex L:

‘2
[a’cMc—a;ch}za; kC[1+t;+%JHC+aO o, P, w,=p, B K S, (1+h A.) t =h
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‘2

a, M, —a, ng}a; Ky [1+t;+t53]6’s+ao o, P, |o=p Bk (L+hB)| t=hg

[R 21 o g Eﬁs [ aN[ 2 4\—|_EA3|_ (2 4\ ] 1
1 IRJ_ (10 IVIaT 4 (10 L\f}s J'}\PS TJ.}J 4 OL\PC J'}\PC TJ.}J
e e [V.2b’]
_{a's k, [1+t; +?j+a; K, (1+t; +?H 0,+a, (v, P.—a, P)
(c) Rotation of rigid ring
A 12 RM
K =5 0, =1 1n KR leads to, with 95 =6, :

0

3 3
R M, {El; Ln K}HR =[% Ln K}Ha

Replacing RMg by its expression [V.2b’] permits to calculatedhe TS rotation 0.:
C1

(Eh? . Cot2) L ot
LnK+a k |1+t += |+a k |1+t &6, =—a, M,
12 2 2

w

(o, -1)(p2 +1) |- R%[(pc ~{(p? +1)]+2, [0, .~ o, ]

[=]

P

INGE

h®| 6 . 6 oot h®
== | 5 (D, +t) k| 1+t += |+—= (D, +t )k |1+t + = |+ELnK |=—[A4 +4 +E LnK]
12| h 2 h 2 12

Q)
|

A A

E—E(D +1) K, 1+t'+ﬁ A—E(D +t.) k l+t'+£
S h3 s s S 2 (o h3 c c/ Nc C 2

INote: if A + A5 high (>3) the TS can be considered as clamped
if A + 7, islow (<1) the TS can be considered as simply supported

h3 3 3
[ A ELIK]G, =-a,M, + Ps%[(ps ~1)(p2+1)]- a%[(pc ~1)(p2+1)|+a, [@P. ~

[R—

Where the TS rotation 0. is given by [IV-2]: 9, = La M 4+ % PEJ which permits to

calculate Mg:
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h® 12 (1-v*) a a
A+ A+ ELK] s {aoM +3 p +a0Ma:PSI[(pS—1)(pSZ+l)J—P

1_p* 2 2 , s ,
[4 + 4 +ELnK] (E* ) {Ma+a§ Pe}lvla:Ps‘% [(p.-1)(p: +1)]—a%[(pc—1)(pc+1)]+[a)cPc—a)sPS]
F

2 2 2
[14] M, =—F % £+ 2 (0, 1) (0 +1) |- % (0,1 6f +1) |+ [P~ 0P

In thls equation:
Mrs Js the the moment due to pressures P, and P, acting on the rigid ring:

Mqs =P ajf[(ps ~1)(p2+1)]-P, %g[(pc ~1)(p2+1)]

F denotes the degree of restrain of the TS by the shell and channel when they are integral with the TS
(configuration a):

L ,*
F=[/15+/1C+ELnK]%

Notef
If thdre is no bending support from the channel (k. =0) and the shell (ks = O): 4s=1and 4.=1 lead to
F clqgse to zero:
M.=Mrs and the tubesheet is almost simply supported.-‘tf additionally there is no unperforated rim
K=1p,=0,p, =0):

fr = 0 and Ma=0: the tubesheet is fully simply supported.
If thgre is a high bending support from the channel™(k, =) and the shell (k, =): A, =00 and A q

leadffo F = oo.
2
The tubesheet is fully clamped: M, :—%(PS -P,).

[

8 J
Finally, for configuration a,Ma1is written: M, = 1F [V.2c]
+

(d) Generic equationcoyering the 6 configurations a to f

2
MTS —l—(a)cpc_a)sps)_lz(aO P

Fquation [V):2d] of PART 3 shows that a term 2& [W, 7, =W, %] . which accounts for the
T

caonfigurations.
ules of UHX-12 cover the case where Cs=C.=C. Accordingly, equation [V.2c] giving M. becomes:
%

iange bolt-loads Ws and W, must be added in equation [V.2c] to obtain the generic equation for|the

M

7 aj
M P-oP)+2W -W]-F| 2P
M B TS+(a)c c a)s s)+2ﬂ_[ c s] [8 eJ
* 1+F
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M*
Yo\ * ag
M +(@P, —oP)+22W —F| S p
TS (a)cc a)s s) 271' [8 ej
M, =
1+F

M™ = My +(,P, —a>SF>S)+27—b[Wc ~W,]
T

\/han tha chaoll 1c tntnaral vanth tha TC (aanfinnivatinne o h A\ \A/ —N

VYV TG O oo T T It YT vV It tHC— O\ SO uTatrioTo oy 0y O vV s o

When the channel is integral with the TS (configurations a, e, f): W=0

and W¢- W, must be replaced by: Wina=MAX (W, W) and W* = Winax

PJHX-12.5.6 for each configuration a to f.

M* =M P —wP)+low”
TS+(a)cc a)s S)+27z'

q
q

N

Mes =R 2 (0, -1)(02 +1) ] -R. 2 (2 -1)(22 )]

=]

F=[A+4+ ELnK]—(lE_*V*)

2
M*—F[aé’ PQJ
M —

i 1+F

The 1% term accounts for the moments.due to pressures Ps and P and bolting loads Ws and W, ac
n the unperforated rim. The second.term accounts for the moment due to pressures Ps and P act

n the perforated TS.

This formula applies as follows for the 6 configurations, depending on coefficients As,Ac, ®s,®c

For configurationia) As , Ac and ws , o are calculated from the HE data, 7, =0

When the shell and the channel are gasketed with the TS, the highest bolting momentccontrol

JHX-12 covers these configurations through the TS effective bolt load W* whiety is explicated i

172}

ling

G, -C
For configQration b: As is calculated, A.=0, w; is calculated, w:=0, }, = CD
0]
. . . . c Gl
Fer.configuration c: As is calculated, A.=0, s is calculated, ©:=0, 7, = D
0
c—G
e For configuration d: 2:=0 Ac=0, 0s=0, oc=0, y, =—=¢ 5 s
. . . . _Gs
e For configuration e: As=0, A is calculated, ms=0, . is calculated, 7, = D
0
N . , G, -G,
e For configuration f: A:=0, A is calculated, ws=0, . is calculated, ¥, = D

0
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6 STRESSES IN THE HEAT-EXCHANGER COMPONENTS

6.1 Stresses in the Tubesheet

(a) Bending stress
as explained in Section 4, the maximum bending moment M(r) appears:

M*—F (ag Pej
either at periphery (r=a,): M(r)=M., , noted Mp in UHX-12 rules | M_ =

2
% p
6

e

qr at center (r=0):  |My =M, +(3+v*)

The maximum moment M = MAX [[M,],|M,|]

leads to the maximum bending stress in the TS: o= 6M >
(h—hy)
(b) $hear stress
1 . . . \Y a'0
he shear stress is maximum at periphery: ;= 2 T= A
uh 2uh

Note: ASME and TEMA rules provide the same formulaybut they use the equivalent diameter D
¢orresponding to the perimeter of the outermost ligaments, instead of the equivalent diameter D,|of
Quter tube limit circle. The equivalent diameter Dis calculated from the perimeter of the tube layout,

C, =2D,, and the area A, =zD} /4 enclosed by this perimeter. This leads to D, =4A,/C,

D, is always lower than D, and leads to*a-lower TS shear stress: ; = 1D

44 h
'he ASME formula should be used'when the shear stress controls the design, generally in high-
pressure cases.

e

6.2| Stresses in the ,Shell and Channel

(a) Axial membrane stress in the shell is given by the classical formula:

2

a
= 3= p
Tsm (D)t °

2
a
for the'channel: |0, =—°"~——P
™ (D +t)t,

(c) Bending stress
The bending moment Ms in the shell at its connection with the TS exists only when the shell is
integral with the TS (configurations a, b, c). As explained in Annex J, the shell must have a minimum

length I .., =1.8\D; t, adjacent to the TS.

;
[V.1a]: M, =k, [ﬁsé;Ps +£1+Esj QS] with 6= 0, given by [V.5]:
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_* 3
a:12(1 v )[ aM. OP}
E*h® 8
12(1-v*
M :k{ﬂéP 120 )3[1
S S s7s's E* h3

The shell bending stress o, is written: Oy},

(ot

M

=62

2

S

)

1-v* D,
LOP, +6—+ e

6 (1+

h 4,
2

2
jM+&
P32

<Ps—a)}:

he channel bendlng stress is obtained in the same way, noting that 6.= -0.:
6, | 1-v*D h B D2 ]
=—KkK o.P.—6 —2 1 1+——=|| M P.—P
O'c,b tcz c ﬂc c'c E* h3 ( 2 j( p 32( )j_

6.3

The

analysis of PART 3 as shown in Annex T.

Determination of Stresses using the Fixed TS Rules
'S, shell and channel stresses determined here above can also been obtained from the fixed TS
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7 DETERMINATION OF THE ALLOWABLE STRESS LIMITS

The determination of the allowable stress limits developed in Section 9 of PART 3 for the design loading
cases apply. However, the allowable stress limit for the TS has been upgraded to 2S for the following
reasons.

Comparison of TEMA formula with classical plate formula (see Section 10) shows that TEMA allows the
bending stress in the equivalent solid plate to be about 2S, instead of 1.5 S recommended by ASME
Section VIII Div. 2. Nevertheless, for about 40 years, TEMA formula did not lead to failures in U-tube
tubegheets. It is likely that a value of allowable stress of 2S could be used without affecting the safet
mardin. This value was also recommended by GARDNER in 1969 [1] and has been used in most
European codes (BS 5500, CODAP) for about 20 years. This is also justified by limit load analysis
applied to circular plates, which leads to 1.9S if the tubesheet is simply supported and 2.1S jf the
tubegheet is clamped.

158


https://asmenormdoc.com/api2/?name=ASME PTB-7 2014.pdf

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

8 ADDITIONAL RULES

8.1 Effect of Plasticity at the Tubesheet-Shell-Channel Joint (UHX-12.5)

In the same way as for fixed TS HE rules, an elastic-plastic analysis is proposed when integral shell
and/or channel are overstressed. The concept is explained in Section 10.2(a) of PART 3.

The procedure for the shell applies when 1.5S, < |03| <Sn
The elastic-plastic method is simplified: the reduced modulus of elasticity Es* for the shell is based on the

degree of overstress in the shell: I:; =E, JLo5, /o, .

Quantities affected by the elastic-plastic procedure are those which are involved in the TS-shell-chanpel
jointjand which involve Es, namely ks which affects As leading to new value for F.

8 is hot affected because it is used only in @, = p, S.K.0, (1+ hﬁs) in which Es is cancelled out by the
prodlct ksds. Same procedure applies to the channel by replacing subscript “s” bytsubscript “c”.

174

If |6| < 1.5S, the design is acceptable. Otherwise, the HE geometry must besreconsidered.

For Example E4.18.4 given in Section 9, the results for the elastic calculation are as follows for the
conttolling loading case 2:

Stiffening coefficient F=0.96, o =38175<2S=40000, c. =56955>1,55,230000, but lower than Sps=6$000
Similar results for the channel.

For the elastic-plastic calculation: the stiffening coefficient & decreases to 0.85, and
o =3P838<2S=40000

In thjs example the elastic-plastic calculation leadstean increase of the TS stress, which happens in fnost
caseg.
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9 HOW TO USE THE RULES

Similar to the fixed TS HE, the calculation procedure can be summarized as follows:
e Set the data listed in Section 3.2(a)
e Calculate the shell design coefficients (ps, ks, As, 0s, ®s), and the channel design coefficients (pe,
kc, Ac, Oc, 030)
e Calculate coefficient F which represents the degree of restrain of the TS by the shell and channel
e Calculate moments Mrs and M*
Cah..u:atc t: IT1 Ila)\il LLL LI Dtl CooCS il I TS, .:: IC‘“ al |u' b: 1altl IC‘: al Id :II I Ilt thl‘.‘il vaiuca tU t: IT 11 |cu\i| LU m

allowable stress limits.

Becquse of the complexity of the procedure, it is likely that users will computerize the solution.” A
Matticad calculation sheet is provided for The U-Tube TS HE defined in PTB-4 Example)E4.18.4.The TS
is gapketed with shell and integral with channel (configuration e). The data are shown)in the sheet and the
calcylations follow strictly the steps 1 to 11 of UHX-12.5 calculation procedure. Fheelastic-plastic
procgdure is used. See Annex Y for UHX-12-Example E4.18. (PTB-4 2013 Edition).

The U-Tube HE can also be calculated using floating TS HE software, as shown in Annex U.
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10

COMPARISON WITH TEMA RULES

10.1 TEMA Formula

G [P
The original TEMA formula for the determination of the TS thickness in bending: T = F E\E is

, G , P
based on flat circular plates formula: h, =C —  |———
2 Ml u*0g

Whi

wher|

The

The

For

TEM

(usu
form

10.2

Num
PTB
TEM
E4.1

In th
How
F=9.

rigidjty.

Thic
ASM

Triangular pitch: 77 =1—

G f P
h is written, for p*=0.5 and Q=1.5: h, =—= PRI

C

0.75
1.285 for simple support, whereas TEMA uses F=1.25
for clamping, which is the value used in TEMA (F=1.0)

e coefficient is equal to:

G f P
TEMA formula was modified later to introduce a ligament efficiency-n: [T =F 5 _S ,
n

igament efficiency n is based on the mean width of the ligamént/(see Section 4.2 of PART 2):

&072 For Square pitch: 7 :1—L852
(p/d,) (p/d,)

A mean ligament efficiency n (usually around 0.5), 15 greater than ASME ligament efficiency p
lly around 0.3) which is based on the minimumawidth of the ligament. Coefficient 3 in new TE
Lla has been tailored so that old and new formulasgive approximately the same results.

Numerical Comparisons

erical comparisons have been performed using the four U-tube tubesheet heat exchangers treated
4 (2013 Edition) Examples E4.18.1 thru E4.18.4. Table 3 shows the results obtained by ASME
A for the tubesheet bending thickness. Examples 1 thru 4 in Table 3 correspond to Examples
B.1 thru E4.18.4 respectively.

b 4 examples, TEMA considers the tubesheet as simply supported (TEMA coefficient F = 1.25).
pver UHX-12 method shows that in Example 1 the tubesheet is almost clamped (UHX-12 coeffi
1), due to the-high bending rigidities of the shell and channel as compared to the tubesheet bendi

Knessesiobtained by UHX are slightly less than TEMA thicknesses, except for Example 3 where
E-ligament efficiency is much smaller than TEMA ligament efficiency.

MA

n
and

Cient
g

-

the
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Table 3 — Comparison of TEMA and ASME TS Thicknesses for 4 U-tube HEs

EXAMPLE LIGAMENT
EFFICIENCIES TEMA ASME
- : T h
N® Config. DPitch = : .
& (ASME) ¢ AJE}II".“EE) {TER{A) {using ) (using p*)
{TEMLAY
1 a square 0.25 0.35 0.56 0.61 0.52
2 d triang. .17 028 0.37 1.27 1.28
3 d triang. 020 024 .42 343 4115
4 e square 025 (.38 0.56 in 3.46
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SUMMARY AND CONCLUSIONS
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1 SUMMARY AND CONCLUSIONS

(a) The purpose of this document is to justify and provide technical criteria for the rules of Part UHX of
ASME Section VIII Division 1, 2013 Edition, devoted to the design of U-tube, Fixed and Floating
head Tubesheet Heat Exchangers. The document is structured in 5 PARTS.

e PART 1: “Introduction” explains how the UHX rules are structured and provides the heat
exchangers types, the loading cases, and the tubesheet configurations covered.

e PART 2: “Tubesheet Characteristics” provides the technical basis of UHX-11 which covers the

ligament efficiencies and the effective elastic constants of the tubesheet.

4 PART 3: “Fixed Tubesheets Heat Exchangers” provides the technical basis of UHX-13.

4 PART 4: “Floating Tubesheet Heat Exchangers” provides the technical basis of UHX-14.

4 PART 5: “U-tube Tubesheet Heat Exchangers” provides the technical basis of UHX-12,

PARJTS 3, 4 and 5 are independent and structured in the same way (Scope, Historical background,
Notations, Tubesheet Configurations, Loading cases, Design assumptions, and Analytical treatment).
Floating and U-tube tubesheet heat exchangers are treated as simplified cases of fixed tubesheet heat
exchhngers. Accordingly, this type of heat exchanger is treated first in PART 3‘which forms the main part
of thjs document.

(b) The analytical treatment is based on classical discontinuity analysis méthods to determine the
rmoments and forces that the tubesheet, tubes, shell and channel mdst resist. These components are
treated using the elastic theory of thin shells of revolution.
The heat exchanger is assumed to be a symmetrical unit with 1dentical tubesheets on both ends arjd
the unperforated rim is considered as a rigid circular rings

The tubes are assumed to be identical and uniformly distributed throughout the tubesheets. Additjonal
gssumptions are necessary to perform the analytical treatment and derive the “design by rules”
rpethod of UHX.

Fixed Tubesheets heat exchangers are covered inPART 3. Main steps of the analytical treatmen{ are
gs follows.

1) Tubesheet is disconnected from the shell and channel.

P) Perforated tubesheet is replaced by~an equivalent solid circular plate with effective elastic
constants E* and v* which depend on the ligament efficiency u* of the tubesheet. This
equivalent solid circular plate.is treated by the theory of thin circular plates subjected to presgure
and other applied loads t0 determine the maximum stresses.
3) Unperforated tubesheet.rim is treated as a rigid ring whose cross section does not change under
loading.

1) Tubes are replaced-by an equivalent elastic foundation of modulus K.

6) Connection ef'the tubesheet to the shell and channel accounts for the edge displacements and
rotations afthe 3 components.

6) Shell and-ehannel are treated by the elastic theory of thin shells of revolution subjected to edg
loadsto determine the maximum stresses.

(©

D

The treatment provides, at any radius r of the perforated tubesheet:
thedeftectionmw(r)

the rotation 0(r)

the bending stress o(r)

the shear stress t(r)

the axial stress in the tubes o(r)
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These quantities, which are not given in UHX rules, allow one to determine how the tubesheet
deflects and the radii corresponding to the locations of the maximum bending stress in the tubesheet
and the maximum axial stress in the tube bundle.

These stresses depend on two parameters:

e X, which represents the ratio of the tube- bundle axial stiffness to the tubesheet bending stiffness.

e Qs which accounts for the moments due to tube side and shell side pressures and bolt loads
acting on the tubesheet.

A parametric study performed with these two parameters permits the derivation of the formulasfpr
e maximum stress in the tubesheet and in the tubes which are given in UHX-13.

he treatment also determines the loads and displacements acting on the shell and channel at theif
gonnection to the tubesheets and the loads applied on the unperforated rim. These/are-not given i
HX rules which provide only the shell and channel stresses.

=

aximum stresses in tubesheet, tubes, shell and channel are determined and-imited to the appropriate
llowable stress-based classifications of Section VIII Division 2 Appendix 4, 2004 edition.
Floating Tubesheet and U-tube Tubesheet heat exchangers are treated-as simplified cases of fixed
besheets heat exchangers.

his document provides the bases for all UHX formulas, especially the following:

shell and channel coefficients 8, k, A and & for the calculation of coefficients m and w*
parameter X,

coefficient F for the calculation of coefficients ©,Q7, Q, and parameter Qs.

coefficient J when the shell has an expansion joint.

coefficient y, when the tubesheet has a gasketed flanged connection to the shell or channel.
equivalent pressures P’s, Py, P, Pw, Prim fOr'the calculation of the effective pressure Pe.
coefficients Frm and F; for the calculationrof maximum bending stress ¢ and maximum shear gtress
T in the tubesheet

maximum axial stress o(r) and buckling stress limit Sy, in the tubes
axial membrane stress osm and axial bending stress o, in the shell and similar formulas for the
channel.

(d)
(€)

his document provides the mechanical signification basis for the various coefficients and paramgters
oted above.

he results of the-analytical treatment have shown that all UHX formulas were correct, except fo
flour of them'which are mentioned in PART 3. These formulas have been corrected in the 2010 and
qubsequent editions of UHX.

he basis of the additional UHX rules is provided in this document. They concern:
The effect of different shell thickness adjacent to the tubesheet

(f)

The effect of radial thermal expansion adjacent to the tubesheet
The calculation procedure for simply supported tubesheets
The derivation of the tubesheet flange extension
e The case where the heat exchanger has a thin-walled or thick-walled expansion joint
(g) Checking of the results obtained has been made by comparison with FEA and other code rules.
FEA results obtained for the axial tube stresses o+(r) throughout the tubesheet match UHX results with
discrepancies of less than 5%. The comparisons were not as close for the tubesheet bending stresses
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and these discrepancies are still being evaluated by the Sub-Group on Heat Transfer Equipment.
They might be due to the unperforated rim considered as a rigid ring in the analytical treatment.

The French pressure vessel code, CODAP, is based on the same analytical approach as UHX, but
additional simplifications have been made (unperforated rim is ignored). When incorporating these
simplifications in the UHX method, all CODAP formulas have been retrieved. This demonstrates that
both methods are correct and consistent. This consistency extends to TEMA: by implementing the
additional TEMA simplifications, all TEMA formulas have been confirmed.

WHX formulas have also been used to simulate circular plates under pressure by ignoring the
tubesheet holes, the unperforated rim, the tubes and the connection with the shell and channel.> Tpe
¢lassical formulas for circular plates subjected to pressure have been obtained.

Thus, applying the relevant simplifications, it has been analytically demonstrated thatthe UHX-13.3
ethod leads to CODAP, TEMA and circular plate formulas. This confirms the correctness of the
:ESME method, which has also been confirmed by FEA comparisons for the tubésheet deflection

(h) It is thought that justification and documentation of the basis for UHX-rulgs;is important for the $G-
HTE members for future reference and developments or if additional confirmation or comparisons are
required.

ILwiII be a valuable reference for early career engineers that arge using the UHX rules or becominp
involved in code developments of such rules in the future.
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ANNEX A — VALUES OF EFFECTIVE ELASTIC CONSTANTS FROM VARIOUS
AUTHORS

Table 4 — Comparison of Effective Elastic Constants E* and v* Values by Various
Theoretical Methods for Plane Stress Problem

(@) Triangular pitch

N L UNDIRECT
v e DIRECT METHOD METHOD ,\b‘
u elastic Grigolyuk )
Meijers [9] and
constants : Fil'shtinskii [11] | Slot — O‘Donneél)m
K\
0.1 E}/E 0,048 2 0,048 2 0,04827
0.2 0.146 2 0.146 1 0.146 2
0.3 0.267 5 5
0.4 0.397 0,396 8 C% 96 3
0.5 0,529 1 5291
0.7 0.789 5 O‘\ 0.789 5
0.8 0.899 0,899 6 ¢ 0.898 6
0,1 v 0,684 4 0,6834 ¢ i 0,684 3
0.2 @'s=0,3) 0.488 6 0,488 7o 0,488 9
0.3 0.384 1 0.384 1
0.4 (337 0,337 0,337 4
0.5 0,319 4 & 0.319 4
0.7 0.307 0 A\ 0.307 0
0,8 0303 10,3036 0,303 3
= =—aa — A\vr ———— meS——————
(b) Square pitch
—=
effective DIRROT METHOD =
u elastic ™M @[5.] e tiaohk ol [g]~
€l rigolyuk an Bailey — Hicks
constants| (O Fil'shtinki: [1] g
_O — Slot — O'Donnell [7]
. OU
0.1 Ep*/E D 0.1857 0.1856 0.1857
0.2 @ 0.3000 0.2999 0.3000
0.3 S 0.4069 0.4069
0.4 O 0.5116 0.5117
0.5 Q/% 0.6168 0.6168
0.7 @ 0.8244 0.8244
0.8 :Q 0.9139 0.9139 -
0.1 Vor 0.0956 0.0965 0.0956
0.2 (v'=0.3) 0.1506 0.1509 0.1506
0.3 0.1975 “ 0.1974
0.4 0.2365 0.2365
0.5 0.2665 0.2645
0.7 0.2974 0.2975
0.8 0.3000 0.3010
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Figure 55 — Synthesis of E*/E and v* Values from [1], Provided by Various
Authors for Triangular and Square Pattern
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ANNEX B — VALUES OF EFFECTIVE ELASTIC CONSTANTS FOR THE FULL
RANGE OF M (0.1SM*<1.0)

1 Introduction

This Annex provides the curves, numerical values and polynomials to calculate the effective elastic
constants E*/E and v* for the full range of the ligament efficiency p* (0.1<u*<1.0).

2 Curves (From [13])
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3 Numerical Values (From [13])
h/p u* | E*E h/p u* | EYE h/p u* | E¥E h/p u* | E¥E
0.1 0.0 0.0 0.25 0.0 0.0 0.5 0.0 0.0 2.0 0.0 0.0
0.1 0.02 0.05 0.25 0.1 0.123 0.5 0.02 0.0122 2.0 0.0296 | 0.008
0.1 0.05 0.096 0.25 0.15 0.181 0.5 0.04 0.0287 2.0 0.05 0.0172
0.1 0.1 0.16 0.25 0.2 0.243 0.5 0.05 0.0375 2.0 0.0596 | 0.0217
0.1 0.15 0.223 0.25 0.25 0.308 0.5 0.0804 | 0.0653 2.0 0.0807 | 0.0356
0.1 0.2 0.285 0.25 0.3 0.374 0.5 0.1 0.0849 2.0 0.1 0.052
0.1 0.22 0.310 0.25 0.35 0.439 0.5 0.12 0.106 2.0 0.12 0.p688
0.1 0.25 0.348 0.25 0.4 0.505 0.5 0.14 0.127 2.0 0.14 0088
0.1 0.28 0.3858 0.25 0.45 0.568 0.5 0.15 0.139 2.0 0015 0.0994
0.1 0.3 0.411 0.25 0.5 0.632 0.5 0.184 0.18 2.0 0.176 0J129
0.1 0.32 0.436 0.25 0.55 0.690 0.5 0.2 0.201 2.0, 0.2 0.1553
0.1 0.35 0.473 0.25 0.6 0.747 0.5 0.219 0.226 2:0 0.22 0.1798
0.] 0.38 0.510 0.25 0.7 0.847 0.5 0.25 0.2678 2:0 0.25 0.p165
0.1 0.4 0.535 0.25 0.75 0.892 0.5 0.279 0.307 2.0 0.28 0§255
0.] 0.42 0.559 0.25 0.8 0.930 0.5 0.3 0.3361 2.0 0.3 0.P806
0.] 0.45 0.596 0.25 0.825 | 0.9459 0.5 0.318 0.361 2.0 0.333 | 0.B246
0.1 0.48 0.6318 0.25 0.85 0.96 0.5 0.35 04047 2.0 0.35 04348
0.] 0.5 0.656 0.25 0.9 0.982 0.5 0.4 0.4753 2.0 0.38 0.8862
0.1 0.52 0.678 0.25 0.95 0.995 0.5 0.435 0.521 2.0 0.4 0j412
0.1 0.55 0.712 0.25 1.0 1.0 0.5 0.45 0.541 2.0 0.42 0.41385
0.1 0.58 0.7448 0.5 0.465 0.561 2.0 0.45 0.41783
0.1 0.6 0.767 0.5 0.5 0.6075 2.0 0.48 0.p181
0.] 0.626 0.792 0.5 0.527 0.641 2.0 0.5 0.p446
0.1 0.64 0.806 0.5 0.55 0.6688 2.0 0.52 0.p701
0.] 0.657 0.823 0.5 0.6 0.7272 2.0 0.55 0.p084
0.1 0.675 0.84 0.5 0.64 0.769 2.0 0.58 0.p466
0.] 0.7 0.863 0.5 0.65 0.7794 2.0 0.6 0.p721
0.] 0.719 0.879 0.5 0.664 0.794 2.0 0.64 0{724
0.1 0.75 0.904 0.5 0.7 0.8313 2.0 0.655 0]742
0.1 0.777 0.9222 0.5 0.718 0.85 2.0 0.7 0.y996
0.1 0.8 0.937 0.5 0.739 0.87 2.0 0.716 (4.82
0.] 0.828 | 0.9523 0.5 0.75 0.8812 2.0 0.738 0{845
0.1 0.85 0.964 0.5 0.779 0.906 2.0 0.76 0{869
0.1 0.866 | 0.9708 0.5 0.796 0.919 2.0 0.779 0]888
0.] 0.882 0.9772 0.5 0.8 0.922 2.0 0.791 D.9
0.1 0.9 0984 0.5 0.817 0.935 2.0 0.8 0]908
0.] 0.918 01990 0.5 0.838 0.949 2.0 0.813 q.92
0.1 0.938 0.994 0.5 0.85 0.9563 2.0 0.834 0]938
0.] 0195 0.996 0.5 0.856 0.96 2.0 0.85 4.95
0.] Q:977 0.999 0.5 0.877 0.971 2.0 0.876 0]966
0.1 1.0 1.0 0.5 0.895 0.979 2.0 0.9 0]978
0.5 0.9 0.9806 2.0 0.918 0.986
0.5 0.917 0.986 2.0 0.938 0.992
0.5 0.938 0.992 2.0 0.95 0.996
0.5 0.95 0.9944 2.0 0.978 0.999
0.5 0.978 0.999 2.0 1.0 1.0
0.5 1.0 1.0
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Table 5 — Values-g

hp | we | v (el we | v llhp] w* | ove [lhp | wr | v [lhip | = vl | pr | W
0.1 0.0 -0.096 p.15| 0.1 0.3025 | | 0.25 0.1 0.4135 0.5 0.1 0.5397 1.0 01 0.6181 2.0 | 0.05 | 0.8078
0.1 | 0.05 |-0.0672 | |P.15]0.1198 | 0.2216 | | 0.25 0.1 0.4135 0.5 | 0.1191 | 0.4828 1.0 [0.1179 | 0.567% 2.0 0.1 |0.6606
0.1 0.1 -0.038 0.15| 0.1267 | 0.2025 | {0.25| 0.1103 | 0.3817 0.5 | 0.1305| 0.453 1:07| 0.1362 | 0.5224 2.0 | 0.15 | 0.5445
0.1 | 0.15 | -0.0158 | [p.15| 0.1345 | 0.1818 | | 0.25| 0.1182 | 0.3628 0.5 | 0.139 |0.4335 1.0 | 0.146 | 0.5031 2.0 | 0.18 0.49

0.1 {0.184| 0.0001 | [pP.15]|0.1401 |0.1685||0.25|0.1292 | 0.34 0.5 | 0.1546 | 0.4029 1.0 | 0.1575|0.4788 2.0 0.2 |0.4575
0.1 0.2 | 0.0069 | |pP.15| 0.155 | 0.141 0.25(0.1389 | 0.3224 0.5 | 0.1675 | 0.3813 1.0 { 0.1669 | 0.4627 2.0 | 0.22 | 0.4308
0.1 | 0.22 | 0.0166 | |P.15]0.1682 | 0.1229||0.25|0.1517 | 0.3027 0.5 | 0.1807%] 0:3616 1.0 {0.1779 | 0.445 2.0 | 0.25 | 0.3956
0.1 | 0.25 | 0.0312 | [p.15|0.1748 | 0.1165 | |0.25| 0.16 | 0.2904 0.5 | 0.1968 | 0.3405 1.0 | 0.1923 | 0.422 2.0 | 0.28 | 0.3693
0.1 | 0.28 | 0.0458 | [p.15]|0.1829 | 0.1103 | | 0.25|0.1719 | 0.2741 0.5 02 0.336 1.0 0.2 0.4109 2.0 0.3 0.354
0.1 0.3 0.056 0.15(0.1911 | 0.1052 | |0.25| 0.1844 | 0.2614 0.5 ¢»,0.218 | 0.3152 1.0 {0.2174 | 0.389 2.0 | 0.31 | 0.347
0.1 | 0.32 | 0.0656 | |p.15| 0.2 0.1011 | |0.25| 0.194 | 0.2505 051 0.2276 | 0.3062 1.0 { 0.2259 | 0.3792 2.0 10.321| 0.3405
0.1 | 0.35 | 0.0809 | [p.15| 0.21 |0.0983||0.25 0.2 0.2449 0.5 [ 0.2384 | 0.2964 1.0 | 0.2379 | 0.3677 2.0 [0.333|0.3344
0.1 | 0.38 | 0.0961 | [p.15| 0.218 | 0.0965 | | 0.25| 0.2043 | 0.2409 0.5 0.25 |0.2869 1.0 | 0.247 | 0.358% 2.0 | 0.35 | 0.3263
0.1 0.4 0.106 0.15(0.2291 | 0.0952 | |0.25| 0.2174 | 0.2296 0.5 | 0.2601 | 0.2786 1.0 0.25 |0.3559 2.0 | 0.36 | 0.3224
0.1 | 0.42 | 0.1162 | |P.15]0.2382 | 0.0947 | | 0.25 | 0.2288 [-0:2211 0.5 |0.2718 | 0.271 1.0 [ 0.2593 0.347‘5 2.0 | 0.38 | 0.3166
0.1 | 0.45 | 0.1311 | [P.15| 0.2498 | 0.0943 | | 0.25| 0.2394+| 0.2143 0.5 [ 0.2822 | 0.265 1.0 | 0.2684 | 0.34 2.0 0.4 0.312
0.1 | 0.48 | 0.146 P0.15| 0.25 |0.0943||0.25| ,.0:25 |0.2083 0.5 0.3 0.2562 1.0 | 0.2787 | 0.3318 2.0 | 0.42 |0.3082
0.1 0.5 0.156 0.15 0.2604 | 0.0946 | | 0.25°0:2593 | 0.2034 0.5 | 0.3198 | 0.2486 1.0 0.3 0.318% 2.0 | 0.45 | 0.3033
0.1 | 0.52 | 0.1653 | |p.15|0.2708 | 0.0958 | | 0:251 0.2711 | 0.198 0.5 | 0.3323|0.2452 1.0 { 0.2916 | 0.323% 2.0 | 0.48 | 0.3005
0.1 | 055 | 0.1793 | |[P.15| 0.2787 | 0.0971 (| 9:25| 0.2797 | 0.1951 0.5 | 0.3456 | 0.2417 1.0 | 0.3051 | 0.3154 2.0 0.5 |0.2994
0.1 0.6 0.203 0.15| 0.29 |0.0991 )|0.25|0.2899 | 0.1914 0.5 0.35 0.241 1.0 | 0.3191 | 0.3082 2.0 | 0.52 | 0.299
0.1 | 0.63 | 0.2165 | |p.15| 0.3 0.1015 | | 0.25 0.3 0.1887 0.5 | 0.3587 | 0.2397 1.0 {0.3337 | 0.302 2.0 | 0.55 | 0.2986
0.1 | 0.65 | 0.2245 | |P.15| 0.3102 {61038 | | 0.25|0.3104 | 0.1868 0.5 | 0.3692 | 0.2394 1.0 {0.3482 | 0.2969 2.0 0.6 |0.2988
0.1 | 0.67 | 0.2325 | [P.15| 0.3196-/0.1067 | | 0.25| 0.3199 | 0.186 0.5 [ 0.3804 | 0.2395 1.0 0.35 |0.2963 2.0 | 0.65 0.3

0.1 0.7 0.243 £0.15| 03303 | 0.1099 | |0.25| 0.3295 | 0.1854 0.5 ({0.3914 | 0.24 1.0 | 0.3604 | 0.293 2.0 0.7 0.3

0.1 | 0.72 | 0.2501 | |P.15-["0:3394 | 0.1131 | |0.25|0.3386 | 0.1851 0.5 0.4 0.241 1.0 {0.3792 | 0.2893 2.0 | 0.75 0.3

0.1 | 0.75 | 0.2597 | |p&5T 0.35 |0.1172](0.25| 0.35 |0.1857 0.5 | 0.4129| 0.243 1.0 0.4 0.2877 2.0 0.8 0.3

U
0.1 0.8 0.274 0.15|0.3591 | 0.1204 | |0.25| .3604 | 0.1873 0.5 | 0.4198 | 0.2448 1.0 {0.4188 | 0.2866 2.0 | 0.85 0.3
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€LT

hip| p* v* hp o v np @ v* hp T P v hp T | v hip| p* v*
0.1 | 0.83 | 0.2815 | [p.15]|0.3795 | 0.1289 | | 0.25|0.3704 [ 0.1891 | | 0.5 | 0.4394 [ 0.2499 | | 1.0 | 0.4399 | 0.286% || 2.0 | 0.9 | 0.3
0.1 | 0.85|0.2859 | |[p.15| 0.4 |0.1376||0.25|0.3805|0.1911 || 0.5 | 0.45 |0.2525|| 1.0 | 0.45 {0:2867 || 2.0 | 0.95 | 0.3
0.1 [0.875| 0.2906 | |[p.15| 0.42 |0.1464||0.25|0.3908 | 0.193 || 05| 05 |0.2635|| 1.0 | 0.5\|0.2898|| 20| 1.0 | 03
01| 09 | 0.295 |[p.15| 0.45 |0.1604||0.25| 0.4 |0.1955|| 0.5 | 0.55 | 0.273 || 1.0 | <055 |0.293%
0.1 | 0.92 | 0.2974 | [p.15| 0.5 |0.1834|[0.25/0.4099| 0.198 || 0.5 | 0.6 |0.2813|| 1.04/ 0.6 |0.297
0.1 | 0.95 | 0.2996 | |[p.15| 0.55 |0.2038||0.25|0.4197 | 0.201 || 0.5 | 0.65 | 0.289 || 130/ 0.65 |0.299]
01] 1.0 0.3 0.15| 0.6 [0.2228|/0.25|0.4395|0.2067 || 0.5 | 0.7 | 0.295 {4.-2.0 | 0.7 0.3
0.15| 0.65 [0.2413|[0.25| 0.45 |0.2097 || 0.5 | 0.75 |0.29971 1.0 | 0.75 | 0.3
0.15| 0.7 [0.2571][0.25| 0.5 |0.2246|| 05| 0.8 03 1.0 | 08 0.3
.15 0.75 |0.2709 | |0.25| 0.55 |0.2395|| 0.5 | 0.85 4-<0.3 1.0 | 085 | 03
0.15| 0.8 [0.2824||0.25| 0.6 |0.2526|| 0.5 | 0.9 0.3 1.0 | 09 0.3
0.15| 0.8237 [ 0.2872 | [0.25| 0.65 |0.2653|| 0.5 | 095 | 0.3 1.0 | 095 | 03
0.15| 0.85 [0.2923|[0.25| 0.7 | 0.276 || 0.5 | 1.0 0.3 1.0 1 0.3
0.15|0.8827 [ 0.2971 | |0.25| 0.75 |0.2851
0.15| 0.9 [0.2993||0.25| 0.8 [0.2923
.15 0.9018 | 0.2995 | [0.25| 0.85 | 0.2977
P0.15]| 0.95 0.3 0.25| 0.9 03
0.15| 1.00 | 0.3 ||0.25| 0.95 [.L0:3
0.25| 1.0 0.3

Table 6 — Values d

f Curves v* as a functioenof p* for ratios h/p=0.1, 0.15, 0.25, 0.5, 1.0 and 2.0

for square pattern

hip | u* | v hip | p* | v* Hip | u* | v hip | p* | v* hip | u* | v hip | p* | v*
0.1 0.1 |-0.022 0.15 0.1 |0.1465 0.25 0.1 |0.2471 0.5 0.1 |0.3027 1.0 0.1 (0.3283 2.0 0.05 | 0.339
0.1 0.142 [0.0003 0.15 (0.1082(0.135%7 0.25 [0.1183(0.2201 0.5 |0.1122|0.2958 1.0 |0.1376(0.3216 2.0 0.1 0.34
0.1 0.2 |0.031 0.15 (0.1179(0,126Y 0.25 [0.1278(0.2099 0.5 ]0.1193|0.2925 1.0 0.15 |0.3196 2.0 |0.125 (0.3403
0.1 0.22 |0.0408 0.15 [0.1281{01184 0.25 [0.1384(0.2002 0.5 ]0.1294|0.2881 1.0 |0.1784(0.3151 2.0 0.15 0.34
0.1 0.25 [0.0555 0.15 (0.137910.1124 0.25 | 0.15 | 0.192 0.5 0.15 (0.2809 1.0 [0.1984(0.3125 2.0 |0.175 |0.3387
0.1 0.28 (0.0702 0.15 [€0715 [0.1053 0.25 |0.1609| 0.185 0.5 [0.1775| 0.273 1.0 0.2 (0.3123 2.0 0.2 0.337
0.1 0.3 0.08 0.15%140.1579(0.1016 0.25 [0.1772(0.1767 0.5 0.2 |0.2678 1.0 |0.2383(0.3082 2.0 0.22 |0.3354
0.1 0.32 (0.0896 0.157(0.1694(0.0978 0.25 [0.1888(0.1722 0.5 ]0.2383|0.2611 1.0 0.25 | 0.307 2.0 0.25 | 0.333
0.1 0.35 | 0.104 0-45—6-3+786816-695% 025 0-2—10-4685 65 0-25—6-2594 -6 0-27F9T0-364 2.0 0.28 0.33
0.1 0.38 (0.1184 0.15 [0.1901| 0.093 0.25 |0.2104| 0.165 0.5 [0.2784| 0.256 1.0 0.3 [0.3025 2.0 0.3 0.328
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hip | u* | v hp | p* | v hip | u* | v hip | p* | v* hip | p* | v hip | p* | v*
0.1 0.4 |0.128 0.15 {0.1984| 0.092 0.25 [0.2307(0.1602 0.5 0.3 |0.2542 1.0 [0.3396(0.3005 2.0 0.32 |0.3256
0.1 0.42 | 0.137 0.15 0.2 |0.0919 0.25 [0.2391(0.1589 0.5 [0.3187| 0.253 1.0 0.35 [0.3002 2.0 0.35 | 0.322
0.1 0.45 (0.1505 0.15 [0.2099(0.0915 0.25 | 0.25 | 0.158 0.5 ]0.3388|0.2524 1.0 0.4 (10:2992 2.0 0.38 (0.3184
0.1 0.48 | 0.164 0.15 [0.2186(0.0914 0.25 [0.2529(0.1577 0.5 0.35 [0.2522 1.0 |0.4386(0.2986 2.0 0.4 0.316
0.1 0.5 [0.173 0.15 (0.2292(0.0917 0.25 | 0.263 [0.1573 0.5 ]0.3581|0.2521 1.0 0:45 [0.2984 2.0 0.42 | 0.314
0.1 0.52 (0.1814 0.15 | 0.239 [0.0926 0.25 | 0.273 [0.1572 0.5 [0.3786| 0.252 1.0, 10.4792| 0.298 2.0 0.45 |0.3106
0.1 0.55 | 0.194 0.15 | 0.25 [0.0937 0.25 | 0.281 [0.1572 0.5 [0.3975| 0.252 1.0 0.5 |0.298 2.0 0.48 [0.3076
0.1 0.58 (0.2066 0.15 [0.2591(0.0953 0.25 [0.2945(0.1573 0.5 0.4 |0.252 1.0 [0.5198( 0.298 2.0 0.5 0.306
0.1 0.6 | 0.215 0.15 [0.2681(0.0971 0.25 0.3 [0.1576 0.5 |0.4181|0.2524 1.0 0.55 |0.2984 2.0 0.52 |0.3044
0.1 0.65 | 0.233 0.15 (0.2788(0.0999 0.25 [0.3105(0.1582 0.5 ]0.4309|0.2533 1.0 0.6 |0.299 2.0 0.55 [0.3028
0.1 0.7 0.25 0.15 [0.2917(0.1036 0.25 [0.3222(0.1592 0.5 0.45 |0.2544 1.0 0.65 |0.2995 2.0 0.58 |0.3018
0.1 0.75 (0.2644 0.15 0.3 |0.1065 0.25 [0.3316(0.1604 0.5 ]0.4802{022577 1.0 0.7 0.3 2.0 0.6 0.301
0.1 0.8 | 0.277 0.15 (0.3181(0.1144 0.25 [0.3399(0.1622 0.5 [0.50281.0.261 1.0 0.75 0.3 2.0 0.65 |0.3002
0.1 0.85 |0.2873 0.15 (0.3286(0.1188 0.25 | 0.35 [0.1644 0.5 |0,5232|0.2643 1.0 0.8 0.3 2.0 0.7 0.3
0.1 0.9 [0.2956 0.15 [0.3395(0.1235 0.25 [0.3697(0.1687 0.5 0.5 |0.2606 1.0 0.85 0.3 2.0 0.75 0.3
0.1 0.95 |0.2995 0.15 0.35 [0.1283 0.25 0.4 |(0.1762 05 0.55 | 0.268 1.0 0.9 0.3 2.0 0.8 0.3
0.1 0.98 (0.2999 0.15 0.4 |0.1498 0.25 [0.4121{0.1799 0.5 0.6 |0.275 1.0 0.95 0.3 2.0 0.85 0.3
0.1 1.0 0.3 0.15 0.45 (0.1698 0.25 [0.4255(0.1843 0.5 0.64 | 0.28 1.0 1.0 0.3 2.0 0.9 0.3

0.15 0.5 |0.1903 0.25 [0.4386(0.1882 0.5 0.65 (0.2812 2.0 0.95 0.3

0.15 | 0.55 [0.2092 0.25 | 0.45 [0.192%4 0.5 0.7 |0.287 2.0 1.0 0.3

0.15 0.6 |0.2267 0.25 |0.4798| Q1203 0.5 0.72 | 0.289

0.15 | 0.65 (0.2427 0.25 0.5 0.21 0.5 0.74 | 0.291

0.15 0.7 |0.2578 0.25 | 0.55/ [0.2276 0.5 0.75 |0.2919

0.15 [0.7196| 0.263 0.25 0.6 |0.2441 0.5 0.78 (0.2948

0.15 | 0.741 [0.2682 0Q:25\] 0.62 | 0.25 0.5 0.8 0.296

0.15 0.75 [0.2702 0,25 |0.6461| 0.257 0.5 0.82 |0.2972

0.15 (0.7799(0.2773 0.25 | 0.65 [0.2579 0.5 0.84 (0.2982

0.15 0.8 |0.2816 0.25 |0.6786(0.2644 0.5 0.85 (0.2986

0.15 | 0.821 [0.2856 0.25 0.7 |0.2692 0.5 0.88 [0.2995

0.15 [0.8316|0:2875 0.25 [0.7194(0.2729 0.5 0.9 0.3

0.15 | 0.85((0.2904 0.25 [0.7404(0.2771 0.5 0.95 0.3

0.15 (0,878%(0.2944 0.25 | 0.75 [0.2788 0.5 1.0 0.3

0.15 09 |[0.2965 0.25 [0.7794(0.2841

0.45.40.92 (0.2981 0.25 0.8 |0.2872

015 0.94 (0.2994 0.25 [0.8204| 0.29

0.15 | 0.95 [0.2997 0.25 | 0.84 [0.2922

0.15 | 1.0.0 0.3 0.25 | 0.85 |0.2932
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Division 1
4 Polynomials
Table 1: E*/E Coefficients for Triangular Tube Pattern
X
0.10 0.002 1.239 0.57 -0.878 0.063
0.30 =0.003 0 7d5 1895 205+ 643%
2.40 -0.009 0.484 1.95 -1.442 0.016
Table 2:E*/E Coefficients for Square Tube Pattern
¥
P Xo X4 13 X3 Ky
0.0 0.017 2.112 -2.759 3.368 -1.747
0.25 . 0.013 1.840 «<2..111 2.893 -1.642
0.50 0.011 1.567 -1.648 2.347 -1.682
2.00 0.012 1.278 -1.135 27587 -1.749
Table 3:v* Coefficients for Triangular Tube Pattern
E 3
I go e 2= 83 & €s 6 €z
0.1p -0.089 0.450 0.267 -0.325 -0.002 0 0 0
O.1§ 1.232  -16.249 93.259  -284.35 507.628  -528.539 296.515 -69.197
0.2p 0.771 -4.78 13.226 -N7952 -7.503 23.725 -17.848 4. 66
0.5p 0.989 =6.399  23.448 ~53.158 87.214 -96.808 61.016 -16.0(43
1.00 1.01 -5.142 13.806 =17.444 10.436 -2.366 0 0
2.00 1.018 -4.52 10.821 -12.221 6.421 <1.21 0 0
Table &: vk Coefficients for Square Tube Pattern
>
P o ¢ €2 @s ey bs €s €z
0.1 -0.067 0.451 0.191 -0.273 0 0 0 0
0.1 0.337 -2.905 11.728 =19.521 15.421 =4.761 0 0
0.2 0.43% -2.632 8.552 -11.617 7.451 -1.889 0 0
0.5 0v400 -1.602 8.636 -29.539 62.382 -74.962 46.713 -11.72B
1.0 0. 348 -0.201 -0.180 2.124 -4.358 .4.145 -1.954 0.37%
2.0 0.354 -0.286 2.27 -10.35 22.733 -25.581 14.349 -3.18B

Polynomials of Effective Elastic Constants for the full range of p* (0.1<p*<1.0) initially used for
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ANNEX C — POISSON’S RATIO IN TUBES AND SHELL

(a) Deformation of a shell of length I; diameters D; ,De ; pressures Pi, Pe:

gzé[o] —v(ae+ar)]=g, +e,

i Or
|
Di Pe
{ & D4 Z
q. = "_tt
.-\_
| ) TR

[Deformation due to Poisson’s ratio: ¢ = 4 (v) = _E (o, +0,)

2 _ 2 2 2
79+Gr =2 Pl Di2 PezDe :z Pl DI Pe De SZZ(DEZ_DiZ\J
D! - D, 2 S 4
7 | ) ) V4 2 ) Es
5 (V)=—=—|PD?-P,D? |[v=——|P D?-R'D k=—2"
I(V) 2ES|:I i e e:|V 2k|:l i e e:|V I

(b) Application to the tubes: D, =0, D. =d,-2t, P=P P=P

T
St(vt):_ﬁ[Pt (dt_Ztt)z_Psdtz}Vt

t

d,—2t) d, -2t )’ D?
thl_Nt( tDoz t) 1-x = t( tDoz t) (dt Ztt)z (1 Xt)ﬁ

d? d2 D?
stl_NtD_ts 1—X5=NtD—t02 dt2=(1—XS)N—t

wD; N, k N, k
5t(Vt)__|(_[(1_xt)Pt_(1_xs)Ps}vt

. mE, tS(DS+tS)
s I

-ID?P
s.(v)=—"_T[pPD?]v. = s s
J(v)=5 [R D] 2E.1, (D, +1,)
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2

N k 2v. (D
k, 8, (v,)=——— L _pDly,=—S%| == p
(v) 2k z(D2/4) " " kslt( J
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AXi

The
half
Acc

Axidl displacement of the half-joint of rigidity k;, dueto F’;:

' 2 N2
5J(:)S):i:ZDJ DS A
k, 8 Kk,
L k 7z D?’-D?
Expdnsion joint rigidity: K, = - S (P)y=2 2 —s
p j gidity: K, == 3 (P) TR

Note} this formula is still valid“if'the shell is extended as a flange (Ds should not be replaced by Gs)

ANNEX D — SHELL PRESSURE ACTING ON THE EXPANSION JOINT
SIDEWALLS

al force acting on the sidewall of one half of the expansion joint due to internal shell pressure Ps:

FJ=PSH(R$—R5J R-2  R-=

R |
~ny |

T
Fy

ds

F'J\
=—Ds = 28—

D,=2R,———={VE)

Ehell pressure acting on the sidewall of the expansion joint creates an axial force. It is assume thg
Df this force is resisted by the expansion joint, and the other-half of it is carried out by the shell.

ardingly, the axial force acting on the shell is:
N 4 T
F=5 =2 (R-RE) RS T (DF-D2) R
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ANNEX E — DIFFERENTIAL PRESSURE ACTING ON THE EQUIVALENT SOLID
PLATE

(a) Force due to pressure Ps acting on the TS of radius ao:

2
P. naﬁ—Ntn(ﬂﬂ
2

Py

| |
T
N

This force leads to a uniform pressure Ps* acting on the equivalentsolid plate given by:

d 2
Fg*ﬁa(f:P{;rag—Ntﬂ(?tj}
d 2
Ps*: sl:l_Nt( . J:lpsxs Do:2ao
2a,

2
TS coefficient relating to the tubes on shell side: |x. =1- N, [%J
P*
VLA A ATT A A T AT A
\5//’ i /// s // £
P*s
Apt =% Py TP>O

b Lareoa duun tonrocoira D _antina AN thn TQ AfF radiiic A -
FFOTreC-OotTopressurtTractg ot —To o attasTo:

2
P{ﬂa‘?_Ntﬂ(dt——ZZttj}

This force leads to a uniform pressure Py* acting on the equivalent solid plate given by:
* 2 2 dt - 2 tl ?
P raj=RP|7ma-N, 7 5
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2
. d, -2
P =R|1-N, [T“J ~R %

0

D

0

TS coefficient relating to the tubes on tube side: |x, =1— N, (MJ

(c) Differential pressure acting on the equivalent solid plate:

[ * ol

D
A =% =%
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ANNEX F — SOLUTION OF DIFFERENTIAL EQUATION W(X)

The deflection of the equivalent solid plate is governed by a differential equation of 4" order:
d“w+gd3w 1dw+id_w a(r) QkW()
dr* rdr® r>dr® r*dr D’ D
d'w 2d’w 1 d’w 1 dw
2

Tt z T L
dr* r dr® r? dr “dar ' D
A change of variable is necessary to solve the differential equation:

k
=k k—a/DVi 0<rea, = X, =ka,
dw_dwdx_,dw d°w_,zd*w d*w_ 5 d? d*w G dtw
dr dxdr dx dr2  dx? drd  dx3 drf N dx?
dw 2d’w 1 d°w 1 dw
Tt s T2 2+_3_+W(X): 4Q*:2
dx X dx X dx X dx kD k

o The homogeneous solution is:
v(x) = Aber(x)+ B bei(x) +C ker(x) + D kei(x)

\vhere:

keix
A, B, C, D are integration constants
n 4n 4
berx=2(—1) (x/2) : :1_(x/22)
g [(2n)1] (2Y)
i 2n-t (x/2)4n_2 _(x/2)2_(x/2)6

beix=2 (1) [(2n-1" @) @Y

- p (x/2)* (/2 1,11
kerd= In(x/2)berx+4be|x+[1] { (1+2)}+{ (1+ 513 4)}

(21’ (41)°

(X/2) (1+_ _)j| |:(X/2210(1+£+1+1+l)
(3’ (5% 2 3 45

0 ker(0) =— o kei(0) = -

keix|= —In(x / 2)beix —%berx +[(x12)*]- {

ber(0) =1  bei(0) %
0

ber(x), bei(x), ker(x), kei(x) are Kelvin functions of order 0, which will be noted berx, beix, kerx,

|-

For[x=0+"<ber'(0) =1  bei'(0)=0  ker'(0) =»>o  kei'(0)=
ber’(0)=0  bei’(0)=,  ker'(0)—w  kei"(0)—e

Q

K,

The particular solution with 2™ member is: W(X)

Q

General solution: W(X) = Aberx+ B beix+C kerx+ D keix+k—

w
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Determination of constants C and D. Bending moment is written:
(Aber"x+ Bbei"x + C ker" x + Dkei " x)

d’w v dw
dx?

Mr(r)z—D*kz(

X dx

*

2

*

+V—(Aber'x+
X

Bbei'x + C ker'x + Dkei 'x)

The bending moment M;(0) at center of TS must remain finite: — C=0 D=0

Finally, the solution is written:

w(x) = Aberx+ B beix +

I

Q

LAY

W
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ANNEX G — COEFFICIENTS Zp, Zv, Zw, Zm; Qwm, Qv; Qa, Qs; Fm, Fr

(a) Purpose
This Annex provides the equations for coefficients Zq(x), Zu(X), Zw(X), Zn(X); Qm(X), Qu(X), Qu(X),
Qp(X); Fm(X), Fi(x) and their values for:
e x=0or close to 0 for a given value of X..
o X=X,
e X=Xa when X is close to 0

Notations are taken from UHX-13:

4 Dber, bei are Kelvin functions

f(x) represents the value of function f for x.

f(Xy) is always noted “f ”: f = f(X,). Therefore:

ber =ber(Xa) ;  ber’ =ber’'(Xa)
bei =bei(Xs) ; bei’ = bei’(Xa)
Za = Za(Xa)
In = Zm(xa) ; Z,= Zv(xa)
Zq =Zy(Xa) Zy = Zu(Xa)
yr=yiXa) 5 w2 = ya(Xa)
(b) Kelvin Functions
_ (x/ ) (x/2)4 (x/2)8 (x/2)12 X
per(x) = Z 1" o I] =1- @y + @y ~ & e S for x close to 0
Dei(X) = Z( H"t (x/2)" . =(X/22) _(x/22) +(X/22 - :X_z for x close to 0
ry [( )] (1 (3Y (5!) 2
4n-1 3 7 11
er(x) = Z( ) 2n)(x/2) _ 2(x/§) +4(x/§) _6(x/22) +...z_x_4
1 [(2n u] (21) (41) (6!) 2

for x close to 0
i 8 n71(2n—1)(x/2)4”73:(x/2)1_3(x/2)5+5(x/2)9_m X
(0= 21 CoyT Car @ ey >

for x close to 0

o B (A)(an-1)(x/2)" :_3(x/2)2 +14(x/2)6 - 33(x/2)° L a3
ber 100= 2,1 [(2n)]" 2y (6! g

flor x close to 0

oo (2n-1)@n-3)(x/2)"" 1 15(x/2)" 45(x/2) 1
bel X)_Z(_l) VLAY N YT Y T )
=1 LL\LII J.}.J I—\V-/ ‘—\\J

for x close to 0

(c) Coefficients ‘I’l(x) ‘I'z(x) Za

Y per(x) =3+Y

x2 for x close to 0

v, (X) = bei(x) + =

¥, (X, )~3ZU xa2 for X, close to 0
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w,(x) = ber (x) -

17V peit(x) zl+20 for x close to 0
X

¥, (X,)~ 1+2') for X, close to 0

Z, =bei"¥, —ber" ¥, = (ber - bei'-ber" bei)—l_x—v(ber'2+ bei )

a

7~ 1+v ¥ for X, closeto 0
a 4 a
(d) Coefficients Zqy(x), Zu(X), Zw(X), Zm(X)

P .ber(x)ﬂp -bei(x) (ber-ber(x)+bei.bei(x))+1;(u*(ber'.bei(x)_bei'.ber(x))

a

4%

Xz, B X'z,
4Y, + ¥ X2 ) ¥,
~ ~ for x close to 0 Z,(0)=
AX2Z.  X.}Z, ) X2
ber+1. -bei (ber2+bei2)+1;u (ber"bei —ber -bei")
z,=%2 er3 W, Dol 2 ~ —— for X, close to (
Xa Za Xa Za Xa

1-0"

%) (ber -ber '(x) +bei - bei*(x) ) + (ber "bei(x) —bei"-ber '(x))

709 qu'ber'(x)-zl-qubei'( .
i X2z, X.’Z,

! BY x-V,x° ¥,

5 ~ >—— X forx close to 0 Z,00)=0
16X 22,  2X?Z,
-ber'+y, -bei' berber'+bei-bei’
Z = he! 5 b = > :% for X close to 0
Xz, X,’Z, 4(1+0")
ber'-ber (x)+bei' bei( x)
A
\pé Xazza
4ber'+ x°bei’  per: ber"
C X7z, Kiz, reelesered 2O0=5%
ber -ber' +bei-bei'
Z, = 5 =Z, :% for X, close to 0
X.’Z, 4(1+0")
ber'-ber'(x)+bei'-bei'(x)
4
7 (%) X.Z.
8xbei'- x’ver'  xbei' X
R ~ = for x closeto 0 Zm (0) =0

16X,2,  2X.Z, (L+0)X,

_ ber'? +bei'? 1

Z ~ -
X.Z, 1+v

for Xz closeto 0
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The numerical values and graph of Zg, Zy, Zw, Zm as a function of X, for 1<X,<20 are provided below.

Coefficients Z 4,Zy,Zy,Zm

Xa Z4 2,52, Znm
1 2.054458 | 0.176798| 0.709032
2 0.171868| 0.154393| 0.642542
3 0.054471| 0.103768| 0.491113
4 0.023791| 0.062263| 0.362879
|) U.ULZU/7Y U.UsY0o /706 U.Zo0Y0U 7/
6 0.006924 | 0.027776| 0.238824
7 0.004334| 0.020476| 0.204651
8 0.002889| 0.015704| 0.178926
9 0.002021| 0.012418| 0.158913
10 0.001468| 0.010062| 0.142915
11 0.001100| 0.008317| 0.129837
12 0.000845| 0.006988| 0.118947
13 0.000663| 0.005954| 0109738
14 0.000530| 0.005133| « 0.101851
15 0.000430| 0.004471 | 0.095019
16 0.000354| 0.003920| 0.089046
17 0.000295| 0.003480| 0.083778
18 0.000248| ,0.003103| 0.079098
19 0.000211| . 0.002785| 0.074912
20 0.000180.C 0.002513| 0.071147

Table Zd;Zv,Zw,Zm

.50

.00

.50

.00

7d

P
g
P

0.00

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

X

a
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(e) Coefficients Qm(X), Qu(x) and Qu(x), Qp(X)

s by (x)-ber' -y, (x) (bei*ber(x) —ber* bei(x))—l;l: (ber " ber (x) +bei - bei (x))
Z, - Z,
8(1+0")bei'—(3+v")x’ber’  (1+0")bei" (1+07)
~ 167, ~ 27, forxcloseto0  Q,(0)= 2—Za bei'
_ (ber -bei '—ber'-bei)—l_—u(ber'2+bei '2)
_bei'-y,-ber' -y, X, Z,
Q, = = _%a_q
Za Za Za
. 1-0 .
ber -y, (x) —bei -y, (X) + ber "W, (%) —bei" W, (x
T X A S AR
' Xaza Xaza
8(1+u*)\P1—(3+u*)‘{’2x2 (1+u*)\111 (1+u*)
3 ~ for x close to 0 ,(0) = |
16X_Z, Xz, oo QO=07 1

QV=Q‘(X1 '~IJ1"~IJz'llJz"~IJ1:O

(f) Coefficients Fn(x) and Fi(x)

Xa Za
0, (x)= ber'-bei'(x)-bei'-ber'(x)
Za
1 3hAi! 1
9 8xber “+ x'be = ber X for x close toQ Qa (O) =0
16Z, Z,
Q,=QX 3 ber'-bei'-bei'-ber 0
Za
, -bei'(x)- b () (ber -bei'(x) —bei - ber '(x))+l;(l:* (ber -ber '(x) —bei - bei '(x)
‘)B(X) - Z = Z
| 8Y x+ P WY,
3 162 ~ o7 X for x close to 0 Q,(0)=0
Q=qx3 ¥ 'be'z"'“ ber %:1

F (x)= 0 () Q (x) _ (¥1+ QXbei) W, ()~ (¥, + QX ber ) ¥ (x)

m

2 2X,Z,
Fm(o):QS Qm(O)+QV(0)=1|:Q31+U beity LTV \Pl}zlﬂ) |:Q3 bei'+i}=%+3+u
2 2| = 2z, 27 X, 47, X,| 2 16
F.(X,)= Q3Qm<><a>2 +Q,(X.) _ %
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Note - When F,, is maximum at periphery:
o = MAX=[[F, ()] =[Fn (Xa) =2 = 2 if Q>0
m m m a 2 2 3

_23 if Q<0
Fo (X)=Q,-Q, (x)+Q,(x)= (¥, +Q, ber')be|'(x)7—(lpl+Q3 bei*)ber*(x)
FQ(O) :QS Qa (O)+Qﬂ(0) :%X for x close to 0 — FQ(O) -0

FQ(Xa)=Q3-Qa(Xa)+Qﬂ(Xa):al

F (X)=[Q,-Z,, (X)+2Z, (X)]X?g _ (P, +Q;X,bei ')bei(x);rz(‘l’2 +Q,X beryber(x)) «

a

QQ,(0+Q,(0) _ X,* ber' ¥, X 2 P,
R(0)= 8 = =2 ber
t( ) 2 2 Q3 Xaz Za+xa3 Za ZZa Q3 -l—X

E(xaf{ Sy Z}X; QX g

a

41+0) X, “1+v 8
(9) Parameter Qs when X,=0

F
X (p-1)-0z, 1(p-Da(+v)z@ (A-D-7
b @z, 4 (1+0") v @ ~ 1+F
N
b .7
X :(a)sF’s—a)cPc)+[W 2;’[j= \
i 1402, 1+F
F 2N F
2 (ps_l)_z 2 N (p5_1)+a§P s
:23:Q1+ 2 sz +— = €
%5 1+F & P 1+F 1+F

a
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ANNEX H — RADIAL DISPLACEMENT AND ROTATION OF THE SHELL AT ITS
CONNECTION WITH THE RING

1 Radial Displacement Due to Internal Pressure Ps

Due to internal pressure Ps, the circumference of the shell internal wall increases from 2nas to 2ma’s, thus
its elongation is written: 2m(a’s-as)= 21 Ws(Ps) where ws(Ps) is the radial displacement of the shell due to
pressure Ps.

SHELL
SHELL
0

| o+
ras>+ !
w

|
|
|
|
|
Initial position
SHELL {Fjng| position

Vs Vs ZFG =P 2as
/ 0, = Vslts Op = Folts = (Ps as)ts

RADIAL DISPLACEMENT wg AXIAL STRESS CIRCUMFERENTIAL STRESS

Figure 57 — Radial Displacement due to Internal Pressure

. 27w, (P w, (P
Shel| strain: £, (P,) = 7w, (P.) — : S)zi[o-e —v, (o +Gr]:i a, R —v, Ve
2ra, a, E, E.| t,
a, b . . :
whelle: O, = is the circumferential stress in the shell
S
o, = t_s is-the longitudinal stress in the shell subjected to the longitudinal force Vs
S
0, = —Ps is the radial stress in the shell, which can be neglected compared to o .
Shel| radial displacement due to internal pressure:
a’ Y/
w (P)=—2 (P ——= —I A-Vl.la-1
S( S) F 1_ S a VS [ ]
S S L S —
Note: For a U-tube or floating TS HE, Vs is known:
2 2
: a;P. a;P.
27raSVS:7ra52PS = V=% = g =223
2a, 2at,
2 2
w(R)=2|p SR &y AVp_sp
E.t, a, 2 E.t, a, 2
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2 2
where: 5, = & [ &Y |_ D ;D v
Et\" a 2) 4Et| D+t 2

S 7S

2 Radial Displacement and Rotation Due to Edge Loads Qs and Ms
Formulas provided in this Annex are taken from Appendix 4.2 of ASME Section VIII-Div. 2 [11] .

_ QS MS _ QS MS

WS(QS’I\/IS)_ZI‘/))S3 Ds+21‘/352 Ds HS(QS’MS)_leSZ DS+216)S DS

2 3 3
. 412(1—1/5) D, - Est52 K =28.D,=p Es'[52

AN 12(1-v2) 6(1-17)
QS MS QS 2MS

w(R, Mg)=—3+— 0.(Q, ,M)=—"+

ﬂs kS kS ﬂs I(S kS
3 Radial Displacement Due to Internal Pressure and Edge Loads
W, ::—Qs + o.P| |0 Q, +—2MS

S
— 1 =
S 2 s 's
ﬂs kS ﬂS kS ) ﬂs kS kS
2
With: &, = & 1_a_?5 where V is unknown
E, t, a

S
At this point of the development, it appears that it is not*possible to get a solution if Vs is unknown.
Thug, the classical shell formula:

aP _ D _PRD
2(a,+t,/2)t, D, +t, 2t

s1. B (1 D vp
* | 4E t, D+t 2 ) ¢

DZ
Notef In UHX-13, ts has-been neglected compared to Ds and: |5, =—— [1——SJ P

o, 3 is used,-which leads to:

4 Channel

Aboye formulas apply to the channel by replacing subscript s by subscript ¢, except that the axial for

and longitudinal stress in the channel are known:

B

P a P —F 1
V, =% 0,=—-—% which leads to: |5, = Do [q__De &
2 21, 4E_t, D, +t 2

D2
Note: In UHX-13, t; has been neglected compared to D. and: |5, = ——F {1—
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ANNEX | — SHELL-TO-RING CONNECTION IN RADIAL DIRECTION
Radial force Q:(a0) acting at TS periphery, due to Qs and Qc (see Figure 58 below): Q,(a,)=Q.+Q,

TS radial displacement wi(ao) at mid-thickness, at point A, due to Qr(ao):  w, (a,)= % l_E_f Qx

Channel

|
l
| 7
| ¢’ &
|

I/ TUBESHEET AS— —>A RING/—>r

o

% Shell

Figure 58 — Radial Force at Tubesheet Periphery

Ring radial displacement wg at point S (see Figure 59 below):
—-W, h
tg(g?):W;zQR = WR :—EQR

Initial

pasition

position

/ VA7) SHELL
Figure 59 — Ring Radial Displacement
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Continuity of displacements at ring-shell connection (point S):
h

Wy =W, 6G:=6, = W, :_EHS
Total radial displacement wr of the ring at point S: W, =W, (ao)+wR =W, (610)+WS

At this point of the development, it appears that it is necessary to ignore the radial displacement at mid
thickness w:(ao) to get a solution.

Compatitsitity of stet=rimg disptacements s writter—Tw, = _E
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ANNEX J — MINIMUM LENGTH OF SHELL AND CHANNEL WHEN INTEGRAL

WITH THE TS

The bending moment M(x) located at the distance x of the edge of the shell (point S in Figure 17),
submitted to moment M;s is given by (see Appendix 4.2 of [11] ):

312 (112
MS(X)=%f4(ﬂx)+Msf3(ﬂx) with f, = (1-v) 1817

B, [D.+t)t, (D)t
\

forv=0.3

Ds,m
Neglecting the radial displacement of the shell submitted to edge loads Ms and Qs, given by Section H.2
of Ahnex H, the following relationship is obtained: Q, =-4, M, which leads to:
M =| f,(BX) - f,(Bx)|M with:  f,(5x) = e [cos(BX) +sin(Bx
S0 =[ (8%~ £,(B)]M, 3(8x) ' x[ _ (Bx)+sin(Bx)] £ — 1, (A% Lo cos(ph)
f,(Bx) = [sin(Bx)]
whigh leads to: M _(x) = e ”* cos(Bx) M,
The noment M;(X) decreases according to a damped sinusoidal curve represented on figure below.
Ms (x) Y
Ms (S- /(
[
‘ ts
Ds
O = w0 M -t
Ms (x=0) = Ms
= @Bx
I M. (x) = e* cos(Bx) M,
02
01 + ) Dsm ts
M
s(¥) 0.05
s X =kyDgsm ts
0
1 2 3 5 6 7 Bx
-0.05 +
0.1 -+
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The length x can be written as: X = km = px=pk \/Ds_m =1.817k
For k=10 x=10,/D,,t, M,(x)=0.040M,

For k=14 x=14./D, t M,(x)=0.065M,

For k=18 x=18,/D,,t M(x)=0.040M,

For k=20 x=20,/D t M,(x)=0.020M,

For|lk=25 x=25,[D,,t M,(x)=0.002M,

The yalue x=1.8 \/D,, t has been retained as the remaining bending moment at this distance, of'the sh
edgelis only 4%.

Thergfore, when they are integral with the TS, the shell and the channel must have.a.minimum length
adjagenttothe TSof I, . =18 /D, t, and I_ ;. =1.8/D_ ..

s,min ¢,min
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ANNEX K — FORMULAS FOR A HEMISPHERICAL CHANNEL WHEN INTEGRAL
WITH THE TS

The formulas given in Annex H are valid for a cylindrical channel. If the channel is hemispherical and
attached directly to the TS (configurations a, b or c), without any cylindrical section between the head and
the TS (Figure 60), similar formulas can be developed, based on Appendix 4.3 of Section VIII-Div. 2

[11] .
1
iy “
==
0
[ 3
Figure 60 — Hemispherical Head
1 Radial Displacement Due to Internal PreSsure Pc
Channel strain:
27w, (P w,_ (P 2
p(p)- 2R W(R)_ 1o, -t RR, &R
2ra, a, E. E.| 2t 2(a, +t. /2)t,
a, R

whelle: O, = is the circumferential stress in the channel

a’P . - .
€< is the longitudinal stress in the channel

o =—-"2%2-°—
' 2(a, +t, 1 2)t

0, = —PC is the padial stress in the channel, which can be neglected compared to oy .
Channel radial displacement due to internal pressure:

a
A P o 11=2, 5 |1 DD° v,
w, (P,)= EC tc 2° =6, P, where: § = Eact 20 =2 Ect c2+tc
cC C C C cC C

2 Radial Displacement and Rotation Due to Edge Loads Qs and Ms

Radial displacement w and rotation 6. formulas are taken from Clause 4-332(b) of Appendix 4.3 of
Section VIII Div. 2 [11] :
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2. R’ 2ﬂ2 R? 25’ R? 48° R . D, +t
AR mn <M 0 =———"1n ——M, with:R =—¢—=°
°Et, Q. E;t, ° © Et £ 2t E. t. "
ZﬂcR§_14ﬁeri_112(l u) 1i_ 1 1
EC tC Zﬂcs EC tC Zﬂc EC t03 ﬁ DC Zﬂf DC ﬁcz kc
2ﬁ§R;_ﬁ2ﬂcR§;_ 1 1
EC tC ’ EC tC Zﬁcz DC ﬂc kC
3 p2 2 p2
4ﬂc Rmzzﬁczﬁc Rmzzﬂc 3‘ — 1 :E
EC tC EC tc zﬂc DC ﬁc DC kC
M M M 2M
WC =4 Q3C + - C — ?C + C ec — QZC + C — QC + C
2ﬂCDC 2ﬂCDC ﬂckc IBCkC 2ﬂCDC ﬂCDC ﬂCkC I(C
Thege formulas are the same as for a cylindrical channel (see Section 4 of Annex.H)
3 Radial Displacement Due to Internal Pressure and Edge Loads
2 M 2
w, + ?C +—C +5, P, gcz&+_c with: |gadPe 1 D v
Bk, Bk, bk k Y 4Et |2 D+t 2
Accqrdingly, the formulas are the same as for a cylindrical channel, provided in Section 4 of Annex H
2 2
O, 5 D, 1- D. v P. isreplaced by (o= D [1__D v
* [4E t, D, +t. 2 ) ° 4E 1. (2 D+t 2
D [1 v,
Notel In UHX-13, tc has been neglected compared to Dc: . = ———
4E.t |2 2
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ANNEX L — EQUILIBRIUM OF RING SUBJECTED TO EDGE MOMENTS

(a) For configuration a
Axial equilibrium of forces

Channel head
P c
— @c =Do/2 = g
P
Va t "
) . N
AL~ Ring -
M ls.
Ps Vs

Figure 61 — Configuration a

Axial force Vs in the shell:

V12a-1] 278V, +7(al-a])P =274V, +27a,V, fz(a’-a})P,
Axial force V. in the channel:

2
VI2a2] 27aV.=za’P = a'c\/:%pc

a2 2 a2
Axial equilibrium of the ring is written: [V1,2a-3] |a_ V, =a, V, + ?0 P+ % P
Axial equilibrium of moments

M, =+|k, (1+ t—sl 0, +[B, k|5, P,
[V1.1a] i 2

Qs :_[ﬁs I(s (1+ts):| es _[2 ﬂsz ks:| 55 Ps

M, =+ kg (1+t—°j 0, +[B. k], P,
[V1.1b] | 2)]

Qc :_[ﬂc kc (1+tc ):| 90 _[Zﬁcz kcj| 50 Pc
fFrom*Figure 17 and Figure 61, ring equilibrium is written:

AQ Alc ‘ A2c
— , , T , ,
[R MR]a =—a, Ma +|:ac Mc —a, Qc g}_'_[M (Pc)_ac Vc (ac _ao):|
[V1.2b]

- [a's M,-a, Q, g}—[l\ﬂ (P.)-a,V, (a-a,)]

Als A2s
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where: R =

radius at center of ring = %

+a
M (Pc): moment due to pressure P acting on the ring: (ac2 —af) [ac e~ aoj

R

2 2
a,+a, P,
_ao -

2 jz

M (Ps): moment due to pressure Ps acting on the ring: (6\52 —af)[

[ H I £ ol oot +lo MM o [ lotad£ \.L NA L
WTTTvatiurio daic JTITUTTTITU SU Hat tic TTTUTTITTIU VI

A1c;:{a'C k. [1+%°j 0, +a k. B 0. F’c}[a'c Bk, (l+t;)g

- o) k. Hu J+,B l+t)2}9c+a'c kc,b’c5C(1+2ﬁcngc

ak(l

90+2a(ll kcﬂczé‘CgF)C}

]9 +a0pcﬂc (1+ﬁc h)Pc

D D
VIR LdIT UT Ladiburatcu 1TuUllt va, 1Vlg, Ua dliUu s, Tc.

a)C:pC ﬂc kC

ak(l ]9+aa)PC t =hg

5, (1+h B.)

W5 = pPs ﬂs ks 55 (1+hﬁs)

t ,
Als= a, ks(lﬁttS 2J¢9S+a0 w, P

‘2

‘2
Alc - Als =a_ Kk, (1+t'C +%j 0. —a k. [1+t; +%

S C c

j¢93+a0 (0, P.—, P,)

. I . 0, =6
Mccounting for compatibility of shellxand channel rotations: { 58

N
Alc - Als = {a's K, [1+t; +tiJ+a; k. [
2

hoc = (a —ap (e -a,) = —a = (a—a,) == [ (a7 —al) (a.-a,) -2 (3, -a,)

0, =-0,

2

1+t;+%ﬂ 6,+a,(w, P,—o, P)

A2s = (a2 -8’ ) (a, —ao)%—[ao Va+(a§—a§)%+a§ %}(a; -a,|

YA V., (a _a )+ [(a2—a2)(a—a )— 2(a
V4 4 L\ VA

2

—-a,V, (a,-a,)+ > (aZ —a7) (a, +a,~2a))

: P, ,
A2c— A2s =+a,V, (&, —ao)—Z(af—aj)(as +a,—2a)+
simplification of the calculations: ts<<a; — a’s=as

A2c— A2s =+a, V, (a —ao)+% EN [(pj -1)(p,
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az)(a' —aL)]—Zaf (a' —&)%

—% [2 a2 (a;

%l(at-al) (a-a,)-2

-a,)]

tc<<ac g a,c:ac

—1)]—% 3| (P2 +1) (p.

a’ (a—a,)+2a] (

-1)-2(p,

a, —a,

)]

_ 1)}
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Equation [V1.2b] is written for configuration a:

P P
[RM,].=—a M, +a2V, (p, —1)+Zs al [(psz—l)(ps —1)]—ZC a’ [(pj +1)(p.-1)-2(p, —1)]
[VI1.2b’]
) ) t'2 ) ) t'2
_{as k, (1+ts +52J+ac k. (1+tC +°2H 0,+a, (0, P.—o, P,)
(b) For configuration b:
Axial equilibrium of forces
| ____Channelhead
a
Pc B.c
1 a'c
a: =G /2
— ao - Va/r TVC
g, A AL
\/V
Ps ?
|
|
Figure 62 — Configuration b
Equilibrium of the channel:
2
b raV,=2ra, B —2ra J'<ra’P, = a,, B,—a,J, =%P€
Axial force Vs in the shell:
paV, +7(a’—al)P\=27ra,V,+27 8, B,—27a, J +x(al-a] )P
V4 a2 P
cC C
. o . . . a’ a? -a’
Axial equililorium of the ring remains unchanged: aV.=aV, + > P+ TO P,
\Vhere (see Figure 62):
. G . .
a/= mean gasket radius = —% J_ = gasket load per unit of circumference
pA
. . C . .
ag, =bolt circle radius = —= B, =bolt load per unit of circumference

Axial equilibrium of moments. In equation [V1.2b]:
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AO ‘ Alc A2c

[R MR]a =—a, Ma+|:ac Mc_ac Qc E}_'_[M (Pc)_acvc (ac_ao):|

. .~ h ‘ ‘
- |:as Ms_as Qs §:|_|:M (PS)_aSVS (as_ao):|
Als A2s

[VI1.2b]

Terms AQ_A1ls_ A2s due to shell remain unchanged

¢ Term Alc due to moments applied to the channel disappears, but can be maintained provided that
kc is taken equal to O: k.=0.

¢ Term A2c becomes [A2c]y:
[A2c] =M (P,)-a,, B, (a5, —2,)+a, J. (&, —a,)=M (P )+A

2

AB =—ag Bc (ch _ao)+(ch Bc_a?C ch(ac _ao)

Where:
2 2

a a
=_ch Bc ch+ch Bc ac_?c Pc (ac_ao)zch Bc (ac_ch)?c(ac_ao)

2

[A2c] =M (PC)—%C(aC—aO) P.+a,, B, (8, —a )=A3+a,, B, (a, —ag,)

A3with:a;::aC

¢ A2c,—A2s=A2c—A2s+ag, B, (ac _ch) leads to equation R My for configuration b:
[R MR]b :[R MR]a +ch Bc (ac _ch)

Using UHX-13 notations:

2 7C\ 2 2 2z ¢ D,

G.-C

Age Bc (ac ch):2a°_;TWC Yoc  Where: Ype CDO =
[R MR:'b Z[R MR]a +;'—;[Wc Ve With k. =0 in [RMg]. equation

(c) Kor configuration c:
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Channel head

P B
—— a'C lv--I J
V c
—- ac= G1 /2 C\L - Bec
V VC J(;
— do - @ T N B.
' A
S -
Ps 2 J
" Shell

Figure 63 — Configuration c

Gc _Gl
D

[¢]

TS, G1 (see Figure 63). Thus ync becomes: 7, =

(d) For configuration d:
Axial equilibrium of forces

Channel head

The same applies but the bolting diameter C. becomes the midpoift of contact between flange an

®n

aB.c |
Pc y
a'c \l/VC jC
dc

c

2y ‘ Ve T ) JCTB

A Al :
P A" |Js Es
as {Js s

| aps -
— a's e

- Shell

Va
Figure 64 — Configuration d
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Axial force V¢ in the channel remains unchanged:
2 G C

a c c

aCVC:aBC Bc_ac \JC:7C PC aC:7 aBC 2

Axial force Vs in the shell is given by, with ag =75

2raV,+2ra J,=2ra, B, = |aV, =a, B -a J,

erms A0, Alc and [A2c], due to the channel remain unchanged.
erm Als due to moments applied to the shell disappears, but can be maintained providedthat ks

ken equal to 0: ks=0.
Term A2s becomes [A2s]q, similar to term [A2c], of the channel:
2

AZS]d =M (P )_a?s(as_ao)Ps+aBs Bs (as _aBs) Pc = A28+aBs Bs (as _aBs)

is

S

A3avec a;=a,

Term: [A2c] —[A2s], = A2c+a,, B, (a, -2, )—A2s—ay, B, (@ —a,)
leads to the equation [R MR} for configuration d:
d

R MR]d :[R MR]a +ch Bc (ac _ch)_aBs Bs (as _aBs)
WUsing UHX-13 notations:

C.W (G. C.\ a G.-C.) a
b B (a—a )="s s (O Col By (S % |- Ry
o B (8~ 2nc[2 2) 2 ( D j 2 s

[o]

k.=0 and Vs =

S

W, 7, with:
2 k.=0  and 7bc=G_C

C

RM,] oo

4=

a
[R MR]a—}_ﬁWc Yoe =

fFinally, the generic equation covering the 4 configurations a, b, ¢ and d is written:

RMy =, M, + 2o, 1)+ 2 [0 1) (0, -1)] R 2 [(4£ 1) (2. -1)-2(p. 1)

R=—

2 '2
{a; K (1+t;+%j+a; K, [1+t;+%ﬂ 0, +a, (o, P.— o, Ps)+2a—°[WC Yoo W, 74:]
T

I|n this)equation:

W, and W, are bolt loads applied on shell and channel when the TS is gasketed (configurations b,

c, d).
Coefficients y,, and y,.are defined for each configuration as follows:

[V1.2d]

Configuration a: k, givenin VI.1la k. givenin VIL.1b Yos =0 Ype =0
0 _ Gc - Cc

Configuration b: k, giveninVI.la k,=0 Tos =
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Configuration c: k, given in Vl.1a

Configuration d: k; =0

k.=0

C

k=0

G. -G
7/bs:0 7bc:C—l
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ANNEX M — DIRECT DETERMINATION OF THE EQUIVALENT PRESSURE

Equivalent pressures P’s, Pt and P’y can be obtained directly by examining the loads applied on the TS as
follows.

(a) Pressures Ps and P; acting on the perforated TS (Figure 65)

! a's U

- a

Ft Py
PS P
S
do
— as -—
a's —‘

Figure 65 — Pressures Ps and Pt Acting;on TS

2 2
d -2t
3'I'S(Pslpt)ZXSPS_XIP'[ Xs :l—Nt[%J thl_Nt( : tj

0 DO

(b) Rressures Ps and P; acting on the unperforated TS RtM
[Load acting on the rim:

Fon (P, R) = (el —a)P, —z(a? —al)R, =72’ [ (0 )P, — (o —1)R |

N. K NK,  Fom (P, P)
PPart of Frim supported by the tubes: Fr (P, P) _}t<st =Fau (P R) JtKSt - R”\il]Ksyt t

Equivalent pressure acting on the unperforated RIM:

Fam (P, P 2-1P. —(p’ -1P
P (P P)=— RIMZ( o R =_(ps )R —(p; —DR
ral JK, IK

st

Fonl(P., P 21 21
PRIM(PS!Pt):_ RIMZ( t): _(p )Ps+(p )Pt
ra  JK, K, K,

(c) Pressure Ps@cting on the joint (Figure 66)
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——a = Ds 2 g =nel
‘ FlJ
F, half convolution
%L /, (stiffness 2K}
.
Ps L
-~ R,=D,/2— LTy
F, (Ps)

Figure 66 — Pressure Ps Acting on Bellows Joint
Axial load acting on the shell:  F,(P) = @ =P, % (R} —R?)

Pr(RS-R?)/2

Axial displacement of the half-shell: A, (P,) =

2K,
L . . . kW 1 1 1_\] k
Equivalent pressure acting on the perforated TS: using &5 and Kk =
2Ky may Ko J 'ONk
_3 n(R?=R? _ D?-D?
b ()= K, A, (R) =L 179 (R] S)Psz_l J (Dj 2S)F,s
ra] JK, 2 2JK,, D

(d) Effect of v due to pressures Ps and Py acting'on the tubes (Figure 67)

kt- Py

R R

d;
Figure 67 — Effect of vi Due to Pressures Ps and Pt

(v e " [pda2 p(d_2: %]y
Ut J't

_‘LT\'t/ 2k L'S“t =)
t
N, -k
Using K, =—5":
7 8

7 NK 2N
R )=k () =5 3 PR (4 -2 Jn =3 RAE-R (6 -0 ]y
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P @)=2[R (1-x)-R A-x)]wn

(e) Effect of vs due to pressure Ps acting on the shell:

V4
In the same way as for the tubes: Al (VS):_W[PS Dsz]vS
S

N, -k k
Using k, =——=" and K, =——:

g, NK:

7 Nk 2 D

P, (v,) =—k, AL (v,) = ——L PD? |v, =|— —SPv
() =k AL @)= [ RDE v =l = P

(f) Rressure P; acting on the Channel Head (Figure 68)

Channel head

?\ Channel

. l Fe (P
T Fo (P)

Ps >0

Figure 68 — Pressure Pt Acting on the Channel Head
[Load acting at periphery ofTS: F_(R) = za’R

N, K NK F.(P
fPart of I:(;(Pt)supported by the tubes: Fc(Pt)fﬂ:c(Pt) N <(R)

JK JK

S S st

*

fEquivalent pressure acting on the perforated TS:

2 2
PC(Pt):_ FC(Pt) - _ ac P__ pc P

ralJK,, aZK,, K, "

Effamtaf <l +ocliff il £l [ H oo P A alaall
(g) HELL UT Y UUT U UITITTTTIUAD LTITTTTIAN TAPATISTUTT UTUWVETTT TUDTS dllu SticT

V= [at,m (Tt,m _Ta) Qs (TSvm _Ta):l L

Equivalent pressure acting on the perforated TS: Py =k, =

(h) The total pressure acting on the TS is written:
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B = (PR + o (B P+ P, (B) + PLU) +P(0)+ R (R)
P =xP-xP +—’OJ§K_S¢1)PS+'3C:<;1PF213_|<JSJ( J2D_j sz)'°s+2(1—XS)VtPs—2(l—Xt)VtR +K2MB§VS
—£R+ '7\:22‘7
R=P-RP

fPrcan be Writtem:

with: |P =P, xs+2(1—xs)vt+i b v, —
K, D

st

Pt':P{xt+2(1—xt)vt+

1
J K,

]

Nt KI
ma

|

fFormulas P’s, P’t, P, match the formulas obtained in V1.2 above. Formulas Pw and Pyim cannot bg
¢alculated directly as they involve the edge moments at the TS-shell<Channel connection.

P

S
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ANNEX N — FORMULAS TO BE USED WHEN Pe=0

The equivalent pressure Pe may be equal to 0 in the following loading cases:
e |oading case 1 if P=0
e |oading case 2 if Ps=0
o |oading case 3 if Ps=P;
o |oading case 4 if Ps=P;

WhenP, =0, V, =0 and Q,=0Q +—2 Q becomes infinity. General formulas depending on v, and
d

M .|, given in V11, must be used with Vv, = 0to determine the stresses. These formulas can be writterL in
the general symbolic form: F(x)=K [M A(x)+(a,V,) B(x)]

with| M, =(a,V,) Q +Q, :Q2 Thus [M, =Q,| and F (x)=K Q, A(x)
Accqrdingly, the equations givingq(X), W(X), 8(X), o(x), 7(X), o, (X) write&sfollows.

1 Net Effective Pressure: q(x)

a(x)=2£Q, Z,(x)

Maxjmum of q(x) is obtained for Z(X) maximum which is located either inside the TS (x<X,) or at TS
periphery (x=Xa).

2 Axial Displacement: w(x)

WS- 20,2,

W W

Maxjmum of w(x) is obtained for Zx(x) maximum which is located either inside the TS (x<Xa) or at TS
perighery (x=Xa).

3 Rotation: 8(x)

0(x) =2, Z, (x)

Maxjmum of6(x) is obtained for Zn(x) maximum which is located either inside the TS (x<Xa) or at TS
perighery(X=Xa).

4 Bendina Stress: o)
g=F Ay

M, (X)=Q, Q, ()
7 ()= Qu (¥

Maximum of o(x) is obtained for Qm(x). A parametric study performed on X, =1,2,3...,20 shows that the
maximum is always located at TS periphery (x=X,) and is equal to 1 (See Annex G):
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MAX[Q,(x)]=Q,(X,)=1 Thus |0 =

5

Max

periphery (x=Xa).

Max|
eithe

60Q,
uh?

Shear Stress: t(x)

mn=%axw

r(0)=—2-q,(x)

“pah "

mum of t(X) is obtained for Q.(x) maximum which is located either inside the TS (X<Xa) or at T

Axial Stress in Tubes: ot(x)
1

o (x)= o [a P -a)] () 7 58 Zu(x)
O (LR ]

mum and minimum values of «(X) are obtained forZ,(x) maximum or minimum which are locz
r inside the TS (x<Xa) or at TS periphery (x=Xa):

S

ited
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ANNEX O — TABULAR AND GRAPHICAL REPRESENTATION OF COEFFICIENT
Ft(x)

Annex O provides for 1<X,<20 and -0.8<Q:<+0.8:
o values and graphs of F(x) for 0 <x< X,
o values and graphs of the minimum and maximum of F«(X): Ftmin and F¢max
e locations of the minimum and maximum of F(X): Xmin and Xmax
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1T¢

Fi(x) for Xa=1,5,7,10,20

FX)Tof X=T, 5.7, 10,20 and Q;=-08, 00, F08 Vl=04)
Xa= 1 Xa=5 Xa=7 Xa = 10 AW Xa = 20
X Q3 =-0.8 Q3=0 Qs =+018 X Q;=-0.8 Q=0 Q3 =+0.8 X Q3 =-0.8 Q3=0 Q3 =+0.8 Q;=-0.8 Q3=0 Q3 =+0.8 |\ > X Q3 =-0.8 Q3=0 Q3=+0.8

2.00E-02]  1.038118] 0.9676997| 0.8072h14| 1.00E-01] 1.032634] -0.6066762] -2.245986, 0.14] -0.8756667| -2.81€-02| 0.8194348 02| -o87E-02] 448E02]  1.88E0I] 04| 7.24£-04] 4.65€05] -6.31E-04
4.00-02]  1.038039] 0.9677894| 0.8975B96|  2.00-01]  1.046217] -0.6069373 -2.260092 0.28] -0.8633661 -3.16E-02| 0.8000731 04| -100E-01] 454E02] /300E01 08| 527E-04] 592605 -4.00E-04
0.06] 1.037008] 0.9679389] 0.8979h97 0.3 1.06879] -0.6073345] -2.283459 0.42| -0.8426553] -3.75E-02] 0.7676076 06| -1.26E-01]  4.64E-02] ,2.19E-01 12|  18sE-04] 7.96E-05] -2.89E-05
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022| 1034934 0.9712548] 0.0075)52 1.1[  1552018] -0.6037938] -2.759606, 1.54] -0.3144919] -1.66E-01] -0.01688031 22[, AeeE-01] 520E-02]  5.70E-01 44| 610E-03] 371E05] 6.17E-03
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028 1032007 0.9734414 O.QS;EG 1.4] 1849550 -0.5881031] -3.025765 1.96] 0.0998848] -2.46E-01] -0.5012681 28] -618E-01] 3.85E-02]  6.95E-01 56| -7.09E-04] -7.33:04] -6.68E-04
03]  1.032115] 0.9742795] o0.9164ha1 15| 195852 -0.5791762] -3.116872 21 02710992] -0.2748804] -8.21E-01] 3| -656E-01] 204E-02 715601 6| a77e-03] -1.17€-03] 7.10E-03
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036] 1.029379] o0.97711] 9.25d01 18] 2303055 -0.5367362] -3.38E+00 252 0.8930232] -0.3652826 88 3.6] -0.6736465] -1.70E-02] 0.6396902 72| 386E-02] -2.68E-03] -4.40E-02
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06| 1.012455] 0.9926332] 0.9728}13 3| 3.287708[ 0.06315050] -3.161389] + 42| 4.613324] -0.4281282] 5.46958 6|  3.40523] -05442125] -4.49E+00 12| -0.9773141] 5.38-02]  1.084902
0.62] 1010563 0.9941825] 0.9778p24 31|  3.273615] 01506018] -2.954412)\ ~ 4.34| 4000085 -0.3728624] -5.64581 6.2]  4.201988] -0.5865002] -5.375007 124] -1.306761] 5.39E-02] 1414617,
0.64| 1.008588] 0.9957635] 0.982b30 32[ 323050 0.2651963] -2.70219 448 5151461] -0.3011132] 5753687 6.4] 5.057155] -06174373] -6.202029 128 -1.611355] 4.36E-02|  1.698476)
0.66]  1.006529] 0.9973744] 0.9882}194 3.3]  3161443] 0.3802958] 2400851 462] 5.356469 -0.2110706]  -5.77861 6.6] 5953367| -0.6324616]  -7.21829 132 -1813493] 1.73£-02] 1.848088
0.68]  1.004385| 0.9990131] 0.9936h17 34| 3.056837] 05052112] \-2.046414 4.76] 5502823 -0.1009085|  -5.70464 6.8]  6.866462] -0.6263518] -8.119165 136 -1.80055] -3.10E-02] 1.738637
07| 1.002152] 1.000678] 0.9992paz 3.5]  2.915208] 0.6402089] , *-1.63489 4.9]  5576911] 0.03118309] -5.514544 7| 7.764431] -0.5931804] -8.950800 14| -1.422138] -0.107202]  1.207554)
072| 0.9998285] 1.002367] 1.004pos 3.6] 2733026] 0.7854759] -1.162274 5.04| 5563787] 187E-:01] -5.189855 7.2]  8.606379] -0.5264054] -9.650189 14.4] -0.4920101] -0.2165779]  5.98E-02)
074] 0.9974129] 1.004077] 1.010p41 37| 250691 oedraets| -0.6245889 518 5447183]  3.68E-01]  -4.71008 74| 0.341547] -0.4188564] -10.17926 148] 1105645 -0.360618 -1.916881]
076 0.9949027] 1.005807] 1.016}12 3.8]  2.232545[0\1.407312] -0.01792005 532 5209565 0.5761069 -4.057351 7.6]  0.908447] 0.262948] -10.43434 152]  3.850281] 0.5355867 -4.921454
078] 09922057| 1.007555] 1.022p14 3.9] 1906255/~ *1.283895| 0.6615336, 5.46|  4.832207| 0.8122958| -3.207616 7.8]  10.23417| -0.05081466]  -10.3358 156]  7.63344] -0.7287403]  -9.09092)
0.8 0.9895802] 1.009317]  1.020p46 4| 1504015| 1.470769] 1417423 56| 4295315 1.077711] -2.130804 8| 1023401] o0.2254344] -9.783137 16| 12.59882] -0.9145301]  -14.4279
082 0.9867812] 1011093 1.035h05 41 _ G.ospis2| 1.667682] 2253183 574]  357819] 1373051| -0.8320874 82 9811359 05733936 -8.664572 16.4] 1860214 -1.050529]  -20.7032)
0.84] 09838691 1.012879] 1.041bss 4.2f~05765283]  1.874253] 3171078 588  2.659445|  1.698580| 0.7377334 84| 8858242 0.9999527] -6.858337 168 2518708 -1.073637 -27.33435
0.86| 0.9808503] 1.014673 1.042{95 43| 0.00327703|  2.089957|  4.176637 6.02] 1517277] 2.054079] 2.500881 8.6] 7.256321] 1510795 -4.234732 17.2|  31.45123] -0.8979306] -33.24709)
088 0.9777222] 1.016472] 1.055p21 4| 06413519 2314114 5269579 6.16] 0.1208059| 2.438661| 4747516 8.8 487876 2109792 -0.6591769 17.6] _ 35.00466] -0.4153511] -36.73536,
09| 00744825 1.018274] 1.062p65 45| -1.360007] 2.545871]  6.45274 6.3 -1524521] 2.850749]  7.226019 o 150097 2798280  4.003600 18| 36.34414] 0.4985645] -35.34701
092] 0.971128] 1.020076] 1.069p2 46| 2150101]  2.78419] 7.727481 6.44| 3466443  3.28792] 10.04228 92| 2735554 3574282  9.884117 18.4] 29.77993] 1.971487| -25.83695
0.94] 0.9676566] 1.021875] 1.076ho4 27| 303885 3.007827] 0.094502 658 -5715328]  374679] 1320891 94| 8238123 4431479] 170108 18.8] 1246808 4.110861] -4.246357,
0.96] 0.9640648]  1.023669] 1.083273 48| -4.003114] 3.275318] 1055375 6.72| -8.288511| 4.202885| 16.73428 0.6] -1503634] 5.358265| 2575287 102] -1088116]  6.96749] 33.81614
098] 09603503] 1.025455] 1.090559 49] 5054369 3.524966]  12.1043 6.86] -11.20056] 4.710511] 20.62158 0.8 2323306 6.336559]  35.90708 106 -71.63274]  10.48407| 92.60088
1| o0.9565098] 1.027220] 1.097949 5| -6.19463] 3.774817] 1374426 7| 1a4604] 5202614] 2486763 10 -32.90700] 7.340617] 4758832 20 146.3978] 14.42809]  175.254|
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[AX4

E.0L) =04
LY < 7
Fg=Ft(min) Fg=Ft(max)
Xa\Q3 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
1 0.9565 0.96%3 0.9742 0.9830 0.9919 1.0095 1.0184 1.0272 1.0361 1.0449 1.0537 1%&) 1p714 1.0803 1.0891 1.0979
2 0.3868 0.5193 0.6339 0.7574 0.8809 1.1279 1.2514 1.3749 1.4985 1.6220 1.7455 4.86@ 1P925 2.1160 2.2395 2.3631
3 -1.1560 -0.73%8 -0.3155 0.1048 0.5250 1.3655 1.7858 2.2061 2.6263 3.0466 3.4669 - \8871 48074 4.7276 5.1479 5.5682
4 -3.3304 -2.5385 -1.7365 -0.9395 -0.1426 2.2483 3.0453 3.8423 4.6392 5.4362 76.2332 7301 7.8271 8.6241 94211
5 -6.1946 -4.9484 -3.7023 -2.4561 -1.2099 2.5286 3.7748 5.0210 6.2672 25 v 8.7595 10057 11.2519 12.4981 13.7443
6 -9.9120 -8.11p2 -6.3123 -4.5124 -2.7126 -0.9127 2.6870 4.4868 6.2867 8.0866 98864 11.6863 1344861 15.2860 17.0859 18.8857
7 -14.4624 -12.0043 -9.5461 -7.0880 -4.6299 -2.1718 2.7445 5.2026 7.6607 10.1189 ,12&70 15.0351 1744933 19.9514 22.4095 24.8676
8 -19.8122 -16.5960 -13.3799 -10.1637 -6.9475 -3.7313 -0.5151 5.9172 9.1334 12.3496 ‘QS,S(SSS 18.7820 21P981 25.2143 28.4305 31.6467
9 -25.9594 -21.88%8 -17.8122 -13.7385 -9.6649 -5.5913 -1.5177 6.6296 10.7032 14.776 \\\ﬁ.8504 22.9241 26P977 31.0713 35.1449 39.2186
10 -32.9071 -27.8761 -22.8452 -17.8142 -12.7832 -7.7523 -2.7213 7.3406 12.3716 17.4 224335 27.4645 3244954 37.5264 425574 47.5883
11 -40.6555 -34.56f2 -28.4789 -22.3906 -16.3023 -10.2140 -4.1257 8.0509 14.1392 2“2@ 26.3158 32.4041 384924 44.5807 50.6690 56.7573
12 -49.2043 -41.9587 -34.7131 -27.4675 -20.2219 -12.9763 -5.7307 8.7606 16.0062 ¢ ZWB 30.4974 37.7430 44P886 52.2342 59.4798 66.7254
13 -58.5532 -50.0594 -41.5475 -33.0446 -24.5417 -16.0388 -7.5360 9.4698 17.9727 ,\‘QG.AVWSG 34.9784 43.4813 51p842 60.4871 68.9899 77.4928
14 -68.7023 -58.84p2 -48.9820 -39.1219 -29.2618 -19.4017 -9.5415 10.1787 20.0388 \.29.8989 39.7591 49.6192 594793 69.3394 79.1996 89.0597
15 -79.6514 -68.3341 -57.0167 -45.6994 -34.3820 -23.0647 -11.7473 -0.4300 10.8874 22.20 33.5220 44.8394 56.1567 674741 78.7914 90.1088 101.4261
16 -91.4006 -78.52p1 -65.6515 -52.7770 -39.9024 -27.0279 -14.1533 -1.2788 11.5958 2(47’1? 37.3449 50.2194 63.0940 759685 88.8431 101.7176 114.5922
17 -103.9499 -89.4181 -74.8864 -60.3546 -45.8229 -31.2912 -16.7594 -2.2277 12.3040 @M’SS 41.3675 55.8993 70.4310 84p627 99.4945 114.0262 128.5579
18 -117.2992 -101.0192 -84.7213 -68.4324 -52.1435 -35.8546 -19.5657 -3.2767 13.0122) 29.3011 45.5900 61.8789 78.1678 9414567 110.7457 127.0346 143.3235
19 -131.4485 -113.30p4 -95.1563 -77.0102 -58.8642 -40.7181 -22.5720 -4.4259 13.7202 \\\ 31.8663 50.0123 68.1584 86.3045 10441506 122.5967 140.7428 158.8888
20 -146.3978 -126.2946 -106.1914 -86.0881 -65.9849 -45.8816 -25.7784 -5.6752 14.4 [© 345313 54.6346 74.7378 94.8410 114p443 135.0475 155.1508 175.2540
Fq = (Zd + Q3ZW)Xa4/ 2
Z(CODAP)>0
Xa\Q3 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 01 0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

1 0.9565 0.9653 0.9742 0.9830 0.9919 1.0007 1.0095 1.0184 1.0272 1.0361 1.0449 1.0537 1.0626 1.071p 1.0803 1.0891 1.0979

2 0.3868 0.5103 0.6339 0.7574 0.8809 1.0044 1.1279 1.2514 1.3749 1.4985 1.6220 1.7455 1.8690 1.992] 2.1160 2.2395 2.3631

3 -1.1560 -0.7358 -0.3155 0.1048 0.5250 0.9453 13655 1.7858 2.2061 2.6263 3.0466 3.4669 3.8871 4.3078 4.7276 5.1479 5.5682

4 -3.3304 -2.5335 -1.7365 -0.9395 -0.1426 0.6544 1.4514 2.2483 3.0453 3.8423 4.6392 5.4362 6.2332 7.030 7.8271 8.6241 9.4210

5 -6.1946 -4.9484 -3.7023 -2.4561 -1.2099 0.0363 12825 2.5286 3.7748 5.0210 6.2672 75134 8.7595 10.005¢ 11.2519 12.4981 13.7443

6 -9.9120 -8.1122 -6.3123 -4.5124 -2.7126 -0.9127 0.8871 2.6870 4.4868 6.2867 8.0866 9.8864 11.6863 13.486|L 15.2860 17.0859 18.8857

7 -14.4624 -12.0043 -9.5461 -7.0880 -4.6299 -2.1718 0.2864 2.7445 5.2026 7.6607 10.1189 125770 15.0351 17.493B 19.9514 22.4095 24.8676

8 -19.8122 -16.5960 -13.3799 -10.1637 -6.9475 -377313 -0.5151 2.7010 5.9172 9.1334 12.3496 15.5658 18.7820 21.998|L 25.2143 28.4305 31.6467

9 -25.9594 -21.8858 -17.8122 -13.7385 -9.6649 -5.5913 -1.5177 2.5560 6.6296 10.7032 14.7768 18.8504 22.9241 26.997f 31.0713 35.1449 39.2186

10 -32.9071 -27.8761 -22.8452 -17.8142 -12.7832 -7.7523 -2.7213 2.3097 7.3406 12.3716 17.4025 22.4335 27.4645 32.4954 37.5264 42.5574 47.5883

11 -40.6555 -34.5672 -28.4789 -22.3906 -16.3028 -10.2140 -4.1257 1.9626 8.0509 14.1392 20.2275 26.3158 32.4041 38.4924t 44.5807 50.6690 56.7573

12 -49.2043 -41.9587 -34.7131 -27.4675 -20.2219 -12.9763 -5.7307 15149 8.7606 16.0062 23.2518 30.4974 37.7430 44.988p 52.2342 59.4798 66.7254

13 -58.5532 -50.0504 -41.5475 -33.0446 -24.5417 -16.0388 -7.5360 0.9669 9.4698 17.9727 26.4756 34.9784 43.4813 51.984& 60.4871 68.9899 77.4928

14 -68.7023 -58.8421 -48.9820 -39.1219 +29.2618 -19.4017 -9.5415 0.3186 10.1787 20.0388 29.8989 39.7591 49.6192 59.479B 69.3394 79.1996 89.0597

15 -79.6514 -68.3341 -57.0167 -45.6994 234.3820 -23.0647 -11.7473 -0.4300 10.8874 22.2047 33.5220 44.8394 56.1567 67.474)L 78.7914 90.1088 101.4261

16 -91.4006 -78.5261 -65.6515 -52.7770 -39.9024 -27.0279 -14.1533 -1.2788 11.5958 24.4703 37.3449 50.2194 63.0940 75.968, 88.8431 101.7176 114.5922

17 -103.9499 -89.4181 -74.8864 -60:3546, -45.8229 -31.2912 -16.7594 -2.2277 12.3040 26.8358 41.3675 55.8993 70.4310 84.962f 99.4945 114.0262 128.5579

18 -117.2992 -101.0102 -84.7213 684324 -52.1435 -35.8546 -19.5657 -3.2768 13.0122 29.3011 45.5900 61.8789 78.1678 94.456 110.7457 127.0346 143.3235

19 -131.4485 -113.3024 -95.1563 =77440102 -58.8642 -40.7181 -22.5720 -4.4259 13.7202 31.8663 50.0123 68.1584 86.3045 104.450 122.5967 140.7428 158.8888

20 -146.3978 -126.2946 -106.1914 ;86.0881 -65.9849 -45.8816 -25.7784 -5.6752 14.4281 34.5313 54.6346 74.7378 94.8410 114.944B 135.0475 155.1508 175.2540
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8T¢

Fi,min vs X, and Qs

Fomn=MITF{(X) (v*=04)
[ Fomin 1< Fomm [ Fomin 1> Fomm IFom<Fme . _ NV
X2Qs 0.8 07 06 05 04 03 02 0.1 0 0.1 02 03 04 05 06 0.7 0.8

1 0.9565]  0.9653]| 00742] 09830]  0.9919 0.9853] 009765 00677] 09589]  09501]  09413]  0.9325] |/ 0.923 09149]  0.9061] _ 0.8973
2 0.3868] _ 0.5103]| 06339] 0.7574]  0.8809 0.7991]  0.6822]  05654] 04486  03318]  0.2150]  0.0982] -0.018f| -0.1355] 0.2523| -0.3691
3 1.1560]  -0.7358]| -0.3155]  0.1048] _ 0.5250 03721] 00510 0.2702] -05013] -0.9124] 12335 Z15546] -1.875f| 2.1968] 25179] -2.8390
4 3.3304] 2.5335]| -1.7365] -0.9395] -0.1426 0.3555] -0.7171] -1.0788| -1.4404] -1.8021|7. 21637| -2525§| -2.8871] -3.2487| -3.6104
5 6.1946] -4.9484]| 3.7023| -2.4561] -1.2099 04018] _ -0.6088] 0.8977| -1.2503] -1.6307)) 2.0251] -2.427]| -2.8343| -3.2446]  -3.6586
6 09120] -81122|| 6.3123| -45124] 2.7126] -0.9127 0.2810] 05053 00172 -1.3958] -1,9026] 24221| 2951} -3.4844] -4.0175] -4.5529
7 14.4624] -12.0043]| 95461 -7.0880] -4.6299] 21718 -0.2098] _-05187] -1.0649]  -1.6911 &‘2 3.0274] 37099 -4.3905] 5.0827| 57786
8 10.8122| -16.5960|| -13.3799] -10.1637] 6.9475] 3.7313] -05151 0.5545]  1.2450] 2.0372|- -2:8708] 3.7126] -4568%| 5.4348] -6.3010] -7.1672
9 25.9504| 21.8858|| -17.8122| -13.7385|  0.6649] 55913] -15177 05918]  -1.4437] 2.4218|~ )-3.4507| 4.4871| 5523%| 65880 -7.6531] -8.7183
10 32.9071| 27.8761|| -22.8452] -17.8142| -12.7832] -7.7523] -2.7213 06325] -1.6680] 285 4.0790] 53486] 6.620]| -7.8915] -9.1629] -10.4343
11 20.6555] -34.5672|| -28.4789] -22.3906] -16.3023] -10.2140] -4.1257 0.6747] -1.9039] 3.3266| -4.7998] 6.3010] -7.802}| 9.3032] -10.8043] -12.3054
12 292043 41.9587|| -34.7131 -27.4675| 20.2219] -12.9763]  -5.7307 0.7187| 2.1695] > 38366 -55727] -7.3330]  9.003| -10.8538] -12.6141| -14.3745
13 58.5532| -50.0504] | 415475 -33.0446| 24.5417| -16.0388] _ -7.5360 -0.7625] _2.4509]C_4.4007| -6.3866] _ -8.4373| -10.488)| -12.5386| -14.5893| -16.6400
14 68.7023| 58.8422|| -48.9820] -39.1219] -29.2618] -19.4017| -9.5415 08077] 2. 5.0134] 7.2927] 95720 -11.912%| -14.2749] -16.6373] -18.9996
15 79.6514] 68.3341]| 57.0167| -45.6994] -34.3820] -23.0647| -11.7473] -0.4300] -0.8527] 30867 -5.6341] -8.2827| -10.9313| -13579%| -16.2284| -18.8770] 215255
16 91.4006] 785261 | 65.6515] -52.7770| -39.0024] -27.0279] -14.1533] -1.2788| _ -0.8906] -34346| -6.3231| -9.2117| -12.2061| -15.231¢| -18.2577| -21.2834| -24.3092
17 -103.9499| -89.4181|| -74.8864| 60.3546| -45.8220| -31.2012| -16.7594] -2.2277| -09428[c 33.8003| -7.0446| -10.3976| -13.7506| -17.103f| -20.4567| -23.8098| -27.1628
18 117.2992| -101.0102[| 847213 -68.4324] 52.1435] -35.8546] -19.5657| -3.2767| -0.9864] ® -4.1867| -7.8225| -11.4584| -15.0942] -18.767)| -22.5323| -26.2975| -30.0627
19 ~131.4485| -113.3024]| 95.1563| -77.0102| -58.8642| -40.7181] 225720  -4.4259 wsg 4.6054]  85301] -12.7017| -16.8732| -21.044§| 25164 -29.3880| -33.5595
20 -146.3078| -126.2946]|-106.1914] -86.0881] -65.9849| -458816] -25.7784 (-5.675)2 1.0736] _-4.9554] 9.4954] -14.0854] -185754] 23.1154] -27.6554] -32.1054] -36.7354

X({min

X(Miny=Xa 75 xmin=0 0<x(Min)<Xa
X2\Qs 038 07 06 05 04 03 02 0.1 0 0.1 02 03 04 05 06 0.7 0.8

1 1.0000] _ 1.0000[| 1.0000]  1.0000] _ 1.0000[ 71 0:0200] 1 10.0200] 2 10:0200] " 0:0200| " 10:0200]10:0200]" 0:0200| 1 0:0200| 1 0.0200| " 0:0200]0:0200| " 0:0200
2 2.0000]  2.0000]] 2.0000] 2.0000]  2.0000]  0.0400]  0.0400]; 0.0400]  0.0400]  0.0400]  0.0400]  0.0400|  00400] 0.040¢|  0.0400]  0.0400]  0.0400
3 3.0000] _ 3.0000[] 3.0000]  3.0000] _ 3.0000]  0.0600]  0.0600[" 0.0600|  0.0600]  0.0600] _ 0.0600| _ 0.0600|  0.0600]  0.060p|  0.0600|  0.0600| _ 0.0600
4 4.0000] __ 4.0000]| 4.0000] _ 4.0000] _ 4.0000|  0.0800]  0:0800|  0.0800|  0.0800|  0.0800] _ 0.0800]  0.0800| _ 0.0800]  0.080¢| _ 0.0800|  0.0800] _ 0.0800
5 50000]  50000]| 50000 5.0000] _ 5.0000]  0.000] '0.000]  0.1000] 07000 1.6000] _ 1.9000| _ 2.1000]  2.2000] _ 2.300 2.3000]  2.4000] _ 2.4000
6 5.0000]  6.0000]] 6.0000] 6.0000] 6.0000] 6.0000] *.01200] 09600] 25200/ 3.0000] 3.2400] 3.3600]  3.3600]  3.480 3.4800]  3.4800] _ 3.6000
7 7.0000] _ 7.0000[| 7.0000] 7.0000]  7.0000] _ 7.0000f% 0.1400]  2.3800]  3.6400]  4.0600]  4.3400]  4.3400]  4.4800|  4.480 44800]  4.6200]  4.6200
8 8.0000]  8.0000[| 8.0000] 8.0000] 8.0000] 80000] 8.0000] _ 3.2000] _ 4.6400] 5.1200] _ 5.2800|  54400| 54400  5.600 56000] _ 5.6000] 56000
9 9.0000] _ 9.0000[| 9.0000]  9.0000] _ 9.0000] /90000] 9.0000] _ 4.1400| _ 55800]  6.200] _ 6.3000| _ 6.4800]  6.4800] _ 6.480 6.6600] _ 6.6600] _ 6.6600
10 10.0000]  10.0000]| 10.0000] 10.0000] 10.0000]. '10/0000] 10.0000]  5.0000]  6.6000] _ 7.2000|  7.4000] _ 7.4000] _ 7.6000] _ 7.600 7.6000]  7.6000] _ 7.6000
11 11.0000] 11.0000]| 11.0000] 11.0000] 11.0008] ) 11.0000] 11.0000]  5.7200] _ 7.7000] _ 8.1400|  8.3600] _ 85800  8.5800|  8.580 8.5800]  8.5800]  8.5800
12 12.0000]  12.0000]| 12.0000] 12.0000] 12.0000] 12.0000] 12.0000] _ 6.7200]  8.6400] _ 9.3600|  9.3600] _ 9.6000] _ 9.6000] _ 9.600 9.6000]  9.6000] _ 9.6000
13 13.0000]  13.0000]| 13.0000[ 13.0000] _£3.0000] 13.0000] 13.0000] _ 7.5400] _ 9.6200| 10.4000| 10.4000| 10.6600] 10.6600| 10.660$| 10.6600] 10.6600] _10.6600
14 14.0000]  14.0000]| 14.0000] 14.0000. \14:0000] _14.0000] 14.0000] _ 8.4000] 10.6400| 11.2000| 11.4800] 114800] 11.4800] 11.760§| 11.7600] 11.7600] 11.7600
15 15.0000]  15.0000]| 15.0000] 15.0000) “15.0000] 15.0000] 15.0000] 15.0000] 11.7000] 12.3000| 12.6000] 12.6000] 12.6000] 12.600§] 12.6000] 12.6000] 12.6000
16 16.0000]  16.0000]| 16.0000] 16.0000] 16.0000] 16.0000] 16.0000] 16.0000] 12.8000| 13.4400| 13.4400] 13.4400] 13.7600| 13.7609| 13.7600] 13.7600] 13.7600
17 17.0000]  17.0000]| 17.0000] 1%0000] 17.0000] 17.0000] 17.0000] 17.0000] 13.6000| 14.2800| 14.6200] 14.6200] 14.6200] 14.6209| 14.6200] 14.6200] 14.6200
18 18.0000]  18.0000]| 18.0000[ 180000 18.0000] 18.0000] 18.0000] 18.0000] 14.7600| 15.4800| 15.4800] 154800] 15.4800] 15.8409| 15.8400] 15.8400] 15.8400
19 19.0000]  19.0000] | 19.0000{*¢_#9.0000] 19.0000] _19.0000] _19.0000] 19.0000] 15.5800| 16.3400| 16.7200] 16.7200] 16.7200] _16.7209| 16.7200] 16.7200] _16.7200
20 20.0000] _ 20.0000[| 20.0000}° 20.0000] 20.0000] 20.0000] 20.0000] _20.0000] _ 16.8000| 17.6000] 17.6000] 17.6000] 17.6000| 17.6000] 17.6000] 17.6000]| 17.6000
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Fi,max vs Xz and Q3

Fimax—VMaxF{(X) e )
F(,ma><>| Ft.mn | F‘,rrax<| Ft,min | Ft,rrax>| Ft,mn |
Xa\Q3 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 Q.5 0.6 0.7 0.8
1 1.0381 1.0293 1.0205 1.0117 1.0032 1.0095 1.0184 1.0272 1.0361 1.0449 1.0537 1.0626. 1.0714 1.0803 1.0891 1.0979
2 1.5000 1.3831 1.2663 1.1495 1.0438 1.1279 1.2514 1.3749 1.4985 1.6220 1.7455 1.8690 1.9925 2.1160 2.2395 2.3631
3 2.2987 1.9776 1.6569 1.3670 1.1574 1.3655 1.7858 2.2061 2.6263 3.0466 3.4669 38871 4.3074 4.7276 5.1479 5.5682
4 2.5990 2.2601 1.9361 1.6366| 1.3897 2.2483 3.0453 3.8423 4.6392 5.4362 6.2832 7.0301 7.8271 8.6241 9.4211
5 3.2877 2.8846 2.4951 2.1198 1.7810 2.5286 3.7748 5.0210 6.2672 7.5134 8.7595 10.0057 11.2519 12.4981 13.7443
6 4.3381 3.8047 3.2892 2.7797 2.3001 1.8883 2.6870 4.4868 6.2867 8.0866 9.8864 11.6863 13.4861 15.2860 17.0859 18.8857
7 5.5769 4.8917 4.2196 3.5475 2.9076 2.3198 2.7445 5.2026 7.6607 10.1189 12.5770 15.0351 17.4933 19.9514 22.4095 24.8676
8 6.9813 6.1174 5.2535 4.4218 3.5926 2.8188 2.2248 5.9172 9.1334 12.3496 15.5658 18.7820 21.9981 25.2143 28.4305 31.6467
9 8.5253 7.4676 6.4331 5.3985 4.3640 3.3954 25710 6.6296 10.7032 14.7768 18.8504 22.9241 26.9977 31.0713 35.1449 39.2186
10 10.2342 8.9829 7.7319 6.4808 5.2297 4.0376 2.9645 7.3406 12.3716 17.4025 22.4335 27.4645 32.4954 37.5264| 42.5574| 47.5883
11 12.1389 10.6157 9.1361 7.6613 6.1866 4.7219 3.4132 8.0509 14.1392 20.2275 26.3158 32.4041 38.4924 44.5807 50.6690 56.7573
12 14.2426 12.4641 10.6857 8.9072 7.2032 5.5109 3.9181 8.7606 16.0062 23.2518 30.4974 37.7430 44.9886 52.2342 59.4798 66.7254
13 16.4752 14.4356 12.3960 10.3564 8.3168 6.3145 4.4432 9.4698 17.9727 26.4756 34.9784 43.4813 51.9842 60.4871 68.9899 77.4928
14 18.7983 16.4360 14.0736 11.7904 9.5167 7.2430 5.0294 10.1787 20.0388 29.8989 39.7591 49.6192 59.4793 69.3394 79.1996 89.0597
15 21.4523 18.7898 16.1272 13.4647 10.8021 8.1396 5.6805 3.7577 10.8874 22.2047 33.5220 44.8394 56.1567 67.4741 78.7914 90.1088| 101.4261
16 24.1031 21.0773 18.0516 15.0258 12.0815 9.2086 6.3356 4.0431 11.5958 24:4%03 37.3449 50.2194 63.0940 75.9685 88.8431| 101.7176| 114.5922
17 26.9523 23.6232 20.2940 16.9649 13.6357 10.3065 6.9774 4.3578 12.3040 26.8358 41.3675 55.8993 70.4310 84.9627 99.4945| 114.0262| 128.5579
18 30.1805 26.4153 22.6501 18.8849 15.1197 11.3545 7.8050 4.6992 13.0122 29.3011 45.5900 61.8789 78.1678 94.4567|| 110.7457| 127.0346| 143.3235
19 33.1856 29.0141 24.8425 20.6709 16.5078 12.5729 8.6379 5.0638 13.7202 31.8663 50.0123 68.1584 86.3045| 104.4506|| 122.5967| 140.7428| 158.8888
20 36.3441 31.8634 27.3828 22.9021 18.4214 13.9407 9.4600 5.4475 14.4281 34.5313 54.6346 74.7378 94.8410| 114.9443(| 135.0475| 155.1508| 175.2540
X (naax)
x(max)=0 0<x(max)<Xa X(max)=X,
Xa\Q3 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

1 0.0200 0.0200 0.0200 0.0200 0.3800 0.8400 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
2 0.0400 0.0400 0.0400 0.0400 0.9200 1.6400 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000
3 0.0600 0.0600 0.3600 1.0800 1.7400 2.4000 3.0000 3.0000 3.0000 3.0000 3.0000 3.0000 3.0000 3.0000 3.0000 3.0000 3.0000
4 1.8400 1.9200 2.0800 2.3200 2.5600 3.0400 3. 4.0000 4.0000 4.0000 4.0000 4.0000 4.0000 4.0000 4.0000 4.0000 4.0000
5 3.0000 3.0000 3.1000 3.2000 3.4000 3.8000 43000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000
6 3.9600 4.0800 4.0800 4.2000 4.3200 4.5600] . 5.1600 6.0000 6.0000 6.0000 6.0000 6.0000 6.0000 6.0000 6.0000 6.0000 6.0000
7 4.9000 5.0400 5.0400 5.0400 5.1800 5.460&4\5.8800 7.0000 7.0000 7.0000 7.0000 7.0000 7.0000 7.0000 7.0000 7.0000 7.0000
8 5.9200 5.9200 5.9200 6.0800 6.0800 6.2@ "~ 6.7200 7.8400 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000
9 6.8400 7.0200 7.0200 7.0200 7.0200 ﬂObd 7.5600 8.6400 9.0000 9.0000 9.0000 9.0000 9.0000 9.0000 9.0000 9.0000 9.0000
10 7.8000 8.0000 8.0000 8.0000 8.0000| -~ 8.2000 8.4000 9.4000 10.0000 10.0000 10.0000 10.0000 10.0000 10.0000 10.0000 10.0000 10.0000
11 8.8000 8.8000 9.0200 9.0200 9.0200] '\ 9.2400 9.4600 10.3400 11.0000 11.0000 11.0000 11.0000 11.0000 11.0000 11.0000 11.0000 11.0000
12 9.8400 9.8400 9.8400 9.8400 10.08&2 ) 10.0800 10.3200 11.0400 12.0000 12.0000 12.0000 12.0000 12.0000 12.0000 12.0000 12.0000 12.0000
13 10.9200 10.9200 [10.9200 10.9200 lQ{Zm 11.1800 11.1800 11.9600 13.0000 13.0000 13.0000 13.0000 13.0000 13.0000 13.0000 13.0000 13.0000
14 11.7600 11.7600 [11.7600 12.0400 0400 12.0400 12.3200 12.8800 14.0000 14.0000 14.0000 14.0000 14.0000 14.0000 14.0000 14.0000 14.0000
15 12.9000 12.9000 [12.9000 12.9000 2.9000 12.9000 13.2000 13.8000 15.0000 15.0000 15.0000 15.0000 15.0000 15.0000 15.0000 15.0000 15.0000
16 13.7600 13.7600 [13.7600 13.7600}, \ 14.0800 14.0800 14.0800 14.7200 16.0000 16.0000 16.0000 16.0000 16.0000 16.0000 16.0000 16.0000 16.0000
17 14.9600 14.9600 [14.9600 14.9@0’ 14.9600 14.9600 14.9600 15.6400 17.0000 17.0000 17.0000 17.0000 17.0000 17.0000 17.0000 17.0000 17.0000
18 15.8400 15.8400 [15.8400 AMO 15.8400 15.8400 16.2000 16.5600 18.0000 18.0000 18.0000 18.0000 18.0000 18.0000 18.0000 18.0000 18.0000
19 16.7200 16.7200 [16.7200 “WZOO 17.1000 17.1000 17.1000 17.4800 19.0000 19.0000 19.0000 19.0000 19.0000 19.0000 19.0000 19.0000 19.0000
20 18.0000 18.0000 lS.OODmlS.OOOO 18.0000 18.0000 18.0000 18.4000 20.0000 20.0000 20.0000 20.0000 20.0000 20.0000 20.0000 20.0000 20.0000
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Fi«(Xa) and Fq

Fi(Xa) (v*=04)
Fq:Ft‘mln quFl,max
Xa\Qs 0.8 0.7 06 05 0.4 03 0.2 0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
1 0.9565]  09653[| 009742] 0.9830] 0.9919 1.0095| 1.0184] 1.0272] 10361 1.0449] 10537 1.0626] ¥ 1.0714] 1.0803] 1.0891] 1.0979
2 0.3868] 05103[| 06339] 0.7574] 0.8809 11279 1.2514] 1.3749] 1.4985] 16220] 17455 1.8690]  1.992 21160]  2.2395]  2.3631
3 11560 -0.7358]| -0.3155] 0.1048]  0.5250 13655 1.7858] 22061 2.6263] 3.0466] 34669 .<38871] 4307 47276] 51479] 55682
4 -3.3304] -25335|| -1.7365| -0.9395] -0.1426 22483  3.0453| 3.8423] 46392| 5.4362| \.6.2332] 7.030 7.8271| 86241  9.4211
5 6.1946] -4.9484]| -37023] 24561 -1.2099 25286]  3.7748] 5.0210] 62672 75134 87595] 10.005f| 11.2519] 12.4981] 13.7443
6 99120 -8.1122[| -6.3123] -45124] -2.7126] -0.9127 2.6870]  4.4868] 6.2867| 8.0866] 98864| 116863] 13486]| 152860 17.0859] 18.8857
7 -14.4624] -12.0043]| 95461 -7.0880] -4.6209] -2.1718 2.7445] 52026]  7.6607| 10.1189] 125770 150351 17.493%| 19.9514] 22.4095| 24.8676
3 19.8122| -16.5960|| -13.3799| -10.1637| -6.9475| -3.7313| -0.5151 59172| 01334 12.3496~ 155658 18.7820] 21.998]| 25.2143| 284305 31.6467
9 259504 -21.8858|| -17.8122] -13.7385] -9.6649] -55913] -1.5177 6.6296] 10.7032| 14.7768] -18.8504| 229241 26.997f| 31.0713] 351449 39.2186
10 329071 -27.8761|| 22.8452] -17.8142] -12.7832] -7.7523] -2.7213 7.3406] 12.3716] 174025 22.4335] 27.4645] 324954 37.5264| 425574 47.5883
11 -40.6555| -34.5672|| -28.4789] -22.3906] -16.3023] -10.2140[ -4.1257 8.0509] 14.1392| 202275 26.3158] 32.4041] 38.4924] 445807] 50.6690| 56.7573
12 -49.2043|  -41.9587|| -34.7131| -27.4675| -20.2219| -12.9763] -5.7307 8.7606] 16.0062|/,23:2518| 304974 37.7430] 44.988¢| 52.2342| 59.4798| 66.7254
13 58.5532] -50.0504|| -41.5475| -33.0446] -245417| -16.0388| -7.5360 04698| 17.0727|\ . 26.4756] 34.9784| 43.4813| 51.984p| 604871 68.9899| 77.4928
14 -68.7023| -58.8422[| -48.9820] -39.1219] -29.2618] -19.4017| -9.5415 10.1787| 200388)/ 29.8989] 39.7591| 49.6192] 59.4798] 69.3394] 79.1996] 89.0597
15 -79.6514] -68.3341|| -57.0167| -45.6994] -34.3820] -23.0647| -11.7473] -0.4300] 10.8874| 22.2047| 335220| 44.8394| 56.1567| 67.474)| 78.7914] 00.1088] 101.4261
16 91.4006| -78.5261|| -65.6515| -52.7770| -39.9024| -27.0279| -14.1533] -1.2788] 11.5958| 244703| 37.3449] 50.2194| 63.0940| 759685 88.8431| 101.7176] 1145922
17 -103.9499| -89.4181[| -74.8864| -60.3546| -45.8229| -31.2912| -16.7594| -2.2277| 12.3040/% 26.8358] 41.3675| 55.8993| 70.4310| 84.962f| 99.4945| 114.0262| 128.5579
18 -117.2992| -101.0102|| -84.7213] -68.4324] -52.1435] -35.8546] -19.5657| -3.2767| 13.0122] 29.3011| 455900 61.8789] 78.1678| 94.456f| 110.7457| 127.0346] 143.3235
19 -131.4485| -113.3024]| -95.1563] -77.0102] -58.8642] -40.7181] -22.5720] -4.4259| 137202| 31.8663| 50.0123] 68.1584] 86.3045| 104.450$| 122.5967| 140.7428| 158.8888
20 -146.3978| -126.2946]]-106.1914] -86.0881| -65.9849] -45.8816] -25.7784| -5.6752| a44281| 34.5313| 54.6346] 74.7378] 94.8410| 114.944%| 1350475 155.1508] 175.2540
RE= (Zg + QsZ)) Xa'12
Z(CODAP)>0

X2AQs 0.8 0.7 06 05 0.4 03 0.2 04 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

1 0.9565]  0.09653[] 009742] 009830] o0.9919] 1.0007] 10095/~ 1.0184] 1.0272] 1.0361] 1.0449] 1.0537] 10626/ 1071 1.0803] 1.0891]  1.0979
2 0.3868] 05103[] 06339] 07574 o08809] 1.0044] 11279) 12514] 1.3749] 1.4985] 1.6220] 1.7455] 1.8690] 1.992 2.1160]  2.2395]  2.3631
3 11560 -0.7358]| -0.3155] 0.1048] 05250] 0.9453] (@3655| 1.7858] 22061 26263] 3.0466] 3.4669] 3.8871] 4.307 47276]  5.1479] 55682
4 3.3304] -25335|| -1.7365] 09395 -0.1426] 06544| . 14514| 22483| 3.0453| 38423] 46392] 54362 62332  7.030 78271  86241] 94210
5 -6.1946] -4.9484]| -37023] 24561 -1.2099] 0.0363}. ‘1.2825] 25286] 3.7748] 50210] 6.2672] 75134] 8.7595] 10.005f| 11.2519] 124981 13.7443
6 99120 -8.1122|| -6.3123] -45124] -2.7126] -09127) o0.8871] 26870 44868] 6.2867] 8.0866] 9.8864] 11.6863] 13.486]] 15.2860] 17.0859| 18.8857
7 -14.4624] -12.0043|| -95461] -7.0880] -4.6299] _2u7vis| 0.2864] 27445] 52026] 7.6607] 10.1189] 125770] 150351 17.493%] 19.9514] 22.4095] 24.8676
B -19.8122| -165960|| -13.3799] -10.1637| -6.9475] (-3¥313] -05151| 2.7010|  5.9172| 9.334| 123496 155658 18.7820 21.998)| 252143] 28.4305] 31.6467
9 25.9594] -21.8858|| -17.8122] -13.7385| -9.6649] . -55913] -15177] 25560 6.6296] 10.7032] 14.7768] 18.8504] 22.9241] 26.997f| 31.0713] 351449 39.2186
10 -32.0071| -27.8761|| -22.8452] -17.8142| -12.7832|~ -7.7523] 2.7213] 23097] 7.3406] 12.3716] 17.4025] 22.4335] 27.4645| 32.495h] 37.5264] 42.5574| 47.5883
11 -40.6555| -34.5672|| -28.4789] -22.3906| -16:3023| -10.2140] -4.1257 1.9626]  8.0509] 14.1392] 20.2275] 26.3158] 324041 38.492}| 44.5807] 50.6690] 56.7573
12 -49.2043| -41.9587[| -34.7131] -27.4675] «20.2219] -12.9763] -5.7307 15149|  8.7606] 16.0062| 23.2518| 304974 37.7430] 44.988§| 52.2342| 59.4798] 66.7254
13 58.5532| -50.0504|| -41.5475] -33.0446]-24.5417| -16.0388] -7.5360]  0.9669]  9.4698] 17.9727| 26.4756] 34.9784| 43.4813| 51.084k| 604871 68.9899| 77.4928
14 -68.7023| -58.8421|| -48.9820] -39.1219f~-29.2618] -19.4017] -9.5415] 03186] 10.1787| 20.0388] 29.8989] 39.7591] 49.6192] 59.479%] 69.3394] 79.1996] 89.0597
15 -79.6514] -68.3341|| -57.0167] -456994| -34.3820] -23.0647] -11.7473] -0.4300] 10.8874] 22.2047| 33.5220] 44.8394] 56.1567| 67.474]] 78.7914] 90.1088| 101.4261
16 -91.4006] -78.5261|| -65.6515| <b2w770| -39.9024] -27.0279] -14.1533] -1.2788| 115958 24.4703| 37.3449] 502194 63.0940| 759685 88.8431| 101.7176] 114.5922
17 -103.9499| -89.4181|| -74.8864]C ~60.3546| -45.8229] -31.2012| -16.7594| -2.2277| 12.3040] 26.8358| 41.3675| 55.8993] 70.4310| 84.962f| 99.4945| 114.0262| 1285579
18 -117.2992| -101.0102|| -84.7213]\.%8.4324] -52.1435] -35.8546] -19.5657| -3.2768| 13.0122] 29.3011| 455900 61.8789] 78.1678] 94.456%| 110.7457] 127.0346] 143.3235
19 -131.4485| -113.3024]| -954563] -77.0102] -58.8642] -40.7181] -225720] -4.4259| 13.7202] 31.8663| 50.0123] 68.1584] 86.3045| 104.450$| 122.5967| 140.7428] 158.8888
20 -146.3978] -126.2946] |-106.1914| -86.0881| -65.9849| -45.8816] -25.7784| -56752] 14.4281| 34.5313] 54.6346] 74.7378| 94.8410| 114.9443| 1350475 1551508] 175.2540
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ANNEX P — TABULAR AND GRAPHICAL REPRESENTATION OF COEFFICIENT
Fm(X)

Annex P provides for 1<X:<20 and -0.8<Q:<+0.8:
o values and graphs of Fn(x) for 0< x< X,
e values and graphs of the maximum of Fn(x): Fm
e location of the maximum of Fn(X): Xmax
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Q=08 | Q70 | Q=+08 | «x Q=08 | Q=0 | QF+08
-0.02616935| 0.08616862| 0.19850660 0.10 0.05071213 -0,00097(@ -0.05266469
-0.02675549| 0.08623743| 0.19923040} 0.20 0.05044843| -0.00082157| -0.05209158
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0.42 -0.03553258| 0.08722100| 0.20997460 0.04627452| 0.00150239| -0.04326973
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Gee

Fn=Max|Fm(x)| vs Xa and Qs

if x(Max)=Xa : Fm(X2)=1Qa/2| Frn=Max|F,(X)| if x(max)=X, : FhexD=1Q:/2|
Xa\Qs 038 0.7 06 05 0.4 03 0.2 0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
1 0.4000] 0.3500] | 0.3000] 0.2500] o0.2000] 0.1500] 0.1111] 0.1602] 02094] o0.2585] 0.3076] 03567] 04058 () 04550]] 05041] 05532]  0.6023
2 0.4000 0.3500] | 0.3000] 0.2500] 0.2000] 0.1500] 0.1000] 0.1329] 04710] o0.2090] 02471 0.2851] 0.3232] "0.3613]] 0.4009] 0.4425] 0.4855
3 0.4000]  0.3500] | 0.3000] 0.2500] 0.2000] 0.1500] 0.1000] 0.0721] 00920] 0.236] 0.1616] 02035] 0.2476)» 0.2931]] 0.3396] 03870 0.4348
4 0.4000]  0.3500] | 0.3000] 0.2500] o0.2000] 0.1500] 0.000] 0.0500] 00616] 0.0981] o0.400] o0.846] _0:2309] o0.2782]] 0.3263] o03746] 0.4234
5 04000  0.3500] | 0.3000] 0.2500] o0.2000] 0.500] 0.1000] 0.0500] 00490] o0.0866] 0.1297] 0.1755| < ©.2225] o0.2707]] o0.3189] 03681 0.4173
6 0.4000 0.3500] | 0.3000] 0.2500] 0.2000] 0.500] 0.000] 00500 00407 0.0789] 01229 01694\ 0.2171] 0.2656]] 0.3141] 0.3635] 0.4130
7 0.4000]  0.3500] | 0.3000] 0.2500] 0.2000] 0.1500] 0.1000] 0.0500] 0.0346] 00734] 01181 0.1652] 0.2129] 0.2621]] 03112 0.3604]  0.4096
8 0.4000]  0.3500] | 0.3000] 0.2500] o0.2000] 0.500] 0.1000] 00500 00301] o0.0694] o0.1148] 01620] 02107 0.2594]] o0.3081] o0.3579] 0.4078
9 0.4000] 0.3500] | 0.3000] 0.2500] o0.2000] 0.500] 0.1000] 00500 00266] o0.0662] o0.119] ~09600] 0.2082] 0.2574]] 0.3071] o0.3568]  0.4066
10 0.4000 0.3500] | 0.3000] 0.2500] o0.2000] 0.500] 0.000] 00500 00239] o0.0640] o0.1103}. ~0.1579] 0.2069] 0.2565]] 0.3061] 0.3557] 0.4052
11 0.4000]  0.3500] | 0.3000] 0.2500] 0.2000] 0.1500] 0.1000] 0.0500] 00216] 0.0620] 0.1086[C 0.1567] 02061 0.2555]] 0.3049] 0.3543]  0.4037
12 0.4000] 0.3500] | 0.3000] 0.2500] o0.2000] 0.1500] 0.000] 0.0500] 00198] o0.0605] 0.089] 0.1561] 02053] 0.2545]] 0.3037] 0.3529] 0.4021
13 0.4000] 0.3500] | 0.3000] 0.2500] o0.2000] 0.1500] 0.1000] 00500 00181] 0.0594] ~/0.1063] 0.1553] 0.2043] 0.2533]] 0.3023] o0.3514] 0.4004
14 0.4000  0.3500] | 0.3000] 0.2500] 0.2000] 0.500] 0.000] 00500 00169] 0.0583)\0.1058] 0.546] 0.2033] 0.2521]] 0.3009] 0.3500]  0.4000
15 0.4000 0.3500] | 0.3000] 0.2500] 0.2000] 0.500] 0.000] 0.0500] 00157 0.0573]\ 0.1052] 01537 0.2023] 0.2509]] 0.3000] 0.3500]  0.4000
16 0.4000]  _ 0.3500] | 0.3000] 0.2500]  0.2000]  0.1500] _ 0.1000] _ 0.0500]  0.0146] 0.0568] 0.1046] 0.1529] 0.2012] 0.2500]] 0.3000] 0.3500]  0.4000
17 0.4000]  0.3500] | 0.3000] 0.2500] o0.2000] 0.500] 0.000] 0.0500] 00187] = 00559] 0.039] 0.520] 02000 0.2500]] o0.3000] 0.3500]  0.4000
18 0.4000  0.3500] | 0.3000] 0.2500] 0.2000] 0.500] 0.000] 0.0500] 00180] < 00555] 0.1033] 0.1511] 0.2000] 0.2500]] 0.3000] 0.3500]  0.4000
19 0.4000 0.3500] | 0.3000] 0.2500] 0.2000] 0.1500]  0.1000]  0.0500]  0.012 0.0551] 0.1026] 0.1501] 0.2000] 0.2500]| 0.3000] 0.3500]  0.4000
20 0.4000]  0.3500] | 0.3000]  0.2500]  0.2000]  0.1500] _ 0.1000]  0.0500] _ 0.0847]  0.0547] 0.019] 0.1500]  0.2000]  0.2500]] 0.3000]  0.3500]  0.4000
x(max)=X, x(max)=X,
Xa\Qs 0.8 0.7 06 05 0.4 0.3 0.2 01 N0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
1 1.0000  1.0000] | 1.0000] 1.0000] 1.0000] 1.0000] 00200 0.0200f 0.0200] 00200 0.0200] 00200 00200 0.0200]] 0.0200] 0.0200] 0.0200
2 2.0000]  2.0000] | 2.0000] 2.0000] 2.0000] 20000 2.0000] ©0400] 0.0400] o0.0400] 0.0400] 00400] 0.0400] 0.2800]] o0.6800] 0.8800]  1.0000
3 3.0000] 3.0000] | 3.0000] 3.0000] 3.0000] 3.0000] 3.0000[~( 0.0600] 1.3200] 1.8000] 2.1000] 22200] 2.3400] 2.4000]] 2.4600] 25200/ 25800
4 4.0000]  4.0000] | 4.0000] 4.0000] 4.0000] 4.0000] 4.0000|C ;" 4.0000] 27200] 3.1200] 3.2800] 3.4400] 35200/ 35200]] 3.6000] 3.6000]  3.6800
5 5.0000] 5.0000] | 5.0000] 50000/ 50000 50000 50000} 50000 3.8000] 4.2000] 4.4000] 45000 4.6000] 4.6000]] 4.7000] 4.7000]  4.7000
6 6.0000]  6.0000] | 6.0000]  6.0000]  6.0000] 6.0000] 60000] 6.0000] 4.8000] 51600 54000 55200 5.6400] 56400/ 56400] 57600]  5.7600
7 7.0000  7.0000] | 7.0000] 7.0000] 7.0000] 7.0000]« 7.0000] 7.0000] 5.7400] 6.3000] 6.4400] 65800 6.7200] 6.7200]] 6.7200] 6.7200]  6.7200
8 8.0000  8.0000] | 8.0000] 8.0000] 8.0000] 8.0000}\“8.0000 8.0000] 6.8800] 7.3600] 75200/ 7.6800] 7.6800] 7.6800]] 7.6800] 7.8400]  7.8400
9 0.0000] 9.0000] | 9.0000] 9.0000] 9.0000] 9.0600{° 9.0000] 9.0000] 7.7400] 8.2800] 86400] 86400 86400 8.8200]] 88200 8.8200] 8.8200
10 10.0000] 10.0000| |10.0000[ 10.0000] 10.0000] 10.0000] 10.0000] 10.0000|  8.8000]  9.4000]  9.6000]  9.6000]  9.8000]  9.8000[| 9.8000]  9.8000]  9.8000
11 11.0000] 11.0000| |11.0000] 11.0000] 11.0000] ~11.0000] 11.0000] 11.0000] 9.9000] 10.3400] 10.5600] 10.7800] 10.7800] 10.7800|| 10.7800] 10.7800] 10.7800
12 12.0000] 12.0000| |12.0000] 12.0000] 12.0000]\_22.0000] 12.0000] 12.0000] 10.8000] 11.5200] 11.5200] 11.7600] 11.7600] 11.7600|] 11.7600] 11.7600] 11.7600
13 13.0000] 13.0000] [13.0000] 13.0000] 13.0000|) 13.0000] 13.0000] 13.0000] 11.9600] 12.4800] 12.7400] 12.7400] 12.7400] 12.7400[| 12.7400] 12.7400] 12.7400
14 14.0000] 14.0000] |14.0000] 14.0000] 14%000| 14.0000] 14.0000] 14.0000] 12.8800| 13.4400] 13.7200] 13.7200] 13.7200] 13.7200|| 13.7200] 14.0000]  14.0000
15 15.0000] 15.0000] |15.0000] 15.0000] «150000] 15.0000] 15.0000] 15.0000] 13.8000] 14.4000] 14.7000] 14.7000] 14.7000] 14.7000[| 15.0000] 15.0000] 15.0000
16 16.0000] 16.0000] |16.0000] 16.0000{).16.0000] 16.0000] 16.0000] 16.0000] 14.7200] 15.6800] 15.6800] 15.6800] 15.6800] 16.0000{] 16.0000] 16.0000] 16.0000
17 17.0000] 17.0000| |17.0000] 17.0000{“ 17.0000] 17.0000] 17.0000] 17.0000| 15.9800| 16.6600] 16.6600] 16.6600] 16.6600] 17.0000{] 17.0000] 17.0000] 17.0000
18 18.0000] 18.0000| |18.0000] 18.0000] 18.0000] 18.0000] 18.0000] 18.0000| 16.9200| 17.6400] 17.6400] 17.6400] 18.0000] 18.0000{| 18.0000] 18.0000] 18.0000
19 19.0000] 19.0000| |19.0000] 9'0000] 19.0000] 19.0000] 19.0000] 19.0000] 17.8600] 18.6200] 18.6200] 18.6200] 19.0000] 19.0000|] 19.0000] 19.0000] 19.0000
20 20.0000]  20.0000| [20.0000] ®.20%0000] 20.0000] 20.0000] 20.0000] 20.0000] 18.8000] 19.6000] 19.6000] 20.0000] 20.0000] 20.0000]] 20.0000] 20.0000]  20.0000
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Division 1

ANNEX Q—TABULAR AND GRAPHICAL REPRESENTATION OF COEFFICIENT
Fa(x)
Annex Q provides for 1<X,<20 and -0.8<Q:<+0.8:
e values and graphs of Fo(X) for 0< x< X,

e values and graphs of the maximum of Fo(X): Fq
e location of the maximum of Fo(X): Xmax
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6€¢

Fao(x) for X.=1,3,5,7,10,20

X Xa=5
Q=08 | Q0 [ Q=+08 | x Q=08 | Qg0
0.06 0.04597750| -0.00541298| -0.05680346} 0.10 0.02060735( -0.01213262
0.12 0.09193687| -0.01076614| -0.11346920] 0.20 0.04148651 -0.02427055
0.18 0.13785960] -0.01509961| -0.16985880]  0.30 0.06290802| -0.03641836|
0.24 0.18372650| -0.02105345| -0.22583340) 0.40 0.08513980( -0.04857909
0.30 0.22951710| -0.02586758| -0.28125230) 0.50 0.10844580( -0.06075350
0.36 0.27520970] -0.03038173| -0.33597320]  0.60 0.13308470| -0.07293931]
0.42 0.32078050| -0.03453546| -0.38985140) 0.70 0.15930820( -0.08513048| -0.32956910)
0.48 0.36620360| -0.03826807| -0.44273970] 0.80 0.18735950( -0.09731634/ -0.38199220)
0.54 0.41145040] -0.04151859] -0.49448750]  0.90 0.21747200) 43643390
0.45648950| -0.04422573| -0.54494090] 1.00 0.24986680 160230 -0.49307130
0.50128600| -0.04632790| -0.59394180} 110 0.28475110 365150| -0.55205400]
0.54580140| -0.04776315] -0.64132770]  1.20 0.32231610] -0. 61350010
0.58999320| -0.04846917| -0.68693160] 1.30 0.36273460( -0.15737910| -0.67749280)
0.84 0.63381440| -0.04838331| -0.73058100} 1.40 0.40615810[ -0. | -0.74407580
0.90 0.67721310] -0.04744254] -0.77209820]  1.50 0.45271510| -0.18026740| -0.81325000)
0.96 0.72013270 -0.04558348| -0.81129970} 1.60 0.50250690
0.76251060| -0.04274242| -0.84799550] 170 0.55560510
0.80427890] -0.03885531| -0.88198940|  1.80 0.61204820)
0.84536300| -0.03385787| -0.91307870) 190 0.67183810
0.88568250| -0.02768556| -0.94105360) 2.00 0.73493580[ 0.22973880)| -1.19441300]
0.92514960| -0.02027364] -0.96569690]  2.10 0.80125750| -0.23744640| -1.27615000)
0.96366970| -0.01155732| -0.98678430]  2.20 0.87067040| -0.24410590| -1.35888200]
1.38 1.00114100| -0.00147171| -1.00408400) 2.30 0.54298810[ "
1.03745300]_0.01004802| -1.01735700]  2.40 1.01796600] -0.25360480| -1.52517500)
1.07248800] 0.02306647| -1.02635500]  2.50 1.09529500] -0.25606920| -1.60743300]
1.10612000| 0.03764805| -1.03082400) 2.60 1.17459900| -0..
1.13821400( 0.05385673| -1.03050100] 2.70 1.25542800( -0.25537740
1.16862700| 0.07175592| -1.02511500] 2.80 1.33725200 175550
1.19720700| 0.09140831| -1.01439000) 2.90 1.41945800( -0.24561470
1.22379000] 0.11287580| -0.99803880) 3.00 1.50134100
1.24820700( 0.13621900| -0.97576930) 3.10 1.58210200( -0.22468660| -2.03147500
1.27027600| 0.16149750| -0.94728120) 3.20 1.66084200] -0.20932150| -2.07948500]
1.28980700] 0.18876910| -0.91226850) 3.30 1.73655300( -0.19028430
130659800/ 0.21809000| -0.87041780) 3.40 1.80812000( -0.16725850
1.32043900| 0.24951430| -0.82141050) 3.50 1.87431000( -0.13991930
1.33110900] 0.28309390| -0.76492160) 3.60 1.93377000[ L }=2.14964100
1.33837800] 0.31887790| -0.70062230) 370 1.98502300| -0. 2696900
1.34200400| 0.35691240| -0.62817870) 3.80 2.02646800
1.34173500] 0.39724070| -0.54725330) 3.90 2.0563710(( 0.0
1.33731000|0.43990170] -0.45750610]  4.00 2.07287000[0:67313900)
1.32845700| 0.48493080| -0.35859530) 4.10 2.07397000] 0.13334220
1.31489500| 0.53235890| -0.25017740) 4.20 ‘2.0 4600( 0.20014810
1.29633300 0.58221160] -0.13190980[  4.30 | w 0.27384340)
1.27246900| 0.63450960| -0.00345021] 297800 0.35469060,
1.24299500| 0.68926760| 0.13554060) -4.87995400[ 0.44292210| -0.99410990)
1.20759000|0.74649410] 0.28539830) 1.76965500] 0.53873340| -0.69218810)
1.16592700| 0.80619030| 0.446453: 1.62936100( 0.64227670| -0.34480800)
1.11767100| 0.86835070| 0.6190: | 1.45626000( 0.75365280| 0.05104512]
1.06247900|0.93296140] 0.803443 4.90 1.24745900] 0.87290290| 0.49834700)
0.99999990( 0.99999990| O. 5.00 1.00000000{ 1.00000000 1.00000000]

X,=10 o~

Q=038 Q570,

-0.00193894 0.00089464|

-0.00408697| /0,00180124

Q3=+0.!

0.00768445)

-0.0066512(

0.01211}88]
0.01721
0.02321449)

0.00573549

0.03030480)

00681724
-0:03249485| 0.00793082|

0.03863
0.04835¢49)

-0.04143289| 0.00906157|
-0.05190425| 0.01018679]

-0.06395109| 0.01127458|

0.05955403]
0.07227
0.0865!

-0.07755814| 0.01228275

0.10212§60)

-0.09263907| 0.01315772|

0.11895450}

-0.10902130| 0.01383357|

0.13668§40)

-0.12642890| 0.01423129|

0.15489450)

-0.14446490| 0.01425830|

0.17298450}

-0.16259140| 0.01380827|

0.190204§00)

-0.18011100| 0.01276156|

-0.19614680| 0.01098615|
-0.20962510/ 0.00833940|

0.21811
0.22630§90)

-0.21925940| 000467078

0.22860400)

0.22319490}

-0.22353960 -0.00017432|
-0.22072500] -0.00634949|

0.20802400|

-0.20884670| -0.01400068|

-0.18571850( -0.02325793]
-0.14896020| -0.03422524|

-0.09603721| -0.04696843|

0.18084440)
60}

0.08050!

0.0021

-0.02431677| -0.06150097|

0.06885336| -0.07776765|

-0.09868!
-0.22438460}

0.18604180| -0.09562604|

-0.37729%90)

0.32960290| -0.11482610|

-0.55925420)

0.50151430| -0.13498810|

-0.77149¢50)

0.70318190| -0.15557860|

-1.01433400)

0.93520770| -0.17588700|

1.1971220( 19500020
1.48707700| -0.21178020

-1.28698300)

1.80150500| -0.22484280

2.13474700| -0.23254080|

2.47865200| -0.23295290|

2.82215600| -0.22388120] -

3.15087000| -0.20285870|

3.44665700| -0.16717170|

3.68726400| -0.11389870| -3.

3.84599800| -0.03997031|

3.89150000| 0.05774586

-3.77600400)

3.78764400| 0.18233180|
3.49360700| 0.33667290|

42298400

2.96417000| 0.52327460|

-1.91762400)

2.15028600| 0.74403930|

1.00000000] 0.99999990

-0.66220470}
0.99999¢50}
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ave

Fo=Max|Fo(X)| vs Xa and Q3

Fo=Max|Fq(x)| x(Max)=Xa Fo(Xa)=1
Xa\Qs3 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
1 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.000¢ 1.0000 1.0000 1.0000
2 1.0057 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0004 1.0000 1.0000 1.0000
3 1.3420] 12251 | 11193 1.0353] 1.0000] 1.0000] 1.0000] 1.0000]  1.0000] 1.0000]  1.0000]  1.0000]  1.0000]  1.000d 1.0000]  1.0000]  1.0308
4 1.7329] 15390 | 1.3538]  1.4841| 1.0487] 1.0000]  1.0000]  1.0000]  1.0000]  1.0000] _ 1.0000] _ 1.0000] _<10000|  1.154 13577] 15619  1.7685
5 2.0740 1.8314 1.5932 1.3660 1.1614 1.0171 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 11549 1.4019 1.6506 1.9024 2.1541
6 2.4303 2.1378 1.8505 1.5698 1.3068 1.0852 1.0000 1.0000 1.0000 1.0000 1.0000 1.0261 1.3150 1.6050 1.9012 2.1974 2.4936
7 2.7958 2.4556 2.1155 1.7891 1.4700 1.1820 1.0000 1.0000 1.0000 1.0000 1.0000 11517 1.4844 1.8241 2.1664 2.5087 2.8510
8 31588  2.7744| | 2.3900]  2.0055]  1.6403]  1.2033]  10257|  1.0000]  1.0000]  1.0000]  1.0000]  %27%79| _ 1.6619]  2.045 24297|  28196] 32123
9 3.5225 3.0843 2.6566 2.2335 1.8104 1.4120 1.0755 1.0000 1.0000 1.0000 1.0000 124094 1.8371 2.2644 2.6966 3.1353 3.5741
10 3.8915 3.4123 2.9331 2.4538 1.9850 1.5343 1.1335 1.0000 1.0000 1.0000 1.0706 1.5393 2.0145 2.4894 2.9648 3.4402 3.9259
11 4.2515|  3.7207| | 3.1899] 2.6763] 2.667| 16570] 1.1980]  1.0000]  1.0000]  1.0000]  1.1569] 1.6651] 2.1912| 2.7174 3.2433]  3.7693]  4.2953
12 4.6077 4.0416 3.4755 2.9094 2.3433 1.7842 1.2689 1.0000 1.0000 1.0000 12427 1.8012 2.3598 2.92571 3.5027 4.0798 4.6568
13 4.9889 4.3696 3.7504 3.1311 2.5118 1.9196 1.3443 1.0000 1.0000 1.0000 13224 1.9318 2.5491 3.1664 3.7838 4.4012 5.0185
14 5.3440 4.6754 4.0067 3.3381 2.6890 2.0548 1.4224 1.0000 1.0000 1.0000: 1.4157 2.0670 2.7183 3.3697 4.0210 4.6858 5.3545
15 56689]  4.9552| | 4.2629| 35713| 2.8798] 2.1882] 15049 1.0000]  1.0000] 1.0000] ) 1.4983] 2.1818] 2.8955]  3.6094 43229]  50366] 57503
16 6.0529] 53060 | 45591 3.8122| 3.0652] 23183] 15899 1.0146] 1.0000] 10900  15802] 2.3343]  3.0884|  3.8424 45965| 53506  6.1046
17 6.4433 5.6434 4.8435 4.0437 3.2438 2.4439 1.6768 1.0385 1.0000 10000 1.6787 2.4682 3.2577 4.0471 4.8366 5.6261 6.4156
18 6.8142 5.9642 5.1141 4.2640 3.4139 2.5639 1.7651 1.0644 1.0000 1.0000 1.7633 2.5831 3.4029 4.2364 5.0868 5.9369 6.7870
19 7.1635] 6.2662| | 5.3680|  4.4717| 35744] 26783] 1.8541] 10921 1.0000] ° 1.0000]  1.8342] 2.7064]  3.6036]  4.500d 53982  6.2954]  7.1927
20 7.4889 6.5477 5.6065 4.6654 3.7242 2.8262 1.9433 1.1215 1100@' 1.0268 1.9228 2.8640 3.8052 4.746 5.6875 6.6287 7.5699
max)=X, Fo(Xa)=1 x(max) x(max)=X, Fo(Xa)=1
Xa\Qs 0.8 0.7 0.6 05 0.4 0.3 0.2 01 0 0.1 0.2 0.3 0.4 05 0.6 0.7 08
1 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 170000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
2 1.8800 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000. 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.000( 2.0000 2.0000 2.0000
3 2.2800]  2.4000] | 25200 2.7000]  3.0000] 3.0000] 3.0000] 3.0000]  3.0000]  3.0000]  3.0000]  3.0000]  3.0000]  3.000d 3.0000]  3.0000]  1.5600
4 3.1200]  3.2000] | 3.2800]  3.4400] 3.6800]  4.0000] 4.0000] _ 4.0000] _ 4.0000]  4.0000]  4.0000] _ 4.0000] _ 4.0000] _ 2.400 24000  2.4800]  2.4800
5 4.1000 4.1000 4.2000 4.3000 4.5000 4.8000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 3.4000 3.400( 3.5000 3.5000 3.5000
6 5.0400 5.0400 5.1600 5.1600 5.4000 5.6400 6.0000 6.0000 6.0000 6.0000 6.0000 4.3200 4.4400 4.560( 4.5600 4.5600 4.5600
7 6.0200]  6.0200] | 6.0200] 6.1600]  6.3000]  6.4400]° 7.0000]  7.0000] _ 7.0000]  7.0000] _ 7.0000]  5.4600]  5.4600]  5.600( 56000] 56000  5.6000
B 7.0400] _ 7.0400| | 7.0400] 7.0400] 7.2000] _713600]  7.8400]  8.0000]  8.0000]  8.0000]  8.0000]  65600]  6.5600]  6.560( 65600  6.7200] _ 6.7200
9 7.9200 7.9200 8.1000 8.1000 8.1000 8.2800 8.6400 9.0000 9.0000 9.0000 9.0000 7.5600 7.5600 7.560( 7.7400 7.7400 7.7400
10 9.0000 9.0000 9.0000 9.0000 9.200Q 9.2000 9.6000 10.0000 10.0000 10.0000 8.4000 8.6000 8.6000 8.600( 8.6000 8.8000 8.8000
11 9.0000]  9.9000] | 9.9000] 10.1200] 10.1200]~” 10.1200] 10.5600] 11.0000] 11.0000] 11.0000]  9.4600]  9.6800] _ 9.6800]  9.680( 9.6800]  9.6800]  9.6800
12 11.0400] 11.0400| | 11.0400] 11.0400] 120400| 112800 11.2800] 12.0000] 12.0000] 12.0000] 10.5600] 10.5600| 10.5600| 10.8004| 10.8000] 10.8000] 10.8000
13 11.9600 11.9600 11.9600 11.9600 11,9600 12.2200 12.2200 13.0000 13.0000 13.0000 11.4400 11.7000 11.7000 11.7004 11.7000 11.7000 11.7000
14 12.8800 12.8800 12.8800 12.8800. 13.1600 13.1600 13.4400 14.0000 14.0000 14.0000 12.6000 12.6000 12.6000 12.6004 12.6000 12.8800 12.8800
15 13.8000] 13.8000| | 14.1000] 14.1000{~ 14.1000] 14.1000] 14.4000] 15.0000] 15.0000] 15.0000] 13.5000] 13.8000| 13.8000] 13.8004] 13.8000] 13.8000] 13.8000
16 15.0400] 15.0400| | 15.0400] 15.0400] 15.0400] 15.0400| 153600 156800 16.0000] 16.0000] 14.7200] 14.7200] 14.7200] 14.720q| 14.7200] 14.7200] 14.7200
17 15.9800 15.9800 15.9800 45.9800 15.9800 15.9800 16.3200 16.6600 17.0000 17.0000 15.6400 15.6400 15.6400 15.6400 15.6400 15.6400 15.6400
18 16.9200 16.9200 16.9200 16.9200 16.9200 16.9200 17.2800 17.6400 18.0000 18.0000 16.5600 16.5600 16.5600 16.9204 16.9200 16.9200 16.9200
19 17.8600] 17.8600| | 17.8600[\."17.8600] 17.8600| 18.2400] 18.2400] 18.6200| 19.0000] 19.0000] 17.4800] 17.8600| 17.8600| 17.860d] 17.8600] 17.8600] 17.8600
20 18.8000] 18.8000] | 188000]° 18.8000] 18.8000] 19.2000] 19.2000] 19.6000] 20.0000] 18.4000] 18.8000] 18.8000] 18.8000] 18.800d] 18.8000] 18.8000] 18.8000
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6v¢

Fo/ Fm

Xa\Q3 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8
1 2.5 2.857143| §.333333 4 5| 6.666667| 8.998657| 6.240394| 4.77635| 3.868719| 3.250954| 2.803314| 2.464029],2.198006] 1.983826| 1.807681| 1.660265
2 2.51432| 2.857143] 3.333333 4 5| 6.666667 10| 7.523566| 5.848846| 4.783954| 4.047103| 3.506946| 3.093996| 2/767785] 2.494105| 2.259883| 2.05977|
3 3.35501| 3.500383| |3.73087| 4.141388 5| 6.666666 10| 13.86455| 10.87076| 8.093174| 6.187609| 4.914857| 4.039271| 3.412036] 2.944396| 2.58429| 2.371012
4 4.332228| 4.397226| 4.512783| 4.736272| 5.24374| 6.666666| 9.999999 20| 16.22084| 10.19497( 7.142984| 5.417763| 4.330965| 4.148806] 4.161247| 4.170054| 4.176638,
5 5.184925| 5.232549| §.310653| 5.46412| 5.80719| 6.780873 10 20( 20.41941] 11.54998| 7.711372| 5.697706(¢5.190115| 5.178172) 5.175274| 5.16785( 5.162176
6 6.075725| 6.108031| §.168247 6.2791| 6.534085| 7.23438 10 20 12.67999| 8.133738| 6.058543| 6.057201| 6.043075] 6.052838| 6.045625( 6.037598
7 6.989395| 7.016077| 1.051653| 7.156484| 7.35005( 7.87972 10 20 13.61935| 8.465816| 6:970071| 6.971029| 6.959758] 6.960386| 6.960843( 6.96119
8 7.89696| 7.926769| |7.96651| 8.022152| 8.20139| 8.622153| 10.25692 20 14.41635| 8.714232],7:888013| 7.886964| 7.886306] 7.885861| 7.878157| 7.877766
9 8.80632| 8.812226| §.855463| 8.934016| 9.051845| 9.413327 10.75545 20 15.10373| 8.940473| 8.806101| 8.822027| 8.798765] 8.780189| 8.786229| 8.790792
10 9.72875| 9.749374| |9.77687| 9.815368| 9.92494| 10.22883| 11.33498 20 15.61794| 97707451| 9.747581| 9.734529| 9.705679] 9.686176| 9.672886| 9.688325
11 10.62868| 10.63051| 10.63296| 10.70518| 10.83327| 11.04675| 11.98035 20 16.14145] 10.64935| 10.62359| 10.62964| 10.63336] 10.63587| 10.63769| 10.63906
12 11.51917| 11.54736| 11.58494| 11.63755( 11.71648| 11.89494| 12.6891 20 16.52148| 11.62482| 11.54198| 11.49611| 11.49684] 11.53397| 11.56074( 11.58096
13 12.47236| 12.48471| 32.50117| 12.52422| 12.5588| 12.79733| 13.44304 20 16:83206 12.438| 12.43668| 12.47522| 12.49884] 12.51481( 12.52633| 12.53502
14 13.36011( 13.35825| 13.35577| 13.3523| 13.44501| 13.6986( 14.22442 20 17.16312( 13.38468| 13.37383| 13.3682| 13.36474] 13.3624| 13.38801| 13.38615
15 14.17231| 14.15778| 34.20962| 14.28528| 14.39875| 14.58788| 15.04863 20 17.51477| 14.24479| 14.19137| 14.31318| 14.38781] 14.40964| 14.39027| 14.37574
16 15.13227| 15.15997| 15.19691| 15.24862| 15.32618| 15.45545| 15.89881| 20.29252 17.7724| 15.11083| 15.26828| 15.3501| 15.36974] 15.32167| 15.28733| 15.26158
17 16.10813| 16.12396( 16.14506| 16.1746| 16.21892| 16.29277| 16.76836( 20.77014 17.8918( 16.15014| 16.23864| 16.28462( 16.18856] 16.12208| 16.07459( 16.03898
18 17.0356| 17.04047| 37.04695[ 17.05604| 17.06966| 17.09236( 17.65105| 21.28718 18.01652| 17.07245| 17.09924| 17.01448| 16.94706] 16.95614| 16.96263( 16.96749
19 17.90864| 17.90342| 17.89646| 17.88672| 17.87211| 17.85515| 18.54106( 21:84126 18.14656| 17.87644| 18.03008| 18.01824| 18.00362] 17.99388| 17.98693( 17.98171
20 18.72217| 18.7077| 18.68842| 18.66142| 18.62093| 18.84149| 19.43298(22:43002 18.77245| 18.86903| 19.09339| 19.02589| 18.98539] 18.9584| 18.93911( 18.92465
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PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

ANNEX R — DETERMINATION OF THE ALLOWABLE BUCKLING STRESS LIMITS

If the tubes are under compression, tube buckling may restrict the tube’s load carrying ability. If a
substantial number of tubes are above their buckling limit, it is possible that the bundle cannot sustain the
required loading. This is true for either pressure or thermal load conditions. For this reason, no
distinction is made between primary and secondary allowable compressive loads in the tubes.

The maximum permissible buckling stress limit in UHX parallels that as given in TEMA [12] .

(a) When tubes are under compression, the axial tube stress 6:(X) is negative and must be limited

to:

(OoO—LOT1

i is the tube radius of gyration: r

t = K1 isthe largest unsupported buckling length of the tube, obtained from*the unsupported tybe

dpans, I, and their corresponding method of support k, where:

k= 0.6 for unsupported spans between two tubesheets,

k= 0.8 for unsupported spans between a tubesheet and a tube support
k= 1.0 for unsupported spans between two tube supports.

Figure 69 shows the forbidden range for o: represented by the hatched areas.
0 as to ensure a smooth transition, TEMA has drawn-a line from point Ao (A ; Sy/2 ) to point A (0;
v.t ) Which equation is written:

2
n° E . . I
The critical Euler’s stress 0, =——+ where: A is the slenderness ratio of the tube: /4, =r—t
t
_ \/dt2 +(dt _Ztt)z

4

The yield strength,Sy: of the tube material to prevent entering in the plastic range, which might
lead to the failing of the tube bundle.

27° E
Oun =S, (1—%} with: 4, = [~
0 y.t
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Division 1
Ucr‘
Gt > Sy.t
‘ _ Plastic Buckling
Sy‘t k \ } < .Tl‘l\.. - — - - —
‘ ...‘\.
|
i Ot > Ucr
S, 12 } lk-.AO Elastic Buckling
‘ } .
Sy /3 | . 4
yot o < Ucr‘ A\'IT q; \:
No Buckling o, S,
Y. B 3
\ : UQ"”DQ Starts
| S :
| | X -
0 AN M A
Figure 69 — Tube Buekling
(b) Accordingly, the buckling stress limit 6k iS given by;
Ok =Sy [1_%J if At<Ao. The tubes havea low slenderness ratio and plastic buckling
prevails.
7t E
4 O = —zt if A= Xo. The tubesrave a high slenderness ratio and elastic buckling preva

)

R

=

S
Note: The slope of line AA, iswritten: —2—21 The slope of Euler’s curve at point Ao is written:

0

2

do =_ 2r” & = Sya which is half of the slope of line AAo

ail, &

U smoother transition would be obtained if the line was tangent to the Euler’s curve, at point A1
Figure 69,

(o]

1

. do,, 27° E, . _ . 2% E,
vith a slope: =————. Equation of line AA; is written: &, =S, ———
d4 A e
A
| 2 E 2 E
he abscissa /1 of point 41 A, Is obtained from: S, , — e “ A = 7 -,

which leads to: 4, = x/l._Sio

The ordinate of point A; is obtained from: [o, |, =

7’ E, B 7’ E, B Sy,t

AT 22 1522 3

Line AAy, starting at Sy,/3 instead of Sy /2, would ensure a better transition between elastic and
plastic buckling.
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(c) The safety factor applied to ok used in UHX is based on TEMA approach as follows.
The tube stress distribution throughout the tube bundle is given in Section 8.5 of PART 3:

a(=1"% [(%P.=%P)=F (x) P. ]| with |, (x) = X;‘ [Q 2, (x)+2Z,(x)]| [VIII-5]
x=kr

4
At periphery (x=ka,=Xa): |F (X,)= F, = %[Q3 Z, + zd]

The following simplifications are made in TEMA.

. a, =a =1
1) No unperforated rim: ° °° = P a,=a, =a,=a :>Q1=_CD—ZV
ao:ac:pc:]' 1+CDZm
*2
2) No flange is considered: W=0, A=D, =K =1 :>(1)=—1_Elf [+ %]

3) Radial displacement due to pressures Ps and P; acting at TS-shell-channel\connection is ignorgd:
W,=0=9,=0=20,=0=>0,=0 4

:} = O :) = = ) vV

% G=AT g Z,

*

W.=0=>0,=0=20,=0=>a0g =0

X;| @z,
F(x)= 5 { —1+CI>Zm Zw(x)+Zd(x)}

4) The maximum of Fi(x) appears either inside of the tabe-bundle (r<R) or at its periphery (r=R).
TEMA considers only the outermost tube row.

X LDz,
2| 1+dZ,

At periphery x=Xs=kR: F (X,)=F, = zZ, +Zd}

5) The TS is considered
o either simply supported: 4=0,4 =0=>0=0=0Q,=0

Z
o orclamped: A, =0 A =oo:>(1)=oo:Q1:_Z_V
m
Curves Fy(x) as a function of x=r/R for various values of X.=kR (Xa=1, 2, 3, ...., 20) represent the tulje

stresp distribution ot(X) throughout the tube bundle given by [V111-5] above. Examination of these curves
shows that:
The stress distribution varies smoothly throughout the tube bundle when X, is low, i.e. when the fube
Bundle rigidity is significantly lower than the TS rigidity:

K, =3Wwhen the TS is simply supported, which leads to F, =2.25

. . in both cases F, is about 2.5.
K, =7 when the TS is clamped, which leads to F =27

In that case, a large amount of adjacent tube rows may not take over the extra compressive load,
which would lead to a general buckling of the tube bundle.
Accordingly, a higher safety factor Fs=2.0 is used.

The stress distribution varies significantly throughout the tube bundle when X, is high, i.e. when the
tube bundle rigidity is significantly higher than the TS rigidity:
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X, =5 when the TS is simply supported, which leads to F, =3.79
X, =10 when the TS is clamped, which leads to Fq =3.83

In that case, if the outermost tube row buckles, the adjacent tube rows can take over the extra
compressive load. Accordingly, a lower safety factor Fs=1.25 is used.

}in both cases Fq is about 4.

In the intermediate range of Fq (2.5 < Fq <4), a linear interpolation is used (see Figure 70):
F; =3.25—0.5F,

Thug he safety factor is written: F, = MAX | (3.25—0.5F, ), (1.25)

Fs i
2.0

T
|
|
1280 . ,
|
101 |
|
|
|
|
|
|

1.0 2.5 4.0 F
q

Figure 70 — Determination of Buckling Safety Factor, FS

(d) Moving to UHX/TEMA notations (F&=Ats ; C=he), the'maximum permissible buckling stress limjt is
\vritten, having in mind that it cannot exceed the allowable stress of the tube material:

B 2
$ = MIN{ 1z Et},[st]} when C; < Fu
F R

S -
$ =MINJ| 2L 1——L || ,[S henC, > F
i { Fs [ 2Ct ﬂ [ t]} e t
l, . (d@+(d, —2t, ) C = 27’ E,

rt t 7 4 t S

With: | =

q

X 4
S, =MAX [ (325-05F,),(125)]  F,= ez, +2,]
The minimiim value of 6¢(x), given by: &, . =MIN I:(Gt,l ).(cw. )] must not exceed the

<3S

lfuckling stress limit: ‘Gt,mm th
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ANNEX S — COMMON INTERSECTION OF CURVES Zi(x)

1 General

Numerical calculations of H.E. according to UHX-13 show that o¢(X) curves (0<x<X.,) intersect at the
same point X=X, for the 7 loading cases (ASME 2013) , whatever the Qs value is for each of these loading
cases (see Figure 71).

o 0= [P —Rox) R Fi )]

x4
2

5 Tube stress Coefficient Ft{x)
1510 T T T [

9

—~
~~

) is calculated from Fy(x): F (x)=[z2,(x)+Q,-Z,(x)]

Fuldly s AN,

Tl
— Fi{ 22
—_

Fiu( i3

Fiul x4

® x
D<x<Xa Dex<Xa

Figure 71 — Graphs Giving ot(x) and.Fi(x) for the 7 Loading Cases (ASME 2013)

2 Determination of Common Intersection Xo for ot(x)

Curvies F«(x) will intersect at the same point of abscissa x,, whatever Qs value is, if:

2

FFt (Xo): Zd(xo)+ Q3 ’ ZW(XO) =K
a

Whefe K is a constant igdependent of Qs . This is only possible if ~ Zw(X,) =0 , which means thaf the
valué x, of common.intersection is obtained for value(s) of X, which make Z,(x) equal to 0.
Parametric calculations on X, show that there is always at least 1 value of X, which makes Z,(x.) = 0] For
high|values of<Xa(X2>6), there are 2 values of X,. For Example E4.18.7 (Xa=7): Zu(X) = 0 for x,=1.48
and Xo=5.9%.

The purves oy(x) for the 3 pressure loading cases (ASME 2013) intersect at the same point of abscissd
x1.This point Is different from the intersection point X, of Fi(x), due to the presence of Pe.

The curves oy(x) for the 4 pressure and thermal loading cases (ASME 2013) intersect at the same point of
abscissa x1, but their values are generally higher than for the 3 pressure loading cases due to higher values
of P for thermal loading cases.

For Example E4.18.7 (2013):
e curves relative to pressure loading cases 1, 2 and 3 intersect at the same point (x1 =5.5; 6:=0)

254


https://asmenormdoc.com/api2/?name=ASME PTB-7 2014.pdf
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e curves relative to pressure and thermal loading cases 4, 5, 6 and 7 intersect at the same point (X1
=5.5; o= 1700 psi)
3 Generalization to Other Stresses
The same principle applies also to:
the tubesheet bending stress o(x), calculated from: F, (x)=[Q, (x)+ Q, - Q, (x)]- %

Value of intersection is obtained for Qm(X,)=0. There is no value of x, for Xa<5, and one value of x, for
Xa>93
the fubesheet shear stress 7(x), calculated from: F(x)=|Q,(x)+Q; - Q, (x)|
Valug of intersection is obtained for Q,(X,)=0. There is always one solution for X,=Xa (as Q.(Xz)=0)|and
a 2"value of x, for X>7

3
the tubesheet slope 0(x), calculated from: F,(x)=[Z, (x)+Q, - Z,,(x)]- X2a
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ANNEX T — DETERMINATION OF STRESSES IN U-TUBE TS HES USING THE
FIXED TS RULES

UHX -12 rules can be obtained using the fixed TS analysis developed in PART 3, provided that the tubes
have no axial rigidity, which implies that they do not play the role of an elastic foundation.
N. k
! 2‘ =0 =X,=0
7 a;
Modifications of PART 3 analysis are as follows.
(@) Equilibrium of the Unperforated Rim (see Sections 6.2 and 6.3 of PART 3)

Accordingly: k, =0 = Kk, =

. : _— ' 2 2
1) due to axial loads axial equilibrium of the shell: 278V, =7a;P, leads to: aVv, = % P

P) due to applied moments: explicating Va,
equation [VI.2b’] of PART 3 becomes:

[RM,]=-a, Ma+%aj [(ps ~1)(p2+1) ]—%aj |:(,0C ~O(p?+1) }

‘2 2
_[a's K, (1+t; +%]+ a_k, (1+t; +%H 6, %a, (o, P.—a, P,)
equation [VI1.3a’] of PART 3 becomes:

S

with: @ = (14+0)F | = a2 [(Ps —1)(/352 +1) ]—605 . =a’ {(Pc —1)(/%2 +1) ]—a

. . 1
CD[Ma Zm +(aova)zv]:_Ma +(a)s R D R)+Z[WC Ve _Ws 7/bs]

o

S 0 4 c 0 4

$tresses in the Tubesheet (see Section 6.3\0
(b) § in the Tubesheet (see Section 6.3.0f PART 3)
1) moment at TS periphery

Equation [V1.3a] of PART 3 becomes:

* * Vbe Vbs
P - P)+| W, =2 W, ==
M :(azpj -®Z, +(a)5 s 7% °) ( ‘2 527[)

2 1+ Z, 1+ 27,
%,_J
Ql QZ
—CDZ a):Ps_a):Pc +(WC—WS)A
Ma:(aova)Ql+Q2 Ql: * sz( ) 2z
1+ Z, 1+®Z,
From{Annex F, for X;=0:
1 Az C 1 E
Z = — W =T L =—0 L, =—
1+ 4(1+0") 4
’ (0 P = B+ (W, -w,) Lo
Q — 4 Q — 271'
' 1+F ? 1+F

256


https://asmenormdoc.com/api2/?name=ASME PTB-7 2014.pdf

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

Explicating @, and e, Q; is written:

(=3 N

R (0o )] R 2 (D (o 1)+ (0P -+ (W W) 2o

4 2
Q= 1+F -
M*
M.
2 2 2 *
M L e%[(ps _1)(/052+1):|_Pc%|:(pc _1)(pc2 +1):|+(a)cpc_wsps)+;/7:r(wc _Ws)_Fa?0 Pe _ M _F(
) 1+F

W; and W values to be used in UHX-12 are given in Section 5.2(d) of PART 5.

2) moment at TS center is given by Annex F when x=0

y 2
MO:M(O):ajPeFm(O) with: Fm(o):%+3+u QUFQ+55Q

16 a; P,
F x x Vb
. T, 2 (a)s Ps_a)c Pc)+(Wc_Ws)7
Usin and Q; above: -_ 4 27
g Qs and Q. above: - Q, 1+F+(a§Pe) 1+F
F 2 * * ¥

——aP+(w, P -, P)+ (W, -W 2

M= 4" (e P2k R)+ (W g 27 42 (340" )P =M, + 2 (3+0°) P
1+F 16 16

3) maximum moment in TS
Annex P shows that for low values 0f:X, (Xa<1), the maximum of the TS moment M(x) appeprs

either at the center or at TS periphery: |M = MAX UM p‘,‘MOH

(c) $tresses in the Shell and Channel (see Section 8.6 an 8.7 of PART 3)
1) axial membrane stress
From [VII1.6a] of PART 3:

o —a—g[(P—P)+( 2-1)(R-R) |+ & _p__ & [Z(P—P)]+—a52 :
e I T R e A A (R T T S TR KL R A A (At
2 2

ao 2 as
= S 2(pop)l+—= P
O's,m (Ds+ts)ts|:ps( s t)j'+(Ds+ts)tS t

2
o L= & P which is the classical formula for r‘\]/linr{nrc

(D)t

Axial membrane stress in the channel is written in the same way:

aZ

— C

> P
Tem (D, +t,)t,

(2) bending stress
From [VI11.6¢c] of PART 3:
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RIS LR N

=K [/fé SELIECATE R AN o) 25— \}
RS 1 S ) U ) e) o) @ @y

S

7 3 2
= ghiA P+61E—‘:(a] (“hﬁsJ = 2R3 2,
° —

a

*

2 2 X/
6., = 0k | gop 6V Dofy, S )+ Do
B E h 2 32 |
Axial bending stress in the channel is written in the same way:

_y* 2 ]
O = k| P —6 T e 140 L, 1 2o
' t; E* h 2 32 |

(d) illg conclusion the general formulas of PART 3, applied to U-Tube TS HE, match the UHX-12
rmulas obtained in Section 6 of PART-5. This implies that UHX-12 rules could be written in the

dame way as UHX-13 rules, using-for (a):, a):) and (Q1, Q2) the formulas given here above.

J
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ANNEX U — CALCULATION OF A U-TUBE TS USING FLOATING OR FIXED TS HE
SOFTWARE

A U-Tube HE can be calculated using a floating TS HE software, such as the Mathcad software used in
Section 11.3 of PART 4 as follows:

e use an immersed floating head TS HE as explained in Section 3.5.1 of PART 4.

e use N=0 so that the tubes have no axial rigidity.

Calculation could be also performed using a fixed TS HE software, such as the Mathcad software used in
Anngx V as follows:

4 use a bellows of rigidity close to 0 to simulate an immersed floating TS
4 use L=infinity (Lt=10%), so that the tubes have no axial rigidity.

4 Uuse Pe=Ps-P;
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ANNEX V — UHX-13 — EXAMPLE E4.18.7 (PTB-4 2013 EDITION) WITH GENERAL
EQUATIONS

This Annex provides a Mathcad calculation sheet for the fixed TS HE defined in Example E4.18.7 (PTB-
4 2013 Edition).The TS is integral with shell and channel (configuration a). The data are shown in the
calculation sheet, which is divided in 2 parts.

Part 1 follows strictly the steps 1 to 11 of UHX-13.5 calculation procedure. It includes the use of the
elastic-plastic procedure at the TS-shell-channel connection.
Part[Z provides the equations which enable to calculate at any radius of the perforated tubeshedt:
the net effective pressure q(r),
the deflection w(r),
the rotation 0(r) ,
the bending moment M((r), and the bending stress o(r),
the shear force Qr(x) and the shear stress t(x),
the tube axial stress o:(r)

Thesg quantities are also given in graphical format. Their maximum values ‘are"determined and they
match the maximum stress values obtained in Part 1. The positive directions of these quantities are
shown on Figure 45.

The pquations are taken from Section 8 of PART 3 and therefore.depend on axial load V. and bending
morrjent M, acting at the periphery of the tubesheet (see Figuré40) which are determined from the
equivyalent pressure Pe:
a
V,=—-P, Ma:(aova)'Ql-l_QZ

a e

Thesg equations are general and do not depend ancoefficient Qs.Thus, they apply whether P#£0 or P4=0.
The galculation sheet provides also the determination of the moment Mg acting on the unperforated rim
and the edge loads Qs, Qc, Ms, M. and axial force Vs and elastic stretch As of the shell. The positive
diregtions of these quantities are shown@©n Figure 40. See Annex Y for UHX-13- Example E4.18.7
(PTB-4 2013 Edition) with General Equations.

A fixed tubesheet heat exchanger-with the tubesheet construction in accordance with Configuration a

as shown in VIII-1, Figure UHX-13.1, Configuration a.

4 For the Design Condition, the shell side design pressure is 325 psig at 400°F, and the tube side

design pressurg:is 200 psig at 300°F.

4 There is one.operating condition. For Operating Condition 1, the shell side design pressure is{325

psig at 400°F, the tube side design pressure is 200 psig at 300°F, the shell mean metal

temperature is 151°F, and the tube mean metal temperature is 113°F. For this example, the
operating pressures and operating metal temperatures are assumed to be the same as the desig
values.

«_(The tube material is SA-249 Type 3041 (S30403) The tubes are 1 in. outside diameter and are
0.049 in. thick.

e The tubesheet material is SA-240, Type 304L (S30403). The tubesheet outside diameter is 43.125
in. There are 955 tube holes on a 1.25 in. triangular pattern. There is no pass partition lane and the
outermost tube radius from the tubesheet center is 20.125 in. The distance between the outer
tubesheet faces is 240 in. The option for the effect of differential radial expansion is not required.
There is no corrosion allowance on the tubesheet.

5
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e The shell material is SA-240, Type 304L (S30403). The shell inside diameter is 42 in. and the
thickness is 0.5625 in. There is no corrosion allowance on the shell and no expansion joint in the
shell. The efficiency of shell circumferential welded joint (Category B) is 0.85.

e The channel material is SA-516, Grade 70 (K02700). The inside diameter of the channel is
42.125 in. and the channel is 0.375 in. thick. There is no corrosion allowance on the channel.
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FIXED TUBESHEET RULES according to UHX-13 (July 2013 Edition)
Example E4.18.7 (PTB- 4 2013 edition) Fixed Tubesheet configuration "a"

1 - GEOMETRIC Data (from Fig.UHX-13.1)

x=1 NORMAL
2 STARTUP operating condition

Types of Operating Conditions

operating condition

Configuration types: a, b, c, d

"a" for shell/channel integral both sides
"h" for shell integral channel gask - TS

extended

Config == a"

BHUTDOWN operating condition

CLEANING

X
x=3
x=4 UPSET
x=5
x=6 OTHER

operating condition
operating condition
operating condition

Tubegheet Data (from Fig.UHX-13.1)

h = 1.375:in
Layout := 0

Io := 20.125{in
A = 43.125|n
C:=0:-in
Cp=126.4n
Ap=1272.4
AL = 0-in2

Ct == 0-in
Cs:=0:in

hg =0-in

n

Groove depth

n

Tubesheet thickness

For triangular pitch : "Layout"=0
For square pitch : "Layout"=1

Radius to outer tube

Outside Diameter of Tubesheet
Bolt Circle Diameter

Perimeter of the tube layout

Total area enclosed by Cp

Total Untubed Lanes Area
Tubesheet Corr. Allow. (Tubeside)
Tubesheet Corr. Allow. (Shellside)

Shell ID

Shell ThickneSsaway from TS
Shell Gasket Diameter

Shell Thickness near TS
ShellCorrosion Allowance

Shell joint efficiency

"c" for shell integral channel gask - TS

"d" for gasketed both sides

p :=1.25in
N; := 955
d¢:=1-in

t; == 0.049-in
L := 240-iR
L= Lg<2h
p¢=-0.909
lex == 1.25-in
kl := 48-in

YELLOW :most important data and results
Tube Data (from Fig:UHX-11.1)

Tube Pitch
NumbercofiTubes
Tube OutsideDiameter
Tube Thickness

Tube Length

not extended

L = 237.250in Effective length df tubes

Tube expansion depth ratio

Length of Expanded Portion o

unsupported tube span

Channel Data (from Fig.UHX-13.1)

Dg := 42-in

tg == 0.5625:|n
Gg = 0-in

tg1 == 0.5625-i
Cg:=0-in
Egw = 0.85

l{ :=0-in

I'1 :=0-in

h:=h-cg—c;

ts:=1t-Cg
51 =151 - Cs
t=1t-Cc

Thick Shell Length @ one end
Thick Shell Length @ other end
Corroded thicknesses:
Tubesheet thickness
Shell Thickness away from TS
Shell Thickness near TS

Channel Thickness

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

tg = 0.563in
t, = 0.375in

h = 1.375in
ts = 0.563in

Tube

k=0.6 for spans between Tubegheets
k=0.8 for spans between TS/su
k=1.0 for spans between suppdrt plates

bport plate

Shell Data (from Fig.UHX-13.1).

D¢ := 42.125.in  Channel ID
to == 0.375-in Channel Thickness
G = 0.1:in Channel Gasket Diameter
Gy :=0.1:in Channel Contact mid-poinf TS/Flange
Cc=0-in Channel Corrosion Allowahce
CHAN :="CYL" "CYL" for Cylindrical Channel
“HEMI“ for HemishericalChannel
Corroded length:
Li:=Li—2¢  L;=240.000in
Corroded diameters:
Dg:=Dg+2-:C;  ShellID  Dg=42.000in
D¢:=D¢+2:C., ChannelID D;=42.125in


https://asmenormdoc.com/api2/?name=ASME PTB-7 2014.pdf

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

Expansion

Maximum and Minimum DESIGN PRESSURES (D)

2/a4

Ib
Ky:= 10°0—
In

Joint data D;:=0-in Inside Diameter of Bellows

Bellows Axial Rigidity

2 - Design (D) and Operating (O) PRESSURES data (from UHX-13.3

OPERATING PRESSURES (O) for Operating Condition x

ng Pressure

Ib Ib
Psp_max = 325'__2 maximum Shellside Design Pressure Pso_x= 325'__2 Shellside Operating Pressure
n n
b o b
sD_min -= Y minimum Shellside Design Pressure
n
P 2bo. 22 Ib
tD_max -~ — i i i = —_— y
_| in2 maximumTubeside Design Pressure Pio_x =200 —  Tubeside Operat
n
b _ol®
tD_min -= ¥ minimum Tubeside Design Pressure
n
DESIGN PRESSURES P and P,y (from Table UHX-13.4-1)
Psp_min ) 0.000 ) Pip nax ) 200.00q
o Psb_max o 325.000 | |p o Pto_min o 0.000 || 1b
| Pep_max 0" | 325.000 1, 2 P71 P max 200,009 1", 2
PsD_min) 0.000 ) I:)'(D_min) 0.000 )
OPERATING PRESSURES P, , and P, , far'oper.cond. X ( from Table UHX-13.4-2
LR Pio_x )
.2
in 0.000 0.2 200.000)
S Pso_x o 325.000 | |p o in o 0.000 ‘ b
07 Peo « *" 325,000 |t 2 © 7 P« © " 200,009 | 2
b 0.000) b 0.000|)
0-— 0-—
in ) in )
Determination of DESIGN and OPERATING PRESSURES P and P,
I:)SD_min \\ F>tD_max\\
P P mi
. sD_max 0.0 \\ tD_min 2 )0.0\
Design LC1= 2010 Design LC1 P
= - 325.0 tD_max 0
Design LC2= 2010 Design LC2
3256 Pio_rrin 200.0
0.0 b Pio x 0.0
PS = —_— Pt = - Pt =
Operating LC5= 2010 Operating LC 0.0 |in 0.2 200.0
Operating LC6= 2010 Operating LC6 325.0 inz 0.0
Operating LC7= 2010 Operating LC 395.0 200.0
Operating LC8= 2010 Operating LC4 ’ Pio x )
0.0 ) 0.0 )
Ib Ib
0-— 0-—
in ) in ]
ExampleE4.18.7-FIXED TS(AnnexV) from PTB4 2/a4
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degF =R
Tubesheet Tp:= 400-degFk  Tubesheet Design Temp. To x:=400-degF TS Oper.Temp. for Oper. Cond. x
Tubes Tip = 300-degF  Tube Design Temp. Tio_x = 300-degF Tube Oper. Temp. for Oper. Cond. x
Shell Tsp := 400-degF  Shell Design Temp. Tso x = 400-degF  Shell Oper.Temp. for Oper. Cond. X
Channel T.p:=300-degF Channel Design Temp. Teo x = 300-degF Channel Oper.Temp. for Oper. Cond. x
T, = 70-degF Ambient temperature
Tim 5 = 113-degF  Mean Tube temp. along L Tim. = Ttm x ~ Tm. = 113.0degF
Tsm_k = 151-degF Mean Shell temp. along L Tsm. = Tsm x  Tsm. = 151:QdegF
Additional Temperature Data for Radial Thermal Expansion from UHX-J(S,QM (if required)
Tubespeet T', := 70-degF TS temp.@ rim T =T5%* T =70.0degF
Shell T'sx := 70-degF  Shell temp. @ Tubesheet Tgi=Tg Ts=70.0degF
Channel  T'.:=70-degF Channel temp.@ tubesheet T'ei=Te T¢=70.0degF
4 - MATERIAL Data
TUBESHEET Material is SA-240/304L
Sp := 15800 o TS allowable stress @ T Spg = 47400-£ TS allowable P+S stregs @ T
in in2
S, := 20000 o TS allowable stress @ Ta
in
Ep:= 26.4-1p° P Tselastic modulus @Ty Eo = 26,4.106.£ TS elastic modulus @ [T
in in2
v:=0.3 TS Poisson(s'yatio o' ==18.984.10 . TS coeff. expangion@ rim
in-degF
TUBE Material is SA-249/304L
Sip = 167OE~£ Tube allowable stress @ T, Sio = 16706-£ Tube allowable stress @ T,o |,
in in2
Eip = 27.0- Q° l—bz Tube elastic modulus @T,, Eg = 27.0~1O6-|—b2 Tube elastic modulus@ T,
in i

Ib
Syp = 19200—

Syt = 15765—

vi:=0.3

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4
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3 - TEMPERATURE Data for Design (D) and Operating (O) conditions

set Farenheit temp.

Design conditions Operating conditions

In

Ib
Syto = 19200-—2
in

Tube yield stress @T,p Tube yield stress @ T,g

In

Ib 6 Ib

EtT = 26.4-10 —2
in

Tube allowable stress @ T Tube elastic modulus @ Ty

In

Tube Poisson's ratio Oy = 8.652:10 °

in-degF

3/44
264

Tube coeff. expansion@T,
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lo
Ssp = 15800—

in
6 Ib
Egp = 26.4-10 —
in

Shell allow. stress @ T

Thin Shell elast mod. @ T,

444
SHELL Material is SA-240/304L

Ib
Spss = 47400—= gpell allowable P+S stress @ Tso «
In -

6 Ib
Esp = 26.4-10 —

in

Thin Shell elast mod. @ Ty |

Sysp = 17500-£ Shell yield stress @ T¢p Syso = 17500-£ Shell yield stress @ Ty
in2 in2 _
vg:=0.3 Shell Poisson' ratio Ogm = 8.802:10 6-_ ol Shell coeff expansjon @ T |,
in-degF
SHELL Band Material is SA-240/304L
Sq1 = 1580(--£ Shell allow. stress @ T Sys1 = 17500.£ Shell yi€ld stress @ T
in2 in2
Es1 = 26.4] 0®22 Thick Shell elast mod. @Ts.  agmp=8.802:10 6_ I Thick Shell coeff. expgnsion @T,
in2 in-degF
vg1 :=0.3 Thick Shell Poisson' ratio a's:= 8.984.10 °.— % Shell coeff. expansion|@ rim
in‘degF
CHANNEL Material(is SA-516/grade70
Ib Ib
S¢p = 2000 — Channel allow. stress @ T Spyc = 67200-.—2 Channel allowable P+S strebs @T,q
n In -
6 Ib 6 Ib
Ecp:=28.3.10 .—  Channel elast. modulus @ T Eco:=28.310 .—  Channel elast. modulus @|T.q |
in2 in2
Ib .
Sycp = 336( 0-—2 Channel yield stress\@T,.p
in
ve:i=0.3 Channel Poisson‘s ratio a'c = 6.666-10 °- Channel coeff. expansjon @T
in-degF

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4
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5 - Flange Design and Operating BOLT LOADS data (from UHX-13.3)

Maximum and Minimum Flange DESIGN BOLT LOADS Flange BOLT LOADS for GASKET SEATING Condition

W1 == 0.0-b Shell flange Design bolt load Wj := 0.0-lb Shell flange bolt load for Gasket Seating
W1ce == 0.0-b Channel flange Design bolt load W, := 0.0-lb Channel flange bolt load for Gasket Seating
Wintmax = Max(Winzs, Win1c) Winimax = 0.0001b Winax = max(Ws, W) Wiax = 0.0001b

Determination of EFFECTIVE BOLT LOAD W* for each Configurationa,b,c,d

O.Oilb\ Wmlc\ Wmlc\ Wm1e \
o 0.0-Ib 0.0-Ib Winas
0.0-Ib Win1e Wnze A\
W, = 0.0:lb W, = 0.0 W = POl W= o
0.0-b We e e
0.0-Ib We We e
0.0-b We We Vi
0.0-b) W, We J Wnax )
0.000)
0.000
w*:= |wx, if Config =& 0.000
W, if Config.= "b" 0.000
we ifGorfig="er . |oooo|"
W+y if” Config = "d" 0.000
0.000
0.000 )

Mini(m\ﬁ‘?equired thickness h  of the TS flanged extension (from UHX-9)

For flanged Config.@?ﬂ' (extended as a flange) For unflanged Config.c For unflanged Cdnfig.d
from UHX-9.5a See UHX-9.5b See UHX-9|5¢
C -G
hg := ——— Gasket momentarm hg = -0.050in
2

1.9W¢
hg:= -h h,g = 0.000in
G Sa'Gc G G
1.9Wna1c
hg:= |——h h,o = 0.000in
ro SD'Gc G ro

he:= max(hg.hio)  hy=0.000in

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4 5/44
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Start of Calculations

L = effective length of shell/tubes

D, = equivalent diameter of outer tubes D,

L:=L-2h

L = 237.250in

D

= 2.1+ d; Dy =41.250in

lSl = L—|1—|'1

lg1 = 237.250in

a, ;:To a, = 20.625in

UHX-13.5.1 |§tep 1| Determine Do, p, u* and h'g from UHX-11.5.1 :

lex
p ::T p = 0.909

Eq) (S
d* = max{dt - 2~tt-[—ﬂ-\~(—ﬂ-\-p (de- 2tt)} d* = 0.94{1in

o) So)
* . p * 1
p* = p*¥=1.250in
4-min(A(_, 4D, D)
1-—
Tc-Do2
p—di p* —d*
po= pn = 0.200 p* = p* =0.271
p p*
Shell Radial Dim. Chan Rad. Dim.
Gg Dc
agF |— if Config ="d" ac:= |— if Config ="a"
2 ag = 21.000n 2 a; = 21.063in
Dg Ge
7 otherwise 7 otherwise

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

2
ag di
psi=— {Po= 1.018 Xg =1 - Ny X = 0.439
ag ‘8o
ac 2
L p.=1.021 di - 2:4)
Rc a Pc Xt =1 — Ny Xt = 0.543
° 2-a,
6/44
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UHX-13.5.2 Etep 2| Calculate the shell axial stiffness Ks, tube axial stiffness Kt, and stiffness factors Kst and J

TC'(Ds+ ts) 6 |b Tf'tt'(dt— tt)'EtD 4lb
K*g := K*s = 8.3695x 10 — Kyim ———————— Ki=1.666x 10 —
L—(|1+|'1) |1+|'1 n L n
+
Fs0 Fotln Kym S K. = 0526 J ! J=1
st Nt . st — Y- = K*s =
1+——
KJ
Calculate shell and channel parameters: ,\b‘

3 O
Esits1 5 \j;\'
kg = Bgt—— ks =3.1971x 10 Ib - O

(-(1—\)52) C)\\

3
Ecole

6-(1 - vcz)

ke = Be ke = 1.245x 10" Ib

-

S

hg:=h-pl h'g=0.511 O he:=hpBe he=0.626
6-Ds h'sz\ QF) 7 Ib 6-D¢ h'cz\ 7 Ib
hg = Kol L+ hg+— s =5.0868x 10 — e = kel L+ he+— Ae=2.2049%x 10 —
2 ) O in? 3 2 ) in’

CHAN = "CYL"

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4 7/44
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UHX-13.5.3_Step 3| _Determine E*/E and v* relative to h/p from UHX-11.5.2. Calculate Xa
h Ib .
—=1.100 p*=0.271 =0.275  E*=7259614.115— v* = 0.3404 ( From right pages above )
P in2
P .25
2 EtD‘tt'(dt - tt)‘ao
Xg = 241 - v*)-N; . X, = 7.016
T E5LN ]
UHX-13.54 |§tep 4| Calculate diameter ratio K and coefficient F:
A
Ki=— K = 1.045
DO
1-v*
F=— (hs+ac+Epin(K)) F=6.732
O :=(1+v)F @ =9.024
{2
Calculate 2, ,2,,2,,Z, N:=arrondif 4 +.-= +1 N =9.000
2)
X\4~n X\\4~n—2
N 2) ! 1 \2)
ber,(x) |= Z (-1)" 22| ber:= bery(X,) beiy(x) = Z (-1)" | bei = beiy(Xy)
| 2 2 1 2
n=0 (MY per = _3.432 n=1 (2n=D1"1 pej - _21.489
4.n-1 4.n-3
X -1 X
N (—1)”-(2-n)-@ N (D"(@n- 1)-[3)
bery(x) = B ber' := ber'y(X,) bei'y(x) := Z bei' :=|bei'y( X)
= (2’ (2n-1)1)°
nf=1 ' ber' = 13.068 n=1 ' bei' = |-16.061
. 1- v*\ , 1-v
¥ 1(x) =|beiy(x) + - )-ber () P1 =P Xa) W, (X) = bery(x) — ‘beiy(x) Pz =2 Xa)
¥, = -20.260 ¥, =11.922
Z, :=bei"¥, - ber'- ¥, Z, = 295.626
ber” + bei” ber-¥, + bei- ¥,
Zp=—— Zm = 0.207 Z,= . Z,=0.021
Xa-Za Xa -Za
ber-¥; + bei-¥' 1 ber'-ber + beibei
Zyg=—— = 74=10.004 Zy=—— " 7,=0.021

3
Xa "2y
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Calculate Qq, Q,;, Q,,, and U:

ps—1-®-2,
Qi=———— Qq = -0.059
1+d-7,
4
(Zg+Q1-Zw) Xa
Q1= > Qz1 =3.778
P .
\4v T N1"4m) Na
Qo = . Q,, = 10.312
4
[Zy+(ps—1)Zm | Xa
U:= U = 20.625
1+d-7,
UHX-13.5.5 Etep 5 UHX-13.5.5.(a) Calculate y: 0-in)
0.0000
0-in 0.0000
0-in 0.0000
0-in
0.0000
T = (Ttm.— Ta) %tm'L = (Tsm. — Ta)| sm (L =11 =I'1) + atgm-(l1 %A yr = Y=
p ( tm. a) tm ( sm. a)[ sm( 1 1) sml(l 1)] ™ _0.0809
T*p -0.0809
p ~0.0809
-y ~0.0809 )
UHX-13.5.5(b) Calculate parameters o, o', o, , 0", and:
Ds = Ps'ks'Bs'Ss'(l + h's) W¢ = Pc'kc'Bc'Sc'(l + h'c)
)< = 4.612in° 0 = 3.344in°
2 2
x g 2 (ps —1>'(P5—1) s g 2 (pc +1)'(Pc_l) ps—1
3 = - 0= . - -
S (0} 4 S Cc (0} 4 2 Cc
. ~2 2
b*s = —4.541in o*c = —-2.603in
UHX-13.5.5(c) Calculate v,
. O i Caonfing — "an o-.00000.
o~ o oty ot D B
G.-C
if Config = "b"
D0
Gc - G1
if Config = "c"
DO
G.-G
if Config = "d"
DO
ExampleE4.18.7-FIXED TS(AnnexV) from PTB4 9/a4
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Calculate P*; and P*.from UHX-13.8, if required by the user (for configurations a,b,or c only)

T+Ts+ T
T, = T if Config = "a"

T+Ty T, = 70.0degF
if Config = "b" v Config = "c"

T, if Config = "d"

Ts+T, T+ T,
T*g = . T*s = 70.0degF T = . T*. = 70.0degF
" Fs1°ls1 , " , " Ecole , . .
Prsp1 = Los(Tr = Ta) = (Tr-Ta) | P*cp1 = Lo (Tr = Ta) —a(Tr-Ta) |
S C
. Ib . Ib
P*sp1 = 0000— P*cp1 = 0.000—
in in
. b o . [N N e )
P¥gp = O-—2 if Config ="d P¥ep = O-—2 ift Config = "d" v Config = "b" v Config
in in
P*sp1 otherwise P*cp1 otherwise
Ib Ib
o._\ 0-—
.2 .2
n n
Ib Ib
0— 0.000) 0— 0.000)
n 0.000 n 0.000
o.'_b2 0.000 0'|_bz 0.000
in 0.000 | Ip in 0.000 | Ip
Ps=1 b Ps = i) Ple=1 Pe= 2
NP 0.000 | ;. 02 0.000 | ;.
in” 0.000 in 0.000
P*sp 0.000 P*ep 0.000
Prep 0.000) Prep 0.000)
P*sp P*cp
P*sp) P’kcp)
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UHX-13.5.6 Etep 6| Eor each loading case, calculate P's and P't, Py, Py*, Pw, Prim, and effective pressure Pe

2 2 2 2
Plyi=| xe +2:(1 - x) LY Ds)" ps =1 1-9 Dy -Ds P Pho= X+ 2:(1 = x) v+ L e
s = | Xst &L~ Xg) Vi =, - - Fs t-= | Xt (L= X) Vi Tt
Kst (Do)  IKgt 23Ky 2 Kst
(0]
0.000 ) 543.676
613.671 0.000
613.671 543.676
0.000 | |p 0.000_(\Ib
P = — P = )
0.000 |, 543676
613.671 @,000
613.671 543.676
0.000 ) 0.000 )
NeKe u v U . . u . .
Py =5 2! Pw = __2'2_W Po = _2'(ms'P s— agP c) Prim := 2 '((” sPg-o c'Pt)
T-ay a, " a, ao
0.000 0.000) 0000 -25.238
0.000 0.000 0.000 71.560
0.000 0.000 0.000 46.321
0.000 | |p 0.000 | |p 0.000 | |p 0.000 || Ib
Pr=| be2orr | 2 Pw=10000| 2 Po =1 0000 | 2 Prim = | o5 938|| 2
e in ' in ' in e in
-962.977 0.000 0.000 71.560
-962.977 0.000 0.000 46.321
-962.977) 0.000 0.000 ) 0.000
Caleulate P, for Pressure and Operating Loading Cases 1 through 8:
J-Kgt ( )
Pe = \P's=Pt+ Py +Pg + Py + Prim
1+ J'Kst'[Qzl + (Ps - 1)'Q22]
-96.973 )
116.800
PRESSURE DESIGN Loading cases :terms 1,2 3, 4 19.826
0.000 | |p
Pe = —
-261.115 |
PRESSURE OPERATING Loading cases : terms 5,6,7, 8 —47.343
-144.316
-164.142)
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UHX-13.5.7 Etep 7| Determine Q2 and Q3 for Loading Cases 1 through 7:

181.674
-515.107
b -333.433
[(0%sPs— 0% Py) - (05 P*s— 0P| + oW 0.000
Qo= Q= Ib
1+d-Z, 181.674
-515.107
—333.433
0.000 )
Q31: 0 if Pe1:0 Q32:: 0 if Pe2=0 Q33:: 0 if Pe3:0
( 2Qz ) 2:Qz, ) 2:Q2, )
Q1+ — | otherwise Q1 +———| otherwise Qi+ — | otherwise
I:)el'ao ) I:)ez'ao ) I:)e:,}'ao )
Q34 =10 if Pe4 =0 Q35 = |0 if Pe5 =0 Q36 = |0 if Pe6 =0
( 2:Qz, ) 2:Qz ) 2:Qz )
Q1 +——— | otherwise Qq + —— |cotherwise Q+———| otherwise
I:)e4'ao ) I:)es'ao y I:)e6'ao )
Q37: 0 if Pe7=0 Q38:: 0 if Pe8:0
2Q, A 2:Qz, 3
Q; r— | otherwise Q1 r— | otherwise
Pe7.a0 ) Pes'ao )
181.674 ) ~0.06746 )
-515.107 -0.07938
—333.433 -0.13772
Q; = -0.059 0 = 0.000 b 0 = 0.00000
181.674 —-0.06192
-515.107 —0.00749
—333.433 —-0.04778
0.000 ) ~0.05865 )
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Determine Coefficient F  for Load Cases 1 through 7:

1
numpoints := 20 j = 1.. numpoints Xj = J— X = X-Xg
numpoints
0 Wou(X)- W1~ W 1,(0)- ¥ 0 W ox(X)-bei' = ¥ 1,(x)-ber"
viX) = m(X) =
Xa-Za Zy )
Fmxa(x) = [0 Pe =0 Frxa(¥) = [0 T P =0
Qu(x) + QSl'Qm(X) Qu(x) + Q34'Qm(x)
otherwise otherwise
2 2
Foye(X) :== |0 if Pe2 =0 Frxs(X) := |0 if Pe5 =0
Qu(x) + QSZ'Qm(X) Qu(x) + Q35'Qm(x)
otherwise otherwise
2 2
Fmxa(x) := [0 if Pe3 =0 Fmxe(X) :== |0 if Pee =0
Qu(x) + QSS'Qm(X) Qu(x) + Q36'Qm(x)
otherwise otherwise
2 2
Fmx7(x) = [0 if Pe =0 Fxg(x) = |9y iF Pe =0
Qu(x) + Q37'Qm(x) Qu(x) + QSS'Qm(X)
otherwise otherwise
2 2
&)
|me1(X) \
Flnx1 () ) — max(absFmy(X)1) )
|Frmx2(0) ( ) 0.0337)
F bsF
xa(X) - max{absF my(x)2) 0.0397
Fna(X) mx3 max( absF () 3) 0.0689
Finxa(X) \ |me4(x) maX(abSme(X)4) 0.0000 ( )
Frox(X) = absFmy(¥) =|___ | Fm = Fm = Fix Xa) =
= [Fones ) max(absF ny(x)s) 0.0310
FloxeX) SN max(absFmX(x)G) 0.0318
!meﬁ(x) \ 0.0239
Fmx7(X) , max(abSFmy(X)7)
0.0293
Fmxa(X) ) |Finx7 () max(absF y(X)g) ) )
|me8(x) }
ExampleE4.18.7-FIXED TS(AnnexV) from PTB4 13/44
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Calculate the Maximum Tubesheet Bending Stress

h-hg) 1.3750)
h-hy 1.3750
h - h'g 1.3750
. ) h-h' 1.3750 |
Effective Groove depth hg = max(hg - ct,o) h'g = 0.000in Nmin = 9 Nmin = 3750 in
1.375
h
h +3+56
h 1.3750
h ) 13750 )
— 1 —
PQ2, 6Qz, Ib
= — if Po =0 = — | if P =0 =-16286.147—
o1 o > e 02 e > e, o1 P in2
i u m|n1> i n ( mlnz)
15 le 2.3, \2 . 1.5-Fmz 2.3, \2 . b
— . -Pe | otherwise _ -P¢ .| “otherwise co = 23084 127—2
B hminlj p* hmin2) in
— 1 —
PQ2, 6Qz, Ib
G3 = — 5 if Pe3 =0 G4 = — g if Pe4 =0 G3 = 6797.980—2
*, h . *, h . in
i u m|n3) i n ( m|n4>
i 2 4.5. 2
15 FmS 2.3, \ . 1.5 Fm4 2.3, \ . b
— 1 -Pe_| otherwise — -Pe | otherwise 64 = 0.0004—
i I hminsj i H hmin4) n
— 1 —
P Q2 6Qz Ib
= — if Po =0 = — | if P =0 = —-40258.396—
Os5 e > eg O6 e > eg 05 in2
i u m|n5> i n ( mlne)
15 Fms 2.3, \2 . 1.5-Fm6 2.3, \2 . b
P -Pe, |\ Otherwise — -Po | otherwise o = ~7493[724—
i I hmin5) i H hminsj in
— 1 —
P Q2, 6-Qz, ~16286.147)
o7:= || — if Po_=0 ogi= || —————| if Po_=0
. 7 . 2 8 23084127
u hmin7) n '(hmins)
o = = 679+.98
1.5-Fm7 2.a \2 . 1.5-Fm8 2.2, \2 . o 0 E
. Pe_| otherwise _ -Pe | otherwise —40253.396 | .
p* Nmin ) p* Nmin ) in
L ! L 8 ~7493.724
Ib Ib -17169.269
67 =-17169.269— cg = —23967.249—
in? in2 ~23967.249 )
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TUBESHEET MAXIMUM STRESS for DESIGN LOADING CASES 1, 2,3, 4
Ib

op = max( |01| , |62| , |c3| , |G4|) op = 23084.1—2
in
Ib
Gallowd = 1.5-Sp  Galiowd = 23700-0_2
in
TUBESHEET MAXIMUM STRESS For OPERATING LOADING CASES 5,6,7, 8
Ib
Qo = max( |G5| , |66| , |c7| , |68|) o = 40253.4—2
in
Ib
Callowo = Sps  Callowo = 47400-0_2
in
UHX-13.5.8 Etep 8| _Calculate the maximum tubesheet shear stress
If |Pe|q1.6Sph/a, , the TEMA formula
is not required to be calculated
N Ib ._(1\ 1[Ap\ﬁ
. . —_— = —_— T~ ) €
1.6-Sp-p ] 337.067— whtc,)
0 in
Pe, \ 3549.7)
4275.5
Pe, 96.973 ) 725.8
Pe, 116.800 |00 |
5 19.826 t= 9558.2 |n_2
e
4 0.000 | b
absPg = absP, = — 1733.0
Pe, 261.115 | ; 2 5282.7
47.343
Pe, 6008.5 /
144.316 (_)) i
Pe7 164142) Tmax = Max |’C| Tmax = 95582—2
in
Peg ) Ib
Tallow = 0.8-SD Tallow = 12640.0—2
in

UHX-13.5.9 Etep 9| Determine the minimum and maximum stresses in the tubes for Load Cases 1to 8

Wo-bery,(X) + ¥ 1-beiy(X) ber'-bery(x) + bei'beiy(x)
Zgy(X) = 3 Zy(X) = >
Xa 'Za Xa 'Za
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a) :Determine Coefficients F, .,;, and F, ., for Load Cases 1to 8:
Xa4 . Xa4 .
Foc(X) = | Zyx(X)—— if Pg =0 Fixa(X) = | Zyx(X)—— if Pg =0
2 1 2 4
Xa4 Xa4
(de(x) + Q31-wa(x)>~7 otherwise (de(x) + Q34-wa(x)>~7 otherwise
Xa4 ) xa4 .
Foo(X) = | Zyx(X)—— if Pg_=0 Fos(X) = | Zyx(X)—— if Pg_=0
2 2 2 5
Xa4 Xa4
(de(x) + Q32-wa(x)>~7 otherwise (de(x) + Q35-wa(x)>~7 otherivise
Xa4 . Xa4 .
Fua(X) = | Zyx(X)—— if Pg_=0 Fie(X) = | Zux(X)—— if Pe =0
2 3 2 6
Xa4 Xa4
(de(x) + Q33-wa(x)>~7 otherwise (de(x) + Q36-wa(x)>~7 otherwise
Xa4 . Xa4 .
Fi7(X) = | Zyx(X)—— if Pg_ =0 Fixg(X) = | Zu(¥)—— if Pg_=0
2 7 2 8
Xa4 Xa4
(de(x) + Q37-wa(x)>~7 otherwise (de(x) + Q38-wa(x)>~7 otherwise
Foa(X) ) min( thl(X))\ maX(thl(X))\\
Foc(X) min( Fica()) max( Fyca(X))
Foca(X) min( Fyia(x)) max( Fyca(x))
® Fixa(X) i Frca(x) ) max( Fiea(¥))
Fex(X) |= Ftmin ={_). Ftmax =
Focs(X) min( Fies(X)) max( Fyes(X))
Fxe(X) min( Fixg(x) ) max( Fys(¥))
Fox7(X) min( Focr(x) ) max( Fycz(¥))
Fixa(X) min( Fg(x)) ) max(Fig(x)) )
3.558") -0.270) 3.558 )
3.260 -0.242 3.260
T.802 —0.190 Z.097
. (X ) 24.996 . —7.048 . 24.996
"7 3,696 MmN _0.282 max 1 3.696
5.057 -0.489 5.057
4.050 -0.329 4.050
3.778 ) -0.293 ) 3.778 )
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b ) Determine tube stresses o, and o;,,, for Load Cases 1 to 8 (continued)

1 2'Q21
: | (Ps."Xs = Pt_-Xt) — -Fimi if P. =0 b
thl X~ ( s Xg Y Xt> 5 Ftmin, i e, oqy = -1288.7762
L 8o 1 inz
1
I:( s, Xs— Py Xt) Pe -Fimin ]:| otherwise
Xt — 1 1
= >
! P Xg — P¢_-X Q22 F if P 0
Ot : Xe) — = =
ty X; — s, s T, t) . tmin,, e, N
- © ou, = 1633.647—.
i if
1
I:( s. X — Py Xt) Pe_-Fimin ]:| otherwise
Xt — 2 2
— )
! P Xg — P¢_-X Q23 F if P 0
Ot : Xe) — = =
ts X; — S’ s T T, t) . tmin,, eq "
- © o1, = 360.212—
i in
1
I:( s, Xs— Py Xt) Pe_-Fimin ]:| otherwisé
Xt — 3 3
— )
! P Xg — Pt -X Q24 F if P 0
S Xe) — = =
tl, X s, %s ™ P, t) R tmid, e, "
= 0 th4 = 0000—2
B 1 in
I:( s, Xs— Py Xt) Re *Fimin ]:| otherwise
Xt — 4 4
— )
! P KPPt X Q25 F if P 0
Ot : Xe) — = =
t15 Xt s S\ t5 t) . tm|n5 e5 o
- © ou, = ~1743.547—
i in
1
I:( s Xs — Py Xt) Pe_-Fimin ] otherwise
Xt 4 Xg 5 5
< )
! P Xe — Py -X Q26 F if P 0
Ot/ Xe) — = =
th o — X S S tS t) tm|r16 eS
t— Xs a b
- © ou, = 1141.626—
i in
- ’r/Ps Xs— 1 "\t\ —P—Fmm —|—| otherwise
X — X L\ 6 6 ) ° e”
— )
! Pe Xe— Py % Q27 F if P 0
o : . Ke = Py %) — B -
tl7 Xt ( 37 S t7 t) a 2 tm|n7 87 b
- © ou, = -129.351—
1 in
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i L i 2:Qa
on, = : (Ps Xs = Py ‘Xt> - “Fimin_ | | if Pe =0 Ib
8 X — % |\ 8 8 a 8 8 ou, = ~459.775—
: - in
L TP xe— P, X)) - P, F otherwise
— — 2. —
! Pg -Xg— Pt X Q21 F if P 0
G2 = ‘(s's_ t‘t)‘ “Ftmax e, = Ib
1 Xe—Xg |\ 1 1 ag’ ! ! O, = 2259.338—
: - in
L Py xe— Py X))~ Py F otherwise
— = .
= ! Ps -Xg— Pt -X Q22 F if Po =0
Gt22 = Xi— Xs ( s, s t2 t) . 5 tmax2 e, ” b
L L ° gip, = ~2276.563—
S in
J(Pe Xe =Py %) —P. -F otherwisé
Xt _ XS _( 52 S t2 t) 62 tmax2:|:|
— = .
! Pg -Xg— Pt X Q23 F if P 0
Ctp_ = : X = Py_-X¢) - : =
%3 X¢— Xs ( 37 t) L2 s °3 Ib
L L 0 Gt23 = —73142—2
S in
J (P Xe =Py %) — PXOF otherwise
Xt _ XS [( 53 S t3 t) 63 tmaxs}:|
— = .
= ! Ps X =P -X Q24 F if Po =0
c;t24 = Xi— Xs ( 54 S t4 t) . 5 tmax4 e4 - b
L L 0o Gt24 = 0000—2
S in
TP~ x«=P; %) - P. -F otherwise
Xt _ XS _( S4 S t4 t) 64 tmax4:|:|
— = .
! Pg -Xg— Pt X Q25 F if P 0
N [ (P~ Pis™) R °s Ib
L L ° otp = 8187.390—
S in
J(Pe Xe =Py X\ = Po -Frng —|—| otherwise
X - Xg LL 57 5 5]
— = .
! Pg -Xg— Pt X Q26 F if P 0
% | - xs (P Pig™) N % Ib
L L ° otp, = 3651.489—
S in
J(Ps Xe =Py %)= P. -F otherwise
Xt _ XS _( 56 S t6 t) 66 tmax6:|:|
ExampleE4.18.7-FIXED TS(AnnexV) from PTB4 18/44
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- — )
! P -Xs — Py -X Q27 F if P 0
Ot = . Xe— Pr %) — ) -
t27 X — Xs (s7 S t7 t) tmax7 e7
L L o [
Gip. = 5910.827 —
P 7 2
: (PS Xg — Py -xt> - P ~thax] otherwise
Xt — Xg 7 7 7 7
1 2 Qo 1
Oty = | (Pg Xsg— Pt X¢) — -F if Po =0
t28 X — Xs ( 58 S t8 t) . 2 tmastJ e8 b
L L 0 Gp = 5928.052—
_ 8 2
1 - .
: (PS Xs — Py -xt> - Peg ~thax] otherwise
Xt — Xg L 8 8 8 8
max , min ,
(thl Gtzl )\ thl thl \
max( |61 |, (ot ) min(cstl ,O12
11288.8) 2259.3 ) ( 2 2 272
633.6 _2276.6 maX( ou,| Gt23> min(cu o2,
360.2 -73.1 max( ) ) min(cstl ,0t2
0.0 0.0 : 4 4
Ot1 = . £ Ot2 = . £ Ftmax = max( |c c @tmin = min( oy ,o
117435 | 8187.4 |, ( 4 ‘25> ( tg> 7t2g
141.6 3651.5 max( ou - ct26> min(otl .01
1129.4 5910.8 ,
max( |6y1_|, [Ot2 ) mm(atl ,O012
1450.8 ) 5928.1 ) ( 7 7 7T
max( (o , lo minf(cy ,o
2p59.3) ~1288.8) ( b M )) (t18 “s))
2P76.6 -2276.6
360.2 -73.1
0.0 b 0.0 Ib
Otmax = —— Otmin = -
8[L87.4 in =1743.5 in
3p51.5 1141.6
5p10.8 -129.4
5p28.1 ) -459.8 )
TUBE MAXIMUM STRESS for DESIGN LOADING CASES 1,2,3.4 m
OtD| max-> max(|6tmaxl > |5tmax2| > |C’tmax3 > |5tmax4| > |C’tmin1 > |C’tmin2 > |Gtmin3 > |Gtmin4 ) OtD_max T 2276-6in—2
Ib
otaliowd = 1.0-Sip otaliowd = 16706.0—2
in
TUBE MAXIMUM STRESS for OPERATING LOADING CASES 5,6,7,8 b
= max s R s s i | in |, in |, ; =8187.4—
Ot0_max (|Gtmax5 |5tmax6| |C’tmax7 |5tmax8| |C5tm|n5 |Gtm|n6 |Gtm|n7 |5tm|n8) Ot0_max in2
Ib
otaliowo = 2.0-Sip otallowo = 33412.0—2
in
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Step (b) : check the tubes for buckling if 6;; <0 or o, <0

=Kl = 48.000in d” +(dg - 2:)°

ry == r; = 0.337in Ci:=
t 2 t t

I
Ci=166.608 F:=— F =142.571
Sytp t

2
2.n"-Epp

FSl = 1125 if Pel =0

B 4] Fq1 = Si(FSl >2,2, FSl) Fq1 = 1.471
max| 3.25 — .25 (zd +Q3,1.z\,>.xa ,1.25| otherwise

FSZ = |1.25 if Pe2 =0

r r 4] N Fgo = Si(FSZ >2,2, Fsz) Fgo = 1.620
max| 3.25 — .25. (zd +Q3,2.z\,).xa ,1.25| otherwise

Fs3 = |1.25 if Pe =0
3 FSS = Si(FSS >2,2, Fsg) FS3 ='2.000

max| 3.25 — .25. (zd +Q3,3.z\,).xa ,1.25| otherwise

Fs4 = |1.25 if Pe =0
4 FS4 = Si(Fs4 > 2,2, Fs4) FS4 = 1.250

max| 3.25 — .25. (zd +Q3,4.z\,).xa ,1.25| otherwise

FSS = |1.25 if Pe =0
5 FSS = Si(FSS >2,2, FSS) FSS = 1.402

max| 3.25 — .25. (zd +Q3,5.z\,).xa ,1.25| otherwise

FSG = |1.25 if Pe6 =0

r r 4] 7 FSG = Si(FSG >2,2, Fse) FSG = 1.250
max| 3.25 — .25. (zd +Q3,6.z\,).xa ,1.25| otherwise

Fs7 = |1.25 if Pe7 =0

|' 4 FS7 = Si(Fs7 >2,2, Fs7) FS7 = 1.250
max’r3.25— 2517 0y Z,) X —‘,1.25-| otherwise

Fsg:= |1.25 if Pe8 ot 2471
F2| 1.620 Feg = Si(Fsg > 2,2,Fsg)  Fsg = 1.361
max[3.25— .z Fe3 ;B.ZV 2 000 rtherwise
Fsa 1.250
R "7 | 1402 St :=si| C > Fy, SytD-(l—i\,i 120
s5 s 2C) Fs | g2
Fso 1.250
Fer 1.250 Allowable Buckling Stress, S
Fes ) 1.361) ~1288.8) 7467.8)
—2276.6 6780.7
-73.1 5492.5
0.0 Ib 8788.0 | |b
omin = 17435 2 6= 26365 2
1141.6 8788.0
-129.4 8788.0
-459.8 ) 8071.9 )
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UHX 13.5.10 Etep 10| Determine the shell membrane stress : 1830.579
2287.188
| :
n the main shell 4117767
2 2
. ._L.[p +<p 2_1).(p _p)]+a;.p Geap = 0.000 b
I CETE U Dsrt)ty ™| -1085.899 |
-629.290
1201289
SHELL MAXIMUM STRESS for DESIGN LOADING CASES 1,2,3,4 —2916.478}
Ib Ib
OsniD = max(|csml| > |Gsm2| > |Gsm3| ; |Gsm4|> OsmD = 4117-8_2 GsallowD = Esw Sp Ssallowid = 13430-0_2
in in
SHELL MAXIMUM STRESS for OPERATING LOADING CASES 5,6,7,8
Gsmo = max(|csm5| , |Gsm6| ) |Gsm7| ; |Gsm8|> GsmO = 2916-5_2 OsallowQ 7 SPS  OsallowO = 47400-0_2
in in
— loin i iy = _ : 1830.579 )
I e shel| san ts7 :== | Oin if Config ="d ts7 = 0.5631in
tsy otherwise 2287.18¢
4117.76Y
2 2
P [P +( 2 1) (P P)] oS b 0000 1 1b
Ogmi = : ps —1)(Ps— : Osmi1 = —
M D+ tg) ity b o VT S De )t ™| -1085.899 | .
-629.290
1201.289
SHELL MAXIMUM STRESS for DESIGN LOADING CASES'1, 2, 3, 4 _2916.478)
max 4117.8 b
c = c , o , |o > [0 © = 2]
snP (| sml| | sm2| | sm3| | sm4|) smb inz GsallowD ‘= Esw'Sp  Osallowd = 13430-0_2
in
SHELL MAXIMUM STRESS for OPERATING,I:(')ADING CASES 5,6,7,8
Ib Ib
Gsnjo = max(|csm5| ) |Gsm6| ) |Gsm7| > |Gsm8|> GsmO = 2916-5_2 Osallowo = Sps Osallowo = 47400-0_2
in in
UHX 13.5.1[L [Step 11] Determide the shell stresses if integral to the tubesheet l; = 0.000in  lgmin := 1|8/ Ds-ts;
bending stiess: minimum lengths of shell band for config. a,o orc I, = 0.000in Igmi, = 8{749in
2 3 ,
6 o] Be|ooper—2 P*\+6'(1_V*2) aO\(HhS\ Pe-(Zy+ ZQu) + 2l 2,Q
Qsbl = ——Ks’| Ps’| Os'Fs s 1= — /| Fe\avt em L)+ —F 4m 2
tslz Esptsa } E* hsj 2 ) a,
14014.879) ~12184.800)
30035.554 27748.366
19681.834 15564.066
P (| | | | 0.000 b 0.000 b
otal shell stress: o¢:=(|ogmi| + |osb1 Og = — Oghl = —
s\ Femi] T 7 ° " | 39504.060 | 2 17| _sa18.061 | 2
2143.795 1514.505
11871.084 —-10669.795
29150.339) ~26233.861)
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SHELL MAXIMUM STRESS for DESIGN LOADING CASES 1,2,3,4

Ib Ib
) Gsp = 30035.6— Ssallowd = 1.5:Sp Gallowp = 23700.0—

In n

’ aGS )

Ogp = max(

(e}
51

(e}
)

(e}
S4

SHELL MAXIMUM STRESS for OPERATING LOADING CASES 5,6,7,8

650 :=max(|os |, |os | |os].|os.|) oso=39504.1— Osallowo = Spss_Tallowo = 47400.0—
N\ L 1T °1/ inL in
UHX-13.5.1fL Step 11 (cont'd)| Determine the channel stresses if integral to the tubesheet
channel membrane stress: 5567.108 )
0.000
2
ac _ o 5567.108
6cm = | ——FP: if Config ="a
(Dc+tc)~tc 0.000 ¥ | 1p
Scm = -
Ib . 5567.108
0-— otherwise n
in2 0.000
5567.108
0.000 ) 28345.980)
channel pending stress: -8492.472
19853.508
2 3 ,
6, 5 5. ac P*\ 6-(1—v*2) ao\(l h'e) P2+ 2 ) 2 o 9.000 Ib
Och =~ Kg:| Per| OcFt + c, Tttt | el t em QL) +—4m Q2 Och = —
2 Eple ) E* Sy 2) 2,2 52379.190 | , 2
15%40.738
43%86.718
total channel stress: 33913.088) I
8492.472 24¢33.210 )
25420.616
(foced + o] oan208 |
o¢ = ||oem| + [0 Gc = —
¢ \Tom) = {eb °"|s7046.208 |
15540.738
49453.826
24033.210)
CHANNEL MAXIMUM STRESS for DESIGN LOADING CASES 1,2,3,4
Ib Ib
Gcp = max( Sc,| > (%c,| - GC3 , 004) Gcp = 33913.1—2 GeallowD = 1.5-S¢p  Geallowd = 30000.0—2
in in
CHANNEL MAXIMUM STRESS for OPERATING LOADING CASES 5,6,7,8
Ib Ib
6co = max( se |- [ocy| - oc,| 008) Goo = 579463 — Scallowo = Spsc  Tcallowo = 67200.0—
in in
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_UHX13.7 Simplified Elastic Plastic Procedure

Calculation procedure for the effect of plasticity at the tubesheet, channel or shell joint.

This procedure applies only to Configurations a,b,c and Design Loading Cases 1,2,3,4

in the following conditions: -for integral shell (config. a,b,c) when 1.5S ;<o < Spg 5

-for integral channel (config. a) when 1.5S <o, < Spg

[ Spss) [ S
S*. .= min| Sys1, S*.:=min| S,.p,——
S L ysl ) c L ycD 2 )
Ib Ib
S*g = 17500.000—2 S*c. = 33600.000—2
in 1.122) in 1.0825 )
0.766 1.2989
1.044 1.1636
0.4 |ospe| ) 1.400 0.4¢sg| 14
factyy =| 1.4 - —— factg, = facty, =| 1.4 - —=—"— factg, =
S*s ) 0.522 St ) 0.7764
1.365 1.215
1.156 0.8775
0.800) 1.11139 )
mi n(factSvl , l) \ mi n(factCvl , l) \
1.000) 1.00Q)
min( factg, ,1 min( fact,, ,1
2 0.766 2 1.00(
faptg=| factg = facte=| fact; =
m|n<factsv3 , 1) 1.000 m|n<factcv3 , 1) 1.00(
1.000 1.00(
min( factg, ,1 } min( fact,, ,1 }
")) "))
Calculate feduced values of E; and E_ for each loading case:
26400530 ) 2.830x L0 |
2:0216 x 10 lb 2.830x .0’ Ib
E*Sl = E51~facts E*Sl = - —2 E*Cl = ECD-fath E*Cl = . —2
2.6400x 10 |in 2.830x L0 [in
2.6400 x 10’ ) 2.830x 0’ )
. 5) 7
From Step| 2, recalculate: 3.1971 x 10 5.0868 k 10
3 2
E¥s1-ts1 2.4482 x 10° s h's ) 3.8052 k 107 Ib
kks = P& = kkg = - Mg =——kkg| L+hg+— Mg =
6{T-Vs ) 3T97TXI0 | n 50868 x 10 | in
3.1971x 10°) 5.0868 x 10’ )
1.2446x 10° | 2.2049x 10" |
3 2
E*cr-te 1.2446 x 10° 6-D. h ) 22049 x 10" Ib
kke = Ber . kke = ; Mg i= ——=Kke'| L+ g+ —— Mg =
6-(1 - Ve ) 1.2446 x 10 h 2.2049x 10 |in
1.2446 x 10°) 22049 x 10" )
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From Step 4, recalculate:

6.732) 9.024)
1 -y 5.649 7.572
F= (2hs+ A + EpIn(K)) F= D= (1+v)F ®=
E* 6.732 9.024
6.732) 9.024)
=0.0597)
R
0 ps—1-0-Z,) o —0.054‘
te 1+ 07y e~ _0.059
-0.059)
3.778) 0.312)
4 4
(Zg+ QueZu) Xa o 3.899 ‘ 0 (zy + Que'Zm) Xa o 1.518 ‘
ze 2 2e 13778 zee 2 72¢ 7 110.312
3.778) 0.312 )
20.625) W) 0.000)
4
[Zy+(ps—1)Zm]Xa 23.037 W, 0.000
Ue |= Ug = W = W = Iby
1+®-Zy, 20.625 Wy 0.000
20.625 ) oy 0.000 )
From Step 6, recalculate P, P;.,, and P .
u
€1 b )
2 on W
a 2n
Uez ‘o Psl\ Ptl\ P'sl\ P'tl\
2 22 f000] P P P P
o a,. " £y 0000 | b o 52 o 2 o ) o b
w = W= - se = te -~ se = td =
u 0.000 | ; 2 P P P’ P!
€3 1p e ) in S3 t3 S, t3
—— Wi 0.000
2 2n P P P P
ag 54) t4) 54) t4)
) - ( ~25.238)
12w, >
A 2 2n | ' Up ' 79.928 | Ip
© / Plrim = { 2 (0% Pse = 0%c-Pre) Pltim = 146.321 ‘_2
ao in
. 0.000 )
~96.973)
o J-Kgt (P - P+ P+ P 115.426 | |p
‘e = 'se ~ P'te + P'w+ P'rim )
1+ 3 Ket[ Qe+ (ps—1)-Qrze | 19.826 |, 2
0.000 )
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From Step 7, recalculate Q, ,Q5 , F, and the tubesheet bending stress for load cases 1, 2, and 3

b 181.674 )
*o-Pge — 0¥ Pro) + —— W+
(0% Pse —o"c-Pre 2.7 ~575.344
Q2= Q2
1+®-Zy -333.433
0.000 )
—\> ~0.0675)
2.Q,
Q3:=| Qe+ ) —-0.0773
D2 Q'3
Pe-ao ) -0.1377
-0.0586 )
Fmy(x) 7 [0 if P =0
Q) + Q3 -Qm(¥) Fmlj = |F ()| R = max(Fml)  Fyy = 0.034
otherwise
2
Fma(x) 7 [0 if P =0
Q) + Q3 Qm(¥) Fm2; = |F ()| Fimz = max(Fm2)  F'yp = 0.039
otherwise
2
Fmng(x) 7 [0 if P =0
Q) + Q3 Qm(¥) Em3; = |F ()| Fimg = max(Fm3)  Fyg = 0.069
otherwise
2
Frmna(x) 7 [0 if P =0
Q) +Q3, Qm(¥) Fma; = |F ()| Fimg = max(Fm4)  F', = 9.000
otherwise
2
Fimg ) 0.0337)
Fm2 0.0386
Fm=
F'm3 0.0689
Fna ) o )
Tubesheet Bending Stress for the Elastic-Plastic Solution
-16286.147)
2
1.5Fn ( 2-a5 ) o 22204.445 | |p (o). |2l 4] 7220444512
G = : — P o = — 6'max = Max| [o'1], [o'9| , [0'3 & (s = 445—
we (h-hyg) 6797.980 | 2 2
0.000 b
Gallow = 1.5~SD Gallow = 237000—2
in
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UHX13.9 Simply Supported Tubesheet Procedure

This procedure applies only when the TS is integral with the shell or channel,

Phase 1)

Othg

Phase 2)

Note

- shell of configurations a, b or c
- channel of configuration a

To perform this calculation, use the option : [SS=¥No*

Calculation must be performed in 2 phases

Perform Steps 1 to 11 with SS="NON" (normal calculation) with- the following modifications in Step

- minimum length requirement |
- minimum length requirement |

of shell band fer,configurations a,b,c do not apply
of channel band for configuration a do not apply

smin

cmin

if oy < Spgs and o, < Spg . the shell'and/or channel designs are acceptable.
rwise increase the thickness of the overstréssed components (shell and/or channel) and return to

Perform Steps 1 to 7 using~SS="0OUI" (Simply Supported calculation) for loading cases 1,2 and 3

Iffel'< 1.5S , the calculation procedure is complete.
Otherwise, increase the assumed tubesheet thickness h and repeat Steps 1 to 7.

If |o]%1'5S , the tubesheet thickness can be optimized to a value h  till |6|=1.5S

11:

btep 1.

only

provided that, for that optimized thickness h, the stresses in the tubesheet,shell and channel

, Calculated by the normal calculation (see Phase 1), remain respectively below Spg Spg ¢, Spg

for each of the 8 loading cases.
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Distribution of Moments and Loads in the Tubesheet |

The 2nd part of this Mathcad software provides general basic equations without using coefficient Qg
They are taken from Item 04-1401 and enable to calculate q(x) , w(x) , 6(x) , () , ©(X) , o,(x) at any

radius of t
tubesheet

YELLOW :nost important data and results

he Tubesheet , depending on Loads V, and M , acting at periphery of the perforated
(r=a,) . It provides also the axial deplacement and axial load acting in the shell.

A elastic stretch of shell

S
N = axial force in shell  (per unit of citcumference)
N. = axial force in channel (per unit of circumference)
K, = elastic foundation modulus of the heat exchanger (based on L)
ky = 2K,, = elastic foundation modulus of the half H.E.(based.o L/2)

D* = Tubesheet flexural rigidity

S

Results obtained fromtHX-13
Perforated Tubesheet|

Limit Conditions

0.25
Ni- K¢ Exh k) .
Ky =—— Ky = 2Ky D*:= T k= . numpoints =
ho 12(1-v7) D*)
Ib Ib 6 - . . -1
Kw = 1211905.554—3 Ky = 23811.107—3 D* = 1.779 x 10 lbsin k=0.340in
in in
ber'-ber'y(x) + bei'bei'y(x) Wo-ber'y(x) + W q-bei'y(X)
Imx(X) = X7 Zyx(X) = >
a'“a Xa "Zy
T Xa) = 0.207 Zm = 0.207 Zyx(Xa) = 0.021 Z,=0.021
Wo-ber,(X) + ¥ 1-beiy(X) ber'-bery(x) + bei'beiy(x)
Fax(X) = 3 Zyx(X) = >
Xa 'Za xa 'Za
Fau{Xa) = 0.004 Zg-=.0.004 Zy(Xa) = 0.021 Zy=Zy(Xa)  Zy=0.02

Loads V, and“M, acting at periphery of perforated tubesheet (r = ao)|

)
ag P E—d
V, = (TPe) My = (a0 V' Qs)
~1000.036) 1391.316
1204 496 ~1972 064
204.460 -580.747
0.000 | Ib 0.000
V, = = My = b
-2692.753 | in 3438.824
-488.221 75.445
-1488.257 1466.761
-1692.717 ) 2047.508 )

20

Replace V, by: P.a,/2 and M, by: a,V, Qs in formulae below to obtain UHX-13 formulae used in previous section
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Net pressure, Ib/in"2

a(x) =5

28/44

| Net Tubesheet Pressure

2.4
3o 'k '|:Ma1'zwx(x) + (ao'val)'zdx(x)}
2 .4
a, -k ~|:Ma2-ZWX(x) + (ao'vaz)'zdx(x)] max(q(x)l)\ min(q(x)l)\
aoz'k4"’Ma3'wa(X) + (ao.VaB).de(x)_l maX(Q(X)z) mln(Q(X)Z)
. = = max(q(x)g) mln(q(x 3)
ap -k .|:Ma Zyx(X) + (ao-Va4).de(X)] max(q(x)4) min(q(x 4)
Umax = Umin = | L
aoz-k4-[Ma Zun(X) + <a0~Va5)~ZdX(x)] max(q(x)s) min(d(xs)
- max(q(x)6) min(q(x 6)
ay K ~[Ma Zy(X) + (ao~Va6) de(X)} max(q(x)7) min(a(x)7)
aoz'k4.|:Ma Zyx(X) + (ao'Va7)'de(X)i| maX(q(x)g)) min(q(x 8))
2 4
ao- -k -[Ma Zux(X) + (ao-VaB)de(X)] 26152 ~345.03B)
) ) 380.756 ~28.30
41.573 -3.762
0.000 | Ip 0.000| | Ip
Umax = — Umin = —
" 78727 | 2 ™| -965.198 | .-
1108 TukIJesheet r|1et presslure 23163 _239.406
47.453 ~584.43f
48.099 ) ~620.16p )
- (Zd + Q3‘Zv)‘xa
Fq= —
~345.033) ~345033)
1 380.756 380.J756
35.723 35.123
_ (%) 0.000 | Ip *S(F S 0.0p0
q = —_— . =
- ¥ |-965.103 | 9% | _965193
~239.405 -239.405
| | |
510 0 2 4 6 3 —584.437 —584.437
X -620.160 -620.160
0<x<Xa
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Deflection w(x) of the perforated tubesheet (0 <= x <= Xa) |

p1=Zy+(ps—1)Zn p1=0.024 p2i=Zg+(ps—1)-Z, py=0.005 | Determination of Q |
1 -359.327 )
( Q1 _F I:Mal'zwx(x) + (ao'val)zdx(x)] 391.631
32.304
2
a 0.000
\ 0 FM Z e \E Z yanl| Q = kvv 0 |—|\/|a.lnl 4 (nu'\/a"pz—l Q — £
}wz > ) KO a) TR D* C T 72 —101p.264 | -
AN 2 —259.306
Ek - -Q I:Ma Zyx(X) + (ao‘va3>'zdx(x)] _611'633
) -65(.937
2
B \ 3o
k j ‘Qp—— I:Ma4'zwx(x) + (ao-Va4>-de(X):|
'V
w(X) = 2 1 1
1 - 10 2
\ Q5 - I:Ma 'ZWX(X) + (aO'Va )ZdX(X)j| 1 0351 1 1550 10
k\,) 5 5 2| 0:702 2 |-1.556-10 -2
\ 2 3| 1.052 3 [-1.564-10 -2
1
(k Qg _T [MaG'wa(X) " (ao~Va6)~de(X)] 4 |1.403 4 -1.57p-10 -2
) 51754 5 [-1.589.10 -2
1N 2 6 | 2.105 6 |-1.60p-10 -2
E" fl [Ma Zux(X) +(ao'Va7>-de(X)] 7 | 2.455 7 |-161B10 2
R x=|8|2.806 w(x)1 =| 8 |-1.619-10 -2
1)) o B rv g ) Va )20 9 [3.157 9 [-1.61)7-10 -2
-—— . X) + (&g . X
kf)° [ % X ( ° a8> o J 10 3.508 10| -1.60[L-10 2
11| 3.859 11[-1.56p-10 -2
Tubesheet deflection 12| 4.209 12(-1.51p-10 -2
! ! ! 13| 4.560 13]-1.42f7-10 2
w(x) 14| 4.911 14-1.30B-10 -2
e P.001 ™ T 15| 5.262 15(-1.153-10 -2
W), 16/ 5.612 16(-9.60p-10 -3
L] 0 —\N |
g W -0.015) _6.003510°*)
[S}
£ — 4
S W4 001 _ 0.017 4567 x[10
g - 0.002 _a
= 5 / 0.000
° -0 E — w00 A 8-680
weog OO ~0.043 w(Xy) = |
............ _0011 —1893X 10
w(x),,
_______ =-0.003 — 7 -0.026 -8.358 x 10_4
-0.028 _
) 1.436x 10 °
0,004 | | | _3
0 2 4 6 8 For use on Page 40: 1.293x 10 °)
X
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Slope 0(x) of the perforated tubesheet (0 <= x <= Xa) |

—3
—1.0ULX 10U !

]
]
S May Zm0 + (30 Va, ) 29| 1 160 N
]
]

~3.829x 10

0.000 &%/

0(x) =
_5.048x 10 °

N
2.229%10 ° Q)@

| -3.830x 10 ° o

)'ZVX(X)_ ~3.447x10 ° éQQ
D

__Mas'zmx(x)+ ap-Va,_ ) vx(X)_ (%)

QO

— §.002

.002

Slope
D
S
J?

=0.004

0<x<Xa
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Bending Moment M, (x) of the perforated tubesheet (0 <= x <= Xa)

[ Ma, Q) + (80Va, Q) | o (02
Ma.-Qm(¥) + Q) maM01 T
a, <m ( az) v max (X)z) min(M(x)2
Ma,Qm(x) + (ao Va3) Qu(x) max(My(x)3) min(Mr(X)s

M, O () +{a . V.0 (x)
0 g Lk +\a ) L N - maX(IVIr(X)4) N . mln(l\@‘ )4)
r = rmax == rmin -~ .
Mag Q) + (3 Va ) Qul) max(My()s) (rj(@wr( )s)
MagQm(X) + (30"Va ) Qu¥ max(M(x)o) A (M)
max( r(X)7) /& mm(Mr( )7)
Ma_-Qm(X) + (ao Va ) Qu(x) Q
7 7 max( (x)8) Q/ mln(Mr( )8))
Mag Qm() + (20 Vay) Qu(x) |
- 1391.316\?9 -680.624
722.6 -1972.0p4
ﬁzo -580.747
y (2 0000 " y 0.000| |
2000 Perforated tubesheet moment r'T‘s@a<6§'3438,824 M _1963.2k4
\QQ) 75.445 -640.145
; $\' 1466.761 ~1269.260
3000 A\Q 2047.508 ) ~1282.6P1 )
1391.316
~1972.064
-580.747
3 0.000
z M{Xa) = 2438.824 |
£ .
= 75.445
1466.761
2047.508 )
—2000
0 2 4 6 8
X
0<x<Xa
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o(Xx) =

Bending stress, Ib/in"2

‘M((X)1
- (higin )
( m|n1>
6
——M(X)2
u*. h . 2
() -
6 1| 963111
1 ;M3 2| 885777
H '(hmin )
3 3 744.88 mes(o001) ) (1))
Xl o X Nt g X
6 M 4| 523371 no1 X1
T - — (X4 : 199,45 max(csr(x)z) min(cr(x)z)
H ( min)
4 6 -251.022 max(or(x)g) min(c r(x)3)
6 } .
_—2‘Mr(x)5 " 7 851.001 b max(or(x)4) mln(cr(x)4)
= - 103 — o© = Crmin =
P*(hmin ) ol X)1 8 (-1.617-10 > rmax max(o(x) rmin min(d(x)
> 9 | -2.554.103| N (6Js) (409s)
B Yy 10| -3.645-103 max( (X)) min(q(x)s)
r
p*-(hmins)z 11| -4.841.103 max((x)7) min(d,(x)-)
- .103 .
6 12] -6.052°10 max(cr(x)g)) mln(cr(x)g))
. —M(X)7 13| -7.131-103
u*(hmin7) 2 7857103 16286.147) ~7967/088
; 15 7967103 8458.521 -23084.127
— Z-Mr(x)g 16| -7.061-103 900.392 —6797)980
P*'<hmin8> 0000 | Ib 000D | b
c = —_— Ormin = —_—
M| 40253.396 |, 2 ™| ~22080892 |
6 Tubesheet bending stress 883.122 —7493)724
6-10
! ! ! 17169.269 ~14857.408
23967.249) -15013.804
From Sgep 7
16286.147 ~16286.{147 )
-23084.127 23084.127
| ~6797.980 6797.9B0
0.000 I 0.004 b
} 5%l = —~ 5 o~
40253.396 | 2 ~40253.396 | ; 2
883.122 ~7493.724
4108 | | | 17169.269 -17169.269
2 4 6 8
. 23967.249 ) -23967.249 )
0<x<Xa
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|Shear Load Q(x) of the perforated tubesheet (0 <= x <= Xa)|
ber'-bei'y(x) — bei"ber'y(x) ¥ y-bei'y(x) — P 1-ber'y(x)

Qu(X) =Xy Z. Qﬁ(X) = Z
- _
a_o'[Mal'Qa(X) + (ao'val)'Qﬁ(X)] 1
1| 4925
. } 2| 10.531
ao [Ma Qa0 +(a° Vaz) Qﬁ(X)J 3| 17.452 Q'\b‘
1 4| 26.218 )
a_o'[Ma Q) +(a0.va3> A (X)] 5| 37.187 &Q)f\
L 6| 50.451
a—o-[Ma Qu(x) +(ao Va4) Qﬁ(x)] 7| esa| Q/Q
D(X) = L Q(x)1=|8| 82232 %$
—'|:Ma Qa(x)+(a0-Va ) Qﬁ(x)] 9| 98.496}
%o ° 10 112&2
ya
i.[Ma Qu(X) + (ao'Va ) Qﬁ(X)] 11}120.166
2o e 12] 117.926
1 ' 13| 100.008
a, [Ma Q) +<a° Va?) A (X)J \(\Qj\ 14| 59.874
b\ 15| -9.748
1
a—o-[Mang(X) +(ao~V J 16| -116.288
S0 min(Q(x)1)) max(Q(x)1) )
min(Q(x),) max(Q(x)2)
0 min(Q(x)3) max(Q(x)3)
Q)  -s5000 O i min(Q(X)4) 0 B maX(C (X)4)
4 rmin *= mln(Q(x)5) rmax = maX(C (X)S)
~110 min(Q(x)g) max(Q(x)e)
-1.@0® | min(Q(x)7) max(q(x)7)
O 0 5) 10
é § mln(Q(x)g)) max(C(x)g)j
~1000.036 120.166
~128.010 1204.496
~13.919 204.460
| 0000 | | 0000 |
Qnmin = 2602753 | in Omax=| 341 039 |in
-488.221 112.018
~1488.257 223.416
1692.717) 224.013 )
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T2010(X) =

Shear stress, |b/in2

34/44

|Shear Stress 1(x) of the perforated tubesheet (0 <= x <= Xa) |

Q)1 ) Qx)1)) (1))
- 1 max n ) min - )
K 1| 17.908 H 3 H 3
Q(x)2 Q(x)2 Q(x)2
2| 38.204 max min
w-h 3| 63462 uh ) uh )
Q%3 4] 95340 Qx)3) _ (Q X)3)
max MIN| =——
u-h 5| 135.225 u-h j i-h )
Q(x)4 6| 183459 Qx)4) _ [Q X)4)
7 | 239.021 max min| —
- () 8| 299.027 b wh ) -
72010 1= . - Tmax2010 ‘= Tmin2010 =
Q(X)s in Qs (QMs)
9| 358.168 max min| —
uh 10| 408.117 wh ) g )
Q(X)e QX6 ) QX6 )
11| 436.968 max minl =
wh 12| 428.823 p-y) hh )
Q(X)7 13| 363.666 Qx)7) (Qq07)
max min| —4—
w-h 14| 217.723 wh ) d-h )
Qs 15| -35.448 Q(¥)g ) _ (Q X)g )
16| -422.864 max| —— min ——
wh ) wh J) dh ))
él’ ubesheet shear stress
110 I
436.968 ~3636.495
7 4379.985 —465.49p
743.490 ~50.614
_ 0.000 b 0.000 b
T = — Tmi = —
meElo ) 1243.416 | mnZo10 | _g791.830 |
407.336 ~1775.3%0
- 812.423 ~5411.845
814.593 ) -6155.335
_ — Ib — b
max| |t maxz010| = 4379.985— max| |t min2010| ) = 97 p1.830—
in in

-15'10

5

X
0<x<Xa
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1 1Tube Sress o,(x) of the Tube-Bundle (0 <= x <= Xa) |
'[(Ps Xs — Py ’Xt> - Q(X)l]
Xt — Xg 1 1
1
. x ‘IKPSZ‘XS - I:)tz‘xt> - q(X)z]
t— s
1 min(Gtx(X)l)\ maX(Gtx(X)l)\
X vb'[( Psy s~ Pry ) ~ A3 min oy,(%)5) max(o(x))
1 min(ox(X)3) max( o (X)3)
—] | (Ps -Xs— Py ’Xt> - Q(X)4:| )
® X{— Xg [( mln(ctx(x)4) max(cstx(x)4)
Ox(X) = o i = o =
tx 1 txmin min(ctx(x)g,) txmax max(cytx(x)g,)
—] 'I:(Pss'xs - Pts'xt> - Q(X)S]
% min(ot(X)e) max(& (X))
1 .
— -[(P56~xs - Py, xt> - q(x)GJ min( o y(x)7) max( o (x)7)
X{— X _
® min(o,(x)g) ) max(oy(X)s) )
1
] | (Ps,%s = Pt ‘Xt) - q(x)7]
Xq— Xs K ! ! ~1288.776 ) 2259.338)
1 ~2276.563 1633.647
—] 'IKPS Xs — Py 'Xt> - Q(X)8:|
| X{—xs 8 8 | ~73.142 360.212
0.000 ¢} Ib 0.000 | Ip
Ctxmin = = c = =
XM 1743847 | 2 M 8187.390 |
1141.626 3651.489
2259.338 -129.351 5910.827
—2276.563 -459.775 ) 5928.052 )
-17.225
1
0.000
on(Xa) [ b 1 -1132.22 6 Tube stress
*A | 8187.300 | 2 1510 T 1
. in 2| -1144.74
3651.489 3| -1164.71 b1
5910.827 4| -1190.64 — .
5928.052 ) 5[ -1220.15 otx()2 110° [~
6 | -1249.81 -
~1127.96) N otx(¥)3
7 | -1274.82 = /
1484.92 Ib S
ow(X)1 =| 8 | -1288.78 — o
EO 9 |-128353| In ¢
&
0 lb 10| -1249 14
ow(0) = —
-1263.84 | ; 2 11| -1174.08
1349.03 12| -1045.82
221.08 13| -851.85
-135.88 ) 14| -581.34
5 | | |
15| -227.56 TEee 5 4 6
_ Ib 16| 208.92 .
Gtx(o)l = —112796—2 0<x<Xa
n
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A+2-a,

R := > R =42.188in

@‘f
%)
;\?*

)
4\
o -9.647
R\
C\)j: 7.339
g)\\ ~2.307
" -heIn(K) o " 0.000 b
R = ‘OR R=
O 12:R —-30.417
C)’ -13.431
O -23.078

Q -20.770)
&
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|Shell and Channel |

-642.531 -642.531
1463.293 1463.293
05:=6(Xa) 820 761 820 761
Mq :(1 -—E\-k Og+ PokedsP M 0000 N
2 ) S s TesSTSTSE | -2025.958 6 ~2025.958
79.866 79.866
4
_562.665 _562.665 Q&
~1383.426 ) ~1383.426)
Verification e o,
664.359 ) & (664.359
~199.042 7 | ~199.042
0c=-0(Xa) 465.317 &}Q 465.317
M, :(1 -—E\-k 0o+ PokedeP M 0000 1, EREE N
2 ) e ererent | 1227.637 6 1227.637
364.236 364.236
1028.595 1028.595
563.278 563.278 )
Qs = ~(1+hg)-BsksBe™ 2B ke 55 Ps Qe = —~(1+h¢)-Bokebe— 2B ke8¢ Py
287.279 ~514.307)
4947614 112.243
~655.335 ~402.065
S 0000 | 1 o 0000 | 1
905.817 -831.948
~324.077 ~205.397
36 797 719 705
618.538 ~317.640)
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0.0011 ~0.0011)

~0.0008 0.0008

0.0003 ~0.0003
_ Qs . Mg s . 0.0000 o i Qc . M b W 0.0000 _
U opk Pk " | 00035 U gk Boke t ¢ |-0.0035

0.0026

0.0024 )

)
I \Q’

S|

 verifcation from o,
—12184.3&0 ~12184.300) 1830.579 )
27748.3 27748.366 2287.188
1@‘.066 15564.066 4117.767
6-Mg (,0.000 5 0.000 b 0.000 | I
GOgp = GGSt(—‘) . Ibin Osph1 = = (G —
2 -38418.161 -38418.161 | ; 2 ~1085.899
tsq O in in
Q 1514.505 1514.505 -629.290
Q.\& ~10669.795 -10669.795 1201.289
éo -26233.861) -26233.861) -2916.478 )
X 28345 980 28345 980
~8492.472 ~8492.472
19853.508 19853.508
M 0.000 s 0.000 | Ib
OGcp = 6—— oo¢y = lbin Och = —
2 52379.190 52379.190 |
15540.738 15540.738
43886.718 43886.718
24033.210 ) 24033.210
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|Axial force in the SHELL |

| | 1029.701 ) | Verification ffom g
Calculation from direct formula
1286.543 1029.701 )
2 2 2
ag as —a, 2316.244 1286.543
ag- Vg +—Pi+ -Pg
2 2 g 0.000 | b 2316.244
Vg = V= —
Ds+ts1 -610.818 | in O_K(b‘ b
V, = -1, V = —
2 _353.975 osm = Osm'ls1 osm 818 |n
675.725 “\.-353.97%
J-Kgt Q)/
KK = : j ~1640.519 ) AV | 675.725
143Ky + -1)
st |:Qzl Ps Q22:| Q 164051 9}
V, due to pressures P, P, and thermal expansieq
2 2
ao ps —1 2
Vg1 i F —| KK XS+2'(1_XS)'VI_ ‘Ps =P+ Py + Py + Py ¥ Prim| + Py +{ps —1)Ps
Ds+1s1 -Kst
V, due|to Poisson's ratio v of the shell V, due to presspre P acting on Bellows
V. TOTAL
2 2 2 2 2 S
v " ki|-2 D5 P v WY 172 D1 7bs Ver = Vg + Veolt V
§2 = ] R ——— Vs|'Fs s3 = ‘s ST = Vs1 + Vg2[t Vg3
D¢ +1ts1 Kst \ Do ) Dg+ts1 2:3-Kst D.2
(o]
1029.701 0.000 0.000) 1029.7p1
631/.846 654.698 0.000 1286.543
1661.547 654.698 0.000 2316.244
v 0.000 | 1p v 0.000._{ Ip v 0.000 | |p v 0.00Q |1b
U7 619818 |in 2| 0000 |in %7 10.000 | in S| _e10.818 |in
-1008.673 654.698 0.000 -353.975
2128 654.698 0.000 675.725
-1640.519 ) 0.000 ) 0.000) -1640.519 )
1830 579
' 1830.579 )
2287.188 9287 188
4117.767 4117 767
- 0.000 £ Vet 0.000 Ib
osm=| _1085.899 | - 2 Gemi=—— Ogm= =
' in ST " | -1085.899 | , 2
—629.290 629.290
1201.289 1201.289
~2916.478) -2916.478 )
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|SHELL Axial displacement |

Ta \
Ta a) Total Axial displacement Agtqi4 Of the shell of length L
Ta
Ta L L-Dg © D) - DS
Tom = T 0s:=Tsm—Ta AsTotal = e Vg —vg Y Lr\.PS+; ‘Pg+L-agm0g
sm sD=s SD-S TS ST J
Tsm 0.0 ) 0.0165 )
Tsm 0.0 -0.0117
Tsm 0.0 0.0047
0.0 0.0000 |
9= g1 |1097  AsTowl=| oo, |1
81.0 0.1312
81.0 0.1477
81.0) 0.1429 )
b)Total Axial displacement of the half-shell of length I=L/2 SSTotaFSS(VS)+85(GS)+65(VS)+65(J:}% = 118.625in
d¢ due to axial load V dg due to O ds due to Poisson's ratio vg ds due to pressure Pg acting pn Bellows J
2 2 2
Ssys = I—~VS 8gps = l-olgm Og Sgys = —Vvd s Pd K EﬁF S
JEghts 2Espts(Ds + ) 8 2K
0.0p8225 0.0000) 0.0000 0.0000 )
0.000277 0.0000 -0.0161 ~0.0000
0.018503 0.0000 -0.0161 ~0.0000
e 0.0p0000 y o= 0:0000 y . 0.0000 y . 0.0000 1|
-0.404879 0/0846 0.0000 0.0000
-0.402828 0.0846 -0.0161 ~0.0000
0.0p5398 0.0846 -0.0161 ~0.0000
-0.q13105 ) 0.0846 ) 0.0000 ) 0.0000 )
TOTAL DI$RLACEMENT 8,14y OF HALF SHELL 0.0082 ) 0.008 )
00059 00086
0.0024 0.002
dsTotal = Osvs + Osps + Osys + 853 OsTotal = .9990 in SsTotl = 099 in
0.0797 2 0.080
0.0656 0.066
0.0738 0.074
0.0715 ) 0.071 )
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| Axial displacement of the HALF TUBES of length I=L/2

Ta )
2 70.0 ) 0.0 L
Ta |:=— |=118.625in
70.0 0.0 2
Ta 70.0 0.0
2
Ta 70.0 0.0 na,
TL|| = trr— {'Iﬂgl: 0y = thr—— = QL_ {'Iﬂgl: AA_= 2
Tom 113.0 43.0 N, AR =1.399in
Ttm 1130 430 St = TEtt'(dt — tt) St = 01464 in2
T 113.0 43.0
" ) )
113.0 43.0
Tim.)
[ AA [(Psl'xs - Py Xt) - Q(X)l} i
AN [(Psz'xs - Ptz'xt) - OI(X)2] ~165.1272) ~0{004956)
AA Kps3,xs _ pts,xt) (%) 3] 217.3845 0.006524
52.2574 0.001568
AA | (Pg Xs— Pt %) — q(X
v [( Sp7S T Yy ‘) a )4} () 0.0000 | X Yoo Su) 0.000000 |
X) = = X) = . X = n
! AA KPSS.XS P, xt) - q(x)5] ! ~185.0198 R oS R —olooss53
197.4919 0.005927
AA I:(Ps “Xs — Py Xt) - Q(X)G}
6 32.3647 0.000971
AA [(Ps7~xs ~ P ) - OI(><)7] ~19.8927 ) —olooose7 )
From Page 33 :
AA I:(PS Xg — Pt Xt) - q(x)g:l Ib
- ° : oix(0); = ~1127.96— ~1137.96)
in 148492
354.96
) tvi(X) (©) 0.po b
oi(X) = o = —_
‘ o 126384
Total Axial displacement of the half-tubes of length I=L/2 134p.03
at'TS center (x=0) : 8;1q1a=0; (V) + 8,(6,) + &,(v) 221.08
-136.88 )

3, due to gxial load V;

3, due to 6,

8, due to Poisson's ratio v,

Syt = [0 pvt(O) St = - o gm 64 Byt = ;—j[(l - Xt)'Pt - (1 - Xs)'Ps] Vi dTotal = dtvt + Otat + dfut
—0-00496" 0-0000 —0-0023 —0-0073)
0.00652 0.0000 0.0046 0.0111
0.00157 0.0000 0.0023 0.0039
0.00000 | 0.0000 | 0.0000 | 0.0000 |
M| osss|" % g 0aar | =1 50023 | ool = | o263 |
0.00593 0.0441 0.0046 0.0547
0.00097 0.0441 0.0023 0.0474
~0.00060 ) 0.0441 ) 0.0000 ) 0.0435 )
ExampleE4.18.7-FIXED TS(AnnexV) from PTB4 41/a4

302


https://asmenormdoc.com/api2/?name=ASME PTB-7 2014.pdf

