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Abstract

Heat exchangers are widely used in process industries. As these devices subjected to
high pressure and temperature,it is necessary to design their key parts with special
care. Under different loading conditions higher stresses will generate at the areas
of discontinuity in the geometry. Most cases the area subjected to higher stresses
are regions like shell to nozzle, shell to saddle and shell to head junctions. These
higher stresses regions may affect the efficiency of the heat exchanger and may lead
to dangerous results sometimes. These being a weakest part it is highly recommended
to design and analyze them with proper precautions. No literature highlights a stan-
dard procedure for such type of crucial parts analysis.

The aim of the present work is to mechanically design and analyze the weak shell to
nozzle junction of shell and tube type fixed tube sheet Heat Exchanger. This task is
carried out by doing a theoretical calculation and making model in PV Elite.Thickness
of shell,head,nozzle etc.and stresses are obtained which is helpful in making 3D model
of Shell to nozzle junction and subsequent finite element analysis of shell and tube
type fixed tube sheet heat exchanger.Results obtained from theoretical calculations
and analysis performed is within the permissible limits and variations are not ex-
ceeding more than five percentage.This shows that the adopted procedure gives the
satisfactory results.

Keywords:fized tube sheet heat exchanger, shell to nozzle junction

vil
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Chapter 1

Introduction

1.1 Preliminary Remarks

A heat exchanger is a heat-transfer device that is used for transfer of internal thermal
energy between two or more fluids available at different temperatures. In most heat
exchangers, the fluids are separated by a heat-transfer surface, and ideally they do
not mix. Heat exchangers are used in the process, power, petroleum, air conditioning,
refrigeration, heat recovery and other industries. Common examples of heat exchang-
ers familiar to us in day-to-day use are automobile radiators, condensers, evaporators,

air pre-heaters and oil coolers.

1.2 Objective

In industries people faces many problems regarding the discontinuous junction in the
heat exchanger. Heat exchangers have many discontinuous regions in their structure
such as manhole connections, nozzles, supports, joints etc. They are also subjected
to different loadings such as internal pressure, external pressure, thermal loads etc.
These discontinuous regions will become weakest point and more chance to failure of
the whole structure. Thus a reliable and accurate analysis for shell-nozzle junction is

necessary.
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1.3 Aim and Scope of Work

The aim of the present work is to obtain general solutions for determining the stresses
at the nozzle to head junction of a shell and tube type fixed tubesheet heat exchanger.
The model is done with the help of PV Elite. The theoretical calculation is done with
the help of ASME (American Society of Mechanical Engineer) code. The theoretical
calculation is verified with PV Elite calculation.The solid model of the shell to nozzle

junction is prepared in PRO-E and finite element analysis is carried out in ANSYS.

1.4 Thesis organization

Chapter 2includes the overview of the literature which has been reviewed during
project work.

Chapter 3 covers theoretical calculation and PV Elite calculation of shell and tube
type fixed tubesheet heat exchanger

Chapter 4 describes the result obtained by theoretical calculation and it is compared
with the PV Elite calculation and it is further analyze in ANSYS.

Chapter 5 explains the conclusion of project and future scopes.



Chapter 2

Literature Review

2.1 Classification of Shell and Tube Heat Exchanger

According to shell and tube, heat exchangers are classified as:[I]
1. Fixed tubesheet heat exchanger
2. U-tube heat exchanger
3. Floating head heat exchanger

2.1.1 Fixed Tube Sheet Heat Exchanger

A fixed tubesheet heat exchanger has straight tubes that are secured at both ends to
tubesheets welded to the shell. The construction may have removable channel covers
(e.g. AEL)[2], bonnet-type channel covers (e.g. BEM), or integral tubesheets (e.g.
NEN) fig2.1] The principal advantage of the fixed tubesheet construction is its low
cost of its simple construction. In fact, the fixed tubesheet is the least expensive
construction type, as long as no expansion joint is required. Other advantages are
that the tubes can be cleaned mechanically after removal of the channel cover or
bonnet, and that leakage of the shell side fluid is minimized since there are no flanged
joints.

A disadvantage of this design is that since the bundle is fixed to the shell and cannot
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Kttla-Typs Reboiler

J-Tubs Bundl=
izl High Pressuse Closuess Extemally Sealad
Spaciz| High i Crozs Flow :

Figure 2.1: TEMA designation for shell and tube heat exchangers
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be removed, the outsides of the tubes cannot be cleaned mechanically. Thus, its
application is limited to clean services on the shell side. However, if a satisfactory
chemical cleaning program can be employed, fixed tube sheet construction may be

selected for fouling services on the shell side.

Bonnet Bonnet
Stationary  Stationary Support Stationary  (Stationary

Head) Tubesheet Bracket Tubesheet Head)

\\"'-\ / /]/ Tol s Tof

_—n_-
e | e e

DR URNAVA

Baffles Tie Rods
and Spacers

Figure 2.2: fixed tube sheet heat exchanger

In the event of a large differential temperature between the tubes and the shell, the
tubesheets will be unable to absorb the differential stress, thereby making it necessary
to incorporate an expansion joint. This takes away the advantage of low cost to a

significant extent.

2.2 Parts of Heat Exchanger

There are four main parts of heat exchanger shown in figure 2.3
1. Shell
2. Head
3. Support
4. Nozzle
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Nozzle at the shell

= _ Bottom head )
) g i &

= Top head

.

o

Nozzle at the head

-

Figure 2.3: parts of heat exchanger

2.2.1 Shell

It is a major component of a heat exchanger. There are two types of shell
1. Cylindrical shell
2. Spherical shell

2.2.2 Head

Head[3] is the end closer of a heat exchanger. Types of heads are shown in figure
Types of head:

1. Hemispherical head

2. Torispherical head or Ellipsoidal head

3. Conical head

4. Flat head
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Hemi-head
Ellipsoidal or
Torispherical Tangent
head | lne(TL)

ha

~— Shell

Cone

Figure 2.4: Types of head

2.2.3 Supports

Supports are used for vertical or horizontal heat exchangers. Types of supports are
shown in figure [2.5]

1. Skirt (straight or conical)

2. Saddles (attached or loose)

3. Rings

4. Lugs

FA

Cylindrical skirt  Ellipsoidal Skirt Saddle

Usew ang
Lo g

Ring

Figure 2.5: Types of support
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2.2.4 nozzles

A nozzle is often a pipe or tube of varying cross sectional area and it can be used
direct or modified the fluid (liquid or gas). Nozzles are frequently used to control the
flow rate, speed, direction, mass, shape and the pressure of the stream that emerges
from them. Types of nozzle are shown in figure [2.6|

1. Radial nozzle: A nozzle which is perpendicular to orientation line is called

radial nozzle.

Offset Nozzle

I -
T

Radial 7 Angular
Nozzle Nozzle
—

Figure 2.6: Types of nozzle

2. Offset nozzle: A nozzle which has distance from the orientation line is called
offset nozzle.
3. Angular nozzle: A nozzle which is at some angle from orientation line is called

angular nozzle.

2.3 Basic Components of Shell and Tube Heat Ex-
changer

While there is an enormous variety of specific design features that can be used in shell

and tube heat exchangers, the number of basic components is relatively small.[4]
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1. Tubes : The tubes are the basic component of shell and tube heat exchanger,
providing the heat transfer surface between one flowing inside the tube and other
fluid flowing across the outside of the tubes. The tubes may be seamless or welded
and most commonly made of copper or steel alloys.

2. Tube Sheets: The tubes are held in place by being inserted into holes in the
tube sheet and there either expanded into grooves cut into the holes or welded to the
tube sheet. The tube sheet is usually a single round plate of metal and that has been
suitably drilled and grooved to take the tubes, the gaskets, the spacer rods, and bolt
circle where it is fastened to the shell.

3. Pass Divider: A pass divider needed in one channel or bonnet for an exchanger
having two tube side passes, and they are needed in both channels and bonnets for an
exchanger having more than two passes. If channels or bonnets are cast, the dividers
are integrally cast and then faced to give a smooth bearing surface on the gasket
between the divider and the tube sheet. If the channels are rolled from plate or built
up from pipe, the dividers are welded in place.

4. Baffles: Baffles serve two functions: most importantly, they support the tubes
in the proper position during assembly and operation and prevent the vibration of
the tubes, and secondly, they guide the shell side low and increasing the velocity and

the heat transfer coefficient.

Z.F. Sang, Z.L. Wang, L.P. Xue and G.E.O. Widera [5][6] have discussed plastic
limit moment of nozzles in cylindrical vessels with different d/D ratios under out-of-
plane moment loading. Three full size test model were designed and fabricated. A
3D nonlinear finite element numerical simulation was also performed. A twice elastic
slope plastic moment on the nozzle was obtained approximately by load-displacement
and load-strain curves. The results show the plastic loads determined by test and
numerical simulation methods are in good agreement. The results can serve as a ba-
sis for developing an advanced design guideline by limit analysis for cylindrical vessel

with a nozzle under external loads.
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V.N.Skopinsky and A.B.Smetankin [7] discussed stress analysis of reinforced nozzle
connections in ellipsoidal heads of pressure vessels was carried out using shell theo-
ryand the finite element method. A parametric study of the effects of the reinforce-
ments on the maximum stresses in head-nozzle intersections under internal pressure

loading was performed.

Aleksandar petrovic [§] has discussed stress analysis of cylindrical pressure vessel
loaded by axial and transverse forces on the free end of a nozzle. The nozzle is placed
such that the axis of the nozzle does not cross the axis of the cylindrical shell. The
method of finite elements was applied to determine the state of stress in the cylindri-
cal shell. The value obtained for the stress in the nozzle region was used to determine
the following: envelope for maximum stress values; maximum values of this envelope;

and distance between maximum values on the envelope and outer edge of the nozzle.

C.J. Dekker and H.J. Brink [9][I0]have discussed internal pressure stresses at noz-
zle vessel junction, obtain by various analysis methods on thin shell theory, will be
compared in this study. To evaluate an improved shell based analysis method capable
of accounting for the effect of the additional material in the weld, an axisymmetric
3D finite element analysis is also included. The main conclusions are that any out-
ward weld area offers little reinforcement and that stress analysis based on thin shell
theory is quite acceptable. A close comparison of local load stress calculation meth-
ods reveals considerable differences. To investigate we performed many finite element
analyses of nozzles on cylinders concentrating not on the shell stresses but also on
the stresses in the nozzle wall. Local load stresses were sometimes found to be much
higher in the nozzle than in the shell. This led us to formulate a 'modified improved
shrink ring method’ and to devise multiplication charts for deriving local load noz-
zle stresses from local load shell stresses. Being important for a proper assessment,
pressure induced stresses were investigated too. This resulted in non-dimensional

parameter graphs to determine pressure induced stresses at nozzle.



Chapter 3

Theoretical Calculation

3.1 Classification of Stress

3.1.1 Stress Applied

The total elastic stress, which occurs in the vessel shell, is considered to be composed
of three different type of stress primary, secondary and peak. In addition primary
stress has three specific sub categories. The ASME stress categories and the symbols
used to denote them in the code are given below[I1]:
1. Primary Stress
General primary membrane stress, Pm
Local primary membrane stress, PL
Primary banding stress, Pb
2. Secondary Stress, Q
3. Peak Stress, F

e Normal Stress
The normal stress is the component of the stress normal to the plane of the reference;
this is also referred to as a direct stress. Usually the distribution of the stress is not

uniform through the thickness of the part, so this stress is considered to be made

11
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up in turn of two components one which is uniformly distributed and equal to the
average value of stress across the thickness of the section under the consideration,

and the other of which varies with the location across the thickness.

e Shear Stress

The shear stress is the component of the stress acting in the plane of the reference.

e Membrane Stress
The membrane stress is the component of stress that is uniformly distributed and
equal to the average value of the stress across the thickness of the section under con-

sideration.

¢ Bending Stress
The bending stress is the component of stress that varies linearly across the thickness
of the section under consideration. With this terminology as background, we now can

define primary, secondary and peak stress properly.

3.1.2 Stress Categorizations

e Primary Stresses
A primary stress is a stress produced by the mechanical loading only and it is so dis-
tributed in the structure that no redistribution of load occurs as a result of yielding.
The basic characteristic of the stress is that it is not self-limiting. Primary stresses
that considerably exceed the yield strength will result in failure, or at least in gross
distortion. A thermal stress is not classified as primary stress.
Typical examples of general primary stresses are:

e The average stress due to internal pressure or to distributed live loads;

e The bending stress of a flat cover without supporting moment at the periphery

due to internal pressure.
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Primary stresses are divided in to the 'general’” and ’local’ categories.

e Primary Local Membrane Stress

Case arise in which the membrane stress produced by pressure or other mechanical
loading and associate with a primary together with a discontinuity effect produces
excessive distortion in the transfer of load to the other portion of the structure. An
example of primary local stress is the membrane stress in a shell produce by external

load and moment at a permanent support or at a nozzle connection.

e Secondary Stresses

Secondary stresses are stresses developed by constraints due to geometric discontinu-
ities, by the use of the material of the different elastic modulus under external loads,
or by constraints due to differential thermal expansion. The basic characteristic of
the stress is that it is self-limiting. Examples are the bending stresses at dished end

to shell junction, generally thermal stresses.

e Peak Stresses

Peak stress is that increment of stress which is additive to the primary to the sec-
ondary stresses by reason of local discontinuities or local thermal stress including the
effect of stress concentration. The basic characteristic of peak stress is that they do
not cause any noticeable distortion and only important to fatigue and brittle fracture

in conjunction with primary and secondary stress.
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3.2 Theoretical Calculations

Asper ASME CODE SECTION VII DIVISION-1 EDITION-2007, ADDENDA 2009[11]

3.2.1 Internal Pressure Calculation (Channel/Tube Side)

Design Inputs as per UG-27
e LHS/RHS Channel Shell

Thickness due to internal pressure (¢,):

PXRZ‘

b= S E 06X P

= 84471 mm

tqg = Design Thickness = (t, +¢) = 11.4471  mm

Max. Allowable Working Pressure at given thickness (MAWP):

SxEX(t—c)

MAWP =
Ri+0.6 x (t—c)

=19.1398 kg/cm®

MAWP = MAW P — Liquid Head = 18.9228  kg/cm?

Max. Allowable Pressure, new and cold (MAPNC):

Sx E xt
MAPNC = 22225 999998 kq/em?
= Ri06xt 9928 kg/em

Actual Stress at given pressure and thickness (S, ):

P x (R;+0.6 x (t—¢))

Sa = Ex(t—c)

=794.6889  kg/cm?

e RHS CHANNEL DISH END
K = 1 for 2:1 ellipsoidal dish end

t = Nominal thickness = 12 mm
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Thickness due to internal pressure (t,):

Px(D+4+2xC)x K
= — 8.4146
b= X SxE_02xP mm

tqg = Design Thickness = (t, + C) = 11.4146  mm
Max. Allowable Working Pressure at given thickness (MAWP):

2xXSXEXx(t—rc)

MAWP =
Kx(D+2xc¢)+02x(t—rc)

=11.5689 kg/cm®

MAWP = MAW P — Liquid Head = 11.3519  kg/cm?
Max. Allowable Pressure, new and cold (MAPNC):

2xXx SxE Xt
MAPNC = = 15.4634 2
C = X D102 xi 104034 kg/em

Actual Stress at given pressure and thickness (S, ):

Px(Kx(D+2xC)+02x (t—0C))

S, = = 1314.7463  kg/cm?

2x Ex (t—0C)

3.2.2 Internal Pressure Calculation(Shell Side)

Design Inputs as per UG-27
e MAIN SHELL

Thickness due to internal pressure (t,):

P PXRZ
" SXE—-06xP

=13.7052 mm

tqg = Design Thickness = (t, + ¢) = 16.7052  mm
Max. Allowable Working Pressure at given thickness (MAWP):

SXEx(t—0C)

MAWP =
R1+06 X (t—C)

=19.1398  kg/cm?

15
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MAWP = MAWP - Liquid Head= 19.0398  kg/cm?
Max. Allowable Pressure, new and cold (MAPNC):

Sx E xt
MAPNC = ——— """ =929928 [k 2
R+06xt g/em

Actual Stress at given pressure and thickness (S, ):

:Px(RH—O.Gx(t—c))

= 1285.6667 k 2
Ex(t—c) g/em

Sa

3.2.3 Stiffening Ring Calculation for Ring 1 and Ring 2

Design Inputs as per UG-27

_A1XS/1+A2X}/2

C.G. = 79.101
Al +A2 mm
bl X d13
I, = ———— =56404.7438 mm?*
vy
b2 X d23
Lyy» = =5~ = 20000000 mm’

hy = ABS (C.G —y;) = 71.601 mm
hey = ABS (C.G —y3) = 35.899 mm

Available moment of inertia, Ring plus Shell for both Ring 1 and Ring 2:
=TI, +As X by + Lye + Ay x hy® = 43211254.23  mm*
Required moment of inertia, Ring plus Shell for Ring 1:

A A
? = 2 —8 _— 4
Iy, =Dy x Ly x (t—l— Ls) X 10.9 2780000 mm

16
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Required moment of inertia, Ring plus Shell for Ring 1:

A A
Iy = Dy* x Ly ) x—— =2 4
0” X X (t—i— Ls) X 109 807095 mm

3.2.4 Nozzle Calculation

Design Inputs per UG-37
Required thickness of Cylindrical Shell(#,):

t. = = 8.2
FTSxE_0Gxp 209 mm
Required thickness of Nozzle Wall (7,.,):

PXBn o547 um

tm:SxE+O.4><P

Finished diameter of circular opening(d):

d=D, —2xt,+2xC, =570 mm
Sn

—, 1)1 =1
<)

&,1>:1

erZMIN( L SP,1) —1

SP

1) =1
<)
o):

f=MIN

VR

fr2 = MIN

7N
[

fu=MIN

VR

N

Reinforcement Area Required for Nozzle (

Ay =dXt, X F4+2 Xty x t, x ' x (1 — fiq) = 4717.833
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Area Available in Shell (A, ):
A = dX(EXte—Fxt) =2 Xty x (EXtye—F xt.)x (1— fo
= 3832.167 mm?
Al' = 2xX(tee Ftne) X (B Xty — F X t,) =2 X tpe X (B X tye — F x t,) x (1= f11)

= 403.386 mm?
Al = MAX (A° A7) = 3832167 mm?
Area Available in Nozzle Wall (As):

A" =5 X (tpe — tn) X fro X tee = 955.8975  mm?

At =2 X (tpe — trn) X (2.5 X tpe +1,) X fro = 1414.7283  mm?
Ay = MIN (A%, Ay') = 955.8975  mm?
Area Available in Inward Nozzle (Aj3):
Ag — O
Area Available in Welds (A4):
A41 = W02 X fr3 = 90.7256 mm2
A42 = Wp2 X fr4 =144 mm2
Ay =W X fra =0

A4 = A41 + A42 + A43 = 234.7256 me

Area Available in Element(As):

As = (MIN (D,, Dr) — (Nozzle OD)) x MIN (tp,tjp) X fra = 9720  mm?
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Now,
Al + AQ + Ag + A4 + A5 = 14742.7901 me
Al + Ag + Ag + A4 + A5 > AT ——————— > 14742.7901 > 4717.833

Therefore, Opening is Adequately Reinforced

Minimum Nozzle Neck Thickness Requirement

Wall Thickness per UG-45 (a)
tra = trn +C, = 5.2547 mm
Wall Thickness per UG-16 (b)
triey = %zn + O, =4.5875 mm
Wall Thickness per UG-45 (b) (1)
trpr =t +C =11.2769 mm
Wall Thickness per UG-45 (b) (2)
trpy =t (Ext. pre)+C =3 mm
Wall Thickness per UG-45 (b) (3)
trs = MAX (tin, tross trigy) = 11.2769  mm

Std. Wall Pipe per UG-45 (b)(4)

tripg =834+ C, =11.34 mm
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Wall Thickness per UG-45 (b)

20

try = MIN (tus, tyyr) = 11.2769  mm

Final Required Thickness
tUG*45 - MAX(tra, trb) = 112769

Available Nozzle Neck Thickness = 18 mm
Available Nozzle Neck Thickness > Required Thickness

3.2.5 Blind Flange Calculation

e LHS Channel Cover Flange

Design Inputs as per Mandatory Appendix-2

Gasket Contact Width (N):

Gy -G

=16 mm

Basic Gasket Width (by):
bp=N/2=8 mm

Effective Gasket Width (b):
b=Cyx \/bp="T7.0711 mm

Gasket Reaction Diameter (G):

G=Gy—2xb=2248.858 mm
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e Basic Flange and Bolt Loads
Hydrostatic End Load due to Pressure (H):

H =0.785 x G? x P = 420823.0425 kg

Contact Load on Gasket Surfaces (H,):
H,=2xbxmxGxmxP=231756.7272 kg
Operating Bolt Load (W,,1):
Wi = H + H, = 452579.7697 kg

Gasket Seating Bolt Load (W,2):

Wine =7 X b x G xy=351056.6378 kg
Required Bolt Area (A,,):

W1 Wing

A, = MAX [ -2 —™2) =92574 2
m (Sbjsa) 57487 cm

Minimum Gasket Contact Width (N ):

Ab X Sa
Npin, = = 4.8829
yxmx (Gy+ Gj) i

Flange Design Bolt Load for Gasket Seating (w):

An+ A
W =5, x (%) — 468508.7252 kg
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Gasket Seating Force (Heg):
Hg =Wy =452579.77 kg
Distance to Gasket Load Reaction (h,):
hy = (C'— G)/2 =33.0711  mm

Tangential Flange Stress, Flat Head, Operating (S;,):

_1.9><Wm1><hg><BCOT+C><Z><P><G2

Sto
! 2 x G £2

= 705.8925

Tangential Flange Stress, Flat Head, Seating (Sy,):

_ LI9XW X hg X By,
N 2 x G

Sta = 574122  kg/cm?

3.2.6 Integral Weld Neck Flange Calculation

¢ LHS Channel Cover Flange
Design Inputs as per Mandatory Appendix-2

Hub Small End Required Thickness due to Internal Pressure(t,):

Px(R+c¢)

- —11.2
T SxE-—06xP ¢ 709 mim

Corroded Flange ID:

B.,,=B+2xF,, =2186 mm

Corroded Large Hub:
G1cor = 91 — Fcor =20 mm

kg/cm?

22
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Corroded Small Hub:

Jocor = 9o — Feor =15 mm

Code R Dimension:

C - Bcor
R = — Jicor = 44.5 mm

e Basic Flange and Bolt Loads
Hydrostatic End Load due to Pressure (H):

H =0.785 x G* x P =420823.0425 kg
Contact Load on Gasket Surfaces (H,):
H,=2xbxmxGxmxP)+(2X1l, X bpagrt X Mpare X P) = 40437.3976

p

Hydrostatic End Load at Flange ID (Hy):
Hy— X Bor” X P yo0016.0904 kg
Pressure Force on Flange Face (H;):
H, = H — H; = 23006.1201 kg
Operating Bolt Load (W,,1):
Wi = H+ H, = 461260.4401 kg

Gasket Seating Bolt Load (W,2):

Winz = (7 % b X G X ) + (Ypupe X bpare X 1) = 42011234 kg

23
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Required Bolt Area (A,,):

Wml Wm2

A, = MAX ,
< Sy S,

) = 262.4257 cm?

Minimum Gasket Contact Width (N ):

Ab X Sa
Npin = = 4.8806
yXﬂ'X(Go—i‘Gi) i

Flange Design Bolt Load for Gasket Seating (w):
W = (#) X S, =472849.0523 kg
Gasket Seating Force (Heg):
Hg =W, — H =40437.3976 kg
Distance to Gasket Load Reaction (h,):

hy=(C—@G)/2=33.0711 mm

Distance to Face Pressure Reaction (h;):

o R+glcor + hg
B 2

hy = 48.7856 mm

Distance to End Pressure Reaction (hg):

ha=R+%5 =545 mm
End Pressure Moment (My):

24
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Face Pressure Moment (M;):

M, = H, x hy =1122.3674 kgxm
Gasket Load Moment (1,):

M, = H, x h, = 1337.3092 kg *m
Gasket Seating Moment (M,):

M, =W x h, =15637.6383 kgx*m
Total Moment for Operation (M,,):

M,, = Mg+ M, + M, = 24140.6989 kg *m
Total Moment of Gasket Seating (M,):
M, = 15637.6383 kgx*m

Effective Hub Length (hy):

ho = \/ Beor X Gocor = 181.0801  mm

Hub Ratio:
h L
— = — =0.1657
ho 0
Thickness Ratio:
g1 _ Jreor _ 4 9778
go Gocor

Flange Factors for Integral Flange:
Factor F per 2-7.2: F =09
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Factor V per 2-7.3: V = 0.458
Factor f per 2-7.6: f=1.262

Factors from Figure 2-7.1
K =1.088 T = 1.881 U = 25.115 Y = 22.855 Z = 11.848

o U x hO X gOcor2
B v

d = 92234194.345 mm?

F
e=—=0.005 mm*
ho
(txe)+1 3

+— = 2.5757

L:
T d

Stress Factors:
a = 1.765 £ =2.021 v = 0.938 0 =1.636 A=2.574
Longitudinal Hub Stress, Operating (Su,):

fx M,
Bcor X L x Gicor

Sho = > =1352.7071  kg/em?

Longitudinal Hub Stress, Seating (Sp,):

fx M,

SHe =
" Bcar x L x Gicor

2
5 = 876.2441  kg/cm

Radial Flange Stress, Operating (Sg,):

B X Moy,

Spp= ——
= Beor X L x t2

= 36.5367 kg/cm?

Radial Flange Stress, Seating (Sg,):

B x M,

SRe = =—————
= Beor X L x t2

=23.6674 kg/cm®
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Tangential Flange Stress, Operating (S;,):

Y X M,,

Sy = —"
! 12 X Beor

— 7 x Sp, = 631.3529  kg/cm?

Tangential Flange Stress, Seating (S, ):

Y x M,

Sta = 5———
' t2XBcor

— Z X Spq = 408.972  kg/cm?

Average Flange Stress, Operating (S4,):

_ Sto+ MAX (Sgo, Suo)

SAo 9

=992.03  kg/cm?

Average Flange Stress, Seating (S4,):

o SHa + MAX (SRCU SHa)

S ta = 642.6081  kg/cm?

2
Bolt Stress, Operating (Bg,):
Wi
Bso = —™ = 1673.5862  kg/cm®
Ay
Bolt Stress, Seating (Bg,):
Bgq = VZ”Q — 1524.280  kg/cm?
b

3.2.7 Tube Sheet Calculation

Tube Required Thickness under Internal Pressure (Tube side Pressure)(t,):

PCX(Rt—Ct)

- — 0.0957
S, xE+04xP, mm

tr
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Tube Required Thickness under External Pressure (Shell side Pressure):

4 x
3 X

sy

EMAP =

b = 166.8613  kg/cm’
t

o Results for ASME Fixed Tubesheet Calculation:

e UHX-13.5.1 Step 1:
Compute the Tube Expansion Depth Ratio (p):

lt:p
= — =08
P="

Compute the Effective Tube Hole Diameter (d*):

Ew S
d*:MAX(Dt—2xttxftTX%Xp,l)t—mtt):17.488 mm

Compute The Equivalent Outer Tube Limit Circle Diameter (Dy):

DOZQXR0+Dt:21791 mm

Determine The Basic Ligament Efficiency for Shear (u):

Compute The Equivalent Outer Tube Limit Radius (ao):
Dy
ag = 3 = 1089.55 mm

Compute the Effective Tube Pitch (p*):

P
P = o5 = 25.7642  mm
1 _ AXMIN [AgAxDoxp] |
- mx D2

28
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Compute the Effective Ligament Efficiency for Bending (u*):

*_d*
wr=""% — 03212

p

Compute the Ratios (ps):

as = 7 =1090 mm?

D = 25 —1.0004

Qo

Compute the Ratios (p.):

D.
e =5 = 1124.3753  mm?

e = 2 — 1,032
ap
Compute Parameter (z;):
D, —2x t\°
X,=1-N, x (t—xt> — 0.6592
2 X ap

Compute Parameter (z;):

D 2
stl—Ntx< i ) = 0.4675
2 X ag

e UHX-13.5.2 Step 2:
Determine the Axial Shell Stiffness (K):

t, % (Dy +1,) x B,
K=" X(L+ )X Es 9101871372 kg/em? x mm

Determine the Axial Tube Stiffness (K3):

ty x (Dy+ ) x E
Kt:”XtX([fJ”)X L —925403.7431  kg/cm? x mm

29
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Compute Stiffness Factor (Ky):

K
K, = s
"N, x K,

=0.1739

Compute Factor (J):

1

J
K
1+_j

=1 ForNoFExpansionJoint

Compute Shell Coefficient (f5;):

V12 (1-v2)

(Ds +t5) X tg

Bs = = 0.0091

Determine Shell Coefficient (Kj):

_ Bex By xt?

= ————— = 19312668 k& 2 2
6x (1=V.) g/cm” x mm

s

Determine Shell Coefficient (\;):

6 x D, x K, h? x B
A — % X (1 Fhox B+ >;ﬁ > — 1146902201  kg/em?
Compute Shell Coefficient (d;):
5 = D" « (1= = 0.0282 Jkg/cm?
* A X By xt, 2 ) IR Rgrem

e UHX-13.5.3 Step 3:

Looking up E*/E and v* from Table UHX-11.2 using h/p = 3.000
E*/E = 0.293828

E* = 583802 kg/cm?

v* = 0.347485

30
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Compute the Tube Bundle

Xa:(24><(1—V*2)><Nt><

Values from Table UHX-13

Stiffness Factor (X,):

Et X t; X (Dt — tt) X Cl/(]2 0-25
e — 84917

1

Zq = 0.002421 Z, = 0.014069 Zm = 0.169999

e UHX-13.5.4 Step 4:

Compute Diameter Ratio (K):

Compute Coefficient (F):

F

Calculate Parameter (¢):

Compute Parameter (Q)]:

Compute Parameter (Q,):

Qzl =

Compute Parameter (Q,2):

Q2:2 =

1=V
=

K = A/Dy = 1.0917

X (As+ A+ E xIn(K) ) =1.4767

= (1+V*) x F =1.989%8

ps_l_ XZ'U
= 0.0206
1+px Z,

Q1=

(Za+(Q, x Z,)) x X,*

= 5.5407
2

(Zy +(Q) X Zn)) x X,*

= 27.4727
2
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Compute Parameter (U):

(Zy 4 (ps — 1) X Zp) x X*

U— — 54.928
L+ (¢ X Zn)
e UHX-13.5.5 Step 5:
Determine Factor (,):
G.—C
= = —0.0304
7o Dy

Compute Parameter ():
v = [at,m X (Tym —Tu) — sm X (Tsm — To)] X L=0
Calculate Parameter (w;):
ws = ps X Ky x B x 3 x (1+h x B,) =8341.8338  mm?®
Calculate Parameter (ws*):
e o (PP =) X (ps— 1)

ws* = ay? X 1 — w, = —8341.7388  mm?

Calculate Parameter (w.):

We= p XK. XBexbx(14+hxp,)=0

Calculate Parameter (w.*):

(ps>+1) x(pe—1) (ps—1)

W = ay? X - — w. = 19374.0133  mm?

4 2

32
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¢ UHX-13.5.6 Step 6:
Compute the Pressure (Py'):

2 2 2
= — 2 Ds p—1 (1-J) [D;2—(2xas)?]
Ps - (xs + 2 X (1 xs) X Ut + Ks,t X (DO> X US JXKs,t 2><J><Ks7t X D02

x P,
= 73.6978  kg/cm?
Compute the Pressure (Fy):

Py = (xt +2x (1 —m) X v + ) x P, =70.1096 kg/cm?

1
J x Ky

Compute the Pressure (P,):

Ny x K,
p o NixKixy
T X Qg
Compute the Pressure (Py):
U
Poy=——x " x W =104985 kg/cm?

(Z()2 2xm

Calculate the Pressure (P,;,):

U
Prim = —— X (ws™ % Py —w,.” *x P.) = 16.2181 k‘g/cm2
Qo

Calculate Effective Pressure (F,):

_JXKS’tX<PS’—Pt7+P7+Pw+PMm)
‘ 1+J><Ks,tx [Qzl+(ps_1)XQ22]

=2.6813 kg/cm?

e UHX-13.5.7 Step T7:
Determine Factor (Q2):
(ws* X Py —w.* X P.)+ 5= x W

2XT
= = —4314.6062 k
Q2 1+ x Zy, g
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Calculate Factor (Q3):

2 X QQ
= —= =-0.2917 k
Qs =01+ P % ay? g
F,, value from Table UHX-13.1
I, = 0.145881

The Tubesheet Bending Stress-Original Thickness (o):

1.5 % F, 2 ?
oo (22 L (22X 90N b 1821864 kg/em?
W h — hy,

The Allowable Tubesheet Bending Stress (G aowed):
Oalloewd = 1.5 x S =2109.21  kg/cm?

e UHX-13.5.8 Step 8:
The Tubesheet Average Shear Stress - Original Thickness (7):

1
= (2 S u) x (%) x P, = 97.3803  kg/cm?

The Allowable Tubesheet Shear Stress (Taowed):
Tallowed = 0.8 x S =1124.912  kg/em®

e UHX-13.5.9 Step 9:
Determine Coeflicient (F}):

4

Fy=(Z4+ (Q3 X Z,)) X <X2 ) = —4.3754
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The Tube Stress in the Outermost Tube Row (0¢,):

(Ps x Xy — P x Xy) — (P X Fy)
X — X,

Oto = =67.1817 kg/cm®
The Allowable Tube Stress (ov4):

Ota =S =1103.82  kg/cm?

Tube Weld Size Results per UW-20:
Tube Strength (F}):

_F;: =7 X1t X (dt — tt) X St = 1247.758 kg

Design Strength Ratio (Fy):

Weld Strength Factor (F,):

Minimum Weld Length (a,):

a, = 2X {\/(0.75 X Dt)2 +1.07 X ty X (Dy — t) X FyxFq—0.75xD;| = 2.4666 mm

e UHX-13.5.10 Step 10:

The Shell Membrane Stress Due to Joint Interaction (o ,,):

2 2

a0 % [P+ (ps> = 1) x (Po—Py)] +

:tsx(2><as+ts)

Os,m

ts X (2 X ag + tg)

= 398.9319  kg/cm?
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The Shell Bending Stress Due to Joint Interaction (o ):

B =pj x [5SXPS—%X2—ZXOS’m]
_6x(1-V")

C oL

ap® h x s 2
X<%)x<1+ 25>X[PCX(ZU+Zm><Q1)+a—O2><Zm><Q2

osp=Ax (B+C)=117.558 kg/cm?

3.2.8 PV Elite Model

Client gives the specification (i.e. design data) of the shell and tube type fixed tube
sheet heat exchanger to the company as shown in fig3.1]

Figure 3.1: Data Sheet
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According to the specification and with the help of ASME code and TEMA standard, i

prepared the PV Elite model of the shell and tube type fixed tube sheet heat exchanger
as shown in fig 3.2

PY MODEL:1 - PVElite

I Fle Input Wiew Details  Auxliary Analyze  Output Tools 3D Diagnostics  Esl  Help

iDEdeafilamasnP @i e HE=p =0 H wmmp S0 5

General Input

[T

= Element Data
Element Description
From Node
To Node
Element Type
Diameter Basis

MAIN SHELL
50

&0
Cylindrical

ilﬁ'JfT@l-E@f.lwaim 5 [ & (@0 [ 2 B o 2 [T A G B e B s v - Design Code Division1  + [
3 x
=l
=l

Inside Diameter, mm

ylinder Length, mm

Finished Thickness, mm
Mominal Thickness, mm
Internal Carrasion All., mm
External Carrosion All., mm
Wind Diameter Multiplier
Material Mame

Longitudinal Seam Efficiency
ircumferential Seam Efficiency
Internal Pressure, kaffem?
Temp. For Internal Pressure, C
External Pressure, kaffcm?
Temp. Far External Pressure, C
Additional Element Data

o}
2180
G646
18
15

3

a

1.2
SA-516 70
1

1
17.4
120
1,055
120

HSCH LI

MAIN SHEEL LIG

General 1... ‘ Heading ‘ Design Co.

‘ Load Cases | ‘Wind Data | Seismic Data

Irox B8 v 2e]proocCleopamm:

Des Len, L: 5600.00 mm EMawp: 2.68 kgffom?

EWSof8 Fr:1892To: 10738 mm  RE Tr: 16.71  Mawp: 19.0  MAPnc: 23.0  Trext: 13,349 Slen: 14072.5 mm

PV Elite Calculations

Figure 3.2: PV Elite model

For fixed tube sheet heat exchanger,internal pressure calculations, nozzle calculation,

flange calculation and tubesheet calculations are shown in respectively table 3.1 to

3.4.
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Table 3.1: Internal Pressure Calculation
Thickness | MAWP | MAPNC | Stress
mm kg/em? | kg/cm? | kg/cm?
Tube side-LHS/RHS channel | 11.4472 | 18.923 | 22.993 | 794.699
Tube side-RHS dish end 11.4147 | 11.352 15.463 | 1314.764
Shell side 16.7052 19.040 | 22.993 | 1285.670
Table 3.2: Nozzle Calculation
Thickness-cylindrical shell;mm | Thickness-nozzle wall,mm
Nozzle 8.2769 2.2547
Table 3.3: Flange calculation
Tangential | Tangential | Longitudinal | Longitudinal | Radial Radial
stress, stress, hub stress, | hub stress, | flange flange
operating, | seating, operating, seating, stress, stress,
kg/cm? kg/cm? kg/cm? kg/cm? operating, | seating,
kg/cm? kg/cm?
Integral 644.67 413.86 1382.35 887.44 37.33 23.96
weld neck
flange
Blind 776.44 58.11 - - - -
flange
Table 3.4: Tube sheet Calculation
Shell membrane stress | Shell bending stress
kg/cm? kg/cm?
Tube sheet 399.0044 123.3082




Chapter 4

Results and Discussion

4.1 Comparison of PV Elite and Theoretical Cal-

culation

The calculation of the thickness, pressure, stresses etc. are done by using PV Elite

software and ASME code. The comparisons are shown in the following tables 4.1 to

4.7.

Comparing the manual calculations with the PV Elite calculations, the results are

shown in the table. The variations of thickness, pressure and stress of the internal

pressure, nozzle, flange and tubesheet are much lower and it is within the limit. There

isn’t any part that is fail due to that.

Table 4.1: Comparison of Internal pressure-(Tube side-LHS/RHS channel)

PV Elite Calculation | Theoretical Calculation | Variation,(%)
Thickness (mm) 11.4472 11.4471 0.0008735
MAWP (kg/cm?) 18.923 18.9228 0.001056
MAPNC (kg/cm?) 22.993 22.9928 0.000869
Stress (kg/cm?) 794.699 794.6889 0.0012709
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Table 4.2: Comparison of Internal pressure-(Tube side-RHS dish end)

PV Elite Calculation | Theoretical Calculation | Variation,(%)
Thickness (mm) 11.4147 11.4146 0.000876
MAWP (kg/cm?) 11.352 11.3519 0.0008809
MAPNC (kg/cm?) 15.463 15.4634 0.0002586
Stress (kg/cm?) 1314.764 1314.7463 0.001346

Table 4.3: Comparison of Internal pressure-shell side

PV Elite Calculation | Theoretical Calculation | Variation,(%)
Thickness (mm) 16.7052 16.7052 0
MAWP (kg/cm?) 19.040 19.0398 0.00105
MAPNC (kg/cm?) 22.993 22.9928 0.0008698
Stress (kg/cm?) 1285.670 1285.6667 0.0002566
Table 4.4: Comparison of Nozzle
PV Elite | Theoretical | Variation
Calculation | Calculation (%)
Thickness-cylindrical shell (mm) 8.2769 8.2769 0
Thickness-nozzle wall (mm) 2.2547 2.2547 0
Table 4.5: Comparison of Blind Flange
PV Elite | Theoretical | Variation
Calculation | Calculation (%)
Tangential Stress, operating (kg/cm?) 776.44 705.8952 9.086
Tangential Stress, seating (kg/cm?) 58.11 57.4122 1.20082
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Table 4.6: Comparison of Integral Weld Neck Flange
PV Elite | Theoretical | Variation
Calculation | Calculation (%)
Tangential Stress, operating (kg/cm?) 644.67 631.3529 2.06572
Tangential Stress, seating (kg/cm?) 413.86 408.972 1.18107
Longitudinal Hub Stress, operating (kg/cm?) 1382.35 1352.7071 | 2.14438
Longitudinal Hub Stress,seating (kg/cm?) 877.44 876.2441 1.2615
Radial Flange Stress, operating (kg/cm?) 37.33 36.5367 2.1251
Radial Flange Stress,seating (kg/cm?) 23.96 23.6674 1.2212
Table 4.7: Comparison of Tube sheet
PV Elite | Theoretical | Variation
Calculation | Calculation (%)
Shell Membrane Stress (kg/cm?) | 399.0044 398.9319 0.01821
Shell Bending Stress (kg/cm?) 123.3082 117.558 4.6632
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4.2 Finite Element Analysis

4.2.1 Finite Element Model

e Computer Program
The modelling is performed in PRO-E version 5,and analysis is performed using finite
element analysis computer program ANSYS version 11.

e Design Data

Table 4.8: Design Data

Design Data ASME SEC.VIII DIV-1 EDITION 2007 ADD 2009
TEMA (NINTH EDITION) CLASS R
SHELL SIDE CHANNEL SIDE
Process Fluid Propane Mixture Water
Design Pressure 17.4/19.038 10.6/10.656
Internal /MAWP (kg/cm?)
Design Temperature °C 120 65

e Material of Construction
Shell, RF Pad, Nozzle Neck : SA 516 GR 70
Flange : SA 350 GR LF2 CL1

e Material Properties

Table 4.9: Material Properties

Material Young’s | Poisson’s| Density, | Tensile Max.Allowable
Modulus,| Ratio Kg/m3 | Ultimate Stress, MPa
MPa Strength,MPa

SA 516 GR 70 195000 | 0.3 7850 485 138

SA 350 GR LF2 CL1

e Geometric Model
A 3D model of head to nozzle junction is considered with weld. The model comprises
intersections shell, head and nozzle.A geometric model is shown in figd.1] The dimen-

sions are as follows:
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ID of shell = 2180 mm
Thickness of shell = 18 mm
ID of nozzle = 573.6 mm

Thickness of nozzle = 18 mm

Figure 4.1: Geometric Model

e Finite Element Mesh

The characteristics of the elements used for finite element analysis as follows:
SOLID187 element is a higher order 3-D, 10-node element. SOLID187 has a quadratic
displacement behavior and is well suited to modeling irregular meshes (such as those
produced from various CAD/CAM systems). The element is defined by 10 nodes
having three degrees of freedom at each node: translations in the nodal x, y, and z
directions. The element has plasticity, hyperelasticity, creep, stress stiffening, large
deflection, and large strain capabilities. It also has mixed formulation capability for
simulating deformations of nearly incompressible elastoplastic materials, and fully

incompressible hyperelastic materials.
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3-D 10-Node Tetrahedral Structural Solid (Solid 187)

Type of element :

Total no. of elements in the model :38173
Total no.of nodes in the model :74737

Finite Element Meshing figd.2| is as follows:
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Figure 4.2: Finite Element Meshing
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e Mechanical Boundary Cond

the right and left periphery

)

stresses due to the structural loads

For evaluating the

of the shell are fixed and 10.6kg/cm? pressure is given inside and it is normal to the

shell inner diameter.

e Static Structural Analysis

A static analysis calculates the effects of steady loading conditions on a structure,

while ignoring inertia and damping effects, such as those caused by time-varying

loads. A static analysis can, however, include steady inertia loads (such as gravity

and rotational velocity), and time-varying loads that can be approximated as static
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equivalent loads (such as the static equivalent wind and seismic loads commonly de-
fined in many building codes). Static analysis determines the displacements, stresses,
strains, and forces in structures or components caused by loads that do not induce
significant inertia and damping effects. Steady loading and response conditions are
assumed; that is, the loads and the structure’s response are assumed to vary slowly
with respect to time. The types of loading that can be applied in a static analysis
include:

1.Externally applied forces and pressures

2.Steady-state inertial forces (such as gravity or rotational velocity)

3.Imposed (nonzero) displacements

4. Temperatures (for thermal strain)
According to that stresses are generated, von-mises stress figd.3] maximum principal

stress figll.4] and normal stress figd.5] are as follows:
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Figure 4.3: Von Mises Stress
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Figure 4.5: Normal Stress
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Results obtained from finite element analysis are shown in the following tableg4.10]

Table 4.10: FEA results

Stresses Obtained | Permissible
MPa MPa
Von-Mises 113.61 138
Max.Principal | 130.66 138
Normal 109.22 138

Stresses obtained from the static structural analysis are quite less than the permissible
limit.So the design and analysis of shell to nozzle junction of shell and tube type fixed
tube sheet heat exchanger is safe for the given working conditions.Also it is verified

that adopted procedure gives satisfactory results within the safe working limits.



Chapter 5

Conclusion and Future Scopes

5.1 Conclusion

e The calculation of the thickness,stresses etc. has been done by using ASME
code and PV Elite software. After comparing theoretical calculation and PV
Elite calculation, the variation of the thickness and stresses are much lower and

it is within the limit.

e The solid model of the shell to nozzle junction is prepared by considering weld
at the junction using PRO-E. The weak section of shell and tube type fixed
tube sheet heat exchanger i.e noozzle to shell junction is analyzed with finite

element analysis method using Ansys.

e Results obtained from theoretical calculations and analysis performed is within
the permissible limits and variations are not exceeding more than five percent-

age.

48
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5.2 Future Scopes

e Present work highlights about the complete static structural analysis of shell
to nozzle junction but the other junctions like shell to saddle and shell to head

can be analyzed.

e Work can also be extend to design and analysis of heat exchanger under external

loading conditions.

e Zick analysis of supported saddle can be done.



References

[1]

Mukherjee Rajiv,” Effectively Deign Shell and Tube Heat Exchangers”, American
Institute of Chemical Engineers,February 1998

Tubular Exchanger Manufacturers Association,Ninth Edition

Moss Dennis, Pressure Vessel Design Manual, Third Edition

Wolverine Tube Heat Transfer Databook

Wang Z.1.,Z.F .Sang,L..P.Xue,G.E.O.Widera,” Plastic limit loads of nozzles in cylin-
drical vessels under out-of-plane moment loading” ,International journel on pres-

sure vessel and piping 82 (2005) 638-648,February 2005

Sang Z.F,L.P.Xue,Y.J.Lin,G.E.O.Widera,” Limit and burst pressures for cylindri-
cal shell intersection with intermediate diameter ratio” ,International journel on

pressure vessel and piping 79 (2002) 341-349,March 2002

Skopinsky V.N,A.B.Smetankin,” Parametric study of reinforcement of pressure
vessel head with offset nozzle” International journel on pressure vessel and piping

80 (2003) 333-343,November 2002

Petrovic Aleksandar,” Stress analysis in cylindrical pressure vessels with loads ap-
plied on the free end of a nozzle” International journel on pressure vessel and

piping 78 (2001) 485-493,June 2001

50



REFERENCES o1

[9] Dekker C.J,H.J.Brink,” Nozzles on spheres with outward weld area under internal
pressure analysed by FEM and thin shell theory” International journel on pressure

vessel and piping 77 (2000) 399-415, May 2000.

[10] Bos H.J,C.J.Dekker,”Nozzles on external loade and internal pres-
sure” International journel on pressure vessel and piping 72 (1997) 1-18,February

1997

[11] The American Society of Mechanical Engineers,Section VII Division-1&2
Edition-2007, Addenda 2009



	Declaration
	Undertaking for Originality of the Work
	Certificate
	Acknowledgement
	Abstract
	List of Figures
	List of tables
	Nomenclatures
	Introduction
	Preliminary Remarks
	Objective
	Aim and Scope of Work
	Thesis organization

	Literature Review
	Classification of Shell and Tube Heat Exchanger
	Fixed Tube Sheet Heat Exchanger

	Parts of Heat Exchanger
	Shell
	Head
	Supports
	nozzles

	Basic Components of Shell and Tube Heat Exchanger

	Theoretical Calculation
	Classification of Stress
	Stress Applied
	Stress Categorizations

	Theoretical Calculations
	Internal Pressure Calculation (Channel/Tube Side)
	Internal Pressure Calculation(Shell Side)
	Stiffening Ring Calculation for Ring 1 and Ring 2
	Nozzle Calculation
	Blind Flange Calculation
	Integral Weld Neck Flange Calculation
	Tube Sheet Calculation
	PV Elite Model


	Results and Discussion
	Comparison of PV Elite and Theoretical Calculation
	Finite Element Analysis
	Finite Element Model


	Conclusion and Future Scopes
	Conclusion
	Future Scopes

	References

