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1

. . ABSTRACT .
DESIGN O% A WASTE HEAT EXCHANGER

Juspal S. Kandola ‘ \ ~
The material presented in this Major Technical Report covers

the detail design of a heat exchanger used for recovery of waste heat

energy from process exhaust flue gases.

Thermodynam1c and fluid flow calculations sizing thg waste
heat exchanger are presented fo11owed by an assessment of flow induced

tube vibrations using current ]1terature on the State of the Art.

Detaii'design of the pressure parts and supports'to the ASME
Boiler and Pressure Vessel Code Section VIII, Division 1 is inc]uﬁéd.
The design and analysis of Ancillary Piping to the Ref1nefy Piping

Code ANSI B 31.3 is also presented. Details of other aux111ary

\0

equipment such as the steam drum, gas inlet and outlet cones are g1ven.

in Appendices A and B.

A complete set of engineering drawings for the'entire waste

1

heat exchanger system is. included in Appendix C.
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. INTRODUCTION

\. - é b

insta1}t&’downstream from an existing fluid catalytic cracking unit in
"a Montreal Petroleum Refinery (FCIM)..\I?e schematic Tayout of the

equipment in the ove{d]l systéem iSJShowﬂfin Fig. 1.1.

- ' "The FCIM unit produces a flue gas flow rate of up to 200,800 1b/hr

£ r during continuors operation at temperatures Qf up to 1275°F. The pur-

-1

”!pose of the waste heat exchanger is

.

(1) cool gases to permit gas cleaning as requiredfpy the-Clean’

[} v . ) ‘ o R
. Air ACt of 1975, ) . l i ‘f‘\ ¥
’ 4
~ 1 K (2) ;@c111tate recovery of the catalyst, and N
L _ v ;L

(g)\tpe recovery of heat energy in form of steam.

The waste heat%exchanger (WHE) will cool the gases to about 460°F from

<

Ve <
the gas inlet a%gfsgeﬁtemperature of about 1250°F, and in the process,

Y
willl generate about 43,200 1b/hr of saturated steam at 155 psig.

&

>

! The waste heat exchanger and accessories are shown schematically

in ?ig. ]lZ.rThe flue gases from the FCIM unit enter the WHE through the

X
L 4

gas inlet at the top of theunit. The hot gases are cooled by paéﬁing

[ SR LR

/
over the coo11ng surface as they flow down the tubes and out through

c ( the gd@’out1et\§i:z;on to the e]ectrostatic precwpitator The

&

' ‘ / . feedwater is intMvduced into the steam drum. The boiler water
/ glows fr'om the steam drum through downcomer pipes into the NHE

o she]l. The water is heated bx,the flue gases and steam bubb]es are

1 / ‘ la, ‘ ' ]

4 v TR
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formed as it flows outside the tubes _and upwards inside the WHE shell.
The water and steam mixture exits }he WHE shell through riser pipes

and fiows‘into the steam drum where the steam is seperated from the water
and 1s'ava11;b1e for the refinery process use. The condensate plus —~
make up feedwater is circulated through the ﬂHE‘sygﬁem where the heat

pick up process js repeated continuously. .

S ¢
The engineering drawings for the various components are shown in’

Appendix C. 'The detail design of these components is described in this

report.

Thermal design and verification of adequate water c1rcu1at1on
through the WHE are covered in Chapter 2 which is fo1]owed by an

investigation of flow induced tube vibration in Chapter 3.

The detail design of the WHE pressure parts and supports is out-

1ined in*Chapter 4. The report continues with design by analysis of the

tube plates and tubes supports in Chapter 5. ;

-

The penultimate part of the report, Chapter 6, addresses 1tsglf

to the design and flexibility analysis of the piping assogiated with

k3

the WHE system.
¢ .
Finally the désign of the other major components such as the das

—

inlet and outlet conical sections and steam drum are presented in the: '

Appendices. . *

\ ‘ Q

One aim of any analysis is td.determine within reasonab]e
accuracy, values of the dependent variables for the g1ven values of
independent variables.: It seems largely a matter of style whlch vari-

ables we regard as independent. What we seek is a set of equations which




- . -

o oo v
have as'a consequence the bounding of whatever quantities we feel-are
significant.

It is apparent from above'that the. boundnéss of our solution is
- a measure of the thoroughness of ti)e *an:ﬂysis, but this does not imply
that the analysis is therefore exact. Our notation of'yyhat is exatt
seems to stem from an irtuitive knowledge of -a set of‘w'eﬂ-def-ined

- ph}si'cal phenomena. Reduction of a complex 'phenomenon to a set of
simpler, we]l-def'ine& pheno?nenor;,is igenerall_y\agreed td be the'cﬂief"

. ¥ ,
aim of analysis.

This means that a good analysis has two distinct characteristics:

« -
¢

. (i) it relies upon reducibility of complex problems to-
“"irreducible" familiar problems, .
(ii) the numerical results must bear good resemblance to the

size of. corresponding quantities &our\xd in actual physical situations.

The design of the waste heat exchanger as presented in this
,report reflects the significance of. the above concepts wh/ich demonstrates

the importance of good eng%neer‘ir;g judgement.

)
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Schematic Qutline of Waste Heat
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For Individual Component Drawi}igs
See Appendix C. o '
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General Fabricatidh and Performance Information

FIGURE G-3.2
HEAT \EXCHANGER SPECIFICATION SHEET

40 | Tube No. 470 00 2.5 in;Thk(Minwas (0,203 In.; Length3 6 , 2 GFL m;;n?{_s In. @us® A 60 AmE0=BmIs

1 [ Job No.
2 | Customer Montreaél REfinery Reference No.
3 | Address Proposal No.
4 | Plant Location  FCIM . Date Jan .80 Rev. ‘
5 | Service of Unit R - WHE itermNo. "
6 | Size 8 —6"dia x 37 '-6'Type (490 /Vert) Connected In_ Parallel  Series
7 | Surf/Unet (Gross/Et) 9118 , Sq Ft, Shells/Unt 1 Surf/Shell (Gross /Eff ) Sq_FL
8 PERFORMANCE OF ONE UNIT )
9 | Fluid Allocation e ____Sheliside Tube Side ©
10 | Fluid Name . . | water_ and Steam _____ |Exhaust Gases
© 1P Quantty, Tetar ) . 1186395 (+8333 Catalyst
12§ Vapor (In/Out) ) o B _ e R
13 liquid . 1.43 200
14 Steam _ —t 43 200 12)
15 Water .
16 Noncondensabie o 186 395 + 8,133
17 | Temparature (In Out) °F 23\9" 368 1250 450
18 | Specihc Gravity ' v L
19 | Viscosity, Liquld Cp _ R G
20 | Molecular Weight, Vagor ~ __—__ o -
21 | Malecular Weight, Noncondensat_)le "__ ~ 12 ,58___ . e
22 | Specihe Heat g+ 850 F Btu/tb *f 1 0.2773 Gas | 0.262 Catalyst
23 | Thermal Conductivity Blu Ft/Hr SqFt°f . L
24 Latent Heat o _ Btu’Lb @°F . _ N
25 | Inlet Pressure {n dr!]m_ Psig 155 __‘_15 3 -
26 | Velocity _ __Fts o 1100 at_Tube MQL
27 | Pressure ngp,‘lAlluw. ‘Cale. ~ Psi _ / o _
28 | Fopling Resistance (Min.) 0.002 0. 00‘0
29 | Heat Exchan&ed 43 092 O'OO ’ Btu/Hr; MTD (Corrected) ‘F
* 30 | Transfer Rate, Service 14,23 Clean 15,71 Btu/Hr Sq Ft *F
31 CONSTRUCTION OF ONE SHELL Skatch (Bundle/Norzla Orientation) .
32 Shell Side Tube Side
33 | Dasign/Tast Pressure Psig 180 s 270 40 / None MW ’ ggIEIQM
34 | Design Vempersture *F 650 650 / 14Q0
35 |-No. Passes per Shell 1 1 -
36 | Corrosidn Allowsnte In. 1/8 -
37 | Cannectlions in R.F., R.F, : )
8| .Sized Out | _" R,E. R.F. MW
39 Rating Intermed:ate b

41{ Tube Type  Seamles$ Material_ C .S, _S_A 192

42ishen 0 100.5. 00 1Q2  In | Shell Cover —_— (integ.) (Remov.)
43| Channel or Boone!  —— - .| Ehannei Cover C. S, Refra.c.tm:y ‘Lined (3)
44 Tubuhnl-ﬁiona'ry C S. SA S516_GR 70 Tubesheot-Floating e

45| Floating-Head Cover e Impingement Protection S S Egzn! I es

46| Batfles-Cross Type % Cut (Dram /Area) Spacing: c/c |9£; “ln.
47| Batfles-Long __ _Seal Type N
48 | Supports-Tube Th_r_eg C S _UBend __ Type
49| Bypass Seal Arrangement et . Tubt Tubesheet Jolm — _

50 | Expansion Joint e Type : m—

51 ] uv'-inlet Nozzle e Bundie Entrance — _ 8undle Exit —

52 ] Gaskets- Shell Side S,

S._Jacketed Asbestos  Tube Side §,S, O_JackgtgdAs gg;gs

53 -Floating Head =~ —— _ .

S4 | Code Rccwlremen!s éSME.SEC.thD S[III j]l ] L e TEMA Class R

55 | Weight/Shell Filled with Water 321 000 Bundle Lb
56| Remarks N N I

Y1 Ver;ical Arrangement Thermosyphon WH.E ‘Gas Flow Dowm.

58((2) Saturated

59 Refractory Lined Gas Inlet and Outlet Cones. ’ ) -
60{(4) Conical Tubesheet to Avoid Vapour Blanketting.
61{(5) Tubeside Hydrotést was Replaced by Full Radiography of all Butt Weld,ks

Steam From Steam Drum.

STANDARDS OF TUBULAR EXCHANGER MANUFACTURERS ASSOCIATION

TABLE 1.1
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CHAPTER 2 A

THERMAL DESIGN AND VERIFICATION OF

ADEQUATE WATER CINCULATION . : »

2.1 HEAT TRANSFER CALCULATIONS

The basic design information is provided on the data sheet ﬁhown
in Table 1.,1. Standard data sheets like this are used to.convey
customer's requirements for proposed heat exchangers to fabricators.
This data\fheet specifies all process conditions, fouling factors and

8]

basic data for the ‘thermal and mechanical design of the unit,
2.1.1 Heat Balance

Heat energy available from flue gases and the catalyst which is

entrained in the gas stream is calculated using the following equation:

n

Heat energy from flue gas = 186 395 x 0.2773(1250 - 450)

41 349 866 Btu/hr,

A

8 333 x 0.262(1250 - 450)

Heat énergy from catalyst
C /

1746 600 Btu/hr. ~

. 4
Qrotal = 43 096 466 Btu/hr. .

)

Water-steam

-~
L]

Qs

u

Mg(hg - he) - o ‘\ 3
43.200(1195.5 - 198) = 43 092 000 Btu/hr.

u
[ ]

Py
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2.1.2 Heat Transfer Coefficients

Reference [1]* "Heat Transfer and Draught Loss in

of Shell Boilers", gives the following equation for heat

tubes: . ;
- U = 2 re® Y Btusne fr2oF
where
a =_constant = (0,022
D.= inside tube diameter = 2;2_%?9;1ﬂ.= 0.1717 ft-

T. = bulk gas temperature

Ts + (Tl - Ts) - (TZ - Ts) .
T, =T

Log S

»

ok
‘o ?\s
the-Tube Banks

transfer inside

Tg = Tube wall temperature = 368 + 18 = 386°F
T, = 1250°F T, = 450°F
T = 38§_+ (1250 - 386) - (450 - 386) _ 456°F
9 Lo 1250 - 386
) 9% 450 - 386
LN
K = thermél‘;onductivity of gas at bulk gas temperature
T < Btu ‘
g’ ft sec°F
- Btu .
= 0.0215 p o ¥
= - Btu
5.972 x 10 m
{
Re = Reynolds Number = %?.
G = Mass velocity of gas, —-12—3' ‘ .
sec ft

/’

report. .

>

*Number in brackets refer to list of references given at the end of the

- -
RN v e .
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S o With 470 - 2.5 "in. outside diameter tubes:

Gas flow area = 470 x g-x'o.wn2 = 10.882 ft°

-

194 728
3600 x 10.882

G = = 4.9703 1b/sec ft?

absolute viscosity at bulk gas temperature

=
n

1]

0.062 1b/hr ft = 1.7222 x 10~° 1b/sec ft

_ DG _ 0.1717 x 4.9703
H 1.7222 x107°.

= 4,955 x 10

x
m
i

“i

. 0.022 x 5.972 x 1075 x_(4.955 x 10*)9-8
RYiY

ak
1t

0.7652 x 10-° x 5702.32

0.004364 Btu/sec ft’°F

15.71 Btu/Hr ft2°F

With gas flow under pressure the heat transfer will be enhanced
by about 4 to 5%. Reference [1] does not take into account any fouling
factors. Conservative]j we can allow for these and take Uc .to be gas

side film coefficient.' Then the resistances are as follows:

]
o
o
O
n

Water side fouling resistance =

1]
o
=)
o
s

Gas side fouling resistance

Metal resistance = %; = QT%E X 58 = Q.000641'

,\. ) ] .
E Gas side film resistance = ]5]7i = (.06365 ,

Tota! resistance = 0.07029

Overall heat transfer coefficient including fouling and tube
metal resistance = U

N 1 = 20 .
U= 57029 14.53 Btu/hr ft<°F

‘ . N
sl b i, i p e o St e m . e n e —————— € meepaees S - PR
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2.1.3 ﬁequired Heating Surface

Q =U.A ATy |
Logarithmic temperature difference = ATy '
ar 28178 (1250 - 368) - (450 - 368) N,
L 8 Log. (1220 388,
Loge 5- '9e ‘250 - 368
2 -
= 337°F
‘A S
REQUIRED ~ U AT(y ,
_ 43 096 466 _,
* 1423 % 337 - 8983\

" “Actual heating surface provided = 9118 ft2 with 470 - 24 in °/D
x 6 BNG tuBes. % ' '

2.2 GAS SIDE PRESSUW& DROP

The gas side pressure drop through the waste heat exchanger

consists of three components as outlined in reference [1].

AP = AP, - AP, + LyoP,

where
4 #AP = totaT\d‘aught loss in w.g. .
LT = tube length in feet .
= 37.75 ft including ferrules - §
Aﬁl = pressure drop due to contraction at ;ntry'to tube bank

3 in. WG from Fig. 5, Ref. [1]

AP, = pressure rise due to reduction in velocity down tube
including allowance for the increase in flow area

=1.1 in WG from Mig. 6, Ref. [1].

e
!m-:um- B . -
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1

AP3\= pressure drop due to friction

]

~a
0.37 in WG /ft run . o _
,“"u, ? / ™ \ » L
: ?F . AP 3-1.1+37.75 x 0.37
&

; . 15.87 in WG.

~
]

This is acceptable for process conditionscunder consideration.

- 2.3 ASSESSMENT OF TUBE METAL TEMPERATURE
3 \ b
In Chapter 5 we will require a realistic estimate of the differ-

ential temperature between the tube wall and the cgd]er WHE shell.’ Tbe
tubg temperature is required for the mechanical'designvgf the tubeplates
and to check that sufficient number of tube support plates are provided
to avoid tube buckling due to compressive tube stresses induced by’

djfferential thermal expansion between tubes and the shell.

The waste heat exchanger shell between tubeplates, inclgdiﬁg
support rings and siiffneers, will be comp]é;e]y insulated with 4 in, . ’
, ‘ thick insulation. The top tubeplate will be”Tined with 7 in. of o

refractory backed with 2 in. of insultation. The air film heat transfer
coefficient from the surface of insulation to the ambient air will be
“about 2 Btu/hr.ft? °F, The heating and cooling of water in thé QHE shell
will always be verfmaaaduél, never ex:eeding a maximum rat of\about N
J 50°F per hour. Under these conditions, with .good circulagiinﬁ the WHE -
shell temperature will very closely approach the sdturation temperatdre‘.

of the water (or water-steam mixture) inside the shell.

% . .7 The maximum héat input at gas inlet temperature of-1250°F with

water steam mixture temperature of 368°F is ' - ‘ !

-

(g) s hAT = 16.5 x (1250 - 368) = 14553 Btu ‘ . .
= = 1. ) -
A max inlet £ ‘ hr ftZ

)

]
[EPRERTE

£ 4

3

} s
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~ Btu .
here hy, = 16.5 ——————  includes an allowance for the
Mnere T hr Ft2 °F

fact that the gases are under pressure.

9 -1 -
(A 16.5 (1250+450)_368 -" 7953 _Btu

)average hr ft?

. Figures 2.1 and 2.2 are typical boiling curves of water from pools

taken from references (3] and [2] respectively.—These curves show that

Atw, the difference between the tube wall and t 'vapounW%éhperatures

for the above two conditions ares—— —— __

1. At maximum heat flux of 14553 h—@E‘i—

@ r ft?
Atw = 25°F
Btu |
2. At average heat flux of 7953 —— =
hr ft2 . »
At = 10°F
W

Thus for the §pec1fied operating ®onditon the maximum«Atw wf]l

" . be about 25°F. The average tube thickness is 0.22 in for 23"°/D x 6
BWG THKtubes. With the specified fouling factorg\the temperature
!

that th ge tube wall temperature will be about 20°F above water

temperature. This is also ih good agreement with .reference [1]. For

conservative mechanical design, however, we will take the temperature

differential between tubes and shzﬁﬂ to be 45%F whea calculating tube

[

stresses in Chapte{ 5. o

2.4 VERIFICATION OF ADEQUATE WATER CIRCULATION
‘ > ) ' -
Feed water is introduced into the WHE system at thexggggm drum

at a temperature of 230°F. In the steam drum 'cold' feed water mixes

with steam and saturated water. The resulting mixture in the steam

1 . ‘ ‘_
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¢ . drum is at saturation temperature corresponding to the operating -
' r'd '
L pressure in the stear drum. The WHE system flow pircuits are shown in

Fig. 2.3. -The downcoflers, which ar‘“_e not‘vheated, connett the steam drum

to the bottom of the-vertical waste heat exchanger, which acts as heated -

riser.. Figure.2.4 shows the steam water density differential available /

AN - for natural circulation. In a natural circulation system, the cir-
culation will increﬁfe‘/with increased heat, input (and increased steam
a . oytput) until a maximum value is reached, after which further increase

8 -t in heat asbsorption will result in a decrease in fldw. The general

v

-

. form of the curve is shown in Fig. 2.5. Two opposind forces are present.
The increase in flow resuljc§ from the increase in the difference of °
‘ the densities of-tfd\respective fluids in downcomers and risers caused

by the increase in heat absorption. However, at the same time the

. friction and 1'mpaft pressure losses in both downcomers and risers are

bincrédsing. When the rate of increase in these losses caused primarily $
. : v T e ..
~ Py .‘.t.:he increase in specific volume of steam and water mixture in the ~

’ : > ' . .
" 1/r1'ser circuits, becomes greater than the gain from increase in available

14

-

3

>

head due to the denstty differences, the flow rate will begin to drop

—until an equilibrium is reached.
-

™ A proper objective, therefore, is always to design all the

. . .7 Gircuits tcyp/erate in the region of the rising part of the curve. When

the design is Timited to the rising portion of the circulat%{?ﬁ curve, a ’
o :

N

X \ /?’coriditi’onsnand even the inability to forecast precisely the actual
: ’ , ' . - C .
o ", -conditions over the operating 1lifetime.

A " L . .
\,\ + . . ' natural circu1z;'on boiler tends to be self-compensating for the numerous:

variat'giomg, in € t-absorption surface cleanliness, nonuniform heating
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- i a— b i bt e v o e e v e

».

i e——————————

pove

AR B e 3 T b

B
IR~ SR Y

[



R e R S

- 17 - R
For the waste heat exchanger circuit, shown in Fig. 2.3, 'the basic
relationsﬁips noted will be used to demonstrate the principles of natural

circulation, simple in conception but somewhat tedious in application.

For stabilized flow (system in equilibrium), the mass flow in

~

the downcomer must equal the mass flow in the riser. Also, the net

pressure at 'A' (Fig. 2.3) of the fluid in the downcomer must be balanced

»
. by net pressure of fluid in the riser, that is, the net head, Hd’ in

~ the downcomer must equal the net head, Hr in the riser. This is

illustrated i‘n Fig. 2.6, The state 6f equilibrium is represented by

the point at the intersection’of the curves.

In mostya{tica] desicjn applications an gppyximate verification
of adequate cooling water circulation is sufficient. The following
/
calculations are a conservative estimate of the water circulation in

the waste heat exchanger system.

2.4.1 (Available Head for Circulation

With reference to Fig. 2.3 we can state the avaf]ab]e head for"y

L

water circulation is H

r—“""?"
H = L, (p,-0,) + L, (p-0,)

where L and L, are heights “as defined in Fig. 2.3.
p, to p, are the densities of water or water steam mixture =

being circulated at points indicated.

In the above expression equivalent of L, below point 3 has been
neglected to allow for pressure drop in ste1a/rp»¢drum and yield conservative

analysis. ot
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" Pressure Losses

Flow Equilibrium
Condition

PRESSURE IN PSI

Available
Head »

o]
"

25,

Mass Flow Rate or Circulation Rate

Fig. 2.6: Available Head and Pressure Losses Equilibrium for
Specified Waste Heat Exchanger for COnstang\Output
of 43 .200 1b/hr. ' \ ’
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Un&erlnorma1 operating conditions-the pressure at'ggjnt 1T will

be 156 psig.‘»working from this point we can calculate pressures,

] )

specific volumes and/éensities at all other points. As indicated (see

Fig. 2.6) the calculations for the equilibrium flow condition requires

a trial and error solution. We will assume a recircu]atiop rate of 25.

That is for every pound of steam generated in the WHE there will be an
additional 24 1bs of water recirculated through the system. Then we .

have at point 4:

,Pu Pl + Lz bu

. 8.08 f -
= 156 + 9.25 x Ty
= 156.5 psig = 171.2 psia
; ‘ ?
- o ovay It . ft?
. Vf'— 0.0182 5Ty , Vg = 2,657 5
= . I I
vV, = (]-x).Vf + ng where X = g =g
2 ] i £t3
P V“ = oF x 0.0.0182 + 5E X 2.657 =0.1237 T
I LL
o, =y T 8.081 2
for point 3 : .

]
Vé ? (vz * Vu)

M

Properties at various points are tabulated in Table 1.

H o= L(p, - p,) +L,(p, - buy

= 10.68 (54.95 - 14.08) + 9.25 (54.95 - 8.081)
436.49 + 433.54 = 870.03 psf )

E} 6.042 psi with CR = 25 |

o B AN A Taa

ATy
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TABLE 2.1 i
LOCATION POINT POINT _ | POINT POIN
PROPERTY . 1 2 3 e 4.
Gauge pressure psig 156 - 173.6 — 156.5
Absolute pressure psia 170.7 188.3 — 171.2
Vf specific volume liquid "0.0182 | 0.0183 — 0.0182
vg specific volume vapour 2.660 | 2.430 —W 2.657
i .
;Vm specific volume ft3/1b 0.0182 | 0.0183 0.071 | 0.1237
\Pm specific density 1b/ft3 54,95 65.65 14.08 8.081
. ' ¥4

y

Properties of water and steam and water mixture at various
identified in"Fig. 2.3.

locations in the WHE as

o o L

[N,




- 21 - i

\\\\ ’ ’
\2.4.2 Pressure Losses in WHE Circuits

Having calculated the available head with recirculation rate of

25, next step is to calculate the pressure drop through the WHE system

1

with *this recirculation rate.

e

Steam generated in shell = M

_eQ _ _ 43 096 466

M = " Ties5-3g6T = 50 678 1b/hr

with CR = 25 total mass being circulated is 25 x 50:678 = 1 266 950 1b/hr,

The pressure losses in the piping were calculated usiﬁg the

)

formulae listed below:

£ 1., The loss due to friction AP, is obtained from
, LoV s\
- T (100 ooo) 16/1n
where ' -
f = friction factor from reference [4] using Reynolds Number (Re).
. G d;
- FARY
.G = mass flow based on pipe internal diameter 1b
. . . . hr ft?
di = internal diameter ---------- in. .
u = mean absolute viscoéity -~- 1b/hr ft
L = pipe length including developed length of bends ----- ft
- V = mean specific volume ------ ft3/1b

2. The loss\due to bends APB in addition to the friction loss

through the developed length is obtained from
2

SR (68 N\ 1b/in?
g = Fp 12 (100 ooo) | == 1b/in®

BN . e s e A . et S0\ AW em

P O ]

-
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Qhere FB = bend factor
, o
= 0.5 for 90° elbow ' "*“

= 0.5 for 45° elbowzﬂnc1ud1ng'the increase. for

close location to another bend.

-

. 3. Loss due to inlet and outlet APS is obtained from ¥

V G 2
= pens— - —— T . ) ] 2
. APS 1.5 'V (100 000) 1b/1in
‘a .
4, Thg loss pue to a contraction in cross section for con-

figuration used is obtained from

7 '
w : y G . L2,
. APC 0.5 (1 - RA) 7 (TGO—O_Oﬁ) ————— 1b/in

where RA = ratio of the smaller area to the larger area.

5. The loss due to an enlargement in cross section for con-

figuration used is obtained from

1

_ ') G s 2
=080 -R) 17 (ibo ﬁbo) 1b/1n

The shell-side pressure o #is calculated using the following eduation

from Kern reference [2]:

!

g (N+1) cmmmmmemme psi

10 .
5.22 x 10 Do S ¢

_fG6.20D
ST —

where .GS was. based on ag = '%%Téf%i£i>
| ¢ =1 in
B =7'-6"= 90 in ' A , o
Pr = 3.51n "' , . ;
D = 100.5 in | ‘ o
D = 4 x free area

~—— , “e  wetted perimeter

o
21
>
3
£
i

B st
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. . ‘
D = 8.375 ft ‘
> | T 2 T 2.5 : ; \
. = = - . - -— M = 2 '
2 free area = ap = 7 (8.375) 470 3 (ﬂﬁfd 39.06 ft? 3
. . ql-;
vetted perineter = 470 x x 52+ 8.375 o 5 .
- o p i . ) s .
= 307.61 + 26.31 | . I
- = 333.9 ft ,
) . = \ i
: A De '0.468 ft .
' ¢S =] ya
. P 14248 - <nacifi :
'S . €5 4 0.23 = specific gravity
' g1 =221 12, 3 L y
N B 12 7 7.5 - ’
2 ! .
wpg, = LT X JOBII X 8IB XS _ g o5y poj say apg, = 0.15 psi
5.22x 10 x0.468x0.2‘3 x 1 b
. Y '
. Thk pressure losses in the WHE system are ;ummarized in Table 2.2.

From Table 2.2 it can be seen that with circulation rate of 25 available
head of 6.042 psi is very close to total pressure losses in the WHE
circuits. Hence WHE will have'CR of at least 25 thus ensuring adequate

cooling water supply to the heating surfaces.

~

-
ol ki o ©
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TABLE 2.2

-

PRESSURE
ITEM DROP PSI
Downcomers: 6 - 6" STD Wall Pipes
Entry and Exit APS 0.337
Friction in Pipes APe 0.3442
Bend Loss x APB 0.2976
Changes in Sections AP, 0.0210
ar
Risers: 8 - 6" STD Wall Pipes
Entry and Exit ﬁPS 1.264
Friction in Pipes APp 0.8587
4Bends APB 1.914
Changes in Sections APg 00773
Shell 3 AP'Sh 0.15
Steam Drum Assumed Q 0.75
Total Pressure Losses ° 6.014
Available Head From Table 2.1 6.042 psi

Summary of pressure losses in WHE

circuits with recirculation rate
of 25.

i
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" considered as alternatives.
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I " CHAPTER 3

k ASSESSMENT OF FLOW INDUCED TUBE VIBRATION

.

In the operation of tubular heat exchapgers; vibration of the

——

’ tubeé‘can be induced by fluid flowing over the tube array either in cross

flow or in axial flow.

L}
.

- Tubes in cross flow have worn through and failed due to oscillatory
contacts with adjacent tubes [5,6] or with support bars [7]. Fatfigue
failures of tubes at clamping locations have also been reported [8]:

Tubes experiehging axial flow are also subject to flow induced vibration’
[9,10]. wpgle some of the excitation can be attributed strictly to the
fluid flowing parallel to thektubes, Paidousis [10]:suggests that the
‘cross flow ebmponenfs tﬁat also exist 1n'any real dxial f]oﬁwsituation
c&n have sfgnificant effect on vibration amplitude. Therefore cross
flow excitation mechanisms are usualﬁy the dgminant c&uée of tube

vibration. -

The objective of a.manufacturer of heat exchange equipment is to
provide’gssurance that a given design wi11\pec£ofﬁ/}el{5b1y. The approach
presented below is a method which will permit us to accomplish this

objective. There certainly are other valid approaches which could be

-

3.1 APPROACH TO ANALYSIS

‘i? Failure of a heat exchahger from tube vibration can result from

L4

. ¢ [ .
three basic mechanisms. The first is mechanical wear of the tube caused

b} ruEEﬁng at the support or impacting with adjacent tubes. The thinning’

of the tube wall can result 1n§rupture from operating pressure. The -
‘ P 5

h

e

X
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second mechanism, fretting corrosion (or fretting) is a result of

] e N
mechanical wear and mdtion which is so 1imited that the corrosion debris
is not removed.from the area of contact“ahd meta]]urgica]]y accéTenates

the attack on the tube wall. The third mechan1sm, fat1gue cracklng, can

. n
%,
o

occur if bending stresses due to vibration are high.

. »o
The two causes of these mechanisms are characterized "as“follows: . .
: . w
1. Relative motion.
; 2. Environmental effects. , : o .
Re]at1ve motion is not a concern 1f (a) the tubes do not impact, -
~ (b) the support does not abrade the tube and (c) high bending stresses i
) do not occur. MWhat emerges here is that all these "if's" relate 'to
' design and fabrication factors. ’ -
/; Concurrently, env1ronmenta1 effects are not a problem if, (a) the

effects ‘of coolant purity, tempetature, f]ow velocity, and phys1ca1
characteristics’ are known, and (b) the effects of the spec1f1@d material ! e

such as surface finish, hardness, surface composition and other material
IS

P

¢ - A
characteristics are known. These again are large "if's" and require

experiments and proof tests for respﬂution. bg
- : : 3

‘ In the design of this WHE, the use of too many baffles or siypport
plates impedes the flow of water due to natural ct;cu1ation. Yet some
support plates were necessary to f3c111tate fabr1cat10n of the unit, the

initial d1mens1ons of which were arb1tar11y selected. Following are ’

good design guidelines: .

(a) If possibie, e]imindte_higtheiocitﬁes (using bafftes,
; - 3 !
distributors, etc.). - . f

{
H -
J

1 ‘ , ) ’ - “ ' M ./




3.2 CALCULATION OF NATURAL FREQUENCIES OF TUBES

e «
¢ 27"’ RS S

-
- L3
' 4 g

- T

(b) “If ‘possible, direct qpe flow parallel to tubes aJ Teast in

vthe v1c1nﬁty of the high velocity head

. :
o L) Avoid long limber runs of %ubes

s

(d) Raase the natura] frequency of tubes as’ much as poss1b1e

"(by emp]oy1ng the bars, clips, etc. addition to tube supports).

(e) Tube supports that c]amp dhto the tubes W1tﬁrmin1ma4

‘
i

cTearances are des1;able fromhv1brat10n viewpoint but may not always -

be”acceptable for flow considératfons. . - .

We will now quantitatively assess f{ow induced vibrations.

¥

P

The natural frequencieénof the tubes will be calculated using

the procedure outlined in the TEMA STQQDARDS (11].

The tubes are assumed to be pinned or hinfed at the support plate.

and clamped at extreme ends at the tube plates as shown in Figs. 3.1 and

3.2. | ‘ o
The tube natural frequency, fn, in Hertz, is given by

. e L 336C ‘IEI :

? A' N‘O.lz , w O»Mﬂ
where C. = mode constant as shown in Figs 3.1 and 3.2
N :
2 = span length, inche% o TN
‘E = modulus of elasticity [
b = 7.6 x 10° psi

I = momwgt of jnertia = 0.9628 in*

Wy = weight of empty tube
= 5,56 1b/ft
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. . . )
3 . B }
~ r
. - IS
v * y

¢ = weight of fluid inside. tube

= 0.00545 p d;2. / B LR
= 0,00545 x 0.08598 x 2.894%, . 7 -
= 0.0021 1b/ft

‘ N 4 a
fo = weight of fluid.displaced by tube S

0.00545 do?” N

X
|

-
]

, T A
for ‘copservative assessment

8 . ’ . ., / V' -
54.95 1b/ft? / )
density of water ‘ -

Weo 2 0.00545 x 54.95 x 2.52 o

use p,

|

- = 1.872 1b/ft
M = addeq mass coefficient =’2126
“ W = 5.56+0.0021 +2.26 x 1.872 .
- 9.793 1b/ft

do' = diameter of tube, inches:

First,mode natural frequency for the two sPpan %ﬁ{bgs as shown in Fig.3.1.

¢ . 3.36 x 49.50. ~ /77 600 000 x 0.9628 R
_ Ni 223'52 9.793 '

>
= 5.5 Hz

[N

‘ " ~Second mode natural frequency for the two span tubes ' ‘ 3
L e o €36 x 72,36 7 6000 000 x 0.9628 . -

N2 223.52 9.793

1

8.02 Hz

Now consider the fubes with two support plates, as shown in'Fig. 3.2.
The solution is a conservative approximation which will provide lower

estimdte of the actual natural frequencies. >

s et s ST m e

-
v
L] - » °
. .

B T ey —
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3 - B ) . W
', -
\ . Pinned or Hinged .
’ N Tube Support Plate |, g/
N 1} M ;
3 ' - -
N 1 ~ ; Tube Plate ' K <
-, Tube Plate § L 7 Clamped - |
: + Clamped ‘ (
- &=2235 |  2f23.8 , ' ° ,
h |‘ 1 3
. , Fig. 3.1: Two Span Tubes
’ C = 49.59 For Firgt Mode
L C = 72.36 For Second Mode
.. R ' 5
v ;
4 A
4 y’
‘4 L, . b
' 4 ] l 5 . Tube Plate
Tube Plate j : - - . ; ¢lamped
/ ;
At'v ZP ‘ % . 4 o
‘ . |
133.5" 2= 180" | 133.5" ' o :
: i i I b : - .
, " Fig. 3.2:" Three Span Tubes '
) C = 40.52 For First Mode
€ =+59.,56 For Second Mode
' T . : by
\ & 7
\ . (
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3.36 x 40.52 27 600 000 x 0.9628 ) \
N1 ~ 1802 9.793

—h
4

6.92 Hz S _ " .

£ 3.36 x 59.26/ 27 600 000 x 0.9628
N2 = 1802 9.793

10.18 Hz

3.3 ESTIMATE OF FLOW VELOCITIES

For the purpose of vibration analysis-we will use a recirculation
rate of 30 to obtain a conservative estimate of the flow velocities.
Then at exchanger inlet we have liquid flow at point A, Fig. 2.3.

3
Specific volume at A = Vy = 0.0182 {%

d

Density at A = py = 54.95 ft3/1b

Flow velocity, U, parallel to tubes is L

RM v,
U = —> 3600
: a7
. ﬂs = 50 678 1b/hr of steam from Para. 2.4.2 .~
Tt
R = 30

| af= free flow area parallel to tubes

"= 39,06 ft? from Para. 2.4.2.

_ 30 x50678 . 0.018 _ ft - :
Ua® =306 X o0 - 0197gec ‘ , -

i

Flow velocity normal. to tubes Uy, is to be based on the minimum

shell side or bundle cross flow area, ag which is given by

, - Ipxc's ‘
s Prx 144 _ . .

P




3] -
where: ID = 106.5 in : ¥
Cc' = PT -d=23.5-2.5=1.01n
5 =90 in ‘
=" : N
PT 3.5 1n’

- 100.5 x 1 x90 )
8 * T35 X T4g s 17.98 ftl :

To obtain conservative estimate velocity assume all flow is cross flow

then

30 x 50 678 x 0.0182 _ it
Una = =77.95 x 3600 = 0.43 5%

-

Consider now the two phase flow. The specific volume of steam

and water mixture leaving WHE is vout'

29 Y _ ft?
vou} = 35 X 0.0182 + 35 X 2.616 = 0.1048 1.
- 3
Pout = 9-543 Tb/ft
v 1 (g )
average , 2 out in’
= 5 (0.0182 + 0.1048)
= 0,0615 ft/1p
?gverage = }6.26‘1b/ft . !

Average flow velocity parallel to tubes - two phase

_ 30 x 50678 _ 0.0615

: UP . 3906 X 3600 ‘ = (.665 ft/sec
Average‘croés flow velocity - two phase maximum )
: ~
: ' - 30.%80678  0.0615 _ ' , |
e ‘ UN “17.95 X 3600 . = 1,446 ft/sec

S B v g -~ S L - e

PR
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Twa phase-velocity rear waste heat exchanger outlet

A
0.1048 _

- 30 x 50678 = 1.133 ft/seg

p 39.06 * 3600

u

The cross flow veloéity near the WHE outlet will be adjusted to
“allow for the steam-water mixture exiting around the WHE periphery.

The flow area will be corrected to allow for the actual configuration.

1

Say flow area 2 a = 2 x17.95

f

35.90 ft?

_ 30 x 50678  0.1048 o
35.90 3600 : L

<

1.23 ft/sec

3.4 VIBRATION EXCITATION MECHANISMS
e : ’
Generally in cross flow, we consider three basic flow-induced

vibration excitation mechanisms, namely:

1. Periodic wg&: shedding.
2. Fluidelastic instability.

3. Random excitation due to flow turbulence.
k2

£

The last two mechanisms have been observed in bath 1iquid‘and‘tﬁb-phase ’
cross flow. Periodic wake shedding resonance is possible in 1iquid flow
but has not been observed in twg;gpasé flow. Either jt does not ét;st or

“ . C
it is dominated by the response to random turbulence. ¢

We will now -investigate these flow induced vibration excitation

-

mechanisms. i -

‘

3.4.1 Periodic Wake Shedding /*f“

Periodic wake shedding would generate periodfc forces in tube:

. bd‘f]es. The periodic formation of vortices downstream of an ig%late

-

3

R

o it
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cﬁinder is a weSgrunderstood phenomena called Karman Vortex Shedding.
What happens in ;:lose,ly packed bundles of tubes is not soswell under- -
stood. Vortex shedding is possible but should be mﬁcha‘%ﬁected by the
close proximity of adjaceﬁt»aﬁd particularly downstream tut?es. Buffeting
‘ is also possible as a tul;e .may be su‘bjected to periodic forces due to
the wake shed by an upstream tube. .Whatever the mechanism, if the wake
shedding frequency coincides with thé ith natural frequency of the tube,
resonance may occur in the <th mode. This may be a problem if the
vibration response is large enough to control the mechanism of periodic
wake shedding. Then the periodic forces becorﬁe spatially covrrelated to

the mode shape. This phenomenon will be considered in the vibration

“analysis:
) .
The frequency, f, of the forcing function is given by
.. St Kv v -
- d
0
where §t = Strouhal Number
= 0.35 for Ry = 95 000
' Xy = 1.4 _
conservative
XL = 1.4 e ,

Kv V= maximum cross flow \)é]ocity

1.446 ft/sec

(=9
#

a o = tube dianeter = gT_2_5_ = 0.2083 ft

. 0.35 x 1.446 _
f = =F5m— = 2-43Hz

~2083
f _ 2.43 ’ ‘
L= 2% s 0442 C e .
Ty~ 55 : o | :
- y
{%\. -
¥
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This is considered to be acceptable.
Magnitude of the forcing function

2
Vo

F's = leag A

S~

CL = lift coefficient = 1
£ -1 x16.25 x 1.446> 2.5
s 2 x 32.2 X712

0.11 1b/ft -

™

~J Maximum dynamic deflection at resonance is

KF . %
X = ..__S.z / ) ’

Mot ' : O
t = damping factor

]

0.081 Pettigrew et al, [20]

14

. ' . \ ‘
Magnification factor K = &+
X, \

-

R =Rz

* at resonance w= ®

n
S
K= pe = 617 |
e 6.07x0.01 . Ibf ft o [w 32.2 ft]
s ! 2 -
' 9.793 (21 x 5.5  ft o TT67'S?

0.90187 ft = 0.0224 in

Hence the deflection is negligible. The tube stress corre;honding

to this deflection is only 220 psi which is also negligtble. The fatigue

\.

) _‘A‘u

-

endurance limit of the tube material is about 11700 psi.

- #

.

)
%
-4
%
%‘
g
.
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3.4.2 Fluidelastic Excitation " {

- ' | - Fluidelastic instabilities are possible in a tube bundle subjected
to cross flow when the interaction between the motions of the individual
tubes is such that it results in f1uid~forte components that are both ©
proportional to tube displacements and in-phase with tube velocities.
In;tab{11ty occurs whén during one vibration cyc]e'the»energy absorbed

from the fluid forces exceeds the\energy dissipated by damping.

3 [y
N

For tube bundles subjected to uniform flow over their entire

1engtﬁ the following equation 3pp1iesf -r
—-l-J_~ = K 06
D cYon?

»

where U = reference gap velocities as calculated above A% 3. 3

fN = natural frequency
H

D = tube outside diameter - §‘
= 0.2083 ft _

K. = Connors Number which must be less than 3.3 .for safe design )

§ 3 :

Logarthmic~Decrement

Mo = mass per unit length = 24%§§-= 0.82 1b/in ( e

p = fluid density -

d_ = tube diameter
Cy o

i
;
i
{
H
.
.

C& =" viscous damping coefficient
U , } 'dc Cn .
! . C_= normalized viscous damping coefficient *

= 400 g%% for water = 1400 é%%;- for two-phase mixtures

.
™~




- 36 -

|
_ Consider first the liquid flow
i B 25.4
Cd = doCn = 2.5 x 1000 x 400
= kg _ 1b
25.4 SHM 1.41 in sec
5 = : )
, ZMOfN -
. 1.4 ; 1 Ib in sec
2 x 0.8 © 5.5 in sec 1
= 0.157
, ) X : Moé
L. Critical U= f, D K. qf——
N c pDZ

%

5.5 x 2]_.2@)( 3.3 JO.S’Z x 0,157 x 1728
54,95 x 2.5?%

5.5 x %425 X 2.66
= 3.04_ft/sec

! ,
Ratio SCRIT _ 3.04

= = 7.08>1
; UACT 0-43 OK ~
Now consider two-phase flow
= . 2.5 x 25.4
Cd = d0 Cn e TR 1400
- kg [2.21b 1M 1 ft
h . "8Iy [1 kg | |32@1 P |12
. - 1b
k 4.96 n set
N T 4.96 = 0.55 ¥
2M iy ‘2 x 0.82 x 5.5 :

PRy Lm‘“

L d

N '.-.’;Q&-r "&&:‘ W b awsiere e Ea

e



- 37 - - s

Critigal U= 5.5 x 2 x 3.3 § LEEXLXJTe8 - '
U, = 1847 Ft/sec

S U 107 -

Ratio U‘; = m = 7.24 > 0K ,

3.4.3 Random Turbulence

Turbulént buffeting is another mec\hanism sometimes considered in

tube vjbratiorr analysis. P.R. Owens [21] "developed a criterion for

predicting damaging vibration by this mechanism using the f“o]lowing co T \
equation: : ) ' ‘
fL l ‘= .g 2 . . -
T 730 (]'T) +0.28 - u .
where f = frequency at which most energetic eddjes encounter
) tubes, Hz | .
L = Tlongitudinal spacing between tubes, ft_
U = velocity between tubes, ft/sec
T = transverse spacing between tubes, ft
d = tube diameter, ft
* = i g.
Lt T) ( T) +0.28 \

\ . ‘ . :
=%“—5‘ix12x?—2§x-3‘-35— 3.05 (1-%—'—?—)+0.28‘ . -
= 1.87 Hz

| !
f {
TUFiBULENCE j 1.87 _ 0.38 oK '

T - 3
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& , 3.4.4 Use of Further Published Literature

_——

Some purchasers and designers prefer to use the simplified

. criteria presented by J.T. Thorngren [22].
' 3;; . This paper gives two equations to assess the so called baffle type \
damage and the tube collision type damage
N
a % The criteria for baffle type damage is given by the following i
J ~ o
dimensipnless number, NBD«
5uf\
D D UZ 12 . . - ‘u o
B\D F SM g AM t N . ;“ N e a
R

A safe.ya1ue of Ngp would be less than one, ' -

where D = tube diameter = 2.5 in

= fluid density

p 16.26 1b/ft?
U = fluid velocity = 1.446 ft/sec
2 = length of tube between supports = 223.5 in
FB = tube to support clearance factor
= 1

SM'= maximum allowable fatigue stress -

= 114700 psi

9. = gravitational constant = 32.2 — ft

M tube cross sectional metal area

- = 1.45 in?

™
fi

Bt & support plate thickness = 0.75 in

¢ Y
N = 2.5 x 16.26 x 1.446% x 223.52
BD 1 x 147 700 x 32.2 x 1.456 x Q.75

in b ft2  in in? ‘sec® 1 ft?
. ft? s b inZ . ft in |744 1n’]
0.072 < 1.0 0K- '

. a e
P kit il e I A St KN
77 g, R AT AR S

T
ot

.'4.

3
14

.
TR i
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The criteria for collision type damage is given by

0.625 D p U2 2
o 2 2 »
Fg" gc Ay (D% + d;%) G E L

Nep =

where symbols are as above and

[=%
n

c e o \
; = tube inside diameter = 2.1 in

\QCT

minimym clearance between fubes =
E =27.6 x 10° psi

=1 in

Again, safe design criterion is for N., to be less than one.

@ N
' 0.625 x 2.5 x 16.26 x 1.446% x 223.5%

R 1.45°(2.52 + 2.12) 1 x 27 600 000
in DOF ft2 e 1 f2 ]
ft* s% qn? ft in® [TZZT?E’{]'
. .
=0.067 <1 OK_ . .
3.5 CONCLUSIONS _FROM VIBRATION AMALYSIS | ;Z

The calculations presented in Chapter 3 gives assurance that no

flow induced vibration problem is expected when the WHE unit is operated

in accordance with the specified normal operating conditions.

—
. ? '
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. greatly reduces fabrication time and costs and also i

_Association (C.S.A.) Standard No. B51wji

) | " .40 -
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CHAPTER 4 B

CODE REQUIREMENTS AND BASIC DESIGN CALCULATIONS

s
Li Y ~ .

Heat exchangers and other pressure vessels e originally con-
structed with rivetted joints. During the past“fourty }ears, fusion
welding has been developed to the degree that it 'is now completely
acceptable to the Provincial Department of Labour as a method o; joining
pressure parts. The continuing improvement of welaing techniques haér
resulted in fus%on welding being adopted by industry as virtually the*only
method of joinjng pérts for pressure vessels. In‘most larger and more
modern plants, fabricating pressufe vessels, the main weld seams are

now made with automatic welding machines. This type of weldipg equipment

es the quality
of the welds.

Every Province of Canada has legally a pfgﬂ Canadian Standards

h embodies the Amgrican Society

of Mechanical Engineers (A.S.M.E.)DBoiler.and ?ressure Vessel Code,

Sections I to XI{inc\usiVeEtoﬂgovErn the design and ton§truction of power 9
boilers and presgdré'vessefé. Section VIII, Division I of the ASME Code
entitled "Pressure Vessels" is the section governing the design and
coqstruct1on of this waste heat exchanger. Standards of Tubular Exchanger
Manﬁ?hcturers Associatigp (TEMA) Class R was also implemented, while the .
piping .design and fabrication was governed by the Refinery;Piping Code

-g‘ ° ) ) ‘V_ e , ’
ANST B 31-3 [14]. B

Based on the requirements of Sect1on VIII of the ASME Code and

‘current construct1on practlces, the principal gemﬁaaents 0# the waste

““7‘ .

. .
* '
. .
]
R e ey -~ 24 - e e
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heat exchanger, as shown on\gﬁpwings enclosed in Appendix C, may be
R ’ - .
discussed as fqllows, \‘ - : '
4.1 MATERIALS | ' S L ‘
Part UG of the code g1ves the general requirements for materials

and a1lowab]e stresses are given in Tab]e{UCSZ3 in Subsection C [13]. The

\mater1als-se1ected are summarized on drawing GN 1.
kY

4.2 WHE PRESSURE PART DESIGN

v
The design data is given on drawing GN'1. »

A
1 L]

-

. 4.2.1 Shell: Subjected to Internal Pressure

The shell is usually formed by rolling flat plates to the required
diameter and welding the seams. The formula specified in Paragraph UG .

27C of the code to determine the -minimum, thickness of the shell plate is

- PR 1 4 '. } a
\ LT -o6r *C '

where t = minimum thickness of the shell. in finches
P = design internal pressure = 200 psig
' S = allowable stress for material ,/ ' wr

L

’WL . . = 17° 500 psi for SA 516 GR 70 c N R

1 x
]

1 inside radtus’of the shell in‘inchés = 50.50 1in . o 5

joint efficiency | 2

3}

v-= 1,0 for full penetration double‘butt joint,

m
b
H

fully radiographed

J
= corrosion allowance = 0.125 in as specified by the purchaser.

0.5812 %+ 0.125 = 0.7063 in

[

# in thick plate was used for the exchanger shell.

o~
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3 4
This simple formula is derived from the Lamé equation. This formula

was used for determining the thickness required for all cylindrical

sections, such as shell, nozzles, tubes, subjected to intkral pressure.

4,2.2 Tubes Subjected to External Pressure

'The hot gases passing through the tubes are at 15.3 psig while

steam and water on the outside of tubes are at a design pressure of

<

200 psig. The equations of membrane theory are not valid when the

preséure is applied on convex side of a shell of revolution. Instead
—~

of the tensile hoop stress, the ability of the she]l to_withstanqdloca} o
buckling becomes the governing factor fo'prevent collapse. The rules for
determining thickness of shells and tubes under external pressure are

N

given in Paragraph UG 28 of the code.

The tubes are faSthEi,B9 the tube platgs by roller expanding

and seal welding. The actual ‘tubes used are 4ZO-2&“'0/D x 0.200" °

minimum thickness. : = ‘

€ . \
Then using - o &
D - . ‘ Y N
o .25 . \
T 07 12.5 > 10 .
L . .
D_T ) 3‘5% = 180 , \
0 A 3 . . ,
A = 0.0075 from Wig. UGD 28.0 in Appendix V of code. e
B = 13.000 psi for SA 516 GR70 again from Appendix V.
. A116Wab1e external pressure P, = 48 _ . een s '
P D% .
3 t
£ 2 x 13000 1386 psi > 200 psi . >

T T3 x 12.5




et s

the foregoing reinforcement design criteria.

Hence,. 23 0/D x 0.200" thk tubes are acceptable for the design/;xternal

pressure.

-

, 4.2.3 Openings and Reinforcement
) e

The code gives rules for providing openings in pressure vessels
1; Paragraphs UG-36 through UG-46. The genera1-objective in providing
openings in pressure vessels is, of course, to make the opening in such
a way that the strength of the Ves§§1 is not reduced. For very small,
wide]x scattered openjngs, nothing needs to be done to prevent a
significant reduction in strength and UG-36 permits such openings up to

certain sizes in certain thicknesses of vessels. For larger openings,

however, material must be added to the vessel around the opening to

‘prevent a reduction in static strength.

4
The general’code method for deciding. how Hhch material should be

added is the so-called 160% reinforcement method. This means that the
amount of material to be added, as viewed in a cross section |taken

through the hole, must be at least equq] to the amount of material re-
moved from the vessel wall in pﬁovidiné the hole. Obviously, to be af

value in strengthening the hnle, this material must be locatpd near the

hole, and not on the other side of the vesse1.f Thus the code also gives

rules for how close to the hole the reinforcement material must be

located both in directions parallel and perpendicular to the -pressure

-

vessel wall. ' o ¢
) <R

Figure 4.1 is a copy of Fig. UA 280 from .the code which summarizes

) P .
As an example, consider now the 24 in manway on vessel shell:
1

y

CEmrery. v A -

wi‘f;«a» PP e
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&

. . . __ PR
| Requ1rgd ne:k thickness t SE-0.6P +C

1200 x 11.6875

en =TT 0006 x 700 * 0.125. = 0.2595.1in

t

‘,,§§\ actual plate used.t = 0.5 in

Required area of reinforcement = A = d x'tr x F.

d =23.37%51in , F=1 \
tr = (0.5783 from section 4.2.1 y,
A = 23.375 x 0.5783 x 1 ) 7

.13.52 1in? Ty

Available area for reinforcement:

A, = (t-t) d= (0.625-0.5783) 23.125
= 1.07 in? ,
A2 = (t,-t.) 5t = (0.5-0.2595) 5 x 0.5
= 0.601 in? - h
A, = 0 - \
A, =2x 3 x3x3=00406 12 _
A= (D) - d-2t)t, - S
= (45.125 -'23.375 - 2’; 0.5) x 0.75
= 15.56 in? '
A, + Ay + A, + A, + A = 17.37 in? > A = 13,52 in?

. Similarly the reinforcement required for the downcomer and risgr

nozzles was provided all in the shell thickness as A,.

A, = A
L] - ! v o . ‘K
(t-t)d=dt , ‘ )
i t =2t .
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Y. 0
tp
—.I“" t__ﬁn___q < “
-.‘ T
S - - Pt
NI ! \\ [
25tor 2.5 +¢t, NI 1 ’\ ¢
: NH ' '\
Use Smailer Value Q\t: t ! :\ H 1t
t ¥ NN 1IN R
727777 v TR R N /2 77777 22 R
_; :‘ c . .
{ 3 . .
—yEFEEE S0 W o2« [l Salnininiing St S S0 e~ o
2.5¢ or 2.5t f N Qi:: ' Em{s i
: A \ ) d Mewlt See UG-40
Use Smaller Value l { i I ’ H o%o¢ E for Limits of o
} 1 - -y . et 2d Reinforcement’
4 *'—dornnnnn'—'—"‘—‘“—'dornnnn*r"—“'
e ——
Use Larger Value Use Larger Valus . ’

WITHOUT REINFORCING ELEMENT

c:j “Aedxt,xF -*ea of reinforcement required -

“(Eqt=Ft)(d~R)2=(Eyt—FtJ. Py '
- (Eyt—Ft ) ld~R,) 2= (Eye~Ft)d : Larger value is ares of shell
) =A, or availsble for reinforcement. o
2Et—FeJ (R 4ty » t=RJ2=(Eyt=Ftlft,+0)2

nozzle wall available for

S -4, =ty = t,,) 25¢x 02'- (t, ~ten) 5 ¢ Smaller value is area of
. ey —t,n) 2S5t x 2= (1, =0, 5¢, | rentorcement.

Cr )
:::'f:..o.‘l

A, n{(”—clh)(Z"/fn"CIZh'.

A Ay = Areaof welds

ﬁ =Ag = Area added by reinforcing slement

Pl
WAy +A + A5+ A4, > A Opening 1s adequately reinforced.
HAy A +Ag+ Ay <A Tha difference must be suppiied by remnforcing elemant or -
otherwise.
WITH TEINFORCING ELEMENT
T AL Ay, AJ' Ag4. same a1 without reinforcing slement.
With a rainlorcing elemenf, 2.5 1, 18 measured from the top surface of the reinfarcing ele-
ment. -
A4 becomes the smaller of (¢, — ¢, )5St or(t, —1t,,){25¢,+1,) 2 .
Atea of reinforcing element = le ~d=21,)t,=Ap X
A+ Az +Ag+A, AS 2 A opening 18 sdequately rainforced.
*The nozzl§ Broic‘ction will not.corrode back of sny attaching Nillet, hence the term (t, — ¢} is shightly con servative,
EXAMPLE OF A REINFORCED OPENING .
(This Figure Illustrates a Common Nozzle Configuration and Is Not
Intended to Prohibit Other Configurations Permitted by the Code.) ‘
M
' Fig. 4.1
L)
h ] P.;’P'
el L et ad sy ———— -

——— g e -

i
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With corrosion allowance of 0.125 in
Required shell thickness = 1.2816 in
Hence the use of 1% in thk subshells, which are upper and lower

|
portions af the WHE shell where downcomer and riser nozzles are attached.

\

—

4.2.4 Flange Design

F1ange§/€ﬁd flanged connections are very important pressure vessel

components. Flanges permit the easy and quick assembly and disaséemb]y

of the heat exchanger sections for cleaning, inspection; etc and as

flanged nozzles, permit the connections of piping, instruments and‘ . F 4

mechanical parts to the WHE .vessel.

For nozzles up to 24 inch nominal size, standard flanges with
dimensions and pressure ra;ings per ANSI B 16.5 are normally used. They
permit the attachment of piping fabricated by others without the provision’~
of special mating flanges. ’The ANSI standard lists several pressure

classes from 150 psig to 2500 psig.

For in-between pressure rafings, as in this instance for the waste

. heat exchanger, it is usually moré economical to select the next higher

pressure class rather tHan to design a flange for the‘actual condition. )

P
-

Shell flanges and nozzles flanges over 24 in n0m1na1 size are
usually designed for the actual cond1t10ns requ1red The ASME code
provides a design procedure based on the "Beam on an Elastic Foundation"
methdﬁ-comh1ned with the deflection of an annu1ar plate This method

is based on the work of ‘Waters, Wesstrom, Rosshe1m and w11llams and is
identical with the method used to establish the d1mens1pns of standard

ANSI flanges. A booklet by Taylor Forge Company: "Modern F1ange Design"
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-
~ + b4

[16] contains the ASME method and is very useful as it provides a data

sheet for organized computation of several flange configurations.' .
A3 “n

We will now present calculations for the design of the blind cover

for a 24 in manway and the main flanges on the waste heat exchanger shell. @

A. 24 in Ménway Cover:

The cover will be desfgned to match the mating flange which is

24 in - 300 # slip on raised face f]aﬁge to ANSI B*16.5 and SA 105 material.

Cover Material *  : SA 516 GR 70°
Bolting Material 1 SA 193 GRB7
Gasket : Asbestos Jacketted Stainiess Steel
Design Pressd}e P = 200 psig
Design Temperature - T = 650°F xg“ ‘ .
Allowable Stress S = 17 500 fisi
" Bolt Allowable Stress S =25 000 p\si
Gasket Seating Stress Y = 9000 psi .
Gasket Factor M=3.75 . ‘
Gasket Width N =1.125 in
Gasket Mean Diameter G ='25,875 in

by = 0.5N = 0.5625 b =yb, =0.375 “ b'o > 0.25

For details see Fig. 4.2. v
1; Required bolt load for operating condition . . !

G2P'+ 2b 7 G PM . .

' T
. ", =7 | |
= ;} X 25.875% x 200 + 2 x 0.3757 x 25.875 x 200 x 3.75

= 105168 + 45725
= 150 895 1bf
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150 893

- inl
25 000 - 6.04 in

Bolt area réquired =

2. For gasket-seating condition —

Wy = whGY

‘e ™ x 0.375 x 25.875 x 9000

[t

274 350 1bf

: . _ 274 350 _ 4, . 2
Bolt area required = SE000. - 10.97 in

bolt area available with 24-1%in bolts
= 24 x 1.405 = 33.72 in?

Cover thickness for operating condition, tOC

P 1.94 W, x h_

t =d ¥+
. Joc c ¥ SE Sxd?
C
! . - «J X . J X X J.
58T g YT o0 < o5 7
= 2.058 in
t = 2.058 +0.125 = 2.183 in

0ocC .

‘Cover thickness for gasket seating condition th

) 1.9 wATM X hg
toe = dc
S dc3

- 10.97 * 3372, 25 g0 = 558 625 1bf

Warm 2
Al . . 3
tge = 25.875 .9 x 558 628 x 3.0625 . , gg i

17 500 x 25.875%.

toc = 2.68 + 0,125 -
2% in . oK ~

o
w
~ (D
“t
"
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| Fig. 4.2: Manway Cover
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B. Design of WHE Main Flanges
»

Case 1: Assessment of main flanges for internal design pressure,
P, of 40 psi only. Solution for this case is shown in. Table 4.1, “which

also shows the Code allowable stre%ses for pressure loading orly.

, e Case 2: In this,k case, we will present an acceptable method for

calculating stresses in flanged joint subjected to internal pressure and

external moments and forces.
1

a

The des%gn pressure used for the calculation of loads in tpe
“ /ﬂjﬁanéed joint by equations in Case 1 shall be replaced by a flange design
pressure, PFD =P+ PEQ’ where P is the maximum operating pressure éﬁd
PEQ is an equivalent pressure to account for the momenfs and forces acting ’

on the flanged jdint due to weight and thermal expansion of the piping.

N The equivalent pressure, PEq,'sha]1 be-determined by the equation
(d . i Ty
AN b _\16 ME ) 4 FY
EQ ~ ¢
. w63 G2 '
- ) - . . &;
where ‘ - d ]
Mc = bending moment appifed to the joint -due to weight and .
' thermal expansion of the piping, in 1bf e
v - . FY = axial force applied to the joint due to weight and
. : - thermal expansibn of piping, 1bf
' ~ -G = diameter at location of effective}gas ad reactions. R
Specified conditions: _ . '
k. <L Design. Pressure = 40 psi ’
A Max imum Operating Pressure = 15,3 psi~ r -
\;‘" ‘
‘Q& ’ ks ‘n
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Table 4.1:

51 -+

Design of Gas Inlet and Outlet Flanges

on WHE for Design Pressure of 40 psig.

o

?‘ (r\t-‘as—-ﬁ I'J,“\‘*‘

!-\
oy
J‘.\'zT it

-;n ',-‘ /{'}J‘L\*:E'M'J;F}?\ﬁ;‘_"

=i

Ton AT
'1(\.},:“ or‘;\“{! {l 7

WELDING NECK FLANGE DESIGN SHEET A
DESIGN CONDITIONS "GASKET and BOLTING CALCULATIONS g Dbl
Oewgn Presiure, P ' 40 pSi Caiket Detarls Facng Detoily TN = 0.5
‘aj Dangn Temparature 650°F 104,125" l/ X 105 125" / 105. 75"°/D % 1/3 b= (0,25
Fanye Mol |SA 516 GR 65 [x is thk 55410 flat ) r = 9000
doling Mataral SA 193 GR B7? Metal Jckd. Asbestos Raised Face m= 3,75
Corronon Allowance 0.125 Wa) mb2Gy = 73§ §55] Ao M L0 WariSe or Wai/Sym 29 58 {n?
g Flange Dengn Temo, 51 | 16 300|He =7°*G""= 24 652 4= 72 x 0,419 = 30.17 in?
3]0 [am tempa s | 16 300{% =cier i = 343 891 W mstaa+ause = 746 850
i‘j . Deugn Temp., 5y 25 000| wa =H, +*H = 368 543 W = _
olteg Atm. Temp , §, 25 000! Gasket width Chech (Raned Face ONLY)' Newa 2 A S/ yrC = 0.127
CONDITION LOAD X LEVER ARM = MOMENT
Hom n8!r/4 2 318 889 ho = R4 39 = 2.4688 Mo = Hobn = 7837 273
Uporting | M6 = Warstte = 24 652 nom SiC=G = 1.125 Mg = Hche = 27 734
' T {HmH—Ho= 25 002 rra SR+ g rhe) = 2,09375 (M mme = 52 348
M, = 867 355
Gashet " . ’
Seatng . |dc=wW = 746 850 hg=SIC—Cl. = 1 19§ M = 840 207
3 cvewy . From arign 1aoie 2 uno
et STRESS CALCULATION=— Conditians (use M) SHAPE CONSTANTS  giugns crarts 1,2 & §
15 Siq ) Long. Hub, Sv = 1 3 ‘\g! 8684 K mhs8 = 1.091 hhy = 0.549
S [ResaiMg.simg M | 1812 r = 1.88 | = 0.908
Ste Tang. Fig., Sy ( My —Isel 376 z =11.52 |v = 0.55_
Tra 8iSw + Sedor SUSw S0 | 5248 Y =22.,22 |/ -]
A STRESS CALCULATIONGaskat Seating (use M} v = 2:‘ 41 lemen, = 0,083
PP VPR 8413 e =Pl LY 68637
Sie Rageal Fig, §p = JM/\ 1756 he = vig, =10.94 v
fang. Fig ., S1 = (MY 1) = 254 363 OTHER STRESS FORMULA SACTORS
I o'W 3sw rsdlar StSe =50 | 5085 1 {gswmed) 3.0 .
= =13/16X“ =Tl 1.249 - -
<—————-—80 81 d o= 4') e+ 1.332 . -
. v =asf 0.664
L‘E =1, S%ﬁR 1.875 B =100.75] ; =1 0.0394
B N mv+s 4 0.703
) B AV IR 8 609 )
- #om oM,8 8340
/ SA 516 ubn dy 20 + ¢, muing!
§ NG euce " 'olt 1pgein
Gl.l 70 \l.eon:;‘. : :h‘ov't :q:ehom bm: ’ ’. ‘\!—h_“"“;l; :."
’ \ Subshell
e 7
T / \ o)
y" 1 / |
/e T— l—— _..T_. ) in A
. e G=104,6251n
72 7/ in H—— 105 75 in Camputed IJSK Dare Feb ]4 ..Zg.-
- /s i
DIA Bolts , AC %88 g;g in vl Chetred Number

=N

\

e

- ot QR b A

s = bt



- 52 -

Fy Axial Fz Shear | M, Moment
SOURCE | Fglce 1bf | Eorce 1bf| kIp in
Deadweight ~29000 -1930 -381
= .
Thermal 3030 ~16400 -7199
Earthquake 2240 -6530 -1764
T+D+EQ -23730 -24 860 -9345

‘Table 4.2: Specifisd External Loads at Flange Joint.

. _ 16 x 9345 x 10
. Py - -
7 x 104.625%

4 x 23 730
m x 104.625% .

41.55 + 2.76

. 44.3 psi . T

o
]

=P %P | -
PFD =j15.3 + ¢4.3
= 59.6 ps

\

- It was decided to use Pry = 60 psi. The calculated stresses using this

»

p pressure are shown in Table 4.3.
. bl

The longitudinal hub stress, Sy» 1s revised to include the primiry

axial membrane stress as follows:

- . FM
<+ S, = -9 4" Pg Lo . '
- . H ,}‘gizB . E | , Ve ) o S t.v- 4'
1 x 1 301 031 15.3 x 100.75

" 0.703 x 1.1875° x 100.75 4 x 1.1875

/

PRI

B -]

menEns S @ttt 5

-



- 53 -

Design of Gas Inlet Flange on WHE For
Operating Pressure and External Moments
“i.e. Equivalent Pressure of 60 psig.

TABLE 4.3
A 'ol.‘.’v-‘*.‘l 5 ~“ N ¢ X oy W i mv“" y
5‘*\‘“"3’“ i S L o U i st Sl R D S Rl MDA M*i:rwn@fﬁé{%

- \

——

. ' WELDING NECK FLANGE DESIGN ~ N\ SHEETA
DESIGN CONDITIONS GASKET and BOLTING CALCULATIONS / O g pan
Qevgn Presiure, ? 60 psig Gasket Deraily faang Detais N= g 5
Dengn Temperarwe | 650°F 1046.125"Yp x 105 J125"%) 105.7s" ¥p x A b= (.25
Fonye marenoi  {SA 516 GR b5 & %5 thk SS 410 Flat Raised Face r= 9000 »
Boinng Marenal SA 193 GR B7 Metal Jckd. Asbestos m= 3 75
¢ Corronon Allowance 0.125 | way =brGy = 739 551 Ae = 00 WarsSear W /Sy = 29 58
* Lriange [OrmTmee sl 16 300| % =2secer = 36 978 A= 72 x 0,419 = 30.17 in?
13 Arm Temp, Sy 16 300i# =c'-24 = 515 836 W o= S~ Aase = 746 850
H o | 2T 25 000| Wai =, + = 552 814~ V- _ B
. At Temp , So 25 0O0O0{ Gosket Widih Checn {Raised Foce ONLY), Naw = ALS/2yrG = 0,127
CONDITION LOAD X LEVER ARM = MOMENT
o |remasr i = 478 334 =20 g, = 2.4688 o = o = 1 180 911
Gy 6 ®WaHe = 36 978 o= SiC=G = 1,125 Me = Hehe = 41 600
Hi=H-—Ho= 37 502 A= R g rhel = 2,09375 o (Mr=Hme = 78 520
M. =1 301 031 o
Gaskat
Seanng e =W = 746 850 he = SIC - G} =.1,125 M, bl 840 207
R STRESS CALCULATION— Conditions (use ¥} sﬁn CONSTANTS ;IS\?Z?.Z‘?.J"'E i's"d
1S S [loag. Hub, Sw = f M Agi! 13 027 K=a/8 =1 °9g] |[ah =0.549
Ste Raaval Flg, §e = g M.AR 2719 ) T =1.88 f ={),208
e [ Tang Flg, Sr == { YY) — 25, 538 |z =11.52 |v Q--0.55
" B 8(54 = Selor §{Sw = Sn) 7873 g Y | =22.22 | T a 1
T STRESS CALCULATION—Gaskat Seating {use M) v =24.41 |p=Ff% =0,083
K S e Long, Muo.Sw = fM \gi? 8413 . 91/ 3 _ = 1 da’l nge! =E8Y T
Sie Ragral Bg., Se = JM/AD 1756 he = V8o =10,94 Y '
Tang. Fig, St = (MY i) — 28, ’364 QOTHER STRESS FORMULA FACTORS
3. U 58w = Selor SiSe = S 5085 ! lassumed] 3.0 .

a =reel 1.249

8,°8,1 V1s
L‘____——— o= 43 e .332

l
} _ :J - Yy =a/T 0.664
LES 1.;13 1.875 \_:B 100.75 | =1 0.0394
- A omey s 0.703
\ M o= 08 12913
27" /

SA 516 . 8340

GR 70 it bolt 1pacing eacends 20 + 1 gl /
1 ody , muihply 3olt 1paein
Subshell M, and M, in obove equationi by N 1'77_'!

y
a EEBE >

"‘ ‘ P TR R VY Y o
L/ ’ *
o~ - Y 103.125 tn ) ,
) : i L
o | \-<——-_' E JSK )
72 - 7/6 in oo c_loélg;57inin Computed -—— Date —_—
DIA BOltS | 4=109.875 in Checned ... Member
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[y 9’ * .
! =13027 + 325 . . p
; ! °
P = 13 352 psi *
;; " . . .y . . “
j‘ . ;] 1 Radial stress in fihnge, S Spe = 2719:psi
' s‘, , Tangentla] stress 1n ﬂange, ST’ ='538 psi '’
: The allowable stress limits for the above combined Toads in Case
[ . . — vv ° ' ) N -
’ 2 are - , - o
of - S, not greater than 1.5 S 4 1.5 x 17 s{oo 26 250 psi ‘
o . - Sy not greater than 1.5 S = 1.5 x 16 300 = 24 450 psi “
e ' % ' St not greater than 1.5 S 1 5 x 16 300 = = 24 450 bs1
b * ! o B - ‘
. ) : R i 11 248&
4 ooy Sneafstress in SN Vg < 2y X 10075 x 11075
RN 7\ - o 2 0. 033 ksl
» \ 7 -
: \ ‘oopono o Fzo o 24.860
R s ‘Sﬁea‘xr’_stress in prts A 30,17, - .
b \ ” . e ) .
Lo . R . . PR
oo s s = 0,823 KSI N
R o q Ao e,
: 4.3 DESIGN OF NHE SUPPORTSA ( L o h
* . \ 7’

5

LI
Nes
P
- .8
S .
. L
.
i
{ A Y
l.‘ ¥ “
L -l’V o
~ ’ "‘l‘
. . {
-

The outhne of the WHE supports are, given in Flgs 4.3 and 4. 4

W

-

4.371 Specufied Loads S .

The support r1ngs pm\de an e1ght point support sub.]ected to the

. folloging 10ad1ng R o : g
. 1 . . ", . . ) . . \ N ! .
< Al Ope,ratmg we1ght T 3 -, »
77, Total maximum weight 333 KIP, = 42 KIP 'pér support point
¥ Lower o‘perating we1ght = 226 KIP = 28 KIP per support point
' / Y \\ ’ i
. C » - . . .
C e ) e
' s, 2 Pt . :
£ '” ‘ "‘I‘o‘ fee v "
- "';1 ‘ 2] VIR Q“ '

2




. Q' R Y ) ¢
. 374" ) 8 -a Vo
: 120 i/" ‘
7 Jj“' l . /NH,E Sheﬂ
\ ) /—] ,,F/ Upper Ring ,‘
; Stiffeners at W *
- e . /Support Points
rd ’ . .
’ ) 1 Lower Ri\ng ',
‘ ' L'( j . ': ) '
- 4 ' ' L/ o s
| ‘@ ZEEN L - :/ Téerma] Insulation .
' . Bolt Céentres. . ‘ /J/ ; :
" ) . \\ - ! 'l) \ o
, - e B B
] . .’, , o ! /]
. . - : r L]
Lo ; i i % :
. ' SR B - © 120" Centres
Y , . . - Rnmar o I

»
£ . ,
SN .

v

."(

oL - : : ;
\ ™, i v k " Ll a
. R . . R ! ) M ' . *
c Fig.(,4.3: Details of WHE Ring Support
.. " - ' : .
N 1 ' {4 t 4
L . - ki ‘ s M
14 * . -
. ; ’ . o
“r %
- 4 s ;B . . :-.?'
v L T - . . . o
3 ) d . \ | L e H]
o e " . . ',‘ vt , +
% . R \,.‘} : a_.', o - o, v Vv
* . Coal a ¥ .
. A ’ N “ . ( . ( 47,’\' ‘g - i "
' , N % ¢ A ; \

_* Both rings are 13" thk : -
A1l eight stiffeners are each 17%

inthk *

o B v ey
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- : o ) ;0 " 14" DIA Holes in
’ ' Lower 3Suppor't. Ring
‘ For T Bolts
N .
o
X 270° P
e .
A Y
s ¢ P
o :
i ) VA, 5 OC - i
o~ o0e? :
! Qqe‘- - te
e \ i '
L 180° o
. ' ) . . ' Y !
v , . 5. 218 . _] 5' -3" To Centre
- | M tontre of Bole e
o Centr : :
Holes in Ring Bolts in Steel, /
r . ,
Fig. 4.4: PTan on Lower Support Ring R '
. ‘e .' . ‘, ' . o ~ R . //x._
a — / ) v +
] ] a




-.57 -

2. Wind Load 4

From National Building Code of Canada. -

¥

Pw =qCy cg cp

or Fw,= 9 Co &4 Cy Ap for cylindrical vessel ‘

n

where, Pw the design external pressure acting statically

and in a direction normal to the surface

Fu ="total shear force | Y
g = the reference ve]ocity pressure ='7.8 psf
Ce = the exposure factor = 1.5 conservative
cg~:~£he_gust factor = 2.0 S ' ?
cp = external pressure coefficient
¢, = cross section or roughness coefficient
A = projected area = d_ x h
P 0 \ ;
d0 = diameter = 9.166 ft ' -

: h = height = 63.5625 ft . E ,

' N . . - g
Fy'=7.8x1.5x 2.0 x0.9 x 9.1666 x 63.5625

v ( =12 271 b .

Take this as shear only since support bracket is just above the centre
F ’
R N of the WHE. .
' v

Assuming four brackets are resisting wind shear, then‘1oad per -l

i

bracket is | : _ - %
oy ‘=F“-=7227‘=30681bf« | '
' Y T
Say Vi, = 4 KIP R : .
']
- Q ,
f“f”'“’*___\




. "Q_.

:Say VP
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3. Effects of Earthquakes . S
Again, using NBC Section 4.1.9, Paragraph 12 ’// ‘

CVpr T ACS, W

PT =‘1dtera1'f0rce

x>
n

assigqed horizental design accé]é;ation

0.04 . i . o

H
o

v
]

b horizontal force factor = 3
’ . . Y

=
n

p yelght of WHE = 333 KIP maximum

Vpy= 0.04 x 3 X 333

1

= 39.96 KIP

Again, -assuming four b;ackets effective
A

39.96

Vp = 5 =49,99.KIP

/

10 KIP This governs when compared with wind leading.

1]

4. Friction Force Resisting Thermal Expansion

Fy = e o i

{ o= 0.35 x 333 = 116.55 KIP
¥= 14.6 KIP per support point. . v
Say’FN*;YIS KIP per bracket,”

¥ j«}

5. The specified external-loads from the overhead ducting at tﬂé‘

s

WHE suports are as shown in Table 4.4, ' .

‘Posi?iveivalyes\of Fy indicates.an uplift.

\

|

3
-Jé
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Q
F, Axial F, Shear |1 M Moﬁent
SOQRCE F&?ce 1bf Force Ibf 11P in
Weight 1930 -820
"Thermal 3030 -18 400 -10 930°
Earthquake 2240 - 6 530- - 3250
, , §
T+ D+ EQ 5270 °* -24 @0 -15 000
Specified External Loads at WHE Support Level

Table 4.4:
4

4.3.2 Configuration of Supports

The details 6f WHE ring supports are given on}drawings E1 and 1.

The elevation of‘kupport ring is shown in ng. 4.3 and plan on

the lower support ring is giVen in Fig. 4.4

The calculation of properties of upper and lower support fings

L4

are shown in Table 4.5

4.3.3 Calculation of Stresses ' i .

A. Stress Due @o’Deadw:;EFf\and Shear Loads

‘ ot , .- -
From Ref. [15] "Design of Welded Structures”, by Omer Blodgett,
Section 6.6.3, "we have forcés (¥,) norma) to the shell which set up

tangent1al tensile forces (T) and bending moments (M ) in the ring of &%

o

<\ j .
4»' N .\ .

the-shell, Fig. 4.3, as. Tisted in Table 4. 6.
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A

UPPER SUPPORT RING

LOWER SUPPORT RING

- 153125

= - !
~ | ! ' '
5 I/RIRY
Inuwwenw il esesaaet
T .~ -y b N ¢ Y
a 5/8—a] o
: =Jtsz"c - (OSBRI A Cae2 | . |
+2.81
!
RING |- M= I 7 RING M= |1 '
secrion | & | ¢ [ae [ md [ Te secron| | ¢ (A |wE o}l

4.31x % {2.69 §12.312{33.12]407.80.087

13" x12] 18 | 6 | 108 {648 | 216

4.31 x % 12,69 [15312941.19/630.7]0.087

14'x 15 {22.5 | 7.5 [168.75]1265.6421.8 .,

25.19. 209.9| -2318.2

y' = 12.3125 - 6.82= 5,493 in

S 20.69 141,120 1271.8
o e
Wa=Ik-x Ina = Ix - & )
« |
. 141.12 S parg o . 209.9? . 1
1271.8 - 55 —;.,2318.2 - $¥45 n
= 309.26 in* n = 569.17 in* | ,
y
M 14102 =
NA G = % = 20.69 NA Gy = 209.3
=6.82 in '

= 8.33 in

o

P

Y' = 15.3125 - 8.33 = 6,983

[N

i

5N

Table 4.5: Properties of Support Rings
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\

Table 4.6

ﬁggtors for Stresses\in Support Rings
(Stresses—at Half-Way Points Do Not Govern this Design)

Formula. For Tangential \
Tensile Force

Formula For Bending Moment

T=K f- M. in Ring
' M. =K, f,or,
FOR P
EIGHT Values for K, "1\ 4 Va]ufé for K,
Half-way o Half-way
POINT At Hangers Between Haquer‘S \ At Hangeyé Between Hanger‘s
SUPPORT| ™3 507 1,306 \\ +o.0§;/ -0.033
7

Resulting Tensile Stress

T

c’ct:A;

Rﬁjﬁ}ting Bending, Stress

142 x 12 _ g o0 kP

61.5

1.41 Ksi

x 63

(see Fig. 4.3)

:
JT.9.90 .

Ay " foes 048 Kl
G(f, + 15 + 24:860)

1.207 (8.20 + 15 + 6.215) #35.50 K

4
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M.y ‘
. _r’ _ 33.58 x 6.82 _
\ IebT I 309.26 .- 0-74 K1
My = y
- .r’ _.0.065 x 35.5 x 63 x 8.33 _
eps " T 56917 2.13 K31
Pressure Stress = g = Eg. « area of she]i in section . .%“f“*\fa
, ] . cp t area of ring section o :
v, . ‘ i - 2.69 ' . ' -
« - 175 X 55769
r'e * .
2.28 KSI . \ ‘.
Stresses due to pressure, exchéhief weight and imposed lateral shear
':loads: '
S OrotaL T %ep %t T % )
Upper Ring o = 2.28 + 0.48 + 0.74
' = 3.50 KSI <S
Lower Ring o = 2.28 + 1.41 + 2,13 ' »
5.8 KSI < §
;agIhe above stresses are due to pressure, maximum opefating weight and
"i‘imposed lateramsioads only.
. . t
- B. Stresses Due to'External Momenfz ’
f ‘We will now investigate stresses/due to externa]ly applied !
; y . : . 4
, loads. ‘ ) :
e e N J

¥




/

I . =1

= N . '2'
XX vy 1.4400 Unit in

14400

63 -

- Calculate combined reactions:

.
/
- \‘
~
N

Section Modulus = 50 240 Unit in

B e N 7 R
£ —

External moment from ducting = 15 000 KIP in

\

n

M
Yy

MXX

15 000 cos 26.6

-

15 000 sin 26.6

-

L 4
//’//_20

Lfne of Ducting

N4
c;////(/kaéi :
s

[

\

13 413 KIP in

6717 KIP in

VAN
: // |
X b= R
6T '/g?“- b 56
-5 2T '

- e W

¢ Y n . :

: e -y :

® [ ' . - N

- [ ~-M o
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:l
|28
T
-24 l ‘ . 64 H
N 7 | :
\ T / o W ;
' i 4
\ // _ :
-61 - - - = 61 ;
e l N o~
,’/ \
7 N
g -64 / A 24
; ‘ :
s 28 KIP N .
Fig. 4.6: Reactions Due .to External Moments Only .
Mex ' Moy _
Rl=¢%%7- £ 28 KIP o Ra =0
_ 6717, 60 _ .. "pos 13413 760 ;
RB = T /"5': =t 20 KIP , RB 14400 X /-2- = 40 K ‘4;
‘o 13413 _ ;
Re = 0 Re = Zg0 =+ 56K |
— 3 o
Reactions due to moments from piping: . N :
Myy = 1080 KIP in
RA %z 0
o . 1080 60 .
RB i‘]m X /.2. 3.2 K N
1080 . . i
RC %@ 340 4.5 .
\ -
[y [~ "
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~

Reactions due to lowest operating

weights of 226 KIP.

o 226 _ -
RA— RB-RC-—8—'-28 KIP
! T
28
(’ ) ] 1
Fig. 4.7:
Reactions due to Kigher
N operating weights of
321 KIP + say 12 KIP
insultation = 333 KEP - 42
Ry = Ry = Re = =5= = 42 KIP
: Cu
Ll Fig. 4.8;
LY N -—-‘—-—-—!-——
, .
N e

e N R ")

5
W
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Following are combined reactions:

To determine maximum uplift, the overturning reactions are combined

Al
~

with the lowest operating weight reactions.

a

To determine the maximum positife reactions, the reactions due Eo

overturning are combined with the higher operating weight reactions.

~ 1

’,\'\ )
1, AN
Total WHE Wind Shear = 14 KIP |
Total WHE Earthquake Shear. = 40 KIP 3
Shear From Ducting = 25 KIP : ) | &
g 28 .
42
' 70
-24 0 .
« 28 N 2 |
TN o
' _—T106 KIP
o & Ry 1
B 26.6° - 42
- B S (AU
p \.\ ' e
i "64 d ~ \\\\ 24 N .
o 28 . R 42
\"\“e' . -36 . 66 KIP
e L

Fig. 4.9: Combined Reactions in KIPS

y ‘ }

: lkgfﬁgrg/; To design thé supporting strdcturai steél for_the‘above .
rea?tiohs including upli?ts, friction etc. If it is not feas1b1éAto :
éesign for up]ifts then the overturning moment must be reduced. Other
combjnaéions of directions of externally app1iéd moments.should also be
investigated; “ ‘ | |

o N : o . . ‘ -
W




. Say 8 bolts are éffective on 4 supports T = g—Hems = 8.42 KSI.
- ‘ 0 v
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Loading to be considred for siziéﬁ of anchor bolts:

t

Wind Shear on Exchanger = 14 KIP

Lateral Earthquake’ ) - T - .
Shear on Exchanger = 0.12 x 333 = 40 KIP
j w .
Ducting imposed 1oads: N
Lateral Shear = 25 KIP . ‘ P
‘ v
Say 30 KIP maximum
Moment™ = 15 000 KIP in
Maximum Uplift = 32 KIP
< s
Downcomer Moment = 6 x 1 * 15 x 12 = 1080 KIP in .
This is about Myy. With downcomers at 15' - 0" )
¢ “ 1080 . 60 | ' C L
Ry =0 R&=:']mx/?'=t3.2f?(IP | , | \
. ‘ 4 ’ l h Y ' N ' ) . a4
. _ 1080 _ . e
Rc =t Sp + 4,5 KIP 5
. combined maximum upli® from ducting and piping " =
32 + 4 = 36 KIP
Say 40 KIP per ‘support 6oint. A
- » \ 7
Use 1%" DIA bolts to SA 193 GR B7
1%" corroded DIA éfeaf; 0.929 in? : . toe

Tensile stress due to ( . 40 . s -
maximm wplift -~ Zx0.929 ‘-21.5&&’51 ok U,

' o : .
Maximum shear stress: T

Shear Toad = 40 + 30 = 70 KIP Total

oK
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To check 1ocallzed stresses near bo1t5\&; the lower r1mg p]ate

due to uplift use, “Englneerlng Monograph 27 ments and Reaetwons for

Rectangular P1gtes. A water resources technical\publwcat1on - U.S.

1
Department of Interior Bureau of Reclamation [23].

-

a
'B£=Z.-§’=05
P

S T o ,. o
1 _—
;o ..
"FREE"
“ \,\/
SAY a_ = 7.5" '
p
\
) .
P4 . ,
Very conservative Toad = 40 KIP p= 20y 144 = 51 KIP
, Clye « T5x 7.5 o
Moment coefficient = Pb? = 51.0 x 1.25% = 80 KIP
' _‘M' 2 ,
% =7 L%
. KIP_ft . ' o s KIP ft
M, = 0.1074 X 80 = 8.59 oM 0.105 x 80 = 8.41 &

SO L6 xB 54 ks -

. R 2 2
L t B 18s = 1.5 x17.5

= 26.25 KSI -
©0K
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, 4 _
Alternatively consider the ring plate as a. cantilever

with point load.

2340 P = 20K per bolt - - PL ’lZOK %

\ 25 Ty END
o4 T J
o'
g Fig. 4.11
- . - ) :
. ‘ ‘
. Say I = 9—%2—]——5* 2.531 in"% '

.. M=2.384 x20 = 46.875 KIP in

/),‘ . 3—7-52-‘2'-5%715”75 13.89 KsI
‘Check fiﬂe"t welds L.

Say w1th al]owab]e ‘o= 12.4 KSI'
Y Fw can take '0.55 KIP/in
L LT Fw can take 2.,75.KIP/1n

o

iR

Capacity in 9" of %' weld.= 9 x 2175 = 24.75 KIp

1

Cep . =24.75 > 20 KIP 0K -
Chetk fillet weld capacity of supports:
. Stiffeners - | _
“"‘q"‘SIﬁegr Capacity. = 2 x 60 x 6 x 0.55 conservative
FV = 330 KIP each 0K
'Stiffener to bottom ring we]d“ ‘
/\ T - F, = 2x15x5x 0.5 =82.5KIP each 0K
Ring to shell weld local to supports - say 18 in effecti‘ve
 F, = 2x18x5x0.5=99KIP 0K

Sh6 in fillet welds  OK

‘ o B .
M - 3 .
o o .
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Y ' ’ ‘ ‘s , . !
N y v > I ) s ' L3
Now consider the effects of external moments on the WHE shell. !
From Fig.' 4.6 the maximum ,RM genera‘t'gd by exXXernal moment 1‘s’RM = 64 KIP,
- ,/ ’
’
- /
F — ‘~ ’ j -
SR
. -
. !‘
| f
© { ,
¢ i) \ : . .
>,7 / \ - ' ‘ ‘_ﬁ
1 / =T
s yhving P Vo
RM | x | /—\ 7 RM
\_____// ’ -
. : r =63 '
9 . -z ' ¢ r,
Fig. 4.12: Effect of External Moment on Support Ring : ‘
' )‘R X . ’ ’
=M . 64 x12 ,
Fy = 7 T TEIT | 12.5 KIP
" Then using Roark Table VIII load cases 24, 5 and 1 [28], the . _ J
maximum moment at ring is
\

M

i

0.1593 FM re

0.1593 x 12.5 x 63
125.5 KIP in




4.4

X Lower'Ring g

" {n accordance with—the rules of ASME Section VIII, Division 1.

b T 6.82 = 2.77 KSI .

. 125.5
b 17 g59.71 * 833

L 4

C. Combined Stresses Due to Maximum Operating-Weight

n

1.83 KSI

and. Overturning Moment

3.5+ 2.77

[

Upper ‘Ring ¢

6.27 KSI

H
i

5.82 +1.83 = 7.65KSI

Yower Ringon Uplift Side o = 5.82 + 13.89

. 8-

i = 19.71 KSI'
OK Py

CONCLUSIONS

- e
(o

It has been ‘shown that the waste heat exchangé} has 'been designed

¥
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CHAPTER 5 g S~
" DESIGN AND ANALYSIS OF TUBEPLATES ' ~
. AND TUBE TO TUBEPLATE JOINTS : T

r

5.1  TUBE TENSION DUE TO PRESSURE

The tube tension will be ca¥culated accurately using a computer
code, in a later section. As a first estimate, this will be obtained

. co by hand calculation. The loads induced in the tube by pressure are as

follows:

1. Tube Side Pressure
Pr = PoA = 40 x,-g-(z.s“T 0.4)2 = 138.5 1bf

2. §héTT Side Pressure

Assuming zero shell contribution

o

=200 ,m z_' s 2
PS 70 (4 100.5 470 x 3-X 2.5%)

A ° . 4

— = 208 (7932.72 - 2307.11)

= 2394 1bf

i «
. 3. Total Tube F@rce F = PT + PS

= 1385 + 2394
= 2533 1bf

%

_ o F R 2533 .
Tube Stress = K;' * T4 T 1746 psi

»

This compares well with the value obtained from ium tube

tension using Ansys computer code - see later. ’

e ’ . %

———— e o e e - emr s eme—e—r—— - et



'5.2 ALLOWABLE LOADS FOR TUBE TO TUBE PLATE JOINTS
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{ by ' ' T ’ '

}

St

Using Appendix A of the ASME, Section VIII,,Divisio?/1, Paca. ‘

"UA 002, for joint type g which i; rolled, single groove ayd welded with ™

a'<v]..4 t . . : //'
_ Lnax T A Sy fe fn ¥4 //ﬁ
where .
max - Maximum allowable axial Wad in eit er
o .directioh in pounds /
At = nominal transverse cross: sectional' area
| of tube wall ='1.45 in? -
Sz = code allowable stress in tensjon of tube
| material (SA 192) at temperature = 11 900 "psi
fe = factor for the length of the roller expanded
’pos%tion of tube ﬁg- // '. k S
v % ‘ ,

©
"

lengti"of the expanded portion of
the tube = 1.4375 if .

= tube outside diam 4er = 2.5 1in

@]

N

d
emde LIS o ([Nl e comseriative), A
\\;i/r-\ fr = factor for re]fggility of joint = 0.65
f,o* factor for differenck in the mechanical
: properties qf tuLeplate and tube'materiaI = 1.0
, /
U Lr;ax = A S fe/fé fy

= 1.45 x 1 900 x 0.575 x 0.65 x 1

/
= . 6449//éf . . ) , ¥

: =/ 2533 1bf ~ ‘
Logy > P /// 2533 | | .
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5,3 ° ALLOWABLE TUBE COMPRESSIVE STRESS

s

Using standards .of Tubular Exchanger Manufacturers Association,.
TEMA, the allowable tube compressive .stress, psi, for the tubes at the

periphery of the bundle is given by

™ E '
N t . K
SC = Z-(K_TY when ) Fc < v
r
where .
2w Et ]
C. =,
¢ Sy
Sy = yield stress of tube material
= 26 000 psi
r = radius of gyration of tube
) .

= 0.8149 in

Ke = equivagent unsﬁppo}ted buckling length
of the tube in. -

£ = unsupported tube span inch

K = 098 for unsupported spans betwé;n tube ﬁ]ate
aqd support plate

o’

K = 51.0 for unsupported spans between two support
Q2 I

plates
Eé = elastic modulus of tube material at mean
metal temperaure .
= 28.3 x 10° psi
For span between support plate and tube plate .. »

Ke _- 0.8 x 225

= To.sTae = 220.89 maximum
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For span between two support plates

K¢ _ 1.0 x 180 _
= oy . = 220.89.

- JZn’ x 28.3 x 10°
26 000

14

"= 146.58

C r . o)
T - w2 x 28.3 x 10%-

S T — =
¢ oK) € 2 x220.89°

= 2862 psi

5.4 CALCULATION OF TUBE AND TUBE PLATE .STRESSES

The tube plate was designed using the stayed plate method in which

the end prgésure force is taken largely by the tubes.

ial

The tube and tube plate stresses were calculated using Ahsys,i
computer code using method similar to that outiined in the paper

) 4 . :
fCalcu]ation of Tube Plates in Heat Exchangers" by B. Barp and R. Angehrn

[17]. L

h
» - .
The tube plate shown in Fig. 5.1-is subdivided int8 circular
ring shaped computation elements (Fig. 5.2). Each circular ring element
has a stiffness dependent on its thickness and its berforgtion§ and is

- regarded as a.fully axisymmetric element.

Thé continuous flexible support of the- plate proyided by the tubes
is gﬁmulated by annular supports at each interconnection linerpf,the

cArcular ring shaped computation elements. fhe logitudinal and bending
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Spacing of
Tubes

Spacing of,
Rings

K¢
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23 21 at W= 3 . 02" R |

‘i

7 94t 3% =2 -7} - 11

- 4 - 2 - - 2%

Fig. 5.1 Quadrant Plan of Tube Plate - Showing Modelling of Tubes by

Equivalent Rings.
' , P
f’x :
P
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.stiffnesses of these supports represent the sums of the correspoqdingl

stiffnesses of the tubes assigned tq‘thi§bregipn in the cohbdtat{gp.

/ Although the supports have a bending stiffnes§ in the raqiEI djrectién, g
th%y have no stiffness in the tangential direétioﬁ, so that togefg;;
they form a tube of orthotropic material without stiffness{in its

circumferential direction.

It is assumed that both 'tube plates-are identically designed.
— I

This is conservative.

P

The pressure differences and also temperature differentials,

o _‘occuring between the individual parts, were used as Toad parameters. ”
v 73 . '

Ansys Run Tube —— Axisymmetric Model

Nodes and elements numbering and boundary conditions aré as
: : 'p\“ ® ’ « 3
shown in Fig..5.2. . e .

Node coordinates are as ;hown on Table 5.2.

Element Types : Tube Plate - STIFF 11 " -
' ° _Shell®* - STIFF 11 . .
Tubes - STIFF 1% . -
v * 0 b
. E* & v* for perforated part of tube sheet obtained from p. 388,
’ Article 4.9, ASME, Section VIIL, Div. 2. For |
t = 13" p=3%"  DIA of hole, D = 23" ) -
- N N 4 . ¥
M h=P-D=1
b
t .15 |
S = 429
“ho 1.
.F- 3.5 -286
E* 1
E= .233 (By }nterpo]atiqn)
E=2.713 x 107 psi ) !
@ :
oo
. e did ~ . '
A .
m-v‘wm--,.,.fh\.,,,. L ~ . o~ — e s e




— v G

_ Thickness of shell :

PSR
SN

o fE*=T6.3212 x 10° psi
v* = .395

(By‘Interpolatfon)

E &v for solid part of tube plate

v +
- - -

£ =2.713 x 107 psi
v = .3

n

-~

Demsity. - 283865 PCI

Coefficigﬁf'of thermal expansion - 6.75 x

Ref. Temperature (Arbitary) 0°F Lol

aﬁd shell.

v

[N

10°9/°F

\

='7.345 x 10°" (G = 386.088 in/sec?) —— ..

“Temperature of tubesg25°F for cofmputer inpuE} the actual desién will be . *

»

for. AT = 45°F
Temperature of shell and tube p]éte 0°F*

Pressure 200 psig

-

Thickness of tube ﬁ1ate': as shown on JSK1/565-981 : 13"

s
o

as shown on JSK1/565-981 and Fig: 5.3

- .
< \, A

- .

”

= 1.44513262 in?

oo,

.9628196085 in*

Equivalent areas and IZZ for tubes: (tubes as shown on JSK1/565-981)and Fig.5.1
' “ 7 x 2.52 (2.5'- .2 x 2)?
- ST X 2. m (2.5 - .2 x
Area/Tube_ = At = 2 7
° _ T x 2.5 n (2.5 - .2 x 2)*

Iz;‘/TUbe = I = 7 64 - 64
Depth of Tube = 23"

-~ iaz—- Y

T
LY -
&
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. S “ [N .
. - L\
.. \ \ - ‘ P - - 80 x_ ‘A
e € ‘ ~ . ‘ R
. ’ -
- ’ r— ’/\ : : (JN 3 . .
Y ) ’: ‘ b " .
A . | . * s
Co . NA
L - ” ° L . 2r
s RADIUS A  CIRCUMFERENCE |~ = NO. OF TUBES | = -AREAw | -
; \ /‘ , RADTAN
[ , 5 .
;i S BT 7% 15.5 15.5 3.565 | 2.3752
¥ N M2s w225 J 22.% 5,175 |  3.4478
- g 11478 m'x 29.5 - " 29, 57 . 6.785 4.5205
: 18.25 ™ x 36.5 "36.5 8.395 5.5932
w B 21.75 7 x 43.5 \ 435 10.005 | * 6.6658
e . 25.25 . ‘1 x 50.5, I 50.5 11,615 7.7385
28.75 . mx57.5 57.5 13,225 8.8112
A ot N
. 32.25 T X 64.5 * 64.5 - 14.835" [  9.8838
C 1—35.75 mx71.5 N5 16.445° |  10.9565
. ‘39 .25 m x 78.5 78.5 18.005 12.0291
T o 7 % 470 a70. 6732 1oc:3
- “ e ’ . e T
, - ° i
~ . / . ¥ |
"/ Table 5.1: Distribution of the Tubes-Over the Interconnection |
~ : Lines Between the Individual C1rcular Ring- Shaped
K\t Computation E1ements
. u
' - , B N
. o ,
‘ N _
" “ \.&J . \.-/ '
v " \ - ’
v ) L
f:/ (S ‘. - . ) B '
. B 4 -~
. A | ‘
?( W ) ‘4
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k' ' ¢
SQME NODE COORDINATES FOR FIG. 5.2 - ¢ .
. e Ty :
. . ‘l ' .;
NODE NUMBER. | X /} * ELEVATION Y
L \ . . .
R 0.001 .. f  -223.5355 799-
|2, \ 7.75 / 225.6121 593
.3 e 226.5499 815 -
4 n4.75 227,4878 037 ‘ -
5 18.26 .| , 228.4286 258 | " |
. 6 - 21,75 . 229.3634 48
7 25,25 2303002 702 - |
8 .75 | (2312390 s | L
9 32.75 - . 232.1769 W5 '
‘10 %.75 . . T233.1147 367
mo. | ®es 230.0525 589 < |
2., | baes 7 2sssed o | - ) :
| [ .
13 | w233 235.4387 404 oA
W, | 515625 237.3516 833 |
Al .‘-. —‘
" TABLE 5.2 ] L
A ~ \*\_ ’
. \ , . ‘
o & ¢
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Table 5.3: _Spm'ng Constants

e

12" TUBE: PLATE

, L

{

te

14" TUBE PLATE
- J CORRODED . CORRODED
X ELEMENT# N i FULL TUBE TUBE FULL TUBE " TUBE
7.75 2 .| 15,5 441466. 174547. 441727: 174650,
11.25 4 22.5 639469. 252833. 639846, 252982.
t4.751 - 6 29.5 836628. ‘ 330786. 837120. 330981.
18.25 8 36.5 1032948, 408407. “1033555. 408647.
21.75 10 43.5 1 1228435. 485699. 1229155, ° 485984.
25.75 12 50.5 |. 1423094, 562664. -1423926. 562993.
28.75 14 57.5 1616931. 639303. 16178?4,’. ‘ £39676.
32.25 16 64.5 1809950. 715619. 1811004. 716035.
35.75 18'?” 71.5 | 2002156. 791613. 200 32@. 792073.
39.25 200 | 78.5 2193556. 867289. 219 828. 867792,
' -
e :
' g Lo=VYiy = Y “
' ' R 159 - 0 , 14 37 . (
/ _ L, =L -(5].5625"tan 15°)/2‘ \
_ | L =L, =(51.5625 -x) tan"15°/2
V' E ’
. AREA _ NA _ xA
. RADIAN 2m ~ 71 .
- ~ ’ ) 2
N .- ~ Area (full tube) =223 1 XZ.]
1 — | - e e — .
L X _ ‘ , ‘
N 2.5 'mx2.35% -
" Area {corroded tube)s TXe&:2 _ T2 s
N s 5525 = S ‘
- A - . . AREA
v _ Spring Constant = RADIAN * E
Fig. \5\&}: Node. Coordmates . ' : —-p—I—A:%——

t for tube plate full thickness and not mod1f1ed for
rroded tube plate th1ckness.

A —— g sy
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KEY TO 'ANSYS COMPUTER: RUNS

Tubes. Represented by Springs

fn , -

TUBE 21 .14 tube plate ‘ S o
~ full tube plate/shell ‘ ' ‘ .
full tubes - ' L ; )

' >
/ : g

. TUBE 22 'h% tube plate N , ,
e " full'tube plate/shell - -
' } " ‘. corroded tubes o

TUBE 23 1% tube plate ‘
‘ corrdded tube plate/shell
corroded tubes

TUBE 31 13 tube plate Co .
full tube plate/shell - V

" L I full tubes

* TUBE 32 1% tube plate
full tube pldte/shell
‘ corroded tubes
*  TWBE 33 1% tube plate
' corroded tube plate/shel]
corroded tubes ‘

~

.
- I
. e e« 4 . - . o LB g 5o
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TABLE 5,4: Summary of Output From Ansys Runs

MAX.

MAX.
FILE NAME MAX./MIN. TUBE SHEET
.| LoApING TUBE STRESS (KSI3 SHELL
DESCRIPTION STRESS(KSI = HOOP
(AXIAL) | FACE 1 . FACE 2 | STRESS
: (KSI)
TUBE 2] aT=25°F | - .883 |+ 7.023 | -9.048] -
ALL PARTS )
UNCORROOED 200 psig +.0 | +23.318 -23.829 | +14.359
. TUBE 22 8T=25°F | -1.373 + 5.704 -7.567 | ——
TUBES ONLY ) - .
CORRODED ," | 200 psig +3.64; +26.854 -28.358 | +14.363
TUBE 23 AT=25°F | -1.236 + 5,457 7382 |
ALL PARTS 4 ) '
CORRODED U;" | 200 psig | +3.927 +30.143 -31.843 | +17.350

Notes: AT = Temp. of Tubes - Temp. of Tube Plate/Shell

12" (Uniform Uncorroded Thickness)

Stress in Tybe %%- x (Force in Tube/Rad.)

Tube Pla

.0554 x (Force in Tube/Rad.)

.

\\\\\ﬁgr Ungorroded Tube, A
For Cgrroded que, A

&

% Negligible whefe max. hoop/ stress occurs under pressure load}ng.

=
n

78.5

1.445 in? ‘ From Table 5.1
0.5714 in?

© e bt . . A
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TABLE 5.5: Summary of Output From Ansys Runs

-%- Negligible

For Corroded Tube,

~

where max. hoop stress

MAX., . MAX
MAX. /MIN. .
FILE Lonptng | TUBE | MR TR SHEET bsher
DESCRIPTION STRESS(KSI) HOOP
(A>§IAL) FACE 1 FACE 2 | STRESS
; (KSI)
TUBE 31 AT=25°F | -1.026 [+ 7.165 -8.931 | %
‘ ALL PARTS 200 psig +1.450 +19,321 -19.765 | +14, 341
|UNCORRODED ) ‘ )
TUBE 32 AT = 25°F -1.548 + 5.761 ‘ - 7.378 %
TUBES ONLY 200 psig | +3.090 | +22.466 23,746 | +14.342
CORRODED Y4 - .
TUBE 33 AT=25°F | -1.421 |+ 5.627 - 7.2 *
ALL PARTS : L
Actual Measured.Tdbe Plate Thickness is 13" New.
Notes: AT = Temp. of Tubes - Temp. of -Tube Sheet/SHE
Tube Plate 13" (Uniform Uncorroded Thickness)
Stress in Tube = ﬁ%—x (Force in Tube/Radian)
= .0554 x (Force in Tube/Radign) -
! : \
N = 78.5
For Uncofroded Tube, A = 1.445 in% )From Table 5.1
A = 0.5714 in?

occurs under pressure loading.
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) .
5.5 COMPARISON OF CALCULATED STRESSES WITH CODE

/ ALLOWABLE VALUES
/// The . above stresses have been calculated for tube plate thicknesses
/ " of 1%in and 1% in. The actually measured tube plate thickness was 1% in.
w/// . For a temperature differential of 25°F between tubes and shell,
) // ‘ the maximum calculated compresé%ve stress is 1421 psi. For conservative
/ s . : .
Y design we will use AT = 45°F from Chapter 2, Sectton 2.3.
/ :
// ' ‘ S Maximim compressive stress for AT = 45°F
T§\$g = 25 x 1421 2558‘psj
A]]owab]e stress = 2862 psi - 0K
(From section 5.3)
The stresses iﬁ tube plate are:
"‘.\
f {,‘,\T
If Due td pressure: 19 765 psi new
-~ 26 142 psi corroded
\% C Only a portion of this stress is primary, but conServativeiy

even if all ofAthis is classified as primary stress. The

ASME Code allowable = 1.5 SM = 1.5 x 21 700
/“’«f‘? = 32 550 psi
* 2. Primary plus secondary stresses: 4 )
C | TN
* . . . , . H
\ - nese are stresses due to pressure and differential thermal.
expansion, )
' ' 35 S
. = + 7 .
' 26 142+ 7277 x 55 | \ (
! = 26142+ 13 099 — ; J
; = 39241 psi . N
, : “ o

UTHRS R —————

e - e e eame—————

-
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38, = 3x2170 : - . .
| = 65 100 psi o I
< . ®
5.6°  CONCLUSIONS - . Lo C

Above calculations show that the'stressés'in tubes and tube

’

plates meet the Code allowable values for the specified operating \X\\Nt'

conditions. R : N
\ .
J
4 -
' . P
5
. A
. . < :
i * % W;/
) P
.
f i
¥
. 1 4
Cwr e TR T w‘v 7




4
e

$

i pmin ay




! ) - 89+ -
/* . - g
i

CHAPTER 6

DESIGN AND FLEXIBILITY ANALYSIS ,

] .
>f ) OF WASTE HEAT EXCHANGER PIPING -~
L4

Al]npiping associated with this waste heatqexchanger was

o -7 ’
designed and fabricated in accordance with ANSI B 31.3, Petroleum

Refinery Piping Code [14].

.

The detailed design and-fléﬁibility analysis for downcomer

piping is presented below. An identical procedure was usedsfor the

- riser piping.

6.1  PRESSURE DESIGN

Ld

6.1..1 Straight Pipe Under Internal Pressure

The internal pressure design thickness (t) was calculated in

accordance with paragraph 304.1.2 []4] by using the following equation: -

PD
t = 0 + C
2<SE+ Pys‘ .
P = 200 psi. a ‘ ,
~ »
D0 = 6,625 in
— : “ Ce LN
yo= G4
\ » . ka} .
E = 1.0 SN .
'S = 20°000 psi for SA 106 GR B pipe *
C = corrosion allowance = 0,125"

a
therefore for 6 in pipe
200 x 6.625
2 (20 000 + 200 x 0.4)
"0.033 + 0.125
0.158 in

t + 0.135

- o ¥ * L - - - —
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o,

" Hence, use of standard wall (0.280 in noninal and 0.245 in minidtum v

thickness) pipe is acceptable. . - )

.- . . ‘.

6.1.2 Standard Comporients'

In accordance with Paragraph 303 [14], the use of 6" in standard

- wall elbows to ANSIr/% 16.9 and ASTM A 234 Grade WPB is also ai:cepte;ble. .
Ed ' 4,3,‘. * . . . . . '

N .

6.2 . FLEXIBILITY ANALYSIS FOR DOWNCOMER PIPING

. Schematic layout -of the downcomer piping is shown in Fig. 6.1.°

The downcomer piping is completely fixed at 1 (waste heat exchanger ’

—

b

~

shell) and B (steam drum shell),

6.21. Requiremeﬁts for Analysis

4 at

During the WHE start up the temperature,'T, of downcomer piping

is 230°F." Hence AT the temperature above stress free condition is ;}(

r S

AT = 230 - 70 = 160°F.

Thus the net expansion of the downcomers in’ the vertical direction

isaY =al AT

AY  =6.78 x 107° x 511.5 x 160
= 0.5549 in

"
During normal operating conditions the température of downcomer

2

is 370°F , -

AT = 300°F S (

u"f’?' .
During normal operation the anchor point 1 is displaced downward,

e

. " ..
a distance AY,, by the thermal exp&nsion of the WHE shell. . Fyd

13

AY, =a L AT i o

6.78 x 10=° x 236.75 x (370-70)
=+-0.481 in ‘ R | o

Y]
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Net expansion of dowﬁcomer piping in vértica] direction is

. | = (oL AT)DOWNCOMERS - (@ L AT)ye
//’/) = 5.78 x 197° x 511.5 x 300 - 0.481
" = 0.559 in : ‘
. . d °
. ) . \
Net AY, > AY_ o -
TR ¢

e

0.559 > 0.5549 in - s

»

Hence, normal 6pe}ating condition governs. :
‘, O— T

We will now check if analysis is mandatory in accordance with

.paragraph 319.4 of the code [14] using gﬁk following equation

{
Y

" . 30 sA : :
d -, (L- U) - gA . - .
[ fere -
! S
EB\J// D = nominal”pipe size, in. * .

Y = resultant of total d1splacement strqins to‘/,,?

a

be absorbed by the piping system, in.
&3

U = straight 1ine distance between anchors, feet.

—
i

developed length.of piping between anchors, feet.

T
1

A F]lowable stress range, psi

Ea'=* moduTus of}elasticity of the piping material,,
in the cd1d condition, psi. ?
i ?
{Expansion must -be calculated for eachicoordinate'and be
combinéd
Ax =a L AT

6.78 x 107% x 129.5 x 300

1

0.2634 in

IS

(o]

P
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K . o 93 . ) ,
: ’ - “~
y N Ay = 6.787x 10=° x 511.5-x 300 - 0.481 + o
\ o -  =1.0404 - 0,48 . S S |
= P = 0,559
o dz'= 0 S
b
) “ .
Y Y eyExt + 8y +82° = 4/0.2634% + 0.5597 S
S . =0.618 in
o (U= V42:625% +10.7916% = 43.97 ft
- . ; w .
- "L o= 53.417 ff - B " -
: B 6% 0.618 « _ :
ST (et ERaT s mmanye ¢ 0.0418
. Sy = f'(l 25§, +0.255,) . 0 ,
f = fatigue f -1 | e
\ N atigue factor ] . ' .
' ' 1 IS : A s e o
" ', fsc h =18 000 psi . Conservative. Use of 20 000 psi T
A w15 permitted. . : )
o 4 A@' .
. sA.= 1. 5% 18 000 .
- " e
e s 27 000 psi S
\ . "“'@agﬁﬁxlos ' '
> ‘3’ “/"‘“ ‘ ’ — . %
o 305A___30x27000=003 ‘
7.4 x 106 e ‘ ;
[ Hence’ -——- - {s greater than 0.03 = 30 SA [ v
' . c Ea Pl !
¢ ’ hﬁw ' _— T
P . . . Therefore analysis is required, T8 - R S
: 6/ # N o ' . . - ) )
- re ' ’ . " \-— N g'
’ ) ! - - '. e R\ , “ %
!‘,‘h ‘ . - P ) ' . 3 ‘
. ] 1 - J |
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6.?.2 Analysis of Downcomer Piping . . /////

The downcomer piping was analyzed using.a computer program

called ADL Pipe, owned by Arthur D. Little Company.

- The following load cases were considered: ' ‘ J
- 1. Sustained Load o, ~ . “
File 10 is for sustained load. This gives the, longitudinal
B . ’ .

stresses due to pressure and deadweight including the weight of -
insultation, W. o o 2 RN -

Designi Pressure = 200 psig. ‘

W= -3.38 1b/in o :
. C 2. Occasional Load e

File 11 contains the assessment of occasional ioading
stresses due to wind. : -
Design Pressune - Zoodpéig
W = 3.38 1b/in )
For the assessment of wind loading, a.load of'p.54 d was statically
applied in the 'Z' direction.

4

o

Y 3. Thermal Expansion Analysis @&
. N ’ *
It has a1read; been demonstrated that thé normal operating
condition represented most‘sjvere thermal expansion ‘of the'pipiqg.

Lo

Hence File 13 contains the analysis for the normal operating condition,

AT = 300°F . -

.

© N g 276,78 x 107% in/in. oF |
& f = 1.0 i - W
s, = 18000 psi S
n c ! - o .
/w -
3
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6.2.3 Adipipe Inputs and Outputs

>
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6.3 ANALYSIS OF RISER;PIPING

L S

.

GO

- 105 - L.

18 000 psi /

-0.481 in =" imposed displacement at anchor Point 1.

Boundary Conditions

" " Inall load cases the aanPr points 1 and 8 were completely

\

fixed. . In addition, for load File 13, the anchor point 1 was displaced

>

AY,=- 0.487 in, - N

> Iy

The result nalysis are showi\on pages 95-99,

L]

. - " :
The 6 1n. riser piping was analyzed using an identical approach

to the downcomer. An isomeﬁric éketchﬂof a typical riser Toop is shown

.in Fig. 6.2. S h .
n - ' . \,

Adlpipe input for riser piping is shown on pages 160-104.
T o
These calculations show that the sg?esse§ in riser piping for the

specified operating conditions are within the code allowablé values.

*~ . N

6.4  CONCLUSIONS FROM PIPING ANALYSIS

- o

These f]exipiljty calculations show that the downcomer and -riser

piping meet the ANSI B 31.3 Code requirements for the specified operat<

ing conditions. ST
¢ ° ' . b4 F
¥ ;.
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- : T IR : .-
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4f\. b

80° LR

E¥bow e
&

b Pipe to SA 106 GR B . .
TR P Elbows to ANSI B 16.9 ~
< T and SA 234 WPB. .
. <l Butt Welding Type /
. ‘ " W= 3.38 1b/in “
4+

F@g. 6.2: Schematic Layoyt of the ‘Sti‘ffest
<=*"Riser Piping.

i ) ' 4
. .

3

»

LT By
; ' ‘ 'y -~ Steam Drum
5 45° LR Elbow . Shell




-
.- R
R .
N
s - - . \
I
[
* - <
.
b
. B
s A
>
- ~
-~ .
'—., “
¢
: .
. .
a . -
- »

?
7
~ Il
.
..
.
.
> ¥,
»
,
-y
- .
-
.
..-I
.
)
.

e

-

REFERENCES

. .
- -
- & &
<
-~
- 13
i
.
. ~
- B
- ]
v
®,
. T
R '
N -
o - -
”
. - cL .
. ) .
3
‘
- . e
a - Y ST
. -, .
; “
;
> .
e = N
. . . .
4
v
. - T

-

L]
- -
-
“ -
Ve :
o
boas
» 7 i
pes .
o N
“ T
e s
.
"
. v
:
s
.
.
-
y B
e
e
o
.




[ X

~2.

T

f
10.

. ‘ . -

i . . ' \i
- 107 - .
REFERENCES T
s " R . ° ‘(2',-1//,,:,» - .
Roderick D.d.; Murray, M.V., and Wall, A.6G.; "Heat Transfer o
and Draught Loss in thq Tube Banks of Shell Boi1ers“, Journal s—"" o
of the Institute of Fue] October 1959 T . ,' !
Kern, D.Q., Process Heat Transfer, McGraw-H1Hl 1950.
Eckert; E.R.G., Drake, Jr., R M., Ana1ysis of Heat and Mass
Transfer, McGraw-Hi11, 1972. o T - /”;f7
Babcock and Wi1cox Ltd., Steam: Its Generation and Use.
‘Smith, J.0., McCaFthy, J.H,, Boelter, W.A., and Brennan, J.H.,
"Sodium Flow. [nduced Vibration in Steam Generator Tubes",
ASME Paper §4-WA/PWR-4, 1964 .
- :'l .
Coit, R.L., Peaké,a@fc;} and’ LohmeTaP, A., "Design and
Manufacture of"%érge Surface Condensers - Problems and Solutions",
Proc. AM. Power Conference 28, 1966.  ~
Proqeéding of the Sodium Components Information Meeting, Held .
* . . . .

in Palo Alto, California, August 20-21, 1963, SAN-8002 Rééctor .
Technology, TID-4500, 34th Ed. ' -
Easterling, K.E., "Investigating Failures in Feed Heaters",: <
Engrg. 194, 1964, > ' i
Reavis, J.R., "WVI-Westinghouse Vibréiioﬁ Correlation for ' T
Maximum Fuel Elément’ Disp]acement in Para11el Turbulent Flow", h
AM. NUG SOC. Paper 13th Annual Meeting,,held in San Diego, ‘
California, 1967. - ¢ . R

"Paidougsié, M.P., "Vibration of Flexible Cylinders with .

Supporied Ends, Induced by. Axial Flow", Proc. Instn. Mech.

\

¢
. e i oo b b i e B ST
%% Z .,_h",’%ﬁ% i R

AT e Ty %443 % e e



e

11.

12..

13.

14.
15.
16.

17.

18,

19,

20.

2.

© 22,

- 108 -

- ¢

Engrg., 180, 1966-1966., | ' /ﬂ

1

Standards of Tubular Exchanger Manufacturers‘Associatiod;

TEMA, Sixth Edition, 1978.

Connors, Jr.; H.J., Fluidelastic Vibration of Tube Arrays_

T

o
)
(

Excited by Cross -Flow, Winter AnnuaI/Meeting of ASME,
‘ ]

- N
e

» '

December 1, 1970, )

ASME Boilef~and Pressure Vessel Code, Sectfon VIII, Division

1, 1977. .
Refinery Piping Code ANSI B 31.3,-T976.

Biodgeit, 0.W., "Design of Welded Structures", 1969.
Taylor Forge, hModg{n F1angé Design", Bulletin 502.

Barp, B., Angehrﬁ, R., "Calculation ‘of Tube_Plafes in

Heat Exchangers'.

DeSalvo, G.J., and Swanson, J.A., "Ansys Engineering Analysis

System User's Manual", Swarison Analysis System Inc., 1975.

Roark, R.J., and Young, W.C., "Formulae fgi‘ffgpgs and ‘Strain",

McGraw-Hill I:g,, 1975.

Pettigrew, M.J., Sylvestre, Y., Campagna, A.0., "Vibratien
Analysis of Heat ‘Exchanger and Steam Geﬁerator Designs",

AECL 6106.

Owens, P.R., "Buffeting Excitation of Boiler Tube Vibration",

J. Mechanical Engineering Science, Vol. 7, No. 4, 1965.

Thorngrew, J.T., "Predict Exchanger Tube Vibration",

_ Hydrocarbon Processing, April 1970. ' ‘

.
' : ! . ]




.
3 .-y

2109 - = 4

™~ s
% .
Py [}
«?

23.. — U.S. Department of the Interior, Bureau of Reclamation,

3

Engineering Monograph No. 27, "Moments and Reactions for

. Rectangular Plates".

24. Wichman, K.R.,‘Hopper, A.G., and Mershon, J.L., "Local Stresses
in Spherical and Cylindrical Shells due to External Loadfﬁg",

Welding Research Council Bulletin, No. 107, August 1965.

25. Adlpipe A Computer’Code Developed and Owned by Arthur D.
Little incw, U.S.A. ‘ \ .

26. Bijlaard, P.P., and Cranch, E.T., "Interpretive Commentary on A
the Application of Theory to -Experimental Results for Stresses
and Deflections due to Local Loads on Cylindrical Shells",

HeTaigg Research Council Bulletin, No, /60, 1-2, May 1965.

27. Dally, J.W., "An Experimental Investiﬁﬁtion of the Stresses
Produced in Spherical Vessels by External Loads Transferred

by a Nozzle", ibid., No. 84, January 1963.

. Ny . )
28.+ Roark, R.J., Formula for Stresses and Strain, McGraw-Hill Int.

-
G S

Q
i
i3
{
,
* .
r@k S

. -



S

-




A-1

-APPENDIX A

, - Lo
DESIGN OF GAS INLET AND OUTLET CONES

)

Al GAS INLET CONE

The gas inlet cene is shown on drawing No. 8, Appendix C. The

cones were designed to ASME Section VIII, Division 1.

A.1.1 Subshell Thickness , .

As per Paragraph UG 27(c)

- PR
t = -0 *
‘P = 40 psig
"7 R = 50,9375 in
e , " «.5 = 17 500 psi For SA 516 GR 70 p1a€f
E =1 .
C = 0:.125 in ‘
— s . _ 40 x 50.9375
v * yre0-o6xdo T 01
= 0.1766 + 0.125 = 0.242 in
. Use %. in thick plate since flange calculations govern - see
later. '
g . A.1.2 Cone Thickness .
" " Using Paragraph UG 32(g) .
. ) [4
< t = PD__ “"C .

2 cos o (SE - 0.6P)

H

| &; D = 101.875. S ‘ "
. . o é

o 10.6°

8-
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40 x 101.875 .
2 Cos 10.6° (17 500 - 0.5 x 40y * 0-125 |

= 0.1186 + 0.125
= 0.244 in

To include all the reinforcenent in cone thickness tREQD = 244+0.1186 =

0.363 in.
i.e. Double the reqired thickness.

Hence use of 4 in thk plate from stock matérial is acceptable.

A.1.3 Gas Inlet Core Welding End o

This is cylindrical section

R = 26.625 in
R
t = gy * C :
SE-0.6P. >, .
17 500 - 0.6 x 40 :
= 0.061 + 0.125 R

un

0.186 in

-

Again, use of % in thk plate is acceptable.

&

A.1.4 Cone Reinforcement

We will now check if additional reinforcement is required at
. cone to shell sections using ASME Section VIII, Division 1, Appendix 1,
Paragraph UA 5, UA'S(b), Large End.

P

P 40 L
.- S T TTswxT - 0.0023

A

-

15.9° from Table UA 5-1

A >0 =10.5°. Hence, no additional reinforcement is-required at cone

L]
~

" - . ' ’:s“

[Ro——

PPN Y

Py -~
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to cylinder junction at the large end.

UA 5(c). small end

p . ___ 40
SE ° T7so0x T - 0-0023

From Table UA 5-2 A = 4.2° < a = 10.5°,
Hence, we must check for reinforcement
PRZ K ;
= S A\ . ®
Areqp = 73E (3“ a) tan

40 x_26.6252 a2\ L e
Zx 17500 x T X | (‘ - 'ﬁ)"'g) ‘tan“10.5.

'0.09 in?

¢

“ _ _ t
-Area ayailable = Ae -\.M /Rst [(tC - cosa) + (ts - ):]
R .

t
Where M = smaller of [—ts— cos (‘a-A)] or [

t, cos a cos (a”-'A)] ‘
t o

- 0.376 0.375 cos 10.5 cos 6.3
M = smaller of [T)_Tﬁg cos B.B]f or [ 5 TT86 ]
¢ = smaller of '3.143 or, 3.09
M o=".3.09 |
. Ay = 3.09 \[76.625 x 0.TT86 [(0.375 -cg—;}-‘oﬁg)+ (0.375 - o.nss)]
= 2.80 in? >’ AReQD

s f

‘A.1.5 Flange Design

. . ' 3
" Design of gas inlet cone main flange for P = 40 psig s shown

. 1in Table A.1.

To check the main flange for operating pressure and external

moment the procedure outlined in section 4.2.4(b), Case 2 is used.

e

e i St g
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“ Design of Gas Inlet and Qutlet Cone
Flanges for Design Pressure of 40 psig.

o TABLE A.1 )
3 G\“"YR‘I:.’\,'A {:“:;‘gé’é}_:}:;;%"}:{ 7\1-‘ 6.'\)/(\@}’:&\;-\9'-;: ,\_I'} {“i':%?;) "‘ "’ U ATdwe, :?\\j%l":-;rl B \«s,_l}* 'Ew A Y
WELDING MECK FLANGE DESIGN - SHEET A
DESIGN CONOITIONS GASKET and BOLTING CALCULATIONS f.t:;o&:\i% 2UA W
Devign ’Vlﬂult,'P 40 psig Gather Derady . Facing Details N o= 0.5
Sevan Temperanee | §50°F 104.125" 4y x 105.125"%, 105.75" 9 x 1" b= (.25
Flange Materal SA 516 GR 65 |X 3/16 thk SS 410 Flat D*3F ;= 9000
Jainng watersal SA 193 GR B7 Metal _J’ckd Asbestos Raised Face m= 3.75
Corravion Allowance | 3 12§ | War =076, = 739 551 Aa = 008 WaSeor Wa /Sy = 29,58
N alpioney | Sem8nTeme S | 16 300 |0 =20rGme = 24 652 A= 72 x 0.419 = 30.17 in?
3| [ amreme. s [ 16 300 1w =Gies s m 363 891 |w o= Staa~aus,= 746 850 o
ii My Joewntens 50 | 25 000 | wai = orn= 368 543 Wa = o
SRR PO 25 000 | Gasker Width Cherk (Raned Face ONLY) Mme = MS/2y7G = (0,127
CONDITION LoAD X LEVER ARM = MOMENT
Mo = w8'P 4 = 327 653 ho =R Sg = 2.1875 Mo = Mot = 716 741
Crparatirg |08 W"' 24 562 he o= HC =G} L= 1.125 Mq = Hehe = 27 632
ﬂ’ Hr=H= Ny = 16 238 nem SR+ gy +hgl = ] 8125 Mr=Hie o= 29 431
Moo = 773 804
Gatnet ’;
Seamg.  lre=W = 746,85Q eI Z 1,125 e = 840 206
N e \ Fram aruign 1aoie 2 Jna
Pt STRESS CALCULATION — Candibons (usa V) l SHAPE CONSTANTS g grscracs | 245
1S S _[Lang rub, Su = f Wogy? 20 524 ) X = A/ =1.0786/|"" =
Sre Ragiat Flg, Sp = J V. Ap 1134 L r = 1,88 f =0,9089
S T jTang Fg, Se =t Wy —zsef 3290 2 = 13,23 |v =0,5511
"y TN 88w + Sdar $(Sw T 5o | 11 907 Y =25.5 | = 1
A STRESS CALCULATION~Gaskat Seshing ‘vsa M) v =28.03 |r=fn =0.1139
v S o Long Rub, Sw = M \g! SRl =1 d = v, 0
— =" =158.8
Sie Racial Flg, S¢ = Jas\p! he = v8gs =7,979 7/ 5 63
Tong Flg, S¢ = MY 1) = I5, OTHER STRESS FORMULA FACTORS
Sie N 515w+ Selor 5(S4 + Sn 1 tasumea) 3.25 .
- =S la = 1.3702
. -ngio—g-l—- 73 =43 -1 | 1,494 ~
E=1.5 R=1.875 = voE 0.729
Bk XTI B D 1021255 Ly, 0.2161 )
Moo=y S+ 0.9451
. Moo= s 7577 _
- SA 516 M o=M, 3 8227
/ GR 70 — T —
[ 1 ng exceeds !, myibpl spacn
/ SUBSHELL \[,nandp::. 1: ab‘a.n cquoonom hvy Y \ ‘!%:—:—,‘——Q'
@ § oy
ol FAES RN
: ERELE |
/ i ' ' - e
ln l " > /
'é' ’ ; T S r‘____.__. (
L} R——Q-——luz
JSK F 14/7
72 - 7/8 in | Comouted —. Dote eb / 9.__
~—— C = 106.875 in v
DIA BOlts i A = 109.875 in Checrea . — Number  _
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?

Design of Gas Inlet Corre Flange for Operating Pressure !

and External Moment i.e. For Equivalent Pressure of 60 PSIG .
TABLE A.2
Sdaduracn e Biad e M e, *ti‘*’-‘?e“;f‘;}?r SR R R ‘*"f‘ﬁ?é’:'-ﬁ*u"*“‘ s
WELDING NECK FLANGE DESIGN SHEET A
OESIGN CONDITIONS GASKET ond BOLTING CALCULATIONS aponaggs !
Devgn Pravsure, P 60 pSig Govael Dcm”l\1 "0 Facing Deroils " N=() 5 .
Oengn Temoaraiwee | 650°F 104.125 /Dx 105.125"% 105.75" % L h=0.25
x 3/16 thk SS 410 flat y 8
Pervemenel | SA 516 GR 65 {21 Jekd Asbestor Raided Face 7 = 9000
Jomng Wareral | SA 193 GR B7 [© e as , ! n=3.75
Corravion Allgwanee 0.125 ' Wa = brdy = 739 551 Ao = U Wai Seor WaitSy = 29,58 iﬂz
Flange | 9" 10 S0 | 16 300 | " = oxCn? = 36 977 4 =72 x 0.419 = 30,17 in?
Pl [am temeuse | 16 300 [w =crera= 515 836 |wom sl adsem 746 850
:;5.. Desgn Tamp,, S, 25 OOO Nay = H, + H = 552 814 Wa =
Boinng . —
Al Temp,Se | 25 Q00 | Gosker Width Chack {2assed Face ONLY] Naw =2 4,5./2yrGC = 0.127
CONDITION ({OAD X LEVER ARM : = MOMENT
Ho = v8'% 4 = 49] 479 ° ho =R 3g "= 2.1875 Mo = Hohn = 1075 110
H,‘.'u?u Mo =wa-H, = 36 977 " = 5iC ~C) = 1.k25 M = Hohg = 41 599
man—-Ho= 24 357 hr’a(ﬂ‘g:*ﬁc) =1,8125 Mrom e = 44 147
v, = 1160 856
Gaiket .
Seahng He = W = 746 850 hg = 5IC — G} = 1,125 My = 840 206
B i . STRESS'CALCULATION— ' Condihrens (vie V) SHAPE CONSTANTS :-':::'c:g?rﬁm;i?m
15 S |long Mug, Sw = f Mg 30 787 K oo A/S = ] . 0786 /hs -
T Sie Radral Fig., S¢ = J Man 1139 ' r ’ = 1.88 F = 0.9089
Sie fang. Hg., Se m (MY 1) = 75112 377 Z = 13,23 |v - 0-55];]5
T 0% SISk = Sdor 5[5 + S 21 583 Y = 25.5 f .= 1
u“.",',:‘ STRESS CALCULATION—Gashket Seating (use M) u = 28 .03 sy = F/hy = 0,1139
15 ae | [long Bub, Sw = fM Agi? 22 284 . ‘91/9. _ = 1 dsgh.q.’ =158.863 /
- \s)/ Rogial Flg., §¢ == SM/A\ 1231 he = v3g, = 7,979 v > o
fang. Fig, Sr = [MY 1) — 2§, 3572 ' OTHER STRESS FORMULA FACTORS
St I 5(Sw T Selor SiSw — 50 |12 928 t ‘arumeal 3.25 .
go = g1= 5/B a :!c’r! 1.3702 .
~ e : e e 3 = 43 0T ) ]_,1?94 i .
v =ma;T 0.729 ‘ '
E.=1.5 /R =1,875 B = 102.125 ; ...y 0.2161 ) ’
s L B} 1 - -
‘ A omy 4§ 0.9451
. 1= N 11367
- Mo, 8 8227 -
T SA 516 ' , —t—
' R 70 D S S et [Aekarescn
. \ SUBSHELL .
) -
S / \ %%
i | — 103 125 4in
T’* Z - c T = 104,625
‘. 72 - 7/5 " | Lh— 5.75 4n mlévmd JSK e Date ..
B DIA Bolts : [o—————( = 106.875 in )
' j— A= 109.875 in Chc{ud' . 7 Number _ _ . _°% .

°' | - 1



rrm vy

. - A'6

Thus-the joint is checked for a total equivalent p}essure of 60 psi

which

includes operating pressure and specified eiAternal loadings

including earthquake as per Table 4.2.

ST
M
SH =A—% + %B—

g, B 9%

) 1 x }160 856 , 15.3 x 102.125
0.9451 x 0+625% x 102.125 1 x 0.625

= 30789 + 625

= 31 M15 psi , .

This solution 1s shown in Table A.2. Definition of above symbols are

also given in Table A.2. Allowable for SH = 1.5 S for pressure; thermal

and deadweight loading.

‘S‘H 1.33 x 1.5S for pressure, thermal, deadweight

and earthquake loading.

- -

SR 1139 psi

' AHo}able for Sp = 1.33 x1.55 ='1.33 x 1.5 x 16 300

f]iange

= 32 600 psi
ST = 12 377 psi

&

Allowable for ST =1.33x1.55=1.33xT1.5x 16 300
= 32 600 psi

‘A.1.6 ‘Alternative Assessment of Gas Inlet Cone Flange

In accordance with Paragraph UA 48 (3) of the code; the cone

may be classified as an optional type flange since

g, = 0.625 is not greater than % in
B 102.125 _ . ~
g-(-) = 0tE 163.4 1s not greater than 300

o N 5
1.33 x 1.5 x 17 500 = 34 912 psi , %

A e T ¢

,;’"
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. Y

Prax * 60 psi 1s not greater than 320 psi

Opergning temperature = 375° which is not greater than
790°F. oo '

Using Paragraph UA 51(b) for an optiona] type fiange

SR = radial stresg =0 SH = Jongitudinal hub étress =0
ST = calculated tangential stress in flange
F
maximum S ‘];gf’]g:sx":gég = 27 42 psi -

Again the allowablgﬁstress used is as per‘ASME Sectjon III,
Class 2.

T |

S, =1.55 ) 1.5 x 16 '300 = 24 450 psi for pressure, thermal
" and deadweight Toading.

Actual stress for this load case is

51

27 442 x =il

¢

Sy 1.83x1.58

= 23 325 psi

'1.33 x 1.5 x 16 300 -

32 000 psi

A.1.7 Other Flanges

In all other cases on the gas inlet cone the flanges used were

to ANSI B 16.5 and SA 105 for pressure rating of 150 psi.

" A.2  GAS OUTLET CONE

-~ am

The gds outlet cone is shown.on drawing No. 2, in.Appendix C. .

\

£y ~ '
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Hence,

A.2.1 Sub

A-8

sheil Thickness

‘
-

Calculatio

LREQUIRED

tsupPLIED

n procedure is identical fo Seption A1

.
0.242 in

5

-\,
A}
.

u

A.2‘. 2 Con

As Paragra

t =

e Thickness
ph UG 32(g)

D U

2 ¢co

p
Q H

Q
)

o m o own
"t

-

saEzoen ¢

40 psi

101:875 in - .
150

17 500, psi  For.SA 516 GR.70 .

1 . ‘l» . M R .

to

0.126 in - ",
C\J ” . ¢ a

40 x 101.875 '~

2 «Co

0,12

“To include

" 0.246 in

15 (17500 - 0,6 x40y *.0-1%5

~

<

1% 0.125 L

\ ' ’ + .
JREQD = 0.246 + 0.121 .
= 0.367 in ' .
£ =f‘% in thk is adceptabﬂeﬂ;k%‘ ;{“
% . ?i

st et e 4 e e

g

W

i‘,
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‘A.2.3 Gas Outlet.Cone Welding End

\t'=
R =

=
i

-

tacTuaL

-

. PR +C
SE - 0.6P

17.62% in

40°x 17.625
77500 - 0.6 x40 * 0-125

0.04034 + 0.125
0.1653 in

T in thk_

A.2.4 Cone Reinforcement

o

Again, we will check if additional

~ cone to .shell sections using ASME Section VIII, Division 1, Appendix 1,

Par:agraph UA

5. -
_.Q UA 5(b) Large End
» P 40 -
SE T Trsmx T T 0.0028
A= 15.9° from Table UA 5-1

A >

" cone to cylinder junction at the large end.

15°  Hence no additional reinforcement is required. at

UA 5(c) Small End.

P

Fron'w Table UA

) 40 . b
T rseoxT < 0.008 o

~ ¢

|

5-2 4= 4.2°

A = 4.2°<15°.

Thus we must check for \tiinforcement

reinforcement is required at

9

Using Paragraph UG 27(c) for cylindrical section

o

L3

.

L

B
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4 - —

o PRECK °/ gy
. ) A
Arqyiren ¥ TS (‘ - E) tan o

. 40 x17.625% x 1 4.2
T XTI EOX T ('Ts‘) tan 15

- = 0. 0685 in?
°  Area available = A, = M /'R'— ( ) (gs - )] PN
[+ ‘ ‘ AT -
- ' , ts t, cos a cos (x-4)7 > .
Where M = smaller of [-2 cds (o-A)].or : .
¢ t . t
. 0.375 . 0.375 cos 15 cos 10.8
\ = smaller of [ﬁTT?T',FOS 10.8] or, [ R - ]
[ o v -
= smaller of 3.044 or 2:94
- | M = 2.94 T . I
L R 294,[17"323—0“{71’ 0.375 - 2121 +(0375-012)]
e os|§
B ; = 2.163 in? . e - el
{, S | | - | | ‘
REQUIRED e .
f I . . '
o A.2.5 Flange Design ' ¥
& | , '
~ - The 'main flange on gas outlet cone was calculated for a design
T presiqre of 40 psig and gasket seating using an identical procedure to
_that showﬁ in A.1.5, bage The gas outlet cpne§f1ange is not subjected ¢ »
to any sighificant external moments since expansion joints arevprdviged
N / . B ' -
™ "on the gas outlet line to the electro static precipitators. Thus the gas
’ out}ét cone flange was not required to be checked for such external '
. . moments and forces. '
) - - ° o
Once again, all other flanges for manways and instruméngysgnnections »
were in accordance with'ANSI B 16.5 and SA 105 for a pressure rating e )

. F . "

of 150 psig.
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; j ' 4 APPENDIX B - o o
\ ' .

DESIGN OF STEAM DRUM ~ P
.

4_ Details of the stéam drum are ;hown on drawing No. 3 in Appendix

\

. 'C. The steam drum pressuré parts were designed in accordance with ASME

section VIII, Division 1.

B.1 SHELL THICKNESS

o As per Paragraph UG 2%(c)

P . |
’ - PR ’ v . i I
t s o L. : _ id
P = 180 psi
R = 24 in | ' a L
; a r ! -
- S = 17 500 psi For SA 516 GR 70 :
| E o= | X\/Z J
3 . * . ¢ .
. C = 0.125 in ' e’ )
t ‘ . 180 x 24 ) :
t = 17s0-0.6xT180 * 0128 f
] - '
: = 0.2484 + 0.125
L
= 0.373 in *
The addifiona] thickness needed to include all the required reinforcement
: for openings .in shell is 0.2483 in a
: .
, . tR.EQD = q.373 + 0.2483 . ‘,
= 0.6217 in L : ;
Ise T =% in thk b R i
The ‘distance between nozzle centres will be not less than sum of R 3
A L - ! :
inside diameters. ;
: 4
D SR SV i

RN
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B.3 THICKNESS OF FLUED MANHOLE

B.2  PLAIN HEAD THICKNESS .

Using Paragraph UG 32(d)

+

_ PD Y e
. t = 7§f_?75773 + C For 2:1 Semi Elliptical Head
: Y
D = inside diameter of head

180 x 48
2 x 17 500 - 0.2 x 180

+ 0,125 .

0.247 + 0.125

0.372 in
This head wil] not have any connections larger than 2 in diameter

T = % 1in minimum thickness was selected

-

This head was calculated in accordance with ASME Section 1,

Paragraph Pg 29.1 and Pg 29.3.

Dishing Radius, L = 0.8D 5. 0.8 x. 48

t = 5x 180 x 0.8 x 48 0.125

4.8 x 17 500

0.4114 + 0.125 " -

AlTow 15% or minimum of % 1in for opening

tREQD' = 0.4114 +0.125 + 0.125

0.6614 in

i

Use T Y45 in minimum thickness fgr flued head

°

. e e e D T et ey 497 0t 77 o 515 A
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B.4 LfiTYPICAL NOZZLE NECK THICKNESS CALCULATIQN

Using Paragraph UG 27(c)

PR +. C .

t = sECoer }

Consider 12 in nozzle

P =180 psi

R = 5.875 in ~

S =15 000 psi " For SA 106 GR B Pipe

C =0.125 '
E =1

‘180 x 5.875
t '(\15 000 ;0.6 x Y80 T 018

= 0,0710 + 0.125

= 0,796 in

Allow 123% manufacturing margin on’ pipe

t = 0.19§S§ 1.125 ; '
tygy = 0:2205 in n -
- G . -
Use 12" x-STG Pipe L

NOM 0.,50 in ,’ N

0.4375 in

t

tarn

B.5 . CALCULATION OF ALLOWABLE LOADS FOR
STEAM OUTLET NOZZLE ON' DRUM .

, ' ) ot
The™local stresses at all nozzles subjected to external loads

.and moments were investigated using Welding Research Council Bulletin, .

No. 107 entitled "Local Stresses 1n'Speher1cal and Cylindrical Shells

e TR 7




i

3,

“

B-4 . -

due to External Loadings" [24]. The approach presented in this paper

: A ‘
is based on analytical work accomplished by Prof. P.P. Bijlaard of
L0 ’ »
Cornell University. This theoretical work has been further verified by ‘

experimental work reported in references [26] and [27].

As an app]icétion of WRC Bulletin No. 107, the calculation of

allowable loads for 12 in steam outlet nozzﬁe on the steam drum is

presented as follows: :

0.875 r,

Ry

Attachment ‘Parameter, B =

<

-
1]

o outside radius of cylindrical attachment = 6.375. in

RM = mean radius of cylindrical shell = 24.375 in
* 0.875 x 6.37% _
B = 24.3,75 - 0.229
, o RM
- Shell Parameter, y = T

i

T- = wa??7thickness of cylindrical shell

0.5 in ' . '
[

- RM 24.375 in

24,375
Y= 70.5

#

48.75°

The local stress ingyhe shell calculated using arbitary loads

" {
are shown in Table A.3. The stresses in the shell due to internal

pressure are “

PRy ’
Hoop .Stress, c¢ = 7 .
_ ' 0:155 x 24.375 A .
0.5
= 7.62 KSI N $
.
.

s s i, o TV e e Gt b 8




"Longitudina] Stress, o, = 5w

Then using definitibns in Table A.3,

1. Maximum allowable primary loads

Pe

M
M
My

Ve

L

“Which wiT] produce a maximum hoop stress of o

2. Maximum allowable range of primary plus secondary loads are::

c

p
M
. M,
My

Ve

VL =

Which will give maximum range of hodp stress’qf of

=

=

=

=

=

-

B-5

PRM '

»= 3.82 KSI

2.5 KIP
40 ir KIP
56 in KIP
50 in KIP
2.5 KIP.

" 2.5 KIP

&

5 KIP

75 in KIP
100 in KIP
100 in KIP
5 KIP

5 K¥p

Allowable stress range = 3 SM

=3x21.7.

= 65.7 KSI

c‘

-

¥

»

s
¥4

we have by inspection:

¢

= 7.63 +17.5

«25.11 kSI

¢ .

= 7.63 + 33.62
= 40.95 KSI

o
T
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TABLE B.1:

Maximum Allowable Range of Loads and Moments

v 2, Geamerry

Vessel thichnass, T - .Q.A.S.m.
Artschment rudivs, Te/ - 6_5.3_2 .'i.
Yessel redius, Rm -24..3.7 5.

Stress Concentranion due ta.
¢} membrane loed, Kn
b} bending load, Kb -

Rm
*NOTE. Enrter oll force velues in
accardonce with sign comvention

v CL \/

CYLINDRICAL SHELL

on 12 in Main Steam Outlet Nozzle B-6
Table 5—Computation Shest for Local Strasses in Cylindrical Shells
P ML
vV Mc
1. Applied Leasst . Gnmﬂn’: Parameters > (A M' 6
: Redial leai, P —2—uK g An -48.75 L2 v,
Cire, Mement, Me viﬁm- :.E T Du ROUND
Leng. Momants, ML - - w 0.229 DLw\ ATTACHMENT
Torsian Menent, Mo ne 1, t B (0.875) = TS -
Shoar Loos, Ve s —2— K ! R ““xX\ By
Sheer Load, L “-K

e Th
7: 'ﬁ BL'I

N/(M,. R,3) so determined by (C.) from Table

From Rood corven Compute absslute values of STRESSES - +f load 13 oppatite that shown, reverse tigns thawn

Fig. far stress and enrer result - '™ aL Ba BL Co cL 0. oL
e |2 3.5 |« F2) ;:—T 1.436  [TL.44-1.44-1.441-1.44-1.44"1.64{1 .44 |1 .44
€ |32 gos| C (F) S 72 Fralrria-ralrra)-rapr2 2
1 ,,7;’,.,11.9 K»(_—;Zﬁ)-.,?;, 2.1 |22yl foa
1A .(—,,;,0.07 “(../::B).ni’;;ﬂ 22.58 122, 59022 58+22.5822. 54
w | amt. 3| ) o 6.32 |%.3276.39%.32]%. 32 i

N .02 Clo ) 25 10432 410.3210320032H0. 3 7/ .
0 e T 2528 +97¢ 8.p| L76L3132}01.1416.0004.73
€ | FEEL | mie) e - 2.5 -2.5|-2.5{-2.5|-2.5|-2.5|=2.5 |-2.5 |- 2.5
e |5 0n03d 2 (F) T 0 432 |4.3dw.3d4.3204 . 32]4. 32632~ 4.34+4. 32
w | araptd wm) s - 4.4 4. 744.74 44 . 74)+4 . 74
| w083 ©(ag) - ps - 9-99 -9.%|%.99[+9.99]-9.9g
o | Do ~(mig) s - 2.8 |-2.8|-2.8|+2.8]+2.8

| woepo03] o () if ¢ 1209 [12.9429(42.9042.9

ey o rennenes ‘ 422.5211.92+8.88-8. 28121 55+7.07] 7.9103.43
eyt rox a e - “g 0.78|%0.78+0.78+0.78]+0.78/+0.78/40.780.78(*0.78
e , Y 0.5 [+0.5}+0.5[-0.5/-0.5

s o o ~,,“~:~ro.50 -0.5}-0.5[+ 0.5 [+0.5
R 1.28]1.28/0.28/0.28(0.28 |0.28 [1.28 |1.28
PTITYO e —

7 Whe¥ O S tergere o 4, 11y e "'u -"f'l}

8 (see para. 4.3).

8.

10

Step 1.

Slressen ﬂ A.ﬁthfll.y

4.3 Calculation of Stresses
4.3.1 STREsSES RESULTING FROM RabiaL Loa;
. 4.22:5.2: When considering bending moment P. ) :

! (M) 8 = K,v3,.3, where K, is given in Table

N

4.3.1.1 Circumfer ntiaxtresses (c,):

Using the\a licable values of g and
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APg:NDIX C

|

~ The following engineering drawings are included in this

Appendix. . C
q R
DRAWING NUMBER BRJEF DESCRIPTIOQ§
GN1 REV3 General Notes.
AT A REV~E , ' General Arrangement.
v E10 REVB Steam Drum Connections
‘and Internals.
E 101 REV A ‘ : Risgr’and Downcomer Piping
' ‘ ‘ Layout.
‘ 1 REV 8 ) o WHE Shell and Tubes
2 REV. 5 Gas Outlet Cone
5 REV 2 L Davits and Baffle Plates-
8 REV 5 Gas Inlet Cone
13 RV WHE Lifting Attachments
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