Processing Equipment Design
Exercise No. 5:

Reinforcement of flat cover of shell and tube
heat exchanger
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Design of reinforcement of flat cover of shell and

tube heat exchanger (HE) . b
Solved as a fixed beam =TT, - r?\mggmﬁ;g
’ i I ¢DTDO
| oD
Given: ; #0c
Shell inner diameter D,=1000 mm
Calculated diameter of cover sealing D, = 1050 mm
Pitch diameter of cover bolts D, = 1085 mm
Cover external diameter D.=1120 mm
Overpressure in HE p = 300 kPa
Maximal allowable cover deflection y=1mm
Type and size of reinforcing profiles | 140

Section modulus of the profile for bending W, = 81,9 cm?
Moment of inertia of the profile J=573 cm*?



Examples of tubular HEs with several passes, flat cover and baffles

VT s pevnymi trubkovnicemi, pfepazkami v mezitrubkovém prostoru a dvéma tahy v trubkach

HE with fixed tube-plates and baffles in inter mediate tube space and 2 passes in tubes
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B cross flow + in upper part is
1- Pfepazka Baffle plate 6 —Trubky Tubes counter and down is parallel flow
2 - Patka Support, footing 7 —Pevna trubkovnice Fixed tube plate (Welded like flange)
3 —Vystupni hrdlo Outlet neck 8 — Priruba Cover with flange
4 — Segmentova piepazka Segment baffle 9 - Vstupni hrdlo Inlet neck

5 — Plast Shell

Four passes HE

baffles keep flow in proper tubes

baffles

baffle
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tube plates

front chamber back
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Tyée prifezu I  Beams of | profile and their parameters

J (cm4)  moment setrvacnosti prifezu k ose ohybu x - X moment of inertia — needed from the deflection point of view
Wo (cm3) prifezovy modul k ose ohybu x - x section modulus — needed from the strength point of view

Hodnoty ur&eny podle starsich CSN 420076 a 425551, které mohly byt revidovany. PouZitelné pouze pro uéely vyuky.
Type Mass Type Mass

Oznaé. h b d Hmot. Jx Wo Oznaé. h b d Hmot. Jx Wo
(D (mm) mm) (mm) (kg/m) (cmd) (cm3) (mm) (mm) (mm) (kg/m) (cm4) (cm3)

80 80 42 39 595 778 19,5

100 100 50 45 832 171 342 100 100 55 45 946 198 39,7
120 120 58 51 11,15 328 54,7 120 120 64 48 11,5 350 584
[[40 140 66 5.7 1440 573 81,9 | [T40 140 73 49 13, 572 8L7]
160 160 74 63 17,90 935 117 160 160 81 50 159 873 109
180 180 8 69 21,90 1450 161 180 180 90 5,1 18,4 1290 143
200 200 90 7,5 2630 2140 214 200 200 100 52 21,0 1840 184
220 220 98 81 31,09 3060 278 220 220 110 54 240 2550 232
240 240 106 87 36,20 4250 354 240 240 ii5 56 275 3460 289
260 260 113 94 41,90 5740 442 270 270 125 6,0 31,5 5010 371
280 280 119 10,1 48,00 7590 542 300 300 135 65 365 7080 472
300 300 125 10,8 5424 9800 653 330 330 140 0 422 9840 597
320 320 131 115 61,07 12510 782 360 360 145 75 48,6 13380 743

340 340 137 122 68,14 15700 923
360 360 143 13,0 7622 19610 1090
380 380 149 13,7 84,00 24010 1260
400 400 155 144 92,60 29210 1460
450 450 170 162 11500 45850 2040
500 500 185 18,0 141,00 68740 2750

Napéti v nosniku; Priifezové moduly profili

P. Hoffman
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Ty&e pritezu U Beams of U profile and their parameters

Jx (cm4)  moment setrv. priifezu k ose ohybu x -x  moment of inertia to bending axis x - x

Wox (cm3) prifezovy modul k ose ohybu x - x section modulus to bending axis x - x
Jy (cm4)  moment setrv. prifezu k ose ohybuy -y moment of inertia to bending axis y - y
Woy (cm3) prifezovy modul k ose ohybu y - y section modulus to bending axis x - x

Hodnoty uréeny podle starsich CSN 420076 a 425571, které mohly byt revidovéany. PouZitelné pouze pro tcely vyuky.

Type Mass Type Mass
Oznaé. h b d Hmot. Jx Wox  Jy Woy Ozna¢. h b d Hmot. Jx Wox Jy Woy
U (mm) (mm) (mm) (kg/m) (cm4) (ecm3) (ecmd) (em3) UE (mm) (mm) (mm) (kg/m) (cm4) (cm3) (cm4) (cm3)
50 50 38 5,5 559 264 10,6 9,1 3,75 50 50 32 44 4,84 228 9,1 5,61 2,75
65 65 42 345 7,09 57,5 17,7 14,1 5,07 65 65 36 4.4 5,9 486 15 8,7 3,68
80 80 45 6,0 8,64 106 265 194 6,36 80 80 40 4,5 7,05 894 224 12,8 4,75
100 100 50 6,0 10,6 206 41,2 293 8,49 100 100 46 4,5 8,59 174 348 20,4 6,46
120 120 55 7,0 13,4 364 60,7 432 11,1 120 120 52 4,8 10,4 304 50,6 31,2 8,52
140 140 60 7,0 16,0 605 86,4 62,7 14,8 140 140 58 49 12,3 491 70,2 454 11,0
160 160 65 7.5 18,8 925 116 ¥5,3 18,3 160 160 64 5,0 14,2 747 5934 63,3 13,8
180 180 70 8,0 22,0 1350 150 114 22,4 180 180 70 5,1 16,3 1090 121 86 17,0
200 200 75 8,5 253 1910 191 148 27,0 200 200 76 5.2 18,4 1520 152 113 20,5
220 220 80 9,0 294 2690 245 197 33,6 220 220 82 5.4 21,0 2110 192 151 25,i
240 240 85 9.5 33,2 3600 300 248 39,6 240 240 90 5,6 24,0 2900 242 208 31,6
260 260 90 100 379 4820 371 317 47.7 260 260 95 6,0 27,7 4160 308 262 373
280 280 95 10,0 41,8 6280 448 399 57,2 300 300 100 6,5 31,8 5810 387 327 43,6

300 300 100 100 46,2 8030 535 495 67,8

Napéti v nosniku: Priifezové moduly profila

P. Hoffman Datum tisku: 10.10.2002
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Profile width b=66 mm

Profile specific mass 4 ey | mp,=14,4 kg/m
Modulus of elasticity i ED "| E=206GPa
Maximal allowed stress || e op = 156 MPa
Material density | p = 7850 kg/m3
Minimal flat cover thickness specified s=10 mm

from technological reasons (E.g. shell welding on the cover, flange strength ...)

Task is to specify:

Pitch of reinforcing profiles — their number t=?mm
Maximal bending stress Opmax = ° MPa
in central profiles

Maximal deflection of central
reinforcing profiles

Mass of cover together with reinforcing profiles M, , =? kg
Comparison with unreinforced flat cover AM =? kg

Yiax = 2 MM

Appreciation of possibility of the reinforcement optimization



During our calculation we neglect a thin flat cover rigidity and
will calculate only with rigidity of reinforcing profiles (it is that

all forces acts only on these profiles).

Our results will be on a side of better safety as the cover is able

to withstand some loading.

We consider the case of a fixed beam.

A sketch of the cover with profiles is on fig.1.



Fig.1 Sketch of flat circular cover reinforcement

U profiles View of the longitudinal and transversal reinforcing beams

t
t b n longitudinal profiles «—
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| profiles
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II.

effective area for 1 profile= L, * t
(the profile must withstand a force equal !
to the pressure acting on this surface)

\

n transversal profiles
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Examples of flat covers of shell and tube HEs reinforcement
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1. Loading course and equations used for fixed beam

with length L and loaded with continuous load q.

Mg, />

/ \ IVIBmax

fixed beam with continuous load

(in our example = internal overpressure)

For simplicity of our calculation we will consider
the reinforcement as the fixed beam.

The real situation of the load will be between
the fixed and supported beam closer to the fixed
one.

course of bending moment in fixed
beam with continuous load



Equations needed for the reinforcing beams calculation

_g*U
Mg(L/2) = o
MBmax_MA:MB:_q*L
12
q*L
L/2) =
y(L/2) 384*E*J

Remember lectures of elasticity and strength

bending moment in the beam
center

bending moment in the
place of the beam fixation

deflection in the beam
center

Continuous load of the beam

[a] =N/m?* m=N/m



2. Specification of beams (I profiles) pitch for the most
loaded profile (near the axis) | I°|

/* /¢t?

Im

Note: Profiles are crosswise therefore is the Ioadlng divided by 2.
 Specification of the continuous loading referenced to 1 m of profile length
q=1/2*p*1*t (N/m; Pa, m, m)

* Maximal bending moment in the longest beam

M, =q*L_2/12 (N*m; N/m, m?)

For the 1%t approximation we suppose that L__ =~ D, (for odd number of profiles it is valid,
for even numberis L., a few less than D, — we are on the safety side)



* Real stress in beam must be equal or lower than allowed stress

Stress = bending moment / section modulus

c,Breal = IVIBmax / WO = (q * I'maxz) / (12 * WO)
0Breal =1 / 2 *(p * maxz) / (12 W ) < o'D

* Theoretical

imal pitch of profiles is

t - = 2*(12*%0,* W) /(p *L

ma max )

t...=2*(12* 156*10° * 81,9*10°) / (300*10° * (1050*103)? =
t . =0.927 m =927 mm

* Total maximal theoretical force acting on the longest profile

F =p*t*L;,/2~300 *0.927 * 1.050 / 2 = 146.0 kN

TPmax



* Total force acting on the cover is force=area* pressure
Fic=n*D?/4*p=mn*1.052/4 * 300 =259.8 kN
* Maximal specific loading of the profile nearest the axis is (1 iteration = in the axis)

=p*1*t__ /2=300*1*0,927 /2 =139.1 kN/m

qmax

 Maximal bending moment in the profile located nearest the axis is

M, . =q.. *L 2/12=139.1*1.0502/12=12.78 kN.m

 Maximal theoretical bending stress in the profile located nearest the axis is

Gpra = My / W_ =12.78 / (81.9%10-) = 156 000 kPa = o,

(checking if we counted correctly)

* Maximal theoretical deflection of the profile located nearest the axis is

Yimax = 4 * Lo / (384 * E *J) =139.1*%103 * 1.050% / (384 * 206*10° * 573*10°8)

V= 0.00037 m=0.4mMm <1 mm OK (J = moment of inertia)



3. Specification of real number of profiles and loading

« Number of profiles in one direction

n,=D,/t . =1050 /927 = 1.13 pcs

max

« Chosen number of profiles (minimally a next higher whole number)

Np, = 2 PCS

unreinforced parts

* Real pitch of profiles of the plate

vy
1:real = Dt / Npeh = 1050 / 2=525mm W\;\\‘ )
N

- Length of the longest profile (near the axis) - N _F

For even number of profiles: Equation for determining the length of the chord of the arc

For odd number of profiles \ L = 2*\/2*(%_0,5*0*%_(3 —0,5%t)’

L, = D, =7

L2 T2wr-v* L=2x \/2 *F VT — 1:"2

L



For our example is n = 2 .... even number. Then is a length of the longest profile

L, = 2*\/ 2*(% _0,5%525) %1920 _ (10250 —0,5*525)% = 909mm

* Real specific loading of the longest profile is (for the chosen No. of beams)

Qey=1/2%p*1*t_,=1/2*300*1*0.525=78.75 kN/m

* Real maximal bending moment in the longest profile is

M = Q. * L2/ 12=78.75 * 0.9092 / 12 = 5.42 kN.m

Bmaxreal —

* Real maximal bending stress in the longest profile is (for specified section modulus)

Carmareal = Mamaxress / W, = 5.42 / 81.9%10- = 66000 kPa = 66.0 MPa

66 MPa <156 MPa . °

 Maximal real deflection of the longest profile is
Q,eq © L%/ (384* E* J) =78.75*%10% * 0.909* / (384 * 206*10° * 573*10°8)

=0.00012m=0.12mMmm<1mm O.K. reserve 8.3 x

ymaxreal =

ymaxreal



4. Specification of the reinforced cover mass

- Mass of the flat cover is
M .=n*D2/4*s*p=n*1.122/4*0.010 * 7850 = 77.3 kg

« Mass of longitudinal profiles

Length of i-th profile for odd number of profiles

L :z*\/z*([;—o,vt—(i _1)*t)* [; _(E; _0,5%t — (i —1)*1)’

— V; P

[
1

Length of i-th profile for even number of profiles

Li:Z*\/Z*(D D D

(- *)*

2 , Ty



Real pitch of profiles

A //--\ .
AN A D
\ / 2 L, \ / L,
i\ /f | \\\ ; Y
Lt/Z‘ t |t Ut/% ‘t/2 |t ‘t/Z‘
D, D,
n = 3 (odd) number of profiles n = 2 (even) number of profiles
reaI_D/n real_[)/n
I'max = I'1 = I:)t I'max = I'1 < I:)t
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In our example is n = 2 profiles, i = 1 (only 2 symmetric profiles)
so that we can use the above calculated result L, =909 mm.

e Mass of the 15t profile
My, =L, *m,; =0.909 *14.4 =13.1 kg (m*kg/m=ke)
e Mass of all longitudinal profiles

My, =2 L=2%L,=2%13.1=26.2kg

Plongit

* Analogical we can specify mass of transversal profiles (we must
subtract places where is the material of longitudinal profiles —
transversal profiles are welded among longitudinal ones)

M. ~24.5 kg

Ptrans



* Total mass of reinforcing profiles

Mo, = My oie + Moy, = 26.2 + 24.5 = 50.7 kg

Plongit Ptrans

e Mass of the flat cover is (circular plate)

M, . =t*D2/4*s*p

M. =m*1.122 /4 *0.01 * 7850 = 77.3 kg
* Total mass of the reinforced cover

M., = M, +M,,, =77.3+50.7 = 128.0 kg



5. Specification the of non-reinforced cover mass

In the case we can specify the minimal calculation thickness of the

flat circular cover according Czech standard CSN 690010, part 4.9.
A sketch of the cover with marking according the CSN is on the figure.

s l Equation for cover thickness specification
71 A
S2
» ¢D0 Tp, T SlR:K*KO*DR*
) 6Dy |ff |
D, |
¢ cg - [mm; -, -, mm, MPa, MPa, -]
 Calculated diameter (pitch diameter of flange bolts) Dpp = 1085 mm
* Coefficient of cover weakening with holes for necks Ko=1
(in the cover are not holes for necks) for circular
* Coefficient of a type of cover periphery fixation K=0.40 C°"?[af:gf;“‘“8

* Coefficient of cover weakening with weld ¢=1
(no weld in the cover)



* Minimal calculated cover thickness

S, :0,4*1*1085*\/ 0.3 =19,Imm
156*1
* Real cover thickness

Si=SrtC c = allowances for corrosion etc.

S; =21 mm
 Mass of non-reinforced cover
— t 3 2 t 3 t 3
M= *Dc?/4%s, *p

My =7 *1.122 /4 * 0.021 * 7850 = 162.3 kg



* Mass reduction if reinforcing is used

AM =M, — M, = 162.3 -128.0=34.3kg or

AM = (Mcy = Mcyo) / My * 100
AM =100 * (162.3 - 128.0) / 162.3 =21.1 %

As you can see from previous results the

It is affirmed by the calculated value of
real stress O, ,.rea = 66.0 MPa that is much lower than allowed

value 156 MPa. Therefore we can do an optimization of a choice
of profiles size.

Calculations were performed in Excel and the result was that the best solution
is using of profiles | 100.



6. Calculation for optimized size of reinforcing profiles
| 100 instead original | 140.

Parameters of profile | 100: for 1140
* section modulus of bending W, =34.2 cm? 91.9
* moment of inertia J=171 cm?* 573

* profile specific mass m,, =8.32kg/m  14.4
* profile width b=50mm 66

6.1. Theoretical maximal pitch of profiles

Mg, = G*L,.. 2/12 = 6, *W,

max

=2*(12* oy * Wy) /(p * L

-

max q=p*t/2 oz<o,

t _ =2%(12 * 156*10° * 34.2*10°%) / (300*103 * (1050*10°3)?
t .= 0.387 m =387 mm 927



Tyte prifezul  Beams of | profile

J (cmd)

Wo (cm3) pritrezovy modul k ose ohybu x - x

Hodnoty ur&eny podle starsich CSN 420076 a 425551, které mohly byt revidovany. PouZitelné pouze pro uéely vyuky.

moment setrvacnosti prifezu k ose ohybu x - X moment of inertia — needed from the deflection point of view
section modulus — needed from the strength point of view

Type Mass Type Mass
Oznaé. h b d Hmot. Jx Wo Oznad. h b d Hmot. Jx Wo
@ (mm) (mm) (mm) (kg/m) (cm4) (cm3) (mm) (mm) (mm) (kg/m) (cm4) (cm3)
80 80 42 39 595 778 195 - ,‘ )
00100 50 45 832 171 342 ] 100 100 55 45 946 198 39,7
120 120 58 $1 1115 38 547 120 120 64 48 11,5 350 584
[[40 140 66 5.7 1440 573 81,9 | [[40 140 73 49 13,7 572 SL,7]
160 160 74 63 1790 935 117 160 160 81 50 159 873 109
180 180 8 69 21,90 1450 161 180 180 90 5,1 18,4 1290 143
200 200 90 7,5 2630 2140 214 200 200 100 52 21,0 1840 184
220 220 98 81 31,09 3060 278 220 220 110 54 240 2550 232
240 240 i06 8,7 36,20 4250 354 240 240  ii5 5,6 273 3460 289
260 260 113 94 41,90 5740 442 270 270 125 6,0 31,5 5010 371
280 280 119 10,1 48,00 7590 542 300 300 135 65 365 7080 472
300 300 125 10,8 5424 9800 653 330 330 140 10 422 9840 597
320 320 131 11,5 61,07 12510 782 360 360 145 75 48,6 13380 743
340 340 137 122 68,14 15700 923
360 360 143 13,0 7622 19610 1090
380 380 149 13,7 84,00 24010 1260
400 400 155 144 92,60 29210 1460
450 450 170 162 11500 45850 2040
500 500 185 180 141,00 68740 2750

Napéti v nosniku; Priifezové moduly profili
P. Hoffman

PED - exercise 5

Datum tisku: 10.10.20(
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* Total max. theoretical force acting on the profile nearest the axis

Frpmax =P * t* L, / 2~300 * 0.387 * 1.050 / 2 = 61.0 kN

TPmax
146
* Total force acting on the cover
Fo=n*D2/4*p=n*1,052/4*300=259.8 kN
259.8

* Maximal specific loading of the profile nearest the axis

/2=300%*1%*0.387 /2=58.1 kN/m

139.1
* Maximal bending moment in the profile located nearest the axis is

Onax =P ¥ 1%t .,

M *L . 2/12=58.1*1.050%/12=5.34 kN.m

omax — Amax max
12.78



* Maximal theoretical bending stress in the profile located

nearest the axis is (for given section modulus)
/1100 1 140

cmeax = IVIBmax / Wo

Opmax = 2-34 / (34.2*%10°) = 156 000 kPa = 156 MPa = Cp
156
 Maximal theoretical deflection of the profile located nearest
the axis is

Yimax = 0 * Linax / (384 * E * J)
Yemax = 58.1%10% * 1.050° / (384 * 206*10° * 573*108)

Yimax = 0:0005 m~0.5mm <1 mm OK 0.4



6.2. Specification of real number of profiles and loading

* Number of profiles in one direction

n,=D, /t.. =1050 /387 =2.7 pcs

max

* Chosen number of profiles (minimally a next higher number)

Np., = 3 PCS
* Real pitch of profiles
t.. =D, / Np., = 1050 / 3 =350 mm

* Length of the longest profile (near the axis)

For odd number of profiles

1140

1.13

L, =D, L =2*\/2*([;

AN
______ \ 525
For even number of profiles
D
—05*)*——-(—-0,5*t)°
) ; (2 )



For our example is n =3 .... odd number. Then is a length of the longest profile

L, =D, =1050 mm
/1100 1 140
* Real specific loading of the longest profile

Qey=1/2*p*1*t_,=1/2%300*1*0.350 = 52.5 kN/m

* Real maximal bending moment in the longest profile 4
Mg, axreal = Ureal * L12/ 12 =52.5 ¥1.052 /12 =4.82 kN.m
5.42
* Real maximal bending stress in the longest profile
Ogmaxreal = MBmaxreal / W, =4.82 / 34.2*%10° = 141000 kPa
GBmaxreal - 141.0 MPa < 156 MPa O.K. reserveis 1.1 x
66.0 <156

* Maximal real deflection of the longest profile

=Q,, * L4/ (384 *E*J) <1 mm

reserve was 2.56 x

Ymaxreal _
reserve is 2 x

=52.5*%103 * 1.054/ (384 * 206*10° * 171*108) = 0.00047 m = 0.5 mm
better material utilization <——— reservewas8.3x 0-12

ymaxreal



6.3. Specification of the reinforced cover mass
1100 [ 140

 Mass of the flat cover

M. =nt*D22/4*s*p=n*1.122 /4 *0.010 * 7850 = 77.3 kg
77.3
* Mass of longitudinal profiles

Length of i-th profile for even number of profiles

L = z*dz*( 0,5%t — (i — )*t)*[;—([;—0,5*t—(i—1)*t)2

Length of i-th profile for odd number of profiles
L :2*\/ t—(i—l)*t)*%—([; —(1=-1)*t)’

In our example is n = 3 profiles, i = 2 (only 1 profile in axis and 2
symmetrical profiles). For the axial profile we can use above
calculated result L, =1050 mm.




e Mass of thel*t profile /1100 1140

M,, = L, * m,, = 1.050 * 8.32 = 8.7 kg o

* Length of the 2"d profile

L = 2*\/2*(1();()—(2—1)*350)*10250—(10250—(2—1)*350)2

L, =783 mm 0
* Mass of the 2" profile
My, =L, *m,; =0.783 * 8.32 = 6.5 kg 0

Mass of all longitudinal profiles

M, ..=2L=1*L +2*L,=1*87+2%6.5 =21.7 kg

26.2

Plongit



Analogical we can specify mass of transversal profiles (we must
subtract places where is the material of longitudinal profiles —
transversal profiles are welded among longit. ones) ;4

1140
Mpians = 20.2 kg 24.5
- Total mass of reinforcing profiles
Moot = M,,,omgit + Mo, = 21.7 + 20.2 = 41.9 kg 50.7
- Total mass of the reinforced cover
Mciotopt = Mec + Mpyo = 77.3 +41.9 = 119.2 kg 128.0

6.4. Total mass of non-reinforced cover

Is the same as in the previous case, it is M, = 162.3 kg.



6.5. Mass reduction for this optimized variant

1100

* Mass reduction if the variant is used compared with
non- reinforced cover

AM = My — Moo = 162.3-119.2=43.1 kg or
AM = (MCN - IVICtotopt) / IVlCN *100
AM =100 * (162.3 - 119.2) / 162.3=26.5 %

or compared with reinforcing profiles | 140 it is

AM = M, — Mciotopt = 128.0-119.2= 8.8 kg or
AM = (Mo — MCtotopt) / Mg, * 100
AM =100 * (128.0-119.2) / 128.0=6.9 %

1140

34.3

21.1



Recapitulation of results

Similar calculations can be performed for other reinforcing profiles.

Way of cover reinforcing Total cover mass (kg)
* Non-reinforced cover 162.3
* 1140 - 2 x 2 pcs of profiles 128.0
* 1100 -3 x 3 pcs of profiles 119.2
1160 -1 x 1 pc of profile 124.4
* U 200 - 3 x 3 pcs of profiles 171.9 kg . profile has fowerbending

=0.5+1.0=1.5mm 185 theory, in fact the thickness would have to be
greater from technological aspects (welding of
flange or baffles ...)

hemispherical cover s

real

Note:
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U HRDLE —

Drawing of the actual tube
heater with basic dimensions
(producer ZVU Hradec Kralové)

Handling with heavy covers:

*Mass of the lower cover lifts the
top cover (through the lever
mechanism)

* At the top is the axis of the cover
rotation before the connecting bar,
down is the axis of the cover rotation
behind the connecting bar

ODYOD KONDENZATL.




