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e “There are no foolish questions and no man becomes

a fool until he has stopped asking questions”

e Charles P. Steinmetz quotes (Prussian Engineer and Inventor,

1865-1923)
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construction.
Often used for
fouling duties.

B RS . % e LAAIEE T
3 He B2 \ g d .”'ngu':‘\l \ M
ROEFA (absolute) BRI # i i
F # 5% Air-cooled 500 bar 600 °C SN HEE [5~350m’ GkE o & | ¥ HERRE SR DA R
(B A2 7)) (% A2 79)) i -HA) Ty 5 H | B
FAIEN R E 16~25 bar | -25~ 200°C. A AET 5O 1 ~to 1200 m2 R S I ) oF
(% & B fpind o @
K3-v i S ARR E T
40 bar) *
AEXANE L NBAEE 1 bar ~600°C. R 2 I Wier ¥ AL
g w e s * Rk
A% F
Erdi#i#® 300 bar (# | -100 to 600°C s | 0.25 ~200 m’ per High thermal efficiency, standard
) (& * FoRitat i® unit — multiple units | modular construction.
1400 bar Y (%) are often used.
(g D).
# 4 # 2 3% T Heat-pipe ~ 1 bar W OF M Low pressure 100 ~ 1000 m2. ¥ % ;L = o d 0 4 EpIET
200°C > fe ¥ & | gases. (N T R
AEEREP
(A7 i S R
R
1 5% 100 bar —273~150°C (48 | Low fouling. # 2 BRI ¥ ] >t | Very small possible. Incorporation
Plate-fin (48 & &) ) 9 m3 of multiple streams. Very large
200 bar ~ 600°C surface area per unit volume. DT
(% & %) (% 4 4)
Er ] 3% Printed-circuit 1000 bar 800°C Low fouling 1 to 1000 m2 Very large surface area per unit
(7 4% 48 ) volume. Stainless steel or higher
alloys normal construction
material.
¥ £ 24 3% Rotary regenerators ~ 1 bar 980°C. Low pressured Inter-stream leakage must be
gases. tolerated
# ¥ 5% Shell-and-tube 300 bar —25~600°C (& | st a4t 10 to 1000 m2 (per Very adaptable and can be used for
(3 ). * 4%k H f:l GE MR shell — multiple shells | nearly all applications.
1400 bar e g MA ] R can be used).
(?: #l). R )
473 N 18 bar ~400°C Subject only to ~ 200 m2. High heat transfer efficiency.
Spiral materials of Cylindrical geometry useful as

integral part of distillation tower.
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MEsAA®
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& 5 EFESS4F1/5~1 shell dia.
& i EFENEELE2/5~1/2 shell dia.

& 5/ EHEVFENR EEE Ay 2 in. or 1/5 shell
dia. (W& TRE)
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Plate-Baffle

Plate Baffle Example Rod Baffle Example
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Intensified heat transfer techniques

Shell-side:

> Helical Baffles®, which reduce the
number of dead spots created by
segmented baffle design, where no
heat transfer occurs between the
tube-side and shell-side fluids

»EM Baffles®, which employs
expanded metal baffles (tube
supports) made of plate material
that has been slit and expanded.

The open structure allows a
longitudinal flow pattern and results

A Major Advanca in

in lowel‘ hydl'alllic reSiStance, SO Heat Exchanger Technology
that flow induced tube vibration will

not occur.
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Bzzd 7%
Iffigingement baffle )

Inlet nozzle

' T

Y

|mpingf?ment |
baffle e v
N /—-———w\ J A

Baffie too big

Good baffle design Bafle too close

e inlet nozzle. (From Bell, 1998.)

FIGURE 10.2 Impingement baffles at the shell-sid
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FIGURE 10.3 Shell-side flow arrangement for val

Research, Inc., College Station, Texas).

rious shell types (Courtesy of Heal Transfer
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Need to increase heat transfer

Increase heat

l

Increase surface area

transfer coefficient
{ ]
[ | [ | !
Tube side Shell side Increase Increase shell Employ
tube leneth diameter with multiple shells
Increase number Decrease the appropriate 1n Seres or
: number of parallel
of tubes, baffle spacing or nibes
decrease tube baffle cut
outside diameter Increase Fore
Use counterflow configurations
Use multinle shells configuration
Need to reduce pressure drop
Tube side Shell side
] | | I
Increase Increase Increase Use double
Decrease Increase Decrease tube the baffle the baffle  tube pitch or triple
number of  tube length and cut spacing segmental
tube diameter increase shell baffles
passes diameter and
number of
tubes

FIGURE 10.10 Influence of various geometrical parameters of a shell-and-tube exchanger on
heat transfer and pressure drop.

17
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¢ Shel

¢ fHiS
bypass
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o ANEFER(fE{KLeakage &

0SS)

=aa1Guideline (ESDU 92013):

o Fx IEMERBEY/ NI E WAVE R E25%
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& Highly flexible (a]3frH]
=\,), sealing may be a

problem.

¢ Maximum
temperature/pressure
constraints.
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282 K E 47 R Cross flow >
effectlveness R

¢ YRk 2EbCooling
tower /)N

¢ Induced draft no Tjﬁm{i@ﬁ 5
Eﬁ/)lL\Eﬁ\ﬁﬁ {HfanE/E
B ENRE 0 CEESGFED

¢ A-frame = FHjjASteam
condensation

& e AEH YA
& 5 AP E KT 1 in.

with 2 in. wound fins. Fin
pitch ~ 11 fins/in.
¢ HHAUE/EREZE 2~ 5 m/s.
¢ Row number: 3~8.
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¢ F+ Method
¢ Effectiveness Method

Get Q/AT,,

21
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TABLE 2.2 I' & ¢ VALUES FOR SHELL-AND-TUBE HEAT EXCHANGEERS (courtssy of Jebmson Humt Led)

Hat Sidie Fhuid
. s D I Low Ivi=diom High Process Low High Condensimg | Condsnsing Condensing
CVAT {o}l_..m‘.-j..e % | Presame Pressure Prassure Water Viscosity | Viscosity | Steam Hydrocarbon | Hydrocarbon
- Gas Gas Gas Orgamic | Liguid with
WD { =1 har) | (20%ar) {150 bar) Limquid Inert (Gas
Low Presaure U{W/m? E) 53 a3 130 102 Lo 63 107 100 34
Gas{ <1 har C (ETRVED) 3T 502 5.5 483 204 5350 4487 485 511
Mednm Presame UWim' K) a3 300 35 219 375 130 330 ias 244
Gas (20 bar) C (ETWED) 302 418 481 403 40 476 g3 407 4128
High Pressume U(Wim® K) 120 330 Eli] 00 250 200 &0 400 300
Gas (150 bar) O (EIWIED) 351 411 G215 435 438 5350 436 482 481
Trearzd Coaling Wi ) 105 434 500 EE 714 142 1507 T4 345
1000 Water € (EWIED) 489 ERL 434 3.77 385 450 361 3.3 412
Low Viscosify U(Wim? ) @ 375 430 500 50 130 g8 i 185
COmeamic Liquid O (EWED) 486 408 438 igl 397 447 gl igs 420
Hizh Viscosity UWim® K) 43 138 200 181 153 3 173 155 214
Liguid C (EWIED) 339 411 550 444 431 516 441 4350 433
Bilins Water UWim® ) 105 267 530 B75 §77 14] 1432 T2 3315
C (EIWIED) 489 ica 481 ima 387 450 I s 413
Boiling Crzanic U(Wim® K) ag 373 430 00 5040 130 g8 M 285
Liguid € (EWE) 4584 409 438 igl 397 447 g igs 4. 20
Low Pressure U(Wim? E) 53 a3 130 102 Lo 63 107 100 34
Gas( «1 b € (EWIED) 111 1.63 136 1.58 1.33 185 155 159 168
Mednm Presams U{W/m? K a3 300 350 418 375 130 330 iae 244
Gas (10 bar) C CETRVED) 1.63 1 189 1.02 1.05 148 0Lg L5 118
High Pressure UWim® K) 120 350 =00 00 250 200 &0 400 3
Gas (150 bar) C (EWIED) 224 139 225 1.10 145 183 1.10 145 145
Treared Coaling U(Wim? K) 105 =84 $00 38 120 142 1507 T4 345
5 000 Water € (EW/E) L5 1.0 1.10 0.8 0.91 141 0.83 0.0 107
Low Viscosify U(Wim® K) g 373 430 00 5040 130 g8 M 285
Cmeamic Liquid € (EWE) | I 105 144 QL5 0.9 146 0.9 08g 113
High Viscosiry UiWim K) 43 138 200 161 153 5 173 153 14
Limquid C (ETWED) 186 143 163 136 138 171 132 137 148
Bilinz U(Wim® K) 105 267 530 873 677 140 1432 T2 335
TWater C (EWIED) 1.36 1.00 120 0.8 0.93 141 0.84 0l 1.08
Buailing Crzanic UWim® K) a4 375 43 00 5i0e) 130 El8 iM 185
Liguid O (EIWIED) | 1.05 146 0Ls 0.5 146 089 0og 113
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TABLE 2.3 I & CVALUES FOR DUBLE-FIFE HEAT EXCHANGERS( Courtesy Brown Finnube Lid)

Hot 5ide Fioid
- . o , Low Medim  |Hizh Process Low High Condensing | Condensing | Condensing
QAT "ﬂFl':_u.ﬁédE Pressmre | Pressure | Pressume Water Tscosity lumsln Sieam H:.':'rn:ca:mn [-I'r:ru-:utrm
(raz Gas (Gas HBydrocarbon H}-:I.n:c.a::rnu with
(FE) [ <1 bar) |(20har) (150 har) Liguid Liquid Inert Gas
Low Pressure L7 (Wim? E) 55 g5 125 105 100 b5 110 100 5]
Gas{ =1 Tbar) O (ENAVED) 48 £ 19 ik £ 4.7 28 EF: in
Medium Presmurs I (Wim® E) L] 300 350 30 375 120 330 300 M40
Gas (20 bar) CEWED 34 15 19 15 5 24 15 13 a3
Hizh Presame [me 1H 350 400 500 400 150 &00 420 350
Gaz {150 bar) ' Ef__ W ] in 14 la 14 14 10 1o 0 a0
Treaied Cooling Uiwm? 105 43- 5 ] 715 145 1510 745 M5
000 Water o Eﬂ L"IF':' 28 15 14 15 15 23 25 ig 25
’ Low Viscosity Ir{Wim? ) 108 375 415 600 500 130 20 525 0
Hydrocarbon Liqwid | ¢ (20 ED a3 15 29 15 35 25 15 15 25
Hizh Viscesiy I (Wim® E) T 140 175 160 155 B3 175 155 125
Hydrocarbon Liqud | ¢ (£/0W0E) 47 15 19 15 15 ER 25 15 a3
Bailing Water U (Wim® E) 105 470 550 875 670 140 1435 725 340
C (£ :11'}:.:. in 15 la 15 15 23 25 15 25
Bailing Creanic Uiwm? 10 375 430 600 500 130 20 525 285
Liquid o E:—_. W-_F':' 4 15 14 15 15 23 25 15 25
Low Pressure Lr{Wim? ) 55 05 115 105 100 5 110 100 85
Gas{ =1 har) C (ENWEY) 215 126 1.1 133 1Ln 184 1.23 112 £
Medium Preszurs Uiwm® K 05 300 350 430 375 130 330 300 M40
Gas (20 bar) C (£/WED) 15 026 | 076 LR 116 0.6 0.8 0.04
Hizh Presaue I (Wim® E) 140 350 400 500 400 15 GO0 430 350
Gaz (150 bar) O EWED 205 L1 1.1 1 11 13 1 11 12
Treated Cooling m 105 43+ 500 o0 715 145 1510 743 M5
000 Water o Eﬁ W i 14 0.75 | 0.5 0.72 1 0.4 07 e
. Low Viscosity [iwmd K 10 375 415 600 500 130 &0 525 280
Hydrocarbaon Liquid | o Eﬂ :11-};,:, 145 0.8 103 0.8 ha 11 0.3 Y 12
Hizh Viscosty Ir{Wim? ) T 1440 175 150 155 ] 175 155 135
Hydrecarbon Liqusd | ¢ (£ ED) 14 156 12 085 | 27 082 L6 1.95
Bailing I (Wim® E) 105 470 550 875 670 140 1435 725 340
Water O (ENAVED) 14 09 1 0.5 0uh 11 0.4 073 09
Bailing Crganic L (Wim® E) 104 375 430 600 500 130 g0 525 285
Liquid C (ENWED) 145 0.8 1.03 R ha 138 0.7 1 L1
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TABLE 9.4 U"AND C VALUES FOR PLATE HEAT EXCHANGERS (courtesy APV Baker Ltd)

& 2 38 ~ ¥

. Neartional Chino T1m_g Unhwl'sir_r;

_ Het Side Liqmd
OFAT
WD) Cold Side Liqud Parameter Water Amqueous Inorgame Orgamie Liqud
Lyquud
5000 Wiater U (Wim?® K) 5500 3500 1750
C (ENWED 0.160 0.130 to 0.170 0.140 to 0.190
Agueous Incrganic L f'il"-'mz K} 3500 1730 1250
Ligmd CECWEYR | 0.130t0 0,170 0.190 0.160 to 0.210
EEE“ U (Wim® E) 1750 1250 1150
: CEENWEY | 0,140 to 0,190 0.160 to 0.210 0.220
10000 [ Water L7 If'i.i.-"-'r:rl2 E) 3300 3500 1850
C (ENWED 0.1 0.1 0.11
Agueous Inorganic Ly If'?.i.."-'r:lil2 K) 3500 2200 1400
Ligmd C (EWE) 0.1 0.1 0.13
Chrgamc U (Wim?® K) 1850 1400 1150
Ligmd C (EWE) 011 0.13 0.15
50000 | 'Water 7 (Wim? K) 5500 3500 1850
C (ENWED 0.025 0,025 to 0.035 0.035
Aoqueous Incrgamc L7 If'?.i.."-'r:lil2 K} 3500 3300 1400
Ligmd CEWEYR | 0,025 to 00035 0.035 0.055
Orgamc L7 If'i.i.-"-'r:rl2 E) 1850 14400 1150
Ligmd C (EWE) 0.035 0.055 0.065
100000 | Water L7 If'i.i.-"-'r:rl2 E) 3300 3500 1850
C (ENWED) 0.025 0.035 0.045
Aoqueous Incrgamc L7 If'?.i.."-'r:lil2 K} 3500 3300 1400
Ligmd C (ENWED) 0.035 0,035 0.055
Orgamc L7 If'i.i.-"-'r:rl2 E) 1850 14400 1150
Ligmd C (ENWED) 0.045 0.055 0.065

24
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TABLE 2.5 U & C VALUES FOE. PREINTED-CTRCUTT HEAT EXCHANGERS (cournesy Heatric Lid)

B¢ Side Fhuid
: Low Medinm | High F0percemt | Condensimg | Low Medium Hizh Condensing
QAT Cold Side Parametsl | Pressre | Pressure | Pressure | Triethylens | Hydmocarbon |Viscosity |WViscosity | Viscosity | Steam
Fhaid Gas Gas Gas Girycol Water Liqxid Liguid Fhiid

(WE) (<] bar) |{20ba) | (150 bar) (<1 cBy |(lto5c®) |(20ch
Low Bressure Wi &) 198 331 357 360 138 EET: 310 138 ERf
Gazs (=1 bar) CEWED) 12 12 12 12 12 12 12 12 12
Medim Presoare Gas | UT(Wim* ) 33l lo2a 1324 1506 1020 1304 845 438 16665
(20 har) C (& WED) 12 12 12 12 12 12 12 12 12
High Pressure U{Wim* ) 357 134 1835 1234 1427 1815 1034 508 1505
Gas (150 har) C (& WIED) 12 12 12 12 12 12 12 12 12
30 per cent Inetvlens | U (wiod k) ETE) 1506 134 T THT 1176 1141 EEE] 4
Glyool’ Water CETWED 12 12 12 12 12 12 12 12 12

1000 | Beiling Oreanic U Wi K i B3l 1168 1307 [T s ] 238 1475
Liguid CEWED 12 12 12 12 12 12 12 12 12
Low Viscosry Wi &) 356 1304 1815 176 1404 1778 1021 5] 536
Liguid (=1 M CEWED 12 12 12 12 12 12 12 12 12
Medim Viscosity U{Wim* ) 310 843 1034 1141 T 1021 718 417 1231
Licuid (1 to 5 cF) C (& WED) 12 12 12 12 12 12 12 12 12
High Viscosity U{Wim* ) 136 458 508 333 470 503 417 104 531
Lirid (20 cP) C (& WIED) 12 12 12 12 12 12 12 12 12
Treated Cooling U Wi’ K 376 1621 04 3230 7R MM 1206 547 4068
Waner CEWE) 12 12 12 12 12 12 12 12 12
Low Bressure U (Wim® K 198 331 357 360 138 356 310 ET ER
Gaz { =1 bar) CEWED 52 36 4 16 Y X 36 43 EX
Medim Preszare Gas | U (WinE K 331 1038 1524 1506 1080 1502 FEE] ] 1568
(20 bar) CEWED) 35 14 13 14 14 14 14 13 14
High Pressure U{Wim* ) 357 134 1835 1234 1427 1815 1034 508 1505
Gasz (150 har) C (& WED) 40 148 E 148 18 1% 18 1% 18
30 per cent Tristhylene | UT(Wim* ) 3450 1506 134 IR0 1541 2176 1141 333 3414
Glyool Water CETWED 35 14 1% 14 14 14 14 24 14

3 000 Boiling Orgamic U (Wim® K i 232 168 1307 [T 1 778 238 1475

Liguid CEWE) 35 14 13 14 14 14 14 17 14
Low Viscosity U (Wim® K 356 1304 181§ 1176 1404 1778 1021 503 516
Liguid [ <1 ¢ CEWED) 35 14 13 14 14 14 14 14 14
Medim Viscosity Wi &) ENTH) B3 1052 [ET] T 1001 fIT 7 1231
Licuid (1 to 5 cP) C (& WED) 34 14 18 14 14 24 14 27 24
High Viscosity U{Wim* ) 136 458 30e 333 470 503 417 204 531
Licuid (20 cF) CEWED 48 16 1% 14 16 24 17 2% 24
Treated Cooling UWim' ) T 1621 T 3730 1778 MM 1206 7 4068
Water CETWED 35 14 1% 14 14 14 14 14 14

25
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TABLE 2.4 I"& CVALUES FOR PLATE-FIN HEAT EXCHANGERS (coumtesy Marston Palmer Lid)
(Eey: WA - Mot Applicabls; IWUS - Mot Conmon)

Haot Side Fhaid
Lo Medium | High Process Low High Condemsing | Coodemsing | Comdensins
{WAT Cald 9'-'3'3 Parametsr | prasoyre  |Pressure | Pressure | Water Viscosity Wiscosity Sinam Hydmecarbon | Hydrocarbon
Fluid Gas Gas Gas I-h-:lm-:nrt-ur_ Hrdrocathon with Inent
(WK (=1 bar) [(20bar) |(150bar) id Ligquid Gas
Low Pressure L (Wi ) 163 217 A MHA 154 NUS NUS 7 NS
Gas (<1 har) C(ETW/ED) 310 ER ] £ 1] ER L]
Medium: Pressure W' K) 315 ET N NUS 402 HUS
Gas (20 bar) CETWE) ER ] ER 1] ER L]
Hizh Pressurs U’ K) HA HNaA WA A M
Gas (150 bar) C(ETWE))
Treated Cooling Uim Ky 401 NUS NUS WUS HUS
5 000 Water CETWE]) ER ]
Low Viscosity U K) WS NUS NUS WUS HUS
Hydrocarbon Liquid | C(£{W/E)
High Viscosity U K) WIS NUS WNU3 WUS HUS
Hydrocarbon Liquid | CifiW/E)
Boiling U K) HA HNA HaA WA A HaA
water CETWE])
Baoiling U(Wim* K) a7 40 453 NUS 530 NS
Hydrocarbon C(ETW/ED) 310 ER ] £ 1] ER L]
Low Preszure U’ K) 163 217 X NS ] HUS
Gas (=1 tar) CETWE]) 157 1.55 155 1.55
Madivm Prassure U K) 217 315 i NUS 402 HUS
Gas (20 bar) C(ETWE)) 1.55 1.55 1.55 1.55
Hizh Pressure U K) HA HA HA WA HA HA
Gas (150 bar) CETWE])
Treared Cooling U K) 315 401 NUS NUS WS HUS
10 000 Water CETWE]) 155 1.55

Low Viscosity L (Wi ) NS NUS NUS WS NS
Hydrocarbon Liquid | CifiW/E)
High Viscosity W' K) NS NUS NUS HWUS HUS
Hydrocarbon Liquid | C(£{W/E)
Baoiling U(Wim* K) HA HA WA A HaA
witer C(ETWE])
Baoiling U K) T 402 453 NUS 530 HUS
Hydrocarban CETWE]) 155 1.55 155 1.55
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TAEBLE 88 [I'& C VALUES FOE. WELDED-FLATE HEAT EXCHANGERS (courtesy Johrson Hont Lid)

Hot-side Fluid
Low Mediom | High Process Low High Condenzing | Condensing | Condenszins
(AT Cold Side Parameter | Dressure |Pressure | Pressure | Water Viscosity | Viscosity Sipam Hydmocarbon | Hydrocarbon
Fhuid Gas Gas a3 Crrpanic Ligquid with
WE) (<1 bar) |(20bar) (150 bar) Liquid Inent Gas
Low Pressre U(Wim' E) 18 10§ WA 10 153 11 143 215 120
Gas | «1 har) C (EWE)) B1 B0 48 57 54 47 40 5.8
Mledim Pressure U K) 103 254 WA 31 308 m 1021 708 ]
Gas (200 bar) O (EWE)) B1 7 48 48 5.7 40 37 4 36
Hizh Pressure Ui E) HA HA WA MA HA WA HA HA HA
Gas {130 bar)  (EWED))
Treated Cooling Ui E) 158 344 WA 1328 IR0 138 1730 51 400
1000 Waner C (EWE)) 54 49 37 41 44 i5 e 493
Low Viscosity (W K) 143 287 WA 343 334 153 1085 701 ]
Crrzamic Ligoid C (EWE)) 51 5.6 41 ER| 34 i 37 436
Hizh Viscosity U (Wi K) 103 128 HA 15 m 157 363 in 0
Liquid  (EWED)) b1 50 41 44 5 ERY 41 491
Baoiling Ui K) 170 35 NA 1400 300 150 1804 RO 1]
Water O (EWE)) 3 459 3.60 3 431 i5 e 4 36
Bailing Drgamic UWmt K) 150 300 MA 1000 400 2] 1204 &0 400
Liquid C (EWE)) 350 5 3B0 403 444 im 43§ 493
Low Pressure U{Wm* K) 17 114 NA 220 158 112 43 2345 190
Gas | «1 har) O (EWE)) 402 34 14 174 1% 44 1.02 128
Mledinm Pressure U{Wm* K) 10& G146 NA 1123 1110 35 1404 17 440
Gas (20 bar)  (EWED)) 35 15 1.18 113 193 1.02 13 128
Hizh Pressurs U (W K HA HA WA MA HA HA HA HA HA
Gas (130 bar) C (EWIE))
Treared Cooling Ui K) 215 1157 MA 4152 1551 434 3RA0 1372 ]
5 000 Water C (EWE)) 154 1 074 1.0 151 0.7 0o 11
Low Viscosity (W' K) 140 a7s A 1650 1502 512 1576 1351 ]
Cirzamic Ligoid  (EWED)) b4 e 0.g3 0.7 .| 07E Q.92 11
Hizh Viscosity Ui K) 131 i WA 411 400 42 421 434 300
Liqusd O (EWE)) 28 L 13 18 104 124 1.34 1456
Baoiling U(Wi' K) 185 1000 WA 4300 2000 K] 40 1200 350
Water C (EWE)) 28 1.28 0,78 058 1.04 075 1.18 135
Baoiling Dreamic U K) 155 B HA 000 150 500 1500 ] 450
Liquid C (EWE)) 165 148 .70 080 25 07e 138 151
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Selection of Double-pipe Heat Exchanger

A heat exchanger 15 requared for the cooling of a hugh viscosity oil with a specific heat of 2 kJkg K flowing
at a rate of 0.3 kg/s and at a pressure of 30 bar (3.0 MPa). The o1l enters the exchanger at 70°C and leaves
at 30°C. It 15 cooled by water flowing at 2 kg's and entening at 20°C. The specific heat capacity of water
15 4.2 klkg K The o1l stream 15 subject to moderate fouling. Evaluate the alternative heat exchangers for
this duty and select between the feasible types on the basis of cost estimated from Tables 9.2 to 9.5.
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Solution. For this case, the pressure 15 too lugh for a gasketed-plate exchanger, and the plate-fin
welded-plate and printed-circut heat exchangers are eliminated on the grounds of fouling. The options
considered are the shell-and-tube and double-pipe heat exchangers. The heat load, {0, 15 given by:

0 = My, 4(Ty ;=T o) = 0320107 x (70-30) = 40 000 W.
The water outlet temperature is given by:

€ _ 90+ 2000 _ 5ygec

’ e
Mce, . 2 %42 % 10

Assuming that the shell-and-tube exchanger is multi-pass (the most widely used) then the value of O/AT -
15 calculated using the procedure given m Section §. The values of E and R are calculated as follows

(Equation (6.7)):

(r, . —-T_ _}°

&, in c, in

The oil has the larger value of (T, —T_ ) and thus:

_ (70 =30y _

The values of Mc p are calculated for the o1l and for the water as follows:

(Me,),; = 05x20 = 10 kWK

(Mey) e = 20 %42 = 84 KWK
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The value of R 15 then esimated from Equation (6.9):

M-:' IB
R = P smaller _ ;—'3 = 0.1190.
f.UI‘P]';m B

Reading off from Figure 21, the value of N, comresponding to these values of E and R1s 1.86. Thus, from
Equation (610},

E'II&TI'H = {MI:P:IEMIW TL

= 1000 = 1.86 = 1860 W/EK.

The flows in double-pipe exchangers are normally countercurrent. Thus AT, = AT, . The logarithmic
mean temperature difference 1s first calculated from Equation (6.1) as fellows:

AT, = |[I.l1,z'rz_Iq::w.r}_frk.am_z-r,z’rz”
Jm log, HT.H: n Ir.&m}'ll{z_h:&m_ Ir:.fn”
[(70 —24.8) - (30-20)] _ 1333 K

" log, [(70 — 24.8)/(30 - 20)]
Since AT, = AT, for the double-pipe exchanger, it follows that

QIAT, = QIAT, 4;3;3?; = 1715 WK.
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To estimate costs of these altemative designs, the C-value tables Tables 9.2 and 9.3 are used. Suppose there
15 a value O at (O/AT o)1 A0d a value C, at (O/AT_ ), ; the C value for the calculated (O/AT ) 15 given
by logarithmic mterpolation and 15 as follows:

log, (C,/C,)log, [(Q/AT_)(QIAT, ), ]}

C = expqlog, C, +
{ ! log, (Q/AT_ ) /(Q/AT_),

For the shell-and-tube heat exchanger from Table 9.2 (for “Treated Cooling Water™ and “High Viscosity
Flnd™ as the cold and hot side fluds, respectively) C; =459 at (O/AT,), and C, =141 at
(Q/AT, ), = 5000. Thus for O/AT_ = 1800 the value nfllfls. aiven by

o= Exp[lnge 450 + log {4.:9.-141;.1&&{15@:1%}}]

log, (1000/5000)
= 2012 £{(WEK).
Similarly, for the double-pipe exchanger, the values C; = 2.5 at (Q/AT, ), = 1000 and C, =10 at

(Q/AT,), = 3000 are read from Table 5.3. Here, the C value for O fiT = 1713 1s calculated by

lnga.nﬂ:l.nuc mterpolation as 1.839 £/{W/E) . Thus, the costs of the two Eschangers- at 1992 prices are as
follows:

Shell-and-tube: Cost = ('« Q.-'i'ul'm = 2912x1860 = c. £3400
Double-pipe: Cost = Ux Q.-'ﬂal'm = 1.839x1715 =¢c £3200.

31

Thus, the double-pipe exchanger is likely to be the best option for this small. high pressure duty where

modular construction procedures are a positive cost advantage.
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(louver)

Wthh 1s better?
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[€
Intensified heat transfer techniques

Tube-side:

» Twisted-tape inserts, which cause
spiral flow along the tube length
to increase turbulence

> Coiled wire inserts, which consist T 1T IR LLLES bELLE b

of a helical coiled spring and

function as non-integral roughness

.QQIH'TMHH'!'HHHAn'n.nnnnnu

»hiTRAN®, which consist of a wire
mesh with different densities. They
are usually used to improve the heat
transfer coefficient for the laminar
regime
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¢ Temperature range

S
S
S

I N o

ah% ZHE R (B )

Maximum Pressure

Fluids limitation

Size range available
Fouling & cleanability
Plot area available
Design life

_ocation (maintenance)

s there a “temperature cross?”. If so, HX
approaches counter flow is more appropriate

34
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Mzxar¥  Some common ways

for augmentation
+ More Surface Area

« Thermal Boundary Layer Restart
+ Instability

« Thermal Wake Management

+» Swirl flow
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Concept of Interrupted
surfaces

Boundary restart & Mixing

Plain fin - continuous fin

[ A

Performance

\ average

\\§

—» X

Interrupted surface

L1 L1 L1
Performance — — —

average

O O
NN N N N N

—» X
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- Implementations
¢ Plate fin heat sink featuring heat transfer improvement by

iIncreasing heat dissipating surface. Generally, smaller fin
spacing is used to accommodate more fin surface.

Fin spacing can be lower than 1 mm

¢ Heat sink with interrupted fin geometry which improves
convective heat transfer coefficient via periodical renewal
of boundary layer such as slit or louver fin.

louver fin slit fin
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Various Fin Patterns
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terrupted surfaces..

& Provide effective heat transfer
augmentations at medium and high
velocity with significant pressure drop
penalty.

& Nearly ineffective at low velocity but still
suffer from considerable pressure drop.

e Duct flow effect.
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SCHEMATIC OF DUCT FLOW VS. FIN-DIRECTED
FLOW FOR LOUVER FIN GEOMETRY AT SMALLER AND
LARGER FLOW VELOCITIES. (Yang et al. [IJHMT, 2007)

-

=

Ik

rirfisouver directed vs. fin directed

2OV
h9/@/' >O% @/&\Q%\\%\%
h9/@/' >O% @/é\%%\\%%
f?/@/@@’@/&%%\\%%
h9/@/' >% @/b\%w\\%\%
h?/@/' >% @/b\%%\\%%
SOOI
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I
& Smaller fin

spacing
accentuates the
duct flow effect,
resulting in fully -
developed flow
and deteriorate
the heat transfer
performance.

10°

-3

10

Interrupted surfaces..

@Louver fin F, = 0.8 mm
Al ouver fin F,=1.65 mm
Y Louver fin F = 2.43 mm

P

O

e 8

OO @

OPlate fin F,=0.8 mm
APlate fin F = 1.65mm
Ye¢Plate fin F = 2.43 mm

&

OSlit fin F = 0.8 mm
ASlitfin F,=1.65mm
Y Slit fin F = 2.43 mm

-2

10

X'=

10"
(L/D,)/(Rep,Pr)

INVERSE GRAETZ NUUMBER NUMBER X* VS.j FOR
LOUVER. SLIT AND PLATE FIN. (Yane et al.. IJHMT. 2007)

10
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Type of vortex generators

Longitudinal vortex outperforms the
transverse vortex

Eectangular Wing Iote
f \ Longitudinal Vortices

4’- - ',(""

Transverse vortex

= e

Channel wall
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voﬂex
generator

Prevent
Boundary Layer
separation

Improve heat
transfer
performance
with acceptable
pressure drop

Wedge type,
single sided

delta-winglet
vortex
generator

Delta wing delta-winglet
vortex

generator

aue
\§\g nerators

@ Flow induced
' Mear cores
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Int. J. of Heat and Mass Transfer, Vol. 45, pp. 1933-1944.
Int. J. of Heat and Mass Transfer, Vol. 45, pp. 3803-3815.
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1.

Place the enhancement
at low heat transfer
region.

Check the effective local
temperature difference.
Placing enhancements at
those having lower
temperature difference
are generally more
effective.

Previou:

(a)

s Design

(b) Mgl -

4709753 { >

()
=>
5697432

=>

b= Q =
r T\ =D oo

of
T

(e)

5117902
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S w—d
=z
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a
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- Implementations
Type lll: Heat sink with dense vortex generator. The enhancements
introduce swirl flow, Coanda deflection flow or
destabilized flow field from vortex generators or
dimple/protrusion structure. The general arrangement is
using inline or staggered layout such as semi-circular,
delta and dimple vortex generator. |

Type IV: Heat sink with loose vortex generator: The enhancements
of this category are still vortex generators or dimple/protrusion
structure but with sparse arrangement of vortex generator.
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Heat Slnl{ Nomenclature Side view Dimension Photos oftest sample

(a) Plate : | | - .
(b) Delta VG
(c) Delta | e

Lvg

VG+Plate o

(d) Semi- ggwwmwmwmw
circular VG

>>>D>D>D>D>D>D>D>DD>
>>>D>D>D>D>D>DD>D>D
>>>D>D>D>D>D>D>D DD

>>D>D>D>D>
> > D> D> D> D>
>>D>D>D> D>

DDDDDDDDDDDDDDDDDDDDDDDD
DDDDDDDDDDDD

A

el

(e) Triangular | e 22 ] LA 2 2
VG : ﬁ)i\ i‘ NVYNY O NV % .

(f) Triangular sH222 220 || #| [222 =22 L
Attack VG non

(g) Dimple VG

§

A

4

<7

A

4

P
/ [

9
”k
e

¥

(h) Two Groups

. oo o 11 _
Dimple VG © @ EE=
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The original concept of Using dimple..

Main flow W

Main flow - Upwash flow

(b) Protrusion

d=2.0 mm

 Drag reduction
 Longitudinal Vortices
* In this study, fin thickness is 0.2 mm,

e the length of cavity 1s 2 mm, effective cavity depth is 0.3 mm

0= 0.2 mm

93
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( AP - APplate ) /APpIate x 100 %
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Performance comparison

Fin spacing —

X*=(L/D)/(Re,, Pr)

30
I | | | 1
—-Louver
= -@-Slit .
-@-Semi-circular VG 20
—4-Delta VG
— —4-Dimple VG - °
—>-Delta VG + Plate o~
-J-Triangular VG o
B —e-Triangular attack VG = ] 8 10
—£3-Two Groups Dimple VG %
- i o)
©
o
= 0
I — ~~
)
o)
©
| ] o
< 10
- ] i
N
B 1 -20
%ME% =30
| | | | | | | | ] |
4 5 6 7 8 9, -1 2 3 4 5 6 7 8 0
10 10

N Q "mMmmrm

—-Louver

-@-Slit
-@-Semi-circular VG
—-Delta VG

—-Dimple VG

—>—Delta VG + Plate
—FTriangular VG
—=Triangular attack VG

—$3-Two Groups Dimple VG|

~

5

6 7 8 9, -1 2 3 4 5 6 7

10
X*=(L/D)/(Re, Pr)

©o
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An extra problem for some VG
& interrupted surfaces

g e i g e e i
Cavity
A A A A A A D T
AR AN 4
Tttt
Heat source Heat source

Very small fin spacing also jeopardize the
formation of LVG
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L

Cannelure
channel
Depth: 0.1 mm
Width: 0.4 mm

( plate fin )

- e e |

(oblique dimple gap 6-12 fin)

kTN

( cannelure fin I1)

(oblique dimple gap 6-12 cannelure fin I)
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The original idea

for oblique
& Concavity + Dimple dimple

& Lengthen the flow path

& No need for significant amount dimples
e Reduce the number of dimples to decrease
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The idea of cannelure
channels..

ks AG
) = 20
6 - (AN
: _ /, A - 10,06
L £ [T T
S | / = 0,05
8 T ZL ! T rLd // / 2'9 (]
. B e -
LN o Egryal = .E{---._L-_*-_._m. AR\ 410,04
= 7 ; £ A 6.0
7 v _ / K06 -
4/ ]
o] 21k , T I 4 7 0,02
"/ {/ - & —,7“:. e‘\df / \"’0'\
::: i = 1 = + : -1:& 0,01
. g ¥ ~@ i - e “\\ / . \
l:/ ~ - g lf s 7 ;‘t": P e m— o~ " . \\..‘ = N
& Vs .////'/" P g Ry - : ) 0,00
: b h/d ~10° -06 _ -0,2 0
] '
. . " : . Fig. 2. Increment of the drag coefficient as a function of the
Fig. 1. Model of flow in an isolated rectangular pit [2] in a divgrsionlioss A oF the i 141,

wall.

Heat Transfer Research 25(1), 1993, 22-56
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Results:
NMAara than ’)ﬂo/. inAranen HTAO

|
§ I I T T — 80 T T T T T
140 |- - I i
B ) 7 — B —l— plate fin
B —— plat_e fin . ] Nx —+— Oblique Dimple Gap 4-12 fin
B —}+— Oblique Dimple Gap 4-12 fin ] E B ——O— Oblique Dimple Gap 6-12 fin
120 ——O— Oblique Dimple Gap 6-12 fin - - n —{}+— cannelure fin (1)
u —{F+— cannelure fin (I) B —O— cannelure fin (Il)
- ——— cannelure fin (Il) b E 60 |- —ll— Oblique Dimple Gap 4-12cannelure fin
- ——l— Oblique Dimple Gap 4-12cannelure fin 7 e | —@— Oblique Dimple Gap 6-12cannelure fin (1)
?1 00 B —@ — Oblique Dimple Gap 6-12cannelure fin (I) ] [ —A——— Oblique Dimple Gap 6-12cannelure fin (Il)
o [ —4&—— Oblique Dimple Gap 6-12cannelure fin (Il) f 9 -
=z | ] &
| ] &= B
(e) = E Q B
S 80 . S 40
g r i 5 |
= B ] [
» 60 - . e |
o I ] s |
o i ] b -
- - ©
40 . o 20}
n . T B
B ] o |
20 E =
B ] | | | | |
0 1 1 1 1 1 0
0 1 4 5 0 1 4 5

2 3 2 3
Velocity(m/s) Velocity(m/s)


http://www.nctu.edu.tw/

\ &z 3E A Ferormarnce &« im |

National Chiao Tung University

78 1 3 I I I L LI
I i | | | | |
76

748 o —
74

73 B N
72 | |
7

70 - —
o 1.2

15} B 7
&7 | |
BE

Plate fin(5

£
E
o
=]
2
Q
I

40 50

20 30
Lenath fmm)

Gap 6-12 fin(5 m/s)

Heigth (mm)

0 10 20 30 40 50 B b
Length (mm) - :
Rl -
Ko} - i
o
= - i
Cannelure fin II (5 m/s) Br £ | ,
—_ 75 | |
E £ N
£ : B o
e T - .
-|-=-I 69 - -
o i 5 —{— Oblique Dimple Gap 4-12 fin i
O L o | —(O— oblique Dimple Gap 6-12 fin i
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8z x8 =~ % \Why cannelure structure is
working? — One possible
¢ Reduce the BL thickness rt%ﬁﬁ'n%rl]ove the

heat transfer performance for fully
developed region.

& It acts like a “suction” device.

o
~
N
N\

OO 1' '
1 - P
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TABLE Il The generations of heat transfer technology

Tube-and-plate fins, single-phase

1st generation bare tube
2nd generation plain fins
3rd generation longitudinal vortex generators on fins

In channel, single-phase

1st generation smooth channel
2nd generation 2-D roughness
3rd generation 3-D roughness

QOutside tubes, boiling

1st generation smooth tube
2nd generation 2-D fins
3rd generation 3-D fins and metallic matrices

In-tube, evaporation

1st generation smooth tubes
2nd generation massive fins and inserts
3rd generation micro-fins

QOutside tubes, condensing
1st generation smooth tubes
2nd generation 2-Dfins
3rd generation 3-D fins and metallic matrices
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Two dimensional microfin tube
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Fin tip 0.15 mm

DofR

0.51 mm Wall

50% of primary fia height
0.35 mm Fin Fin apex angle = 30 deg.
o (transverse to fin axis)

& Three dimensional microfin tube (Olin)
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-
& Three dimensional microfin tube(KME)
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AUgMeTitation of single-phase

flow — Laminar Flow

(S > 9%

. T\ r
~ AT F
=0
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Three-dimensional
roughness (“uniform
roughness”)

2 ST 3
\Ugftietitation in turbulent flow

Ridge-type two-
dimensional roughness
(“repeated ribs")

M ple=

~H) L) A

Groove type two
dimensional roughness l Laminar
sublayer
4 ~, Turbulent

\5’ core
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a.Rectangular

d. Offset Strip Fin

b.Triangular

e.Perforated

ey

f. Louvered

Augmentation — with the presence

of fins

a OSEF interrupted surface

0 Boundary layer re-
startina

YYYYYYY
L}

[ L >
3| P |
flose s s s )
}'_Laminar boundary layer

Rp—
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Example of Increased A

O Increase aspect ratio

Limit to manufacturing
Mal-distribution is likely

Q Increase fin type

1/hA (°C/W)

0.1

AAAANA A AAAAA

U

0000 Ooooooo

ULTUUTTT

OO0O0O0O O OO0 OO

0.01
0.01

0.1 1
Pumping power (mW)

10
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Increased heat transfer coeff.

a Air cool to liquid cool, single-phase

to two-phase

(a)

Buoyancy-driven
flow

— Hot components ——
on printed
circuit boards

(b)

il

Vapor—
bubbles

(c)

&
Hot plate

TABLE 1.1 Typical values of the
convection heat transfer coefficient

Process h
(W/m? * K)

Free convection

Gases 2-25

Liquids 50-1000
Forced convection

Gases 25-250

Liquids 100-20,000
Convection with phase change

Boiling or condensation 2500-100,000
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©

Single phase flow pattern

dT

—hA(T. -T.)=—KA""
q=hA(T,-T,) oy

a Rep=pubD/p

— — — — —

For smaller diameter tube (or
micro tube) flow pattern is mostly

operated at laminar flow

R ey < 2,300 laminar flow
turbotent flow

Reg, > 2,300

—T sublayer

' ¥

|
q
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ply the ‘conventional Plate HX

Hot In

Hot Out
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¢ FGZxHI (fixed geometry criteria) : 75 F FAEL H
LS REERA - FGARIM N1 E#FE
?ﬁ“ﬁéﬁf » N R B L as B EE H HY B

. FN/£EIJ (flxec number of tubes geometry
criteria) : M Y EVEREEE 0 HE R TETFE
1k

¢ VGZEHI (variable geometry criteria) : 7 )

HEETE - [HEEER RV sl HE
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& Pinch Technology provides a systematic
methodology for energy saving in processes and
total sites. The methodology is based on
thermodynamic principles. The role of Pinch
Technology in the overall process design. The
process design hierarchy can be represented by
the “onion diagram”™ as shown below. The design
of a process starts with the reactors (in the
“core” of the onion). Once feeds, products,
recycle concentrations and flow rates are known,
the separators (the second layer of the onion)
can be designed.

97
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¢ A Pinch Analysis starts with the heat and

material balance for the process. Using Pinch
Technology, it is possible to identify appropriate
changes in the core process conditions that can
have an impact on energy savings (onion layers
one and two). After the heat and material
balance is established, targets for energy
saving can be set prior to the design of the
heat exchanger network. The Pinch Design
Method ensures that these targets are achieved
during the network design. Targets can also be
set for the utility loads at various levels (e.g.
steam and refrigeration levels).
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¢ The basic process heat and material
balance is now in place, and the heat
exchanger network (the third layer) can
be designhed. The remaining heating
and cooling duties are handled by the
utility system (the fourth layer). The
process utility system may be a part of a
centralized site-wide utility system.
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Thermal Management vs. Pinch Technology
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Hot & Cold Streams

Q#1

Stream{%F5 (Y7 (Material flow){FEAZ
HYAEAE

Hot stream(Z857) B8UFE - 2UEE NEVYIR  1Cold
stream (50) AERE T > 2VEsE AR
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¢ Composite curve for hot & cold streams

¢ Pinch usually occurs at one point between
the hot and cold stream. This one is normally
referred as heat recovery pinch.

¢ How to decide the pinch?

e Normally larger AT, reduces capital cost but
gives rise to higher running cost, and vice versa.

e A good initialization of the heat exchanger
network design is to assume no individual heat
exchanger has a temperature difference
smaller than AT . between composite curve.

min

104
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¢ Graph method
¢ Problem table
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CE TIP3 12
National Chiao Tu it BR 7 Cp C #z C Coum AQ: Q
strea  (°C)  (kg/s) (klkg 1 4 (kW) (kW)
m K)
o A+B+C+D
A | 200 40 0
10 1.1 11 0+16+0+0 | 16 | = 16x(50-40)
=160
70 50 = 0+160 =
0+16+36+0 | 52 = 160
52x(70-50)
= 1040
B 150 70 =160+1040
8 2 16 11+16+36+ | 63 = = 1200
0 63x(120-70)
=3150
40 120 = 1200+3150
11+16+0+0 | 27 = =4350
27x(140-120)
= 540
C 120 140 = 4350+540
12 3 36 11+16+0+1 | 39 = = 4890
2 39x(150-140)
=390
50 150 = 4890+390
11+0+0+12 | 23 = = 5280
23%x(200-150)
= 1150
D | 210 200 = 5280+1150
2 6 12 0+0+0+12 | 12 = = 6430
12x(210-200)
=120
140 210 = 6430+120
= 6550
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& National Chiao Tung University

NSRSV S A C, C #5 C Coum AQ; 0
strea (°C)  (kg/s) (kg 1 F (kW) (kW)
m K)
abint X+Y+Z
X 20 20 0
10 1 10 10+0+0 | 10 |= 10x(150-20)
= 1300
180 150 = 0+1300
10+20+0 30 = = 1300
30x(180-150)
=900
Y | 150 180 = 1300+900
8 2.5 20 0+20+0 20 = = 2200
20%(250—180)
= 1400
300 250 =2200+1400
0+20+24 44 = = 3600
44x(300-250)
= 2200
Z 250 300 =3600+2200
6 4 24 0+0+24 24 = = 5800
24x(320-300)
= 480
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Problem Table Construction
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TABLE 6.1 Stream data for example problem

The Composite

Curves
Problem Table

(1) Make a list of all the temperatures at which
streams begin or end or change heat capacity
flowrate, CP. Then rank them in ascending
order, as in the first column of Table 6.2.

(2) List all the heat capacity flowrates of streams
that have temperatures within each
temperature interval. This is the second
column of Table 6.2.

(3) Where more than one cold stream exists in an
interval, as between 152°C and 179°C and
between 254°C and 302°C, add together the
CPs to give the total in column 3.

(4) Multiply the total CP by the temperature
change from beginning to end of the interval.
This gives the change in enthalpy of all the
cold streams over the interval (column 4).

1 2 3 4
Stream Temperature | Enthalpy Heat Capacity Interval
Flowrate (CP) | Temperature
°C MW MW/K °C
HOT STREAM
199 1.35 189
A 0.0101
123 0.58 113
0.0109
70 0 60
144 1.51 134
0.0150
112 1.03 102
B 0.0169
70 0.32 60
0.0110
41 0 31
123 3.02 113
0.0773
C 112 2.17 102
0.0362
52 0 42
204 0.12 194
D 0.0020
144 0 134
COLD STREAM
21 0 31
0.0218
X< 60 0.85 70
0.0241
92 1.62 102
0.0253
111 2.10 121
0.0263
138 2.81 148
0.0376
179 4.35 189
152 0 162
Y 0.0313
302 4.70 312
254 0 264
z 0.0146
319 0.95 329
Note: DT, . = 20°C

min

Interval Temperatures are defined as follows:
for Hot Stream. T = T—-DT

min

for Cold Stream. 71 = T+ DT

/2 =T-10,

min

/2=T+10.
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300} Minimum  Moximum }
cold utility  heot exchange ) |
C(29MW) | (3 IMW) | Minimum hot utility (69 _Mw] |
260} T [ i , _
o | | | TABLE 6.2 Calculation of Cold Composite Curve
§ | | | |
g : I I L 2 3 4 5
I . |
g 180 | ld composite curva I Temperature | Heat Capacity Flowrate, MW/K Enthalpy, MW
]
g I I °C Individual Streams | Total CP; Increment | Cumulative
140 : ! X+Y+Z
g I I
2 [ 21 0
q 100}
< ! | 0.022 0.022 0.85
| I 60 0.85
60 ll I 0.024 0.024 0.77
| | 02 1.62
20 A A L A L L L 1 i N 0.025 0.025 0.48
Cumulotive enthalpy, MW 0.026 0.026 0.71
_ 138 2.81
Sketch 6.1 Composite curves 0.038 0.038 0.53
340 152 3.34
sook 0.038 + 0.031 0.069 1.86
L 179 5.20
o 20| 0.031 0.031 2.35
E' - 254 7.55
% 220f 0.031 +0.015 0.046 2.20
R I 302 9.75
HLY Shiftod hot " ifted gold compasite 0.015| 0.015 0.25
3 ed hot composite 319 10.00
F 140
£
oot Che hot composite curve is derived in precisely the same way using the hot streams, A to D.
m»
20 L L 1 L i L 1 i Il L 1

0 2 4 -] 8 0 12 14
Cumulotive entholpy , MW

Sketch 6.2 Shifted composite curves (interval temperature basis)
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~onvert all stream temperatures to interval temperatures by

. 0 o . TABLE 6.3 Calculati fHeat C de (Probl Tabl
adding (i.e. 10°C) to cold stream temperatures and subtracting Aleulation of Heat Cascade (Problem Table)

from hot stream temperatures. This gives the last 1 2 3 4 5 6
column in Table 6.1. Heat Capacity Flowrate, MW/K Total Heat Cascades
. . . . Interval Heat
(2) List all the interval temperatures at which streams begin or end or | ., .
perature Individual Stre Tnerement | 1 e.osivle | Final
hange heat capacity flow rate, CP °C P Total MW P
chang pacity g cP,,,~CP_ MW | MW
(3) Rank these interval temperatures in descending order. This is - 00 Teom
column 1 of Table 6.3. —0.0146| —0.0146 | —0.248 - .
(4) For each temperature interval, add together the heat capacity 312 —0.248 | 6.652
i .. ~0.0313 —0.0146| —0.0459 | —2.203
flowrates of all the hot streams which exist in that temperature 264 2451 | 4.449
interval and subtract the heat capacity flowrates of all the cold -0.0313 -0.0313 | -2.191
. . 194 —4.642 | 2258
streams, to give the net heat capacity flowrates (columns 2 and 3 £0.0020 — 00313 00293 | _0.147
of Table 6.3). 189 —4780 | 2111
(5) Multiply the net heat capacity flowrate by the temperature range 162 00101 +0.0020 —0.0313 —0.0376) -0.0368 | ~1.534 6323 | 0.577
of the interval to give the net heat required or released by all the 0.0101 +0.0020 ~0.0376| —0.0255 | —0.357
streams in the interval (column 4 of Table 6.3). 148 6680 ) 0.220
. . . 0.0101 +0.0020 —0.0263| —0.0142 | -0.202
(6) Starting from a zero input at the highest temperature, work down 134 -6.882 | 0.018
the table, adding on the heat change in each temperature interval 1 0.0101 +0.0130 —0.0263) -0.0012) -0.016 osos | 0002
to giVe a heat Cascade, or cumulative heat passing through at the 0.0101 +0.0150 —0.0253| —0.0002 | —-0.002 - .
particular temperature (column 5). This preliminary problem table 113 —6.900 | 0.000
5 . O] 07100 o 0.0109 +0.0150 +0.0773 —0.0253 0.0779 0.857
will normally have infeasibilities. These are temperatures at which 102 6043 | 0857
the net heat cascaded through the system is negative. These 0.0109 +0.0169 +0.0362 —0.0241| 0.0399 | 1277
5 O 07100 70 —4.766 2.134
1nfea51b111tles must be.removed. _ . 0.0109 +0.0169 +00362 —00218| 00422| 0422
(7) Find the largest negative number in column 5 of the preliminary 60 -4.344 | 2.556
o a:10 + + _
problem table. Add this amount of heat, O, as hot utility at the top o 0010 w0036 —0.0218) 002341 0457 iser | o3
of the cascade. All the other values in the cascade will also +0.0110 ~0.0218| —0.0108 | —0.118
increase by Q, to give a new series, column 6 of Table 6.3, This is 31 —HO0S | 2893

the fegglble p rqblem table. The he%t Q added i equelll to the tgrget Maximum infeasibility (largest negative value) in the infeasible heat cascade is 6.9 MW at an interval
hot utlhty requlrement. The plnch is the pomt at which there is temperature of 113°C. This is therefore the minimum amount of hot utility which must be added to the
: : : cascade, i.e., the Minimum Energy Requirement (M.E.R.) target. The cold utility target is 4.0 MW less at
zero net heat flow in the ca.sc.ac.:le, COI‘.I'CSpOIldIIlg to the pOlIlt where 2.9 MW. The pinch temperature of 113°C interval temperature corresponds to a hot stream temperature of
there was the largest infeasibility. This occurs at an interval 123°C and a cold stream temperature of 103°C.
temperature of 113°C.
(8) The first and last values in the final column of the problem table

are respectively the minimum hot and cold utility requirements.
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The Grand Composite Curve

(1) It is a plot of the enthalpy 340

difference (horizontal axis) M.E.R. hot utility requirement (6-5 MW) -/..I
|
I
|
|
I
I
I
I
I
|
|
I
|
I
I
I
1
|

between the hot and cold 00
composite curves with the
necessary temperature
correction, AT, ., included.

(2) It shows the net heat flow
through the process, from hot
utilities and hot streams to cold
utilities and cold streams, at
any interval temperature.

(3) It shows the amount of heat _

. Cold utility (2:-9MW)
required by or released from 208 : s - - + : )
the process at any given Net heot fiow, MW

temperature and thus how Sketch 6.3 Grand composite curve
much hot or cold utility can be
used at different levels.

Intarval temperature °C
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Interpretatlon of the Graphs

& the relative importance of heat exchange and utility
heating/cooling,

the variation of driving forces with temperature,
the basis of the calculation of heat exchanger area
s AT

min

¢ @

&

The grand composite curve primarily reveals:
the pinch temperature,

& other areas of low heat flow where design will be tightly
constrained,

utility use at different temperature levels,

&

&

& the best placement of separation and reaction systems.

120
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Comp03|te curve (Conti..)

121

& The point of zero heat flow in the grand
composite curve is the heat recovery pinch.

& The open “Jaws” at the top and bottom
are Qp, min & Q¢ min, respectively.
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(three golden rules)

(1) BAC ANV AEESEET 4TS » B DAZE K
Pinch & -

(2) ZFPinchiyA _F¥EEeET L » REEHSMI
A AR -

(3) FEPinchiy A& T EE Ryt B - AEEHSR

JIIESPIEZ)
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A Fundamental Decomposition

0
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The Heat Recovery Pinch
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Q Recovery

Hot & Cold
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QC,min Q(kW)

0 2000 4000 6000


http://www.nctu.edu.tw/

126

Pinch (Conti..)

& Divide the process into

e Above the pinch
e Acts as a heat sink

e Below the pinch
e Acts as a heat source

¢ Transfer heat above or below the pinch
e Feasible & infeasible

e No heat exchangers should be designed with
a temperature difference smaller than pinch.
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8238 %% | Pinch (Conti..)

QHmin

°C)
250
200

150 4 Heat

Sink
100

50 - Heat

Source

»
P HMW)
QCmin
(a) The pinch divides the process into a heat source and a heat sink.

T(°C) T(°C)

250 A 250 A
200 N 200 -
150 = ATm,-‘ 150 n ATmm ____________

100 - 100 _ Not possible

50 50 7

0 » 0 >
HMW) H(MW)
(b) Heat transfer from above the pinch to (c) Heat transfer from below to above
below the pinch is possible. the pinch is not possible without

violating AT ;...

The composite curves set the energy target and the location of the pinch.
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82 318 £~ Interpretation of 3 golden rules

¢ If an amount of heat XP is 4 Crinin + XF
transferred from the system above o
the pinch to below the pinch, it will
create a deficit of heat XP above
the pinch and a surplus of heat Conin * 27 -
below the pinch. - An extra XP (a) Process-process heat transfer across the pinch.
above the pinch and an extra XP . Ortmin+ XP
below the pinch is needed. !

& If cooling utility (amount = XP) is ?
used to cool hot stream above the Q@ 4
pinch, it will create an imbalance "
In the system above the pinch. To (6) Cold utility above the pinch.
satisfy the imbalance, an import of o Ot
(Qymin*XP) heat from hor utility is I G)
required. Overall, Q. ,,,+XP cold -
utility is used. |

¢ Similar condition occurs when Qonin + XP R
placing a hot utility below pinch. (C)Hmmnybemwmepimh”

Three forms of cross pinch heat transfer.
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In essence

¢ To achieve the energy target set by composite
curve, the designer should not transfer heat
across pinch by
e Process to process heat transfer
e Inappropriate use of utility

& These rules are sufficient/necessary to meet t

he

energy target when the smallest temperature of

the individual heat exchanger are all below AT

min.

129


http://www.nctu.edu.tw/

.f’ 130
Grid Diagram

¢ Heat exchanger arrangement to meet the target.
¢ General rule
e Placing hot stream on top from left to right.
e Placing cold stream at the bottom half from right to left.

e Indicating the position of pinch and design the
corresponding heat exchanger from pinch to both
directions.

¢ Placing (H) as an indicator of heating utility.
¢ Placing (C) as an indicator of cooling utility.

& Placing a link of circle between hot and cold stream to
indicate a match of heat exchanger.
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A Typical Result

F 3
12.5MW|
Feed 2
4
140° - 2 S | 200°
Product 2 Reactor 2
Product 1
40°
(a)
Pinch
o 203.3¢ 1 . 40°
@ 250 C 50° 106.7 ‘
10.0 MW
@l 200° ~ 150° ~ 80;
o l : 0 o
- 180 O 40°w 52.5 O 20 m
8.0MW 17.5 MW 6.5 MW
< 230° CH> 205° A 181.7° 1409 3
~ p—
7.5MW 7.0 MW 125 MW
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Threshold problem

& Not all problems have a pinch to divide the process
into two parts (i.e. above and below the pinch). E.g. in
the following (b), the composite curve is in alignment
with the hot end, indicating no longer need for the hot
utility. Moving closer together in the (c) opens up a
demand at the cold end but opens up a demand for
cold utility at the hot end - corresponding with
adecrease at the cold end. In short, as the curves
moved closer, beyond the setting in the following (b),
the utility demand is a constant.

& In some threshold problems, the hot utility requirement
disappear. In others, the cold utility disappears.
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Threshold problem (Conti..)

(3._) Th (b)

»
»

QC nin

(C) TT

Q(‘m.‘n

1
]
]
|
i/ QH min
|
H »
L4

) As AT,,, is varied, some problems require only cold utility below a threshold value.

A Tmiu

133


http://www.nctu.edu.tw/

3= W 134

Thrshold problem (Conti..)

@ 74 by ¢ T ) r T
[
.’ : |
! ! i
i
| | |
{ |
H H H
Fy )
QHmin
Q('mm
QHm."n

QCmin

»
L

AT,

nun

:

In some threshold problems, only hot utility is required below the threshold value of AT ,iy,.
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Threshold Problem (Conti..)

& Below the threshold AT

min?’

energy cost are

constant since utility demand is constant.

& The flat profiles of energy cost below AT
indicating optimum can never achieved

when temeprature is below AT i ihreshold.

min?’
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. Neartional Chino T1m_g Unhwl'sir_r;

DT pin + °C
O 20 30 40 50 e
14}
r2F
- Total cost Minimum totol cost
-
§ .
E Operating cost
i
(3]
E l Copitol cost
| Target at DT .= 209C
0 6-4 866 6-8 T0 T2 T4 T6 T8 &0

Hot utility use at M.E.R., MW
Sketch 9.4 Cost — energy graph
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Threshold Problem (Conti..)

Cost 4

(a) The ca

Cost

(b) The capital - energy trade

Total

.
Energy

pital - energy trade-off can lead to an optimum at threshold A

ATTHRESHOLD AT pin

Tmin

Total

Optimum

Energy

Capital

ATTHRESHOLD AT i

_off can lead to an optimum above AT7yresHOLD
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ITEOHI jf ,_.fj- 'ﬂumj University

The data collection phase usually has the
following stages in a study of an existing plant

¢ Obtain, or draw up, a plant flowsheet that shows all the main
process flows requiring heating or cooling. Details of ancillary
equipment such as pumps and valves are not required.

¢ Collect data on feed rates, production throughput, flowrates,
reflux and recycle ratios, fluid densities, and form a mass
balance. This will show all the mass flows in the plant.

¢ Collect data on temperatures, fuel use, heat exchanger
ratings and performance, and specific heats.

¢ Use this to form a heat balance, analogous to the mass
balance but showing temperatures and heat flows.

¢ Use the heat and mass balances to extract the stream data.
These are the data in the form required for the Process
Integration analysis and consist of a series of streams
requiring heating or cooling.

& For each of these, temperature-enthalpy data are required.
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Utility selection

142

& The most common hot utility - steam

& High temperature heating duty - Furnace
flue gas or hot oll circuit.

& Cold utility - refrigeration, cooling water,
air-cooling, furnace air preheating, boiler
feedwater preheater, steam generation.

& Do not use cooling water above pinch.
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Neartional Chino Tung University
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Pr|n0|pal components of capital
costs

& Number of units (matches hot and cold
streams)

& Heat exchanger area

¢ Number of shells

¢ Materials of construction
& [ype of heat exchanger
& Pressure rating

146


http://www.nctu.edu.tw/

& 2z 34 ¢ 147
N If‘? fiiao Tu i

From the graph theory it can be
proved:

& Nunlts (Nstream number 1)
6 l.e.,
Nunits - (Nabove pinch 1) + (Nbelow pinch 1)

NOTE: the number of stream includes
heating/cooling utility
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Heat Exchanger Target

A = Ah/(UAT,,,)

network, Kk

T A Steam

CwW

O H

Figure 17.3 To determine the network area the balanced
composite curves are divided into enthalpy intervals.
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Summary - Network Design

The pinch Design Method

s b~

Start at the pinch
The CP inequality for individual match
Provide CP Table
Tick-off Heuristic

149
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1. Start at the Pinch (10°C AT)

Pirllch CP
| MW-C™hH
0 o | 40°
2 250 150 : —> 0.15
|
|
o 150° ! 80°
1 200 : I 0.25
|
|
|
|
i
|
|
180° 140° | 20°
<« : 1 0.2
|
230° 140°
-« 3 0.3

QHmin =7.5 MW

The grid diagram for the data from the Table 16.2.

QCmiu =10 MW
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I 2. CP Inequality

¢ CP, < CP_ (above pinch)
¢ CP, > CP_ (below pinch)

T (°C)
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Neartional Chino Tfm_g quwrrsiry

Ta
T b, Pinch at hotend
oT
TE K min
DTmax

t | L

' Pinch at cold end _

a. CP hot > CPcold H b. CPcold = CPhot H

Sketch 4.6 Maximum energy recovery with a real DT, .

T4 L
Tr
inch at
T ke, Pinch athotend I
|
Tof I
I |
[ |
| L
|
I Tl |.'|1
| Pinch ot cold end
Lr
— i~
0. CP hot > CP cold H b CPcold >>CPhot H

Sketch 4.5 Limiting heat transfer cases showing maximum energy recovery
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) 3. CP Table
Criteria for pinch match above the pinch

- cp
':“;"'h MWK
-2 150 ) 015
o
2000 . IS0 0.25

PRt JLMDFJ 02

<20

(a) Match is infeasible. (b) Match is feasible.

£y
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Crlterla for pinch match below the pinch

Pinch cp \ CP
(MW-K™) Pinch
150° 40° (MW-K)
2 > . 150° 40°
\]/ 0.15 2 » 0.15
150° 80°
25 o ¢
4 > 0 4 ) 8%, 025

|
! J\ | JI
140° 20° I
2 o o
e Lj o 30 20° 71 02
1

Infeasible

(a) Match is infeasible. (b) Match is feasible.
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CP Table (Conti..)

CP's in CPy<CPc CPy2CP¢
descending
order 0.25 03 0.25 0.2
0.15 02 0.15
CP Pinch Pinch cP
' |
250° 150° ! 150° 40°
015 [2 > 2 > 0I5
200° h N 150° | 150° 80°
0.25 4 ») 4 > 025
-/ i I
! |
! |
|
| -
180° A~ 140° 140° 20° 0.2
02 {3} i =) 1 .
o (o] I
03 230° s 140° [ | .
L (a) Above pinch. (b) Below pinch.

The CP table for the designs above and below the pinch for the problem from Table 16.2.
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4. Tick-off Heuristic

& Once the matches around the pinch have
been chosen ton satisfy the minimum
energy, one important criterion is keeping
the number of units minimum.

& To tick off a stream, individual units are
made as LARGE as possible.

& Again, cooling water is NEVER used
above pinch.
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N >z 38
Stream Splitting

& Occasionally, appropriate match seems
unlikely. For instance, if the number of hot
stream is greater than the cold stream.

¢ Hence, an additional stream number must
be fulfilled with splitting to meet:

Sy < S, (above pinch)
Sy > S, (below pinch)
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tream splitting (Conti..

Pinch
100°
[T— -0
[2}- — ([ 100

100°

- T>90° ﬁégl

— T> 90° J\ 90° 5
(a)
Pinch
. 100°
[T o
100°
@ —O— -
100°
J 90°
h ~O—14]
« —O—295

(b)

Figure 18.12 If the number of hot streams at the pinch, above
the pinch, is greater than the number of cold streams, then stream
splitting of the cold streams is required.
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(CP,> CP,, above pinch)
or (CP, < CP_, below pinch)

Stream splitting

:.: - % j_‘ iji 159

|_T_'1I 100° T<100° N
a] 100° \lf N\ T< 100° N
I
' |
! I
: I
o l
PRSP :
I -]
< ), (4]
a O—®
(a)
E; 100° N
5 100° b _O N
I IR /
: ./
i
i
|
| 90° \
I“—( ) 3]
| ) 0
|
L 90° N
i« W, (5]
(b)

Figure 18.13 If the number of cold streams below the pinch, at
the pinch, is greater than the pinch number of hot streams, then

stream splitting of the hot steam is required.

CPy<CPr
Sy<Se
5 4
3
Pinch
CP o
s [0 100
‘¢ )
3 < 0 5]
(a)
CPy<CPe
"3 4
2 3
¢ Pinch
P 100°

2]

(b)

3]

Figure 18.14 The CP in equality rules can necessitate stream

splitting above the pinch.
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Bzxd Stream splitting (Conti..

CPy2CP,
SyzSe
5 7
4
Pinch
CP
5 E 100° >
412 %0 >
900
7 (3]
(a)
CPy=CPc
Sp2Sc
4 33—
Pinch
CP
5 1 L 100° ) 5
4 2 100° \|/

(b

Figure 18.15 The CP in equality rules can necessitate stream
splitting below the pinch.
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Neartional Chino T1m_g niversit I Streamn Data
at Piach

CPy<CP;
for Pinch
atches?

Stream

Stream

splitting ‘, =

Stream

algorithm | =

Matches

Y

Y

(a) Above the pinch.

Stream data
at pinch

CPy 2 CPe
for Pinch y A
atches?

Split Hot o

Stream -
v | Split Coid N
7 Stream -

A 4 . Place
"] Matches

(b} Below the pinch.
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& First step — construct the problem table,
composite curve and the like.

& Design the heat exchanger network
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Example

Heat exchange stream

data (Pinch = 30 °C

Reactor 1 feed Cold 20 180 32 0.2
Reactor 1 Hot 250 40 -31.5 0.15
product
Reactor 2 feed Cold 140 230 27 0.3
Reactor 2 Hot 200 80 -30 0.25
product

a

\

According to above the process data,
try to solve this problem and plot the
grand composite curve.
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z X LI 5 Example - Heat exchange stream data

Chiae Tung University

Solve this problem

Hot Stream
Product 250 40 0.15

1

5500C Product 200 80 0.25
2

200°C * Q = CPAT = 0.15%(250 - 200) = 7.5 MW

80°C * Q = CPAT = (0.15+0.25)*(200 - 80) = 48 MW

40°C * Q = CPAT = 0.15%(80 - 40) = 6 MW

Productl Product2
CP=0.15 CP=0.25
(MW/K) (MW/K)
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‘ﬁleat exchange stream data

Solve this

Cold Stream

Feed 1 20 180
Feed 2 140 230

230°C
* Q = CPAT = 0.3*%(230 - 180) = 15 MW

180°C
* Q = CPAT = (0.2+0.3)*(180 - 140) = 20 MW
140°C

* Q = CPAT = 0.2%(140-20) = 24 MW
20°C

Feed 1 Feed 2
CP=02 CP=03
(MW/K) (MW/k)
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Example - Heat exchange stream data

steam

-0.3

+0.15 -0.3

+0.15-0.3 -0.2

+0.25 +0.15-0.3 -0.2

+0.25 +0.15-0.2

+0.15-0.2

+0.15

CP, Hot steam — CP, Cold

Heat Increment (MW)

-0.3%(245-235)= -3 MW

-0.15%(235-195)= -6 MW
-0.35%(195-185)= -3.5 MW
-0.1%(185-155)= -3 MW

-0.2*(155-65)= +18 MW
-0.05%(65-35)= -1.5 MW

+0.15%(35-25)= +1.5 MW
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ii'- %Example Heat exchange stream data

_l.ffif:f ri!rCrmo Tung University

)

Continued Total Heat Cascades
Heat Increment (MW) Infeasible Final

usc o s
-3 MW

- 3 MW 12.5 MW
-6 MW

- 9 MW 6.5 MW
-3.5

- MW -12.5 MW 3.5 MW
W

1550 155MW O MW <::| Pinch ]

- MW +2.5 MW 18 MW
-1.5

- MW +1 MW 16.5 MW

- +1.5 MW +2.5 MW 18 MW
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Grand Composite Curve

250 | | | | | | —— |

- Hot utility requirement 1
20 (15.5 MW) _

150

100

Interval temperature °C

50

Cold utility requirement

(18 MW)

8 10 12 14 16 18 20

Net heat flow, MW

0

0

xample - Heat exchange stream data


http://www.nctu.edu.tw/

%¥leat exchange stream data

Network DeSign :> Nunits — (Nabove pinch — 1) + (Nbelow pinch — 1)

Above pinch Below pinch
CPu < CP- Pinch CP. < CPu CP
Temp. 18 MW

250° 223.3°C 170° 160° 40°C

200° 170° 80°C

C C > 0.25

180° 140° 27.5°C 20°C

C” C 0.2

SMW 22.5MW  1.5MW
0 0
230@ 178.3°C 165°C 140° 0.3
C
4AMW 7.5MW C

15.5
MW
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Step 2, construct the HX network

| | n -
cr 203.3° 150° 250° 03.3° 150° 250° 203.3° 150°
0.15 A )20337 (7 03.3 ,
0.25 ° 150° Ezom v 150° 4l 200° i 1so° ‘

02 J80%,. 1 <% ; llpy
o |BMW o o 3 °

03 205° C\lsm 230 @295 Olsl 7° émo

TMW [2.5MW [12.5MW ]

(a) (b) (c)

Figure 18.5 Sizing the units above the pinch using the tick-off heuristic.

o

" o . o ZH50 106.7° 40
2 > 015 IZ———?—‘—’
150° L 80°, UG . 805,

r

E 1500 'l 80‘; 0.25 E
140° 52.5° _':' .
1| 0.2
17.5MW 17.5MW
(a) (b) (c)

Figure 18.6 Sizing the units below the pinch using the tick-off heuristic.
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Summary of Pinch Design Method

¢ Divide the problem at the pinch into separate
problems.

¢ The design for separate problems is started at
the pinch, moving away.

¢ Temperature feasibility requires CP to be
satisfied.

& The loads on individual units are determined
using the kick-off heuristic to minimize the
number of units.

¢ Away from the pinch, more freedom in the
choices.
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1€ EXAMPLE

Example 18.1 The process stream data for a heat recovery
network problem are given in Table 18.1.

Table 18.1 Stream data for Example 18.1.

Stream Supply Target Heat capacity
temperature temperature flowrate
No. Type (°C) (°C) (MW-K~1)

1 Hot 400 60 0.3
2 Hot 210 40 0.5
3 Cold 20 160 0.4
4 Cold 100 300 0.6
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Example (Conti..)

Pinch
i
250° ~203.3° ~ {150° ~106.7° 40°
2 U ) I W, C
| 10.0 MW
7 200° e 11500~ 80° o
A l ./
I
|
|
|
180° | 140° 52.5° 20°
< 0 | (222 )
N ] _/ ./
8.0 MW : 17.5 MW | | 6.5 MW
230° () 205° A I8L7° AN 140°
7.5 MW 7.0 MW 12.5 MW |

The completed desi%n g‘or the data from Table 16.2.
e TN . . TN . 'm A s
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Example (Conti..

CPy<CP CPy>CP,
0.5 0.6 05 0.4
0.3 0.4 0.3
CP cpP
400° 120° o
03 (X, Q 1 ¢ — 03
210° 120° 56° I8MW]  40°
0.5 [2] v @ > 05
8MW
o J 20°
PR . 3] 100 v 3]o4
06 300° ()215° ° 24 MW1100°
(IsMW]| [60MW] [45MW]
(a) (b)
400° o
(O
210°
m_ I/_\\
160° T
300° 275° \\175" /J-\
@ C/ \_/
[1smw][eoMwW]  [45MW]

©
Figure 18.8 Maximum energy recovery design for Example 18.1.
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DeS|gn for Threshold problem

& The design philosophy is to start the
design it was “Constrained”.

& For threshold problem, it is at the “no-
utility end”

& It acts like a “half” of a pinch problem.
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Design for Threshold problem

7 7~ « " \

T(°C),
500

LI

400

300

200

100

1 | { 1 2 1 1 ]

100 400 600 800 1000 1200 1400 1600 HkW)
(a)

mﬂﬁ} > 3.0
s 4]} 9%, 10
450 A 50 3 1.0
0 — l% 1.0

<200° 0751 05
(b)

Figure 18.10 Even though threshold problems have large driv-
ing forces, there are still often essential matches to be made,
especially at the no-utility end.
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End of 5th Talk,
b Questlons‘? N
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