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ABSTRACT

This repert develops a methodology for calculating and evaluating
the increased work potential possible from high pressure steam generation
fn waste heat boilers. This methodology is applied to the Ralph M. Parsons
commercial. concept of the 0i1/Gas Compiex. Implementation of the proposed
scheme would result in an export power increase of 7.7 MW which is a 4% |
increase of the 210 MW generated by the 011/Gas Complex at a cost of
$2110/KW,
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Introduction

This report develops a methodology for calculating and evalua-
ting the increased work potential possible from high pressure steam
generation in waste heat bgilers., The methodology is applied to the
Raiph M. Parsons commercial concept of the 0il/Gas CompTex].

.Operating steam generators at higher pressures than steam
users allows for work to be extracted by depressurization. Topping
turbines can be used to bring the pressure down from the generation
pressure level to the user pressure level, However, higher boiler

operating pressures and additional turbines require a higher capital

investment.

Method of Approach

Use of a steam balance format simpiifies the approach (Fig. 1).
Headers were drawn to represent all steam generation and user pressure
levels and condensate. Steam generators were drawn above the corresponding
headers, while users are drawn below these headers. Generators and users
are labeled with their corresponding equipment numbers and steam mass
flow rates. Heat exchanger gas mass flow rates are shown, as well as
the gas inlet and exit temperatures.

Heat exchangers are then evaluated on an individual basis
to determine if steam at the next highest incremental pressure can be
generated. The results calculated {Appendix A) are shown in Table 1.

Two approaches are used to determine if higher pressure steam
can be generated. The first approach s to hold the heat transfer

constant, and evaluate the effect on the steam mass flow rate and the

158<



¥i-6a

obed 1X3U panugiuoy

t=G54-21-4

-8d4~1-4

AAYSNIONDD

MiB

nid

@. 0046009

) e

woi

€1 LINNY

2i5d

159«

o5

8154

40822 "MILyM G334 4II0B = M0

s> bis)
ml Liu._._ HH/ARAT

AN

Doy

disd

XITHdNOI 8¥H Ti0

SNOSHVd ‘M IHL HOd
13 MO ALIIILN LS

ooZI



Y1-6b

abed jxau panuiteo]

i—-5d-L1-H

I-Sd-¥l-¥

-5J4-1-d

SoRl-L1

y3oa3y

A+Ct2"DISd I ™
WY315 3ISHNJ

&

0'94

£ rYall
(e L 1@%
=& PP g |
= e e
CHI: Mg
]
=
1Z81 -
. w tosi-s1l  men
’&Qﬂ
oo

i, — | —— it ittty | e i i r— — — ————] —— A ML 2 — i



abed jxau panuiiuog .

_. |-~ 847 22/12/02-4 I-Sd-ai-

g — e

OGN0

|
|
;

IVAOMAY
S¥3 3OV
JARIFTIS |

F

¥I-6¢

161 <

)
£

84264 35 235

NI} 10822 +-53-T€-H ITZ IS
“TONF IOVNIYY EDAI-
IYAUNIY SYD- €09 i~-91

GEJV IALLDIIAS

!

LI¥3Y LdIH
fozt-1z

b

EUIA L §53340Hd

2

|———...-—..

1-64-%€-5 035 75
1o0R1-8)
EHIA N0 S5ID0HA

dazi

HOLYHINID
HY3LS 3 tE
10Z1-bZ

——— it s | — — e — . —are]




abed jxau panuLiuo)

1-8d-42-4 g 1=t 4924 p-54-C2Z-H I-54-¥2-8
N | |
" Qoo've
T#o1 “ sy m - — woi
EERY]
R | | [assiss
ol _ - Gora—
. &
= 0% - _ o5l - T
L ]
” o _ .
2WNHMY _ w0 HE Y4 _
o_»uﬁ Zedi-ag _
>t¢.—.u_tn__uzn- . _ 1
wao] _ Godre>— -
coa _ oRs _ B [ ]
| ' _ 1%64-ZE-H D35 335
_ [
) _ SHIAING S50
oozt _ aozi ﬂ
| | |

162<



—
P
-\"

ﬁl’@lﬁ ’ 1-53-Z6-H

S0EHFLOL 2K @ @ L0
ﬁ Hrivu3yag HILWM Jt INVH )
dn-THvR - | T- :

L -

Ry

Vi-fa

163<

JdH OIEZE TWACL

dH OLS'aT 108(-22 -
JHORE'Z £O08I1-8)

dH O0G'ES 20T -81MD

“EHIAING 5530084

CATIEND - GETor>

@HoeI' Nz Tl | . -
SHODO'SE 1D8}-81
MOOO'SE 1081-tT
AHODO'VE 108|-t2
JHOOS'¥E S081-0

RLETTE LT
LNV N 1010-25

QUL - SP3AT0 5530004
ASo.m.n._vlln_J [y
 —— -— [L o i
. (or'e)

.¢N.—.¢_ u—.-xwm_._w__

u o ¥'E'2"1091- 28
HO4 133HS mo1d ALNLN Wv3LS SHTWOA AR

XIVHOD SVD/ 110 SNOSUVD 'Y 3HL

1°914 ’ | S



Vi-7

1 d749vl
|35 SsaMLeIT
(3315 uogaed
Wedas BuULIEAY 40 unjeladumy ] xs

¥y aus © Ling
A2BUEyIuE 189y 3O ERuR 1WI0] =

= 55
=357

= @

= S| Ppaajew safiueysud jeay - 3w

0y

BOLIORE B[O $0 QLIS JANT Laysuvay jray |LP-u3a0 - Hp

FIUELY LR Banjesacma] quped yawd 2 n_E__

ML WERLSE e

S

NS UoLIRLauaD uwats = §g

T T T ey o2 Sutmay o3 Oy | = s ] ] T e 6 serva| 9 | ssUig| s IR
[ P e B B q----- e [ | P el B R to | z6z'6sl| o5t SOE1-P2
T | W0 tepqeidande Ty el Bl RS .._mm.a.m_.u..... &ir Oee* 229
u_.a.m.u.mrmg-wu_.nm..nmum.r aig PR R Py PREESSy PRI L3 $29" y05| O0%| 0§9° L&k 0ez1 £0Ei-kE
- — G e —— b e e P Pl e X T TR L e ozowel| ezl | ek
B (TP Errrr i iy pieoy SERE iy R il o sty Ry T 1T 577§ — w5z --——- | 9oz | astoal|  aL TTEmn-iz
— ataricon Jou faarssed Yo || —oemm | oooe { weiomn = e "YU | iy ppmmt Y e B o || - |- Gaz'es| wer | z'er | weiser] | sz s
- wi] o7 Sa Taiaisiod you —— oo e sezez| 9 [ c- o - ) e | R [T R gEv'vE] 595 £9 | Z16'909| a1
i oL o1 S ey S [ [T T T s | oea | o e s z | Temrest]  oom - . \.| T .
| spqeidanae Su fa|qeideane Ory 8 (9 | pocTszl|  OEEL [ ----- K3 gy | OEFSI) e eescowt] woslfl 09 30000, @0LTU [33] 90 | DS9°EY] 0£1-8L
- l|.w—a.«w.ﬂpuaawﬁmmwmulmmﬂ T T LT e - a5 |} -——-—-- — - ==l - [ i Bt avs 6L - ETH TS 52 1oELR (
T el | T S STy oo PTRN | EETIES it i e IR b TCAFT S Tl S Eieiel wf
. AN N SN SRS | NN EEN—— S —_— — e —_ — — A - - -
apatssod 30u Tmay o ALw R e Bt T I N | IR I " wn s anzi \ \1\ 6
BT rrotrerea | R - |$._me Tooeins b 05 | tBe'Zf | GoE ) qum.u REA'Rd| £T9E pegtael 06 SE §ygq 0sg'Ey BL | OEY'LLL 0% SIEL-$L 1
TR Ticrrarow e By toesitly peihrall Ien? E el S T IR e s 992 BV 1 0% [ - | - ety | 928 1/ [oug*? o 2o i -¥
[ 7 orwssed ow faiqpseed yal TR B e I e tff - e 166°E o o jres |7 e fereerezeon £l
S Tajgeidaie wtkoy oy A &L wm_m..Ive.a...m. —IE i T me [ T s | e T [ e -
3inzamoe w twey oy Spw [ -Tm 1 Sdpeg | BSSTY §ir f svoar | oos f{ - SITLTITIRL T ez | e ISABALZII08LEL
e e = a1 - 0w Y N | e P, p— o 1 T S0V | ozl | sy, 99§ 1Lz | OZEL-21
ajaeidatse s ol m App Hese | So/sa | 26l SEE y EI9U N e e e | S Rl B e we | e | Eee
e Ry M g | W | O8L || —=e—-- [EUR R e Edl S60°E [T IE T R 0fZ GEL o | onte s BLEL-ZL
aGetasaw S tway o3 div H €°se sy | ez IR I ) A AU AP _
- - e — e —— —— s T T T - . A | e p— g .. | =T uog -
[ LTI m..m tajqussnd o | - oo | aeoome foTTToT ek 002 _ I .\ \ R
SR - me—— b - T T T e | U e ST i LT HER) esi § ¥t S5rcq L] 5L SLEL-ZL
algeiaante 5w tma| 0n 4w} 6SE $Eygy f 018 o i [ IR U AR F _ ) S ———
S sl e et | B Y T FTee DOZT99 [V ] R - Iz oot gs2 | aozi \
o oy S tes| 03 dpm ftoe---- EEER M R S [ A - — e —-
L e — —t - 195 | DotEIZ] D06 SOL| S5y, | O50°9 | 32w 000552 [ az | DE3'2E | 5795 28 | 008251 %3 PlEE-EL
EILTR CEERLE IR ES E L ) saL 55 rey 0467 LS €2 . _ o . .
Nl | | P S —— U Y N - i . o e e e
_. ol o S teop a3 1w | - | - | - L I | T i .- i ¥EE' L e -1 - sl ¥lL 9°6€ | WoL'e 52 9081 21
17 TR e Ty g 4 T T T s e IIECLEE E Y gsgee | o | -] weesT| wer | wss fowest [T s T e
—\ - sl s M ER T BELSE LTS IV RS Mo [ ) @Mal das |2 [ 8] A | Mg | 98 Ll
W m.t.ur_u.. B _luﬂ _:u.m-_ |Iaﬂu..m.. a “u %4 FECERS I PR L Py e fu | Sa | amon | (e iy By Yo ‘s 4 |_
-—- — o5 = 49 - - aswpa = B —— —D
e T ’ T T YT aanssaad paswaaiup T R - pe—— - T Gusiwa I



VI-8

“pinch point" temperature differential - the minimum temperature
difference between the exchanger heating stream and the saturation
temperature of the steam being generated. The heat exchanger area is
then caiculated.

In the second approach, the "pinch point" is set at 50°F, a
common design point, and the effect on the steam mass flow rate, the
heating stream exit temperature, and the exchanger area are found.

While considering increasing the operating pressure of the
heat exchangers, two requirements were set. First, the new mass Tlow
rate of the steam must be within - 30% of the former steam mass flow
rate. Second, the “pinch point" temperature differential must be a
minimum of 36°. Also, the highest incremental steam pressure possible
(up to 2000 PSIG)} was of course chosen. When it was possible to re-
place an exchanger with either scheme, the total heat transfer held
constant or the "pinch point” held at 50°, it was decided to keep the
heat transfer constant wherever possibie. This avoids any possible
complications from the heating stream outlet temperature rising
excessively.

The replaced exchangers are shown in Table 2. (The exchanger
costs were found as shown in Appendix B.} The total installed cost of
the existing exchanger is found by multiplying the heat exchanger area
by the cost per unit area. The total installed cost of the replacement
exchanger is found the same way. The difference between these two costs
is the "4 installed cost". The total increased capital investment in

heat exchangers, then, is found to be $12,555,020.

165<
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Table 3 shows the "accounting” of the new steam balance. The
cclumn headed "bs/hr needed" indicates the shortage of steam at the
indicated pressure due to generating the steam at a higher level. The
column headed "1bs/hr generated" designates the steam now generated
at a higher level.

Figure 2 demonstrates how power can be generated by utilizing
the higher pressure steam. The steam is expanded through a turbine and
extracted at the levels required to rebalance the system. The turbine
in Figure 2, however, would be prohibitive in terms of cost due to the
compiexity of controls in such an induction-extraction arrangement.

Figure 3 shows how the arrangement of Figure 2 can be imple-
mented by utilizing six separate turbines. The costs for these turbines
are given in Table 4. The costs for the corresponding generators s
also shown. The power output of the generator was found as shown in
Appendix C. Thus, the total generator output of 7750 kw cost 33,815,600
for turbine and generation equipment, and $12,555,000 represents the

~increase in total installed cost of the waste heat boilers {Table 2).
Thus, the proposal to generate steam at a higher pressure results in a
7760 kw power increase at a cost of $16,370,000 or $2110/kw.

The steam utility flow sheet revised to show the implementation

of the higher pressure waste heat boilers and additonal turbines is shown

in Figure 4.
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Table 3

Steam Balance

Unit # PS1G Ibs/hr needed | PSIG ]bS/hr generated
12-1314 600 252,900 300 255,000
12-1315 50 9.422 150 5,041
12-1318 50 3,140 150 2,250
12-1320 50 2,141 150 1,613
13-1601/21/741/63 150 21,900{x4) 900 15,465(x4)
14-1315 600 111,630 900 112,520
18-1306 1200 143,650 1500 147,543
24-1303 1200 497,680 2000 522,340

A turbine operating under the following conditions would satify the

above requirements:

PSIG Min Mout
2000 522,340
1500 147,543
1200 641,330
900 429,380
600 364,530
150 78,700
50 14,703

163«
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Tabiae 4

Turbine and Generator Costs

Turbines* Generators**

HP /KW Installed Cost Installed Cost
1}  4805/3585 $1,200,000 436,200
2) 465/347 525,000 41,640
3) 410/306 250,060 36,720
4)  1900/1417 425,000 170,000
§) 2755/2055 250,000 246,000
6) 730/545 175,000 65,400
Total 11,065/8255 2,825,00C 990,600

Total turbine and generator installed costs = $3,815,600
Total power output = 8255 KWx 94z (8) = 7760 ku

x*
Appendix C

**Based on an $80/KW quote £+ 10% for generators in the range shown,
pius 40 - 50% for gear reduction equipment. (Reference 8.)
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CONCLUSION

Implementation of the scheme shown in Figure II
results in a 7760 KK power generation ing¢rease, at a total

cost of $16,370,000.
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APPENDIX A

SAMPLE CALCULATION

Rea her  Peg
i H ]
I { }
Economizer boiler T
T12
T’Hs M
e AAS ANV it
T17+]
mg = 75 steam
L
"-boﬂer + econ 4
12-1314 From the flow diagram (R-12-F§-1):
T,q = 632°F at = 254.892 MM Btu/hr
T3~ 580°F = $,193,944 1b/hr.
P. = 600 PSIG

5

1

From the eguipment specifications {Section 13)i:

A 42,680 ft?

tota)

The following is an analysis of the existing exchanger.

From steam tables;

600 PSIG Steam: hfg e 727.9 Btu/lbm —
hey = 475.8
228°BFH: hey = 1_96.3

179
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The mass flow of the steam is found:

: 6
hoo= gt _ _ 254.892 x 10” Btu/hr _ 5
"s Mg ¥ hgy =Rl TET.T 4758 - 186.3 Bu/Tom - 259 x 10°7T0/r

The heat transfer in the boiler section is:

4 = M, heg = (2.53 x 109 1b/hr  (727.9) Btu/1b = 1.84 x 105 Btu/hr

The heat transfer in the economizar is:

aE = ﬁs (hf] - hfz) = (2,53 x 105) 1b/hr (475.8 - 196.3) Btu/lb = 7.08 x 107 Btu/Fk

The average specific heat of the heating stream is:

: 6
¢ . 254,892 x 10 stu/hr ] .
A S T (8,753,944) 16/hr (632 - 550)°F - 0.3 Btu/ib °F

The temperature=length profile is:

LD, = 82°
632° B =
\;\ﬁ;—_‘ LMTDg = 110°
- 50° = 142°
490"-—(—\\_‘ : 8T = 142
@ LTD; = 82°

L é LMD, = 180°
aTD; = 322°

180«
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The overall heat-transfer coefficient ¢f the economizer, UE » Was

assumed to be 30 Bty

hr - Ft° . °F

The economizer area, then, is:

[
o - % 708 x10 Btuhe 13 103 £12
E UE LHTDE 30 Btu > 180°F
hr - ft° » °F

The boiler area is:

A, = A A; = (42,680 - 13,103) £t2 = 29 577 §t°

B total =~

The overall heat-transfer coefficient of the boiler, UB is:

L. B s ®stue | g Btu
B Ry MOy~ 55 577 £t 110°F hr . ft° - °F

This completes the analysis of the existing exchanger.
The possibility of generating 900 PSIG steam is examined, keeping 5t constant:
From the steam tables:

L

900 PSIG, 538°F Steam: h

665.6 Btu/1bm

fg
hep = 529.8
228°F BFW: hfz = 196.3

The mass flow of the steam is:
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6
n = qt - 254.892 x 10° Btu/hr ) 5
"s T Py Flhg - Bl T B05.E+ 529.5 - T56.3 Bta/TEn - 2-55 x 10° 1b/hr

The heat transfer in the boiler is:

Gg = neg = 2.55 X 10° Tb/hr  665.6 Btu/lp = 1.68 x 105 8tu/hr

The heat transfer in the economizer is;

& = Mg(hey = hep) = 2.58 x 10° 1b/hr (529.8 - 196.3) Btw/ib = 8.51 x 107 8tu/hr

The intermediate heating stream teniperature, Ty 1s

%@ 1.68 x 10° Btu/hr e
Mo =Ty - e C S38°F - TEToT0qy o7k (0 ET BRI ST ¢ 578°F

The "pinch point" then, is;

&Tp ='TT2 - TSteam 578° - B35° = 43°

The temperature Tength profile is:

T, &% LTD, = 43°
= LMTD, = 67°
s 78, 550 6Ty = 97°
\v\ 228 LTD; = 43°
- = LMD, = 1450
670, = 322°
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The area of the boiler, assuming Uy is constant, is:

% 8
. 1.68 x 10~ Btu/hr - 2
Ay = T TWTDL 558 Bt , - AhaBs Tt
B B 67
r- ft
The area of the economizer is:
aE 8.513 x 10 Btu/hr 2
A. = = = 19,570 ft
E UE LMTDE 30 B‘EIJ 145°F
hr - ft° « °F
The total area is:
i _ 2 2 . 2 o
Ay = Ag + Ap = 44,485 ft© + 19,570 ft° = 64,055 ft

The possibility of generating high pressure {900 PSIG) steam setting

the "pinch point" at 50° is also analyzed:

Setting the "pinch point" also determines the intermediate heating stream

temperature, Tjp:

T + 50° = 535 + 50° = 585°F

12 = Tsteam
The heat transfer of the boiler is found:

- "] 0.5) Btu - 8 BtU
9g = ( TTZ) m CD = (632 - 585)°F (6.19 x TO ) hr TESF 1.46 x 10
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The mass flow of the steam is:

#

% 8
- . _1.46 x 10° Btu/hr 5
g Thm

The heat transfer in the economizer is:

. _ s _ 5 ) . 7
Qg = M, (hf'l - hfz) = 2.19 x 10° 1b (529.8 - 196.3) Btu = 7.3 x 10" Btu

hr 1b hr

The exit temperature of the heating stream, T,,, has changed since ét

has changed. It is:

G 7.3 x 10 Btu/hr .
T3 ™ T~ mc " 58 F - 5,193,984 1b 0.5 Btu 561.4°F
§F hr  T6°F
The temperature-length profile is:
T! 632 LTOp - ggo
= uwmpg = 71°
- =]
835 . 561 6TDp = 97
\x»\n\\h. 228 Lo, = 50°
- 1 = LMD, = 155°
6D, = 333°
The boiler area is:
W . 98 1855 x 10 Btu/hr - 35270 712
B U LMD 56.5 Btu = 36,270 Tt
B B - 71°F
hre » 85 . °F '
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The economizer area is:

9% 7
AL = = 7.3 x 10" Btu/hr
E - Ug MO 1 5t e
P
hr + £t~ . °F
The total area,then, is:
B, = A, = A = 36,270 ft°

£

+ 15,700 ft° = 51,970 ft

15,700 ft°

2
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APPENDIX B

The instalied cost of the heat exchangers in $/ft2 was found
from the curves on the following two pages, Figures 5 and 6.

The Ralph Parson's factored extimates were obtained from
Reference 6. The quotations from John Zink were obtained from Reference
5, and were quoted as base costs. These base costs were converted to
installed costs by multiplying by a factor of 2.5 for erection, piping,
site-work, etc., as described in Reference 7.

The quotations from John Zink, Inc., and Ralph Parsons on

2

heat exchangers under 10,000 ft™ allowed the extrapolation of the curve

shown with a high level of confidence. The slope of this curve was

assumed to rematn the same for heat exchangers over 10,000 ftz.
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1000 ——— T

Installed Costs, §/Ft?

| WASTE HEAT BOILERS UNDER 10,000

$/F1% = 4.37p 0052

100

O =Quotation From John Zink Inc.
A = Ralph Parsons Factored Estimates

L INSTALLED COSTS CARBON STEEL FIRETUBE-

FT2 -

Lol

1

10 ! IS B R B B A o
{00 1000

Steam Pressure PSIG
FIG. 5
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Installed Costs, §/Ft2
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| B SO

- 321 S.S. Tubes
Special—-Abrasive
Gas Application

C.S. Shell
410 S.S. Tubes

o
o

N\

C.S. Shell & Tubes

T T T T 1T T71] T
INSTALLED COSTS FOR WASTE HEA
BOILERS OVER 10,000 FT2 OF VARIOUS

MATERIALS OF CONSTRUCTION

321 S.S. Clad Shell —___

S.S. Shell
321 S.S Tubes

Special-Abrasive
Gas Application 4

A = Ralph Parsons Factored Estimates

| IV . |

10 1 L L 11 ¢+ 11 1

1000

Steam Pressure PSIG

FiG. 6
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