Chapter 5 Energy balance

CHAPTER 5

Energy balance

5.1. Introduction:

As with mass, energy can be considered to be separately conserved in all but nuclear
process. The conservation of energy, however, differ from that of mass in that energy can be
generated (or consumed) in a chemical process. The Total enthalpy of the outlet streams will not
be equal that of the inlet streams if energy is generated or consumed in the processes; such as
that due to heat of reaction.

In process design, energy balance is made to determine the energy requirements of the
process: the heating, cooling and power required. Inplant operation, an energy balance on the
plant operation will show the pattern of energy usage and suggest areas for conservation and

savings.
5.2. Conservation of energy:

The general equation can be written for conservation of energy is:

Energy out = Energy in — Generation — Consumption — Accumulation.

This is a statement of the first law of thermodynamics.
Chemical reaction will evolve energy (exothermic) or consume energy (endothermic).For steady
—state process the accumulation of both mass and energy will be zero.

5.3. Energy balance calculations:

-symbols used in this chapter:
Cp; = Heat capacity of component (i).
T = Temperature of stream in degree Kelvin.

M;; = Mole flow of component (i) in stream (j).

H;_ Total enthalpy of stream (j).
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H;; = enthalpy of component (i) in stream (j).

-Heat capacity constants for ideal gases.

Table (5.1) Heat capacity constants for ideal gases.

3.93E-01 8.79E-01 1.92E+00 5.37E-01 896.7
6.13E-06 2.07E-05 1.55E-03 1.21E-05 6.76E+02
6.43E-06 2.06E-05 1.68E-03 1.33E-05 757.06
5.77E-06 2.12E-05 1.63E-03 1.29E-05 739.1
9.78E-06 3.09E-05 1.64E-03 2.10E-05 731.191
3.34E-06 2.68E-06 2.61E-03 8.90E-07 100

- Heat capacity equation for ideal gases:

Cl=Cl+C2 [ﬂ] +C4 [ﬂ}
sinh(C3/T) cosh(C5/T)
- Heat capacity constant for liquid:

Table(5.2) Heat capacity constants for liquid.

106 -0.362  0.938E-3 0 0
179.34 -1.467  0.010323 -0.3E-4 3.40E-08
140.12 -0.55487 0.0026242 -3.00E-06 0
112.76 -0.1047  0.000521 0 0
140.12 -0.0009  0.000563 0 0

276 2.09 0.00825 1.41E-05 9.37E-09

- Heat capacity equation for liquid:

Cp=A+BT+CT*+DI’ +ET*

5.3.1. Energy balance around summing point:

Q-W = AH
W =0, Q = 0(adiabatic mixing).
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AH = Hg ¢

H; + His = Hy

H, + H3; = H,

H, = H, = 0; so:

Hys = Hz; = H,

Hys = Hvre1s + Hmis + Hiso1s + Hi-putis + Hz-gutis — Hwas
Pr = 4.95 bar.

T=314.3°K (bubble point), this temperature gives:
XY =X Py(T)Xi/Pr =1

P,= EXP (A+B/T+C LnT+ DTE).

Where:

P, : is vapor presser of component(i).

Table (5.3) summarizes the results:

Table (5.3) bubble point calculation of stream 15.

81.768 6876  -8.71 7.19E-06 2 495.2472 1 1.0002
9.52E 4876  -126 178E-2 1 374E4 0 0
67.78 4429  -720 B8.40E-06 2 3.80E4 0 0
77551 4848  -8.78 1.17E-05 2 247E4 0 0
55875 5132  -496 1.91E-17 6 20563 0 0
73.649 72582 -7.30 4.17E-06 2 58.3110 0 0

1 1.0002

314.3

Hyree1s = MMTBElSJ cp dt
298

MuytBE1s from material balance caculation = 0.00Kmol/h.
Hyreers = 0.00K]/h

also, from material balance caculation:

Miso1s = Mi-ut1s = Mz-pur1s = Mwis = 0.00Kmol/h; so:
Hiso1s = Hi-puris = H2-ut1s = Hwis = 0.00K] /h.

24 -



Chapter 5 Energy balance

314.3

Hmis = MMle cp dt
298

My15 from material balance caculation =2053.16Kmol/h.

Hp1s = 2053.16*[106(314.3-298) - 0.362/2(314.32-2982%) +0.938E-3/3(314.33-2983)]
Huis = 2781433.8K]/h.

H, = H;s (No change in enthalpy through the pump)

5.3.2. Energy balance around heat exchanger (E901): E-901

D

Q-W = AH &
W=0
Q=AH=H, — Hs
He¢ = Hurpee + Hmes + Hisos + Hi-puts + H2-BuTs — Hwse
V/F =1(completely vapor), T, =358°K

358
Hmrees = MmTBES [fzgg cp dt + 7\298]-

MuTBE6 from material balance caculation = 0.00Kmol /h.

HMTBE6 - OOOK]/h

H = My | [y CP dt + Azo).

MumteE6 from material balance caculation =4176.10Kmol/h.

Hpe = 4176.1*[106(358-298) - 0.362/2(358%-2982) +0.938E-3/3(3583-2983) -200.66]
Humg = 21326949.95K]/h.

Hiso6 = Misoe [f239588 cp dt + 7\298]-

Miso6 from material balance caculation =2088.05Kmol/h.

Hisoe = 2088.05*[179.34 (358-298) - 1.467/2(3582-2982) +0.010323/3(3583-2983) -0.3E-
4/4(358*-298%) +3.40E-08/5(358°-2985)-16.9059].

Hisos = 17992470.95K] /h.

358

Hi_bute = Mi_pute [f cp dt+ )\2981-
2

98
M; _pute from material balance caculation =1817.511622Kmol/h.

Hy_pue = 1817.511622*[140.12 (358-298) - 0.55487/2(3582-2982) +0.26242E-2/3(3583-
2983) -3.00E-06/4(3584-298%) -0.53974].
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Hy_pute = 14664582.86K]/h.

358
Hz_bute = Ma_pute [f cp dt+ }\298]-
2

98

M, _pute from material balance caculation =5172.917692Kmol/h.

Hy_pute = 5172.917692*[ 112.76 (358-298) -0.1047 /2(3582-2982) +0.521E-3 /3(3583-
2983)-8.78031]

H, _pute = 41739225.95K] /h.

H¢ = 21326949.95 + 17992470.95 + 14664582.86 + 41739225.95

H¢ = 95723229.71K]/h.

Q =M*Asteam

Q = 114767838.5

m = 114767838.5 *18/36098.259 = 57227.7Kg/h.

5.3.3. Energy balance around reactor (R901):

The conversion in the reactor is 80% and the reactor is adiabatic. So we calculate the

adiabatic temperature (T,) from equation below.

Ty .
. 0; dt
Conversion(x) :M
—AHR
Where:
0; = ratio of cmponent(i)in the feed to reference component(isobutylene feed).

Table (5.4) ratio of cmponent(i)in the feed to isobutylene feed.

methanol 2.00
isobutylene 1.00
1-butenes 0.87
2-butenes 2.48
mtbe 0.00
water 0.00
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—AHg = heat of reaction at the adiabatic temperature (T,):

T,

—AHR(T,) = AH R+ [,

Acp dt
AH°gr = Hmree — Hu — Hiso
AH°gr =-2.80E+04 KJ/Kmol.

T T
JyogAcp dt = [ (cPmTBs — CPM — CPIso) dt.

Solving for T, by tray and error, by using excel sheet:

T, = 403°K.

H; = Hurpey + Hwz + Hiso7 + Hi—pyr7 + Ha—pyut7 — Hwy
Hmree7 = MmrBE7 [f249083 cp dt + 7\298]-

Myree7 from material balance caculation = 1660Kmol /h.
Huiper =1660*[140.12 (403-298)-0.9E-3/2(403%-298%) +0.563E-3/3(4033-298%)-283.4992].
Hyper = 16066714.2K] /h.

Hyy, = My [f249083 cp dt + 7\298].

My from material balance caculation =2516.10Kmol/h.

Hyy = 2516.1*[106(304-298) - 0.362/2(403%-2982) +0.938E-3/3(4033-2983) -200.66].
Hyy = 11295476.78K] /h.

Hiso7 = Miso7 [f249083 cp dt + 7\298] :

Mjso7 from material balance caculation = 428.05Kmol/h.

Hisoe =428.05%[179.34 (403-298) - 1.467/2(4032-2982) +0.010323/3(4033-2983) -0.3E-
4/4(403*-298%) +3.40E-08/5(403°-2985)-16.9059].

Hisos = 3375687.845K]/h.

403

Hipur = Mi—purr If cp dt+ )\2981-
2

98

M; _put7 from material balance caculation =1817.511622Kmol/h.

Hi_puty = 1817.511622*[140.12 (403-298) - 0.55487/2(4032-2982) +0.26242E-2/3(4033-
2983) -3.00E-06/4(430*-298*) -0.53974].

Hy—pury = 11737411.97K]/h.

403
Hz_butzy = Mo_puty U cp dt+ }\2981-
298
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M, _put7 from material balance caculation =5172.917692Kmol/h.

H,_puty = 5172.917692*[112.76(403-298) -0.1047 /2(4032%-2982) +0.521E-3 /3(4033-2983)-
8.78031]

H, _putz = 34508550.26K]/h.

H, = 1.4672E11K]/h.

5.3.4. Energy balance around distillation column (T901):

Qr — Q. =Hy+ Hg —H; (]
E-903
Hy = Hmrere + HMo + Hisog + Hi_guTe + HapuTe — Hwg cw
PT = 19 bal’.
T=313.3°K (bubble point). N

3133
Hmreee = MutBES [ 95  CP dt.

MuTBE9 from material balance caculation = 0.00Kmol/h.

Hypes = 0.00K]/h.

313.3
Hmo = Mo [5oq  cp dt. E-o02 | mps

Mo from material balance caculation = 2428.73Kmol/h.
Hmo = 2428.73*[106(313.3-298) - 0.362/2(313.32-2982) +0.938E-3/3(313.33-2983)].
Hymo = 3084349.641K]/h.

313.3
HISO9 = MiSO9 298 Cp dt'

M;so9 from material balance caculation =428.05Kmol/h.

Higo9 =428.05*[179.34 (313.3-298) - 1.467/2(313.32-2982%) +0.010323/3(313.33-2983) -0.3E-
4/4(313.3*-298*) +3.40E-08/5(313.35-298°)].

Hisoo = 8.84E5K]/h.

313.3
Hl—but9 = Ml—but9 f298 cp dt.

M; _puto from material balance caculation =1817.511622Kmol/h.
Hi_pute = 1817.511622*[140.12 (313.3-298) - 0.55487/2(313.3%-2982) +0.26242E-
2/3(313.33-2983%) -3.00E-06/4(313.3*-298%)].

28 -



Chapter 5 Energy balance

Hl—but9 == 3615478.074K]/h.

313.3
H;y _puto = M2_but9f cp dt.

298
M, _puto from material balance caculation =5172.917692Kmol/h.
Hy_puro = 5172.917692*[ 112.76(313.3-298) -0.1047 /2(313.32-2982) +0.521E-3 /3(313.33-
2983)].
Hy_puro = 10244724.91K]/h.
Hy = 17829041.27K]/h.
- Condencer duty calculation:
Vapor temp. = 319.8°K(dew point).
Qc = (1 +R)(Hyy — Hy).
R =1.8 (see ch.6.).
HyoCan be calculated by using heat capacity constants for ideal gases, with the fallowing
equation:
Hivo = Mi9[
— Hyo = 18886227.06KJ/h.
~ Q. = 2.8(18886227.06 — 17829041.27)
Q. =2960120.19KJ/h.

-Amount of cooling water:

_ Qc _ 2960120.19
CPwaterAT 4.18(40-30)

J-319.8

,og CPAt+ ?\298].

=70816.27Kg/h.

Hg = Hyrees + Hus + Hisos + Hi—purs + Ha—uTs — Hws

314.74
Hmrees = Murees [, CP dt.

MuteEs from material balance caculation = 1660Kmol/h.
Huibes = 1660*[140.12 (314.74-298)-0.9E-3/2(314.742-298%) +0.563E-3/3(314.743-2983)].
Huives = 5356128.348K]/h.

314.74
HM8 = MM8 f298 Cp dt

Myg from material balance caculation = 87.37Kmol/h.
Hyg = 87.37*[106(314.74-298) - 0.362/2(314.742-298%) +0.938E-3/3(314.743-2983)].
Hymg = 121652.5772K] /h.
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from material balance caculation:

Misos = M1-urs = M2-puts = Mwsg = 0.00Kmol/h; so:
Hisos = Hi-purs = H2-purs = Hwg = 0.00K]/h.

~ Hg = 5477780.925K] /h.

- Reboiler duty calculation:

Q- =Q¢+Hg+Hg—H,

Q. = 258116146.6K]/h.

-Amount of stream needed:

Qr _ =258116146.6 _ 7150.37Kmol
Astream 36098.259 h

M = =128706.77Kg/h.

5.3.5. Energy balance around methanol absorber (T902):

This column run at 5bar and 363°K.
A>
Hyp = Hg

Hi; = Higw

363 T-a02[ -
Hy11 = lV[w11f cp dt

298

M,y11 from material balance caculation

= 12143.66Kmol/h. . -

Hy11 =

12143.66 *[276 (363-298)-2.09/2(3632-2982) +0.00825/3(3633-2983) +1.41E-05/4(363*-
298%) +9.37E-09/5(363°-298)].
Hy1, = 1972318662K]/h.

Hi; = Hiso12 + Hi—gur1z + H2—gur12 — Hwiz

363
HISOlZ = MiSOlZ 298 Cp dt

Miso12 from material balance caculation =428.05Kmol/h.

Hiso12 =428.05*[179.34 (363-298) - 1.467/2(3632-2982) +0.010323/3(3633-2983) -0.3E-
4/4(363*-298%) +3.40E-08/5(363°-2985)].

Hiso12 = 4038036.682K]/h.
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Hi_butiz = Mi-puerz f239683 cp dt.

M; _put12 from material balance caculation =1817.511622Kmol/h.

Hi_putiz = 1817.511622*[140.12 (363-298) - 0.55487/2(3632-2982) +0.26242E-2/3(3633-
2983) -3.00E-06/4(363*-298%)].

Hi_putiz = 15943036.3K] /h.

363

Hy put1z = MZ—butlZf cp dt.
298

M, _put12 from material balance caculation =5172.917692Kmol/h.

Hy_putiz = 5172.917692*[112.76(363-298) -0.1047 /2(363%-298%) +0.521E-3 /3633-2983)].
H, _putiz = 45476091.78K] /h.

Hy, = 4038036.682 + 159

43036.3 + 45476091.78

H,, = 65457164.76K]/h.

Hiz = Humys + Hyas

363
HM13 = MM13 fzgg Cp dt

Mu13 from material balance caculation = 2428.73Kmol/h.
Hpi3 = 2428.73*[106(363-298) - 0.362/2(363%-2982) +0.938E-3/3(3633-2983)].

Hpyys = 14073458.46K] /h.

363

Hw13 = Mw13j cp dt
298

M,y13 from material balance caculation = 12143.66Kmol/h.

Hy13 = 12143.66 *[276 (363-298) -2.09/2(363%-2982) +0.00825/3(3633-2983) +1.41E-
05/4(363*-298*) +9.37E-09/5(363°-298°)].

Hy13 = 1972318662K] /h.

Hi; = 14073458.46 + 1972318662

H,; = 1972318662KJ/h.

5.3.6. Energy balance around distillation column (T903):

Qr = Q¢ = Hys + Hig —Hyy
H;, = H;3 =1972318662KJ/h (0 change in enthalpy through the pump).
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H,;s = 2781433.8KJ/h.

- Condencer duty calculation:

Vapor temp. = 322.1°K(dew point).
Qc = (1 + R)(Hyys — Hys).

R =3.84.
—@’j 27| T-903

Hy;s Can be calculated by using

heat capacity constants for ideal gases,

waste
with the fallowing equation: water

e
3221 1

Hivis = Mijss [fzgg cp dt + 7\298]- L

 Hy, = 3744574.894KJ/h.

5 Q. = 4.84(3744574.894 — 2781433.8)
Q. = 4661602.895KJ/h.

mps ' E-504

-Amount of cooling water:

M = Q¢ _ 4661602.895
CPwaterAT 4.18(40-30)

=111521.6Kg/h.

Hi6 = Huree16 + Hmie + Hiso16 + Hi-But16 + H2—BuT16 — HW16

from material balance caculation:
Mmtbeis = Misois = Mi-guri6 = M2_guT16 = 0.00Kmol/h; so:
Hmtbers = Hiso1s = Hi—ur16 = H2—puT16 = 0.00K]/h.

Hy6 = Hy16 + Hmie

430.2
I_IM16 = lVIM16 f298 cp dt.

My116 from material balance caculation = 375.58Kmol/h.
Hpi6 = 375.58*[106(430.2-298) - 0.362/2(v2-2982) +0.938E-3/3(430.23-2983)].
Hyi = 16824464.12K] /h.

430.2
Hw16 = Mw16f cp dt
298

M,y1¢ from material balance caculation = 12143.66Kmol/h.

Hy16 = 12143.66 *[276 (430.2-298) -2.09/2(430.22-2982%) +0.00825/3(430.23-2983) +1.41E-
05/4(430.24-298%) +9.37E-09/5(430.25-2985)].

Hy16 = 5849089008K]/h.
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H,¢, = 16824464.12 + 5849089008
His = 5865913472K]/h.

- Reboiler duty calculation:

Qr — Q¢ = Hys + Hig — Hyy

Q. = 48907569980K]/h.

-Amount of stream needed:

Qr _ 48907569980 _ 1354845.6Kmol
36098.259 h

M= = 24387222.1Kg/h.

Astream

Table (5.5) summary of agent amount.

_ mps mps cw mps cw
_ 254 254 30 254 30
_ 254 254 40 254 40
_ 57227.7 128706.77  70816.27 243872221  111521.6

Table (5.6) summary of energy balance calculation made by using Excel sheet

P(bar) 4.9512 4.9512
TK) 298 298
"methanol | 2122.945567 0
isobutylene 0 2088.050314
‘1-butenes 0 1817.511622
‘2-butenes 0 5172.917692
mthe 0 0
water 0 0
(Total 2122945567 9078.479628

4.9
297.2406
4176.101

0
0
0
0
0

4176.101
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4.9
298.0001
4176.101

2088.05
1817.512
5172.918

0
0
13254.58

20
298.0001414
4176.100629
2088.050314
1817.511622
5172.917692

0
0
13254.58026

20
358.0001414
4176.100629
2088.050314
1817.511622
5172.917692

0
0
13254.58026

20

403
2516.100629
428.0503145
1817.511622
5172.917692
1660

0
11594.58026
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Continue Table (5.6) summary of energy balance calculation made by using Excel sheet

19.25 19 10 5 5 5 5.89132 4.9512 5.687
314.743 3133 310.2 363 363 363 405.32 3143 430.2
8

87.3684 2428.73 2428.73 0 0 2428.73 2428.73220 2053.15506 375.577
2 2 2 2 8 2 1
0 428.050 428.050 0 428.050 0 0 0 0

3 3 3
0 1817.51 1817.51 0 1817.51 0 0 0 0

2 2 2
0 517291 5172091 0 517291 0 0 0 0

8 8 8
1660 0 0 0 0 0 0 0 0
0 0 0 12143.6 0 12143.6 12143.6610 0 121436
6 6 4 6
1747.36 9847.21 9847.21 12143.6 7418.48 14572.3 14572.3932 2053.15506 12519.2
8 2 2 6 9 5 2 4
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