ENERGY BALANCE

The first law of thermodynamics demands that energy be neither created nor destroyed.
The following is a systematic energy balance performed for each unit of the process. The
datum temperature for calculation is taken as 25 °C. The units are as depicted in the flow
sheet.
Data available:
C, = Specific Heat.
T = Temperature, °K.
Cpy Hydrogen (9) = 6.62 + (0.00081xT), cal/mol.’K.
Cpy Carbon Monoxice (@) = 6.60 + (0.0012xT), cal/mol.’K.
Cpy 1sobutylene (Q) = 3.834 + (6.698 x10xT) - (2.607x10°xT?), cal/mol.’K.
Coy valeradenyde (1) = (1.1205x10°) + (2.5778x10°xT), Jkmol.’K.
Cpy 1s0amyl ool (1) = (- 5.3777x10%) + (8.8342x10°xT), Jkmol K.
AH% = Standard Heat of formation, kJ/mol.
AH%, vaeradenyde = - 227.80 kJmol.
AHY%, \samyl alcohal = ~302.10 k/mol.
AHY%, |sputylene = ~16.91 kImol.
AH, Hydrogen = 0.00 kKIYmol.
AH%, Cabon Monoxide = -110.53 k¥mol.

5.1 ENERGY BALANCE AROUND THE OXO REACTOR:

Reaction:
(CHg)2-C= CHa+ (CO + Hyp) ==nmmmmeemv > (CH3),-CH-CH,-CHO
| sobutylene Synthesis Gas Valeradehyde
Pressure = 250 atmospheres. Temperature = 170°C to 175°C.

AH % ection = AH%, product — AHt, renctants
AH % etion = AH, Valeraldehyde - AHY%, | sobutylene = AHY%, Carbon Monoxide~ AH, Hydrogen
i.e., AH  uction = -227.80 — (-16.91) — (-110.53) — 0 = - 100.36 kJ/mol.
Co, Hycrogen () = 6.62 + (0.00081xT), cal/mol.°K.
Cp, Hydrogen (0) = 6.62 + (0.00081x448.15) = 6.9830 cal/mol.’K
= 29.2169 Jmol.’K



Cp, Carbon Monoxide (g) = 660 + (OOOleT), Cal/mO|OK
= 29.8646 Jmol.°K

Cp, Isobutylene (g) = 3834 + (6698 XlO_ZXT) = (2.6O7x10_5xT2), Cal/mO|OK
Coy 1sobutylene (Q) = 3.834 + (6.698 x10x448.15) - (2.607x10°x448.15%)
= 28.6152 cal/mol.’K = 119.7260 Jmol.°K

Coy valeradenyde (1) = (1.1205x10°) + (2.5778x10°xT), Jkmol.’K.
Cpy valeradenyde (1) = (1.1205x10°) + (2.5778x10°x448.15)
= 227.5741x10° Jkmol°K = 227.5741 Jmol.’K
= 54.3915 cal/mol.’K.

Co, 1s0amyl alconal (1) = (- 5.3777x10%) + (8.8342x10°xT), Jkmol.K.
Cp, 1soamyl dconal (1) = (- 5.3777x10%) + (8.8342x10°x448.15)
= 342.1277%10° Jkmol°K = 342.1277 Jmol.°K
= 81.7705 cal/mol.’K.,

ACp: Cp, product — Cp, reactants
ACp= Cp, vaeradeyde— (Cp, 1sobutylene T Cpy carbon Monoxide + Cpy Hydrogen)
AC,= 227.5741- (119.7260 + 29.8646 + 29.2169)
AC,= 48.7666 Jmol.’K
Now we know that,
AHieation, T = AHC%eagtion + (AC, X (T-298.15))
AHreagtion T = (-100.36x10°) + (48.7666 x (448.15-298.15))
AHreaction, T = - 93045.01 Jmol
Hence, AHreaction T, a = (- 93045.01 Jmol) x (44.9045x10° mol)
=-4.1781x10° J = - 4.1781x10° kJ
Taking the datum temperature to be 25°C = 298.15°K. Further it is assumed that the

reactants are entering the reactor at 25°C = 298.15°K



Thus, =Hi, = 0.0
NO\7\7j ZHout = Z (meprT)
AT = T-298.15 = 448.15 -298.15 = 150° K

YHou = (44.9045x10°%54.3915%150) 4. + (11.2261x10°x81.7705x150) 4
+ (2.9543%x10°%28.6152x150) |5 + (2.9543%10°x7.1378%150) o
+ (3.5451x10%x6.9830%150) 1,
YHou= (366.3635%10°) + (137.6946x10°) + (12.6807x10°) + (3.1631x10°)
+ (3.7133%10°)
YHoy = 523.6152x10° cal = 2094.4608x10° J = 2.0945x10° kJ
Now
2Hin + AHreaction, T, at = ZHout + (MwXCpwXATyw)
Where m,, = mass flow rate of water, kg/s
Assuming that the cooling water is available at 25°C = 298.15°K and that is to be heated
to 40°C = 313.15°K
AT,, = 40-25 = 15°C
2Hin + AHreaction, T, at = ZHout + (MwXCpwXATyw)
e, O+ (4.1781x10°) = (2.0945%10°) + (m,x4.187%AT,,)
=>m, = (4.1781- 2.9045) x10°% (4.187x15) = 33175.7026 kg/hr. = 9.2155 kg/s

5.2 Energy Balance around the Separator/Decobaltiser:

YHin = 2.0945x10° kJ
Temperature = 180°C = 453.15°K
SHuyent gas= = (MXCyxAT)
It is assumed that the reactants leave the separator at 25°C = 298.15°K
AT =453.15-298.15 = 155°K
Cpy Hydrogen (9) = 6.62 + (0.00081xT), cal/mol.’K.
Cpy Hydrogen (9) = 6.62 + (0.00081x453.15) = 6.9871 cal/mol.°K

= 29.2340 Jmol.°K
Cp, Carbon Monoxice (@) = 6.60 + (0.0012xT), cal/mol.’K.

Cp, Carbon Monoxice (9) = 6.60 + (0.0012x453.15) = 7.1438 cal/mol.°K



= 29.8897 Jmol.°K
Coy 1sobutylene (9) = 3.834 + (6.698 x10xT) - (2.607x10°xT?), cal/mol.’K.
Coy 1sobutylene (9) = 3.834 + (6.698 x10°x453.15) - (2.607x10°x453.15%)
= 28.3827 cal/mol.°K = 118.7532 Jmol.°’K

YHyert gas= X (MXCyxAT)
SHyent gas= (2.9543x10°x28.3827x155) | + (2.9543x10°x7.1438x155) o
+ (3.5451x10%x6.9871x155) 1,

SHyent gas = (12.9969x10°%) + (3.2713x10°%) + (3.8394x10°% = 20.1076x10° cal
YHyent gas= 84.1302x10° J = 84.1302x10° kJ

YHout = ZHin- XHvent gas

YHou = (2.0945%10°) - (84.1302x10%) = 2.0104x10° kJ

5.3 Energy Balance around the Hydrogenation Reactor:
Reaction:
(CH3)2-CH-CH,CHO + H, —  (CHj3),-CH-CH,-CH,-OH
Vaeraldehyde I soamyl alcohol
Pressure = 100 atmospheres. Temperature = 150°C
>Hin = 2.0104x10° kJ
Temperature = 150°C = 423.15°K
AHOreaction = AHof, product — AHof, reactants

A|_|Oreaction = AHOfa Isoamyl alcohol = AHOfa Valeraldehyde ~ AHOfa Hydrogen
i.e., AH egtion = -302.1 — (-227.80) — 0 = - 74.30 kJ/mol. = -74.30x10% Ymol

Cpy 1s0amyl dooal (1) = (- 5.3777x10%) + (8.8342x10°xT), Jkmol K.
Cpy 1s0amyl ool (1) = (- 5.3777x10%) + (8.8342x10°x423.15)
= 320.0422x10° Jkmol°K = 320.0422 Jmol.°K
= 76.4919 cal/mol.’K..




Cpy valeradenyde (1) = (1.1205x10°) + (2.5778x10°xT), Jkmol.’K.
Cpy valeradenyde (1) = (1.1205x10°) + (2.5778x10°x423.15)
= 221.1296x10° Jkmol’K = 221.1296 Jmol.’K
= 52.8512 cal/mol.’K.

Co, Hydrogen (9) = 6.62 + (0.00081x423.15) = 6.9628 cal/mol.’K
= 29.1324 Jmol.’K

ACp: Cp, product — Cp, reactants
ACy= Cy, 1soamyl alcoho — (Cp, valeraldenyde + Cp, Hydrogen)
AC,= 320.0422- (221.1296 + 29.1324)

AC,= 69.7802 ¥mol.°K

Now we know that,
AHieation, 1 = AHC%eaqtion + (AC, X (T-298.15))
AHreagtion, 7 = (-74.30x10°) + (69.7802 x (423.15-298.15))

AHreaction, T = - 65577.4750 Jmol
Hence, AHreaction T, act = (- 65577.4750 Jmol) x (38.1688%10° mol)
= - 2.5030%x10° J = - 2.5030x10° kJ
AT = T-298.15 = 423.15 -298.15 = 125° K
EHou = Z (MXCpXAT)
THou = (49.3949x10°x76.4919%125) 4 + (6.7357x10°x52.8512x125) 4
+ (29.1880%10°x6.9628%155) 1
YHou= (472.2887x10°) + (44.4987x10°%) + (25.4738x10°%) = 542.2612 cdl
YHou= 2268.8209x10° J = 2.2688x%10° kJ
Now
2Hin + AHreaction, T, at = ZHout + (MwXCpwXATy)




Where m,, = mass flow rate of water, kg/s
Assuming that the cooling water is available at 25°C = 298.15°K and that is to be heated
to 40°C = 313.15°K
ATy, = 40-25=15°C
2Hin + AHreaction, T, at = ZHout + (MwXCpwXATy)
e, (2.0104x10°% + (2.5030x10°%) = (2.2688x10°) + (M, x4.187%AT,,)
=>m, = (2.0104 + 2.5030- 2.2688) x10% (4.187x15) = 35739.1927 kg/hr.
=9.9276 kg/s
Thus, flow rate of water = 9.9276 kg/s

5.4 Energy Balance around the Separator:
*Hi, = 2.2688x10° kJ

Temperature = 150°C = 423.15°K

2HH2, recyded = (MXCyXAT)
= 29.1880%x10°x6.9628x (423.15-298.15) = 25.4038x10° cal
= 106.2895x10° J = 106.2895x10° kJ

YHout = ZHin—XHH2, recyded

YHou = (2.2688%10°) - (106.2895x10°%) = 2.1625x10° kJ

5.5 Energy Balance around the Distillation Column:
YHin = 2.1625x10° kJ
Condenser load = Q. = 661.2158 kW
Cooling Water requirement in the condenser = m,, = 10.52 kg/s
Reboiler load = Qq = 732.68 kW
Steam is available at 1 atmosphere.
The above data is taken from the process design of condenser and reboiler.






