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Extra Credit  (Heat of Reaction/Formation) (5%)

(There is no partial credit for this problem, 5 % or nothing)
The heat of oxidation (reaction) of 2 moles of FeS2 (s) with O2(g) to produce Fe2O3 (s) and SO2 (g) has been measured to be (

r(25oC, 1 atm) = -1720.4 kJ/2 mole FeS2(s).

Use heat of formation data from Table B.1 for Fe2O3 (s) and SO2(g) and the heat of reaction data given above to determine the standard heat of formation of FeS2 (s) in units of kJ/mol.
Solution
2 FeS2 (s) + (11/2)O2 (g) ( Fe2O3(s) + 4 SO2 (g)

((

of) Fe2O3 (s) = -822.2 kJ/mol

((

of) SO2 (g) = -296.9 kJ/mol

-1720.4 = [(-822.2) + 4(-296.9)] - 2 [((

of) FeS2 (s)]

Then, [((

of) FeS2 (s)] = - 144.7 kJ/mol

Problem # 1:  Specification of a Steam Compressor (Chapter 7) (25%)

You are asked to specify the horsepower (hp) needed by a large compressor to further compress superheated steam for use in a new process plant.  The feed steam is  superheated (300oC) and is available at Pin = 20 bar absolute pressure.   It will enter the new compressor upstream piping (0.1 m inside diameter) at a velocity of 20 m/s.  The discharge piping after the compressor has a smaller inside diameter and the discharge velocity is 169 m/s.  The discharged superheated steam (350oC) leaves at a pressure of Pout = 60 bar absolute.  The vendor selling this line of compressors lists its efficiency at  60%.  Heat losses to the atmosphere from your new compressor total 5 kW.  What is horsepower (hp) required for the compressor?  The system will be mounted horizontally to the floor .   Superheated steam cannot be considered as an ideal gas.

(a)  Carry out the system energy balance to determine the compressor horsepower (hp)?

Solution 
The open steady state energy balance can be used to describe the booster compressor system:

(H + (Ek + (Ep = Q - Ws
The system is located on a horizontal plane, hence, (Ep = 0, and the energy balance becomes:

(H + (Ek = Q - Ws
Determination of specific enthalpy and specific volume
From the superheated steam table (Table B.6, page 636):  

P1 = 20 barabs, T1 = 300oC:  H^1 = 3025 kJ/kg, V^1 = 0.125 m3/kg

P2 = 60 barabs, T2 = 350oC:  H^2 = 3046 kJ/kg, V^2 = 0.0422 m3/kg

Determination of mass flow rate of steam
[20 m/s] [((0.1m)(0.1m)/4] [(1 kg / 0.125 m3)] = 1.257 kg/s

 m = 1.257 kg/s superheated steam

Discharge velocity out (u2)

u2 = 169 m/s

Determination of (H 
(H = m(H^2 – H^1) = 1.257 kg/s [3046 - 3025 kJ/kg] = 26.4 kJ/s = 26.4 kW

Determination of (Ek = (1/2) m [u22 - u12] / gc
(Ek = (1/2) m [(169 m/s)2 - (20 m/s)2] / gc
        = {(1/2) (1.257 kg/s) [(28093) m2/s2]} / {[(1 kg(m/s2)/N] [1 N/(1 kg(m/s2)]}

        = 17657 kg(m2/s3
        = [17657 kg(m2/s3] [ 1 kJ/(1000 kg(m2/s2] =  17.7 kJ/s = 17.7 kW

(Ek = 17.7 kW 

Q = - 5 kW (loss by the system to the surroundings)

(H + (Ek = Q - Ws
26.4 + 17.7 + 5 = -0.6 Ws
Ws = -(26.4 + 17.7 + 5)/0.6 = 81.8 kW

      =-81.8 kW (1000 W/ kW) (1.341 x10-3 hp/ 1 W) = 109.7 hp

Problem # 2  (Calculation of Air Flow Required for Drying Rice) (Chapter 8) (25%)
Clean wet rice from a heated cleaning process is passed directly into and through a continuous atmospheric pressure air dryer in which 15 kg of water per hour evaporate.  A stream of hot air enters the dryer at a flow rate of Qair actual (not at STP, but at the actual inlet conditions) m3/h.  The inlet air has a dry bulb temperature of Tdb = 49oC and a wet bulb temperature of Twb = 25oC.  The outlet air has a dry bulb temperature of Tdb = 35oC and a relative humidity of hr = 80%.  The humid air is not considered to behave as an ideal gas.  Use the data given in the Psychrometric Chart (Figure 8.4-1) on page 369 to help solve the problem.
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(a) What is the actual volumetric flow rate, Q, of inlet air (actual conditions) in units of actual m3/h? 

Solution # 2
From chart:  N = 0.010 kgH2O/kg dry air @ Tdb = 49oC, Twb = 25oC

                     N = 0.029 kg H2O/kg dry air @ Tdb = 35oC, rel humid. = 80%

                     

 =  0.925 m3/kg dry air @ Tdb = 49oC, Twb = 25oC

(All of the above values are approximate, but close, as taken from the Chart)

Water pick-up by air is ~ 0.029 - 0.010 = 0.019 kg H2O/kg dry air

kg of dry air required ~ (15 kg H2O/h)/(0.019 kg H2O/kg dry air) = 790 kg dry air/h

Volumetric Flow of inlet air required ~ (790 kg dry air/h)(0.925 m3/kg dry air)

                                                            ~ 731 m3/h

Problem # 3  Design of a Partial Vaporizer (Chapter 8)(25%)

A liquid mixture of benzene (B) and toluene (T) at 0oC is fed continuously to a partial vaporizer in which the mixture is heated to 95oC.  Partial vaporization occurs.  The liquid product out of the partial vaporizer contains 40 mole % benzene (B) and is removed at a rate of L = 55 total moles/hr.  The vapor product contains 37.8 mole % toluene (T) and is removed at a rate of V = 45 total moles/hr.  How much heat, Q, must be transferred to the mixture in the partial vaporizer?  Carry out the material balance and set up an energy balance table (substances, molar flows in and out in units of mol/hr, specific enthalpies in and out in units of kJ/mol).  Use the reference states of benzene (B) as a vapor at 95oC and toluene (T) as a liquid at 0oC for the problem solution (any use of alternate reference sates will result in zero credit for this problem, use the ones that are given!).  Truncate the heat capacity relationships from Table B.2 after the first term (e.g. cp for gaseous benzene is cpB (g) = 74.06 J/mol(oC).  Assume an intermediate heat capacity for liquid toluene of cpT (l) = 165 J/mol(oC.
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(a) Carry out the material balance (benzene and toluene rates in mol/hr at all points)?

(b) Using the specified reference states, set up and show all values for an energy balance table [substances with states, molar rates (mol/hr), and specific enthalpies (kJ/mol)]?

(c) Calculate Q (kJ/hr)?

Solution # 3

(a)  Material Balance:  F = 45 + 55 mol/hr = 100 mol/h

yB (100) = 0.4 (55 mol/hr) + (0.622)(45 mol/hr) ;  yB = 0.5

Therefore, yT = 1 – yB = 0.5

Hence, we have a 50/50 molar feed ratio of benzene/toluene

The molar flow rates for the energy balance table are:

Feed benzene = 50 mol/hr

Feed Toluene = 50 mol/hr

Vapor Toluene = (0.378)(45 mol/hr) = 17.01 mol/hr

Vapor Benzene = 45 – 17.01 = 27.99 mol/h

Liquid Benzene = (0.4)(55 mol/hr) = 22 mol/hr

Liquid Toluene = 55 – 22 = 33 mole/hr

(b) Energy Balance Table

Energy Balance Table

Reference States:  Toluen (T), liquid @ 0oC



      Benzene (B), gas @ 95oC

Substance             nin              H^in             nout              H^out
                         (mol/hr)     (kJ/mole)    (mol/hr)      (kJ/mole)

        B(g)
     0                -----          27.99              0

        B(l)             50            -36.873          22            -30.936

        T(g)              0                -----           17.01         50.251

        T(l)             50                   0              33             15.675

Calculation of Specific Enthalpies:

                            80.1oC                                  0oC

H^B(l @ 0oC) = (    cpB(g) dT  +  (-(Hv)B  +  (   cpB(l) dT



    95oC

             80.1oC

= (74.06 J/mol(oC)(1 kJ/1000 J)(80.1 – 95 oC) +(-30.765 kJ/mol)

     + (62.55 J/mol(oC)(1 kJ/1000 J)(0 – 80oC)

= -36.873 kJ/mol

                              80.1oC                                   95oC

H^B(l @ 95oC) = (    cpB(g) dT  +  (-(Hv)B  +  (   cpB(l) dT



      95oC

                80.1oC

= (74.06 J/mol(oC)(1 kJ/1000 J)(80.1 – 95 oC) +(-30.765 kJ/mol)

     + (62.55 J/mol(oC)(1 kJ/1000 J)(95 – 80.1oC)

= -30.936 kJ/mol

      110.62oC                             95oC

H^T(g @ 95oC) = (    cpT(l) dT  +  ((Hv)T  +  (   cpT(g) dT



      0oC

              110.62oC

= (165 J/mol(oC)(1 kJ/1000 J)(110.62 – 0 oC) +(33.47 kJ/mol)

     + (94.18 J/mol(oC)(1 kJ/1000 J)(95 – 110.62oC)

= 50.25 kJ/mol

      95oC                             

H^T(l @ 95oC) = (    cpT(l) dT 



      0oC

              

= (165 J/mol(oC)(1 kJ/1000 J)(95 – 0 oC) 

= 15.675 kJ/mol

(c) Determine Q

Q = (H

=[(27.99)(0) + (22)(-30.936) + (17.01)(50.251) + (33)(15.675)]

· [(50)(-36.873) + (50)(0)]

= 2,535 kJ/h

Problem # 4  Design of a Burner (Chapter 9) (25%)

Carbon monoxide (CO) at 50oF is completely burned at 1 atm pressure with 50% excess air that is fed to a burner at a temperature of 1000oF.  The combustion products leave the burner chamber at a temperature of 800oF.  Using Method 1 on pages 431 and 432, calculate the heat evolved, Q, from the burner expressed as Btu/lbmole of CO entering.  You will first need to identify the reaction that is occurring and then calculate its heat of reaction in Btu/lbmole using heat of formation data.   Set up an energy balance table (component, moles in and out in units of lbmole, specific enthalpies in and out in units of Btu/lbmole) and identify all lbmoles and specific heats (in units of Btu/lbmole) for each component in and out.  Then, use your calculated heat of reaction and energy balance table to determine the heat evolved, Q (in units of Btu/lbmole of CO fed), from the burner.  Use Method 1; no credit will be given for using Method 2!
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(a) Identify the reaction that is occurring and calculate its heat of reaction in units    

       of Btu/lbmole using heat of formation data?

(b) Carry out a material balance to determine lbmoles (poundmoles) of all species in and out?

(c) Set up an energy balance table (showing substances and states, moles in and out in units of lbmole, specific enthalpies in and out in units of Btu/lbmole).  Use the mean heat capacities given in Table 8.3-2 on page 351 of the text)?
(d) Then, use your calculated heat of reaction and energy balance table to   

      determine the heat evolved, Q (in units of Btu/lbmole of CO fed), from the

      burner.  Use Method 1; no credit will be given for using Method 2!
Solution #4

(a) Identify Reaction and calculate heat of reaction:

Reaction:  CO(g) + 1/2O2(g) ( CO2 (g)

(H^r (@ 77oF) = (Hf^CO2 (@ 77oF) - (Hf^CO (@ 77oF)

= -393.5 kJ/mol – (-110.52 kJ/mol) = -282.98 kJ/mol

= -282.98 kJ/mol (454 mol/lbmole)(1000 J/kJ)(9.486 x 10-4 Btu/ J)

= -121,869.4 Btu/lbmole

= -121,869.4 Btu  (per each lbmole of CO reacted)

(b)  Material Balance:

Theoretical O2:   1 lbmole CO (0.5 lbmole O2/ 1 lbmole CO) = 0.5 lbmole O2
For 50% Excess air, O2 in = 1.5 (0.5 lbmole O2) = 0.75 lbmole O2 in

Then, N2 in = 3.76 (O2 in) = (3.76)(0.75) = 2.82 lbmole N2 in

CO out = 0 (complete combustion)

CO2 out = 1 lbmole CO2 out

N2 out = N2 in = 2.82 lbmole

O2 out = 0.75 – 0.5 = 0.25 lbmole O2 out

(c) Energy Balance Table:

Energy Balance Table

Substance             nin              H^in             nout              H^out
                         (lbmole)  (Btu/lbmole)   (lbmole)  (Btu/lbmole)

        O2
    0.75           7014.8          0.25            5418.2

        N2               2.82           6635.5          2.82            5149.93

        CO              1.00            -187.29           0                 ------

        CO2               0                  -----             1             7598.73

H^in (O2) = cpmean(@1000oF)(1000 – 77 oF) = (7.6 Btu/lbmole-oF)(923 oF)

                 = 7014.8 Btu/lbmole

H^in (N2) = cpmean(@1000oF)(1000 – 77 oF) = (7.189 Btu/lbmole-oF)(923 oF)

                 = 6635.5 Btu/lbmole

H^in (CO) = cpmean(@50oF)(50 – 77 oF) = (6.937 Btu/lbmole-oF)(-27 oF)

                 = -187.29 Btu/lbmole

H^out (O2) = cpmean(@800oF)(800 – 77 oF) = (7.494 Btu/lbmole-oF)(723 oF)

                 = 5418.2 Btu/lbmole

H^out (N2) = cpmean(@800oF)(800 – 77 oF) = (7.123 Btu/lbmole-oF)(723 oF)

                 = 5149.93 Btu/lbmole

H^out (CO2) = cpmean(@800oF)(800 – 77 oF) = (10.51 Btu/lbmole-oF)(723 oF)

                 = 7598.73 Btu/lbmole

(d) Calculate Q:

Q = (H =[ nAR ((H^r (@ 77oF)]/vA + (out niHi^ - (in niHi^

= -121,869.4 Btu +[(0.25)(5418.2) + (2.82)(5149.93) + (1)(7598.73)]

                             -[(0.75)(7014.8) + (2.82)(6635.5) + (1)(-187.29)]

= -121,869.4 + 23,476.1 – 23,785.9 = -122,179 Btu/lbmole CO
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