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1. Solving a Mass Balance Problem with All Standard Input
Consider the following flowsheet which consists of a mixer, a reactor and a splitter, all
elementary modules. Feed stream S1 contains pure component A while feed stream S2
contains pure component B. The following single reaction occurs in the reactor:

C>Hy (ethene or A) + H» (hydrogen or B) — C2Hs (ethane or C)

S5

Reactor
S3 S4

Splitter

S1, pure A

S6
S2, pure B

The following information is available about the process:

1. Both S1 and S2 have a flow rate of 50 lbmol/hr each.
2. The fractional conversion of the reaction is 80%.
3. The purge fraction (S6) of the splitter is 0.15.

Use A+ to perform a mass balance to determine the flow rates and compositions of
every stream.

Complete the following table:

Component Flow Rates (Ibmol/hr)
Streams A B C Total Flow
S1 50 0 0 50.0
S2 0 50 0 50.0
S3
S4
S5
S6

2. Solving a Mass Balance Problem with Standard Input and Design-specs
Consider the following flowsheet which consists of three elementary modules, namely two
reactors and a separator. The feed to the flowsheet is a mixture of Component A (1-butene)
and Component B (hydrogen) which goes through a series of two reactions to form n-butane
(Component C) and i-butane (Component D) as shown.



CH,=CH-CH>-CH3 + H» — CH3-CH,-CH>-CH3

CH3-CH,-CH,-CHs — CH3-CH-CHs
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(a) The following information in terms of standard input is available about the process:

Stream S1 has a total flow rate of 100 Ibmol/hr with 60 mol% A and 40 mol% B.
The fractional conversion in Reactor 1 is 80% based on B.

The fractional conversion in Reactor 2 is 60%.

The separator has the following split fractions based on S4:

A:90%, B: 99%, C: 60%, and D: 70%
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Perform a mass balance of the process using A+.

Complete the following table:

Component Flow Rates (Ibmol/hr)

Streams A B C D Total Flow
S1 60 40 0 0 100.000
S2
S3
S4
S5

(b) This time, the input data has been changed to include standard input as well as design
targets (constraints). Given the following new input data:

Total flow rate of Stream S5 = 20 lbmol/hr.
Stream S1 contains 60 mol% A and 40 mol% B.
The fractional conversion in Reactor 2 is 60%.
Stream S3 contains exactly 18 Ibmol/hr of C.
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5. The separator has the following split fractions based on S4:
A:90%, B: 99%, and C: 60%
6. The mol% of D in Stream S5 is 40%.

Use A+ to perform the same mass balance.

Complete the following table:

Component Flow Rates (Ibmol/hr)
Streams
A B C D Total Flow
S1 0 0
S2
S3 18
S4
S5 20

Total flow rate of Stream S1 =

Fractional conversion based on H; in Reactor 1 =

%Mole-recovery of i-butane in Stream S4 =

. Using A+ to Perform Basic Engineering Calculations

(a) Calculate the bubble-point temperature in °C of a mixture containing 30 mol% benzene,
30 mol% cyclohexane, 20 mol% toluene, and 20 mol% n-octane at 1.01325 bar. Use
PENG-ROB as the property method.

Answer: TBUBBLE = °C

(b) Calculate the solubility of 1-pentanol in water in terms of mole% when we mix 1.0 Ibmol

of 1-pentanol with 1.0 Ibmol of water at 14.7 psia and 100 °F. Use UNIQUAC as the
property method.

Answer: Solubility (mol%) of 1-pentanol in water = mol%

(c) Determine the solubility in ppm-mole of argon gas in water when we mix 1.0 Ibmol of

argon with 10.0 Ibmol of water at 50 °F and 14.7 psia. Use IDEAL with Henry’s Law as
the property method.

Answer: Solubility of argon in water = ppm (mole)

(d) Determine the temperature in °C at which a mixture of 20 mol% acetone, 30 mol%
ethanol, and 50 mol% water at 1.01325 bar gives rise to a vapor stream with 50 mol% of
acetone. Use NRTL-RK as the property method.

Answer: T = °C




(e) The reaction between benzene and bromine in the presence of either aluminium
bromide or iron gives bromobenzene as follows.

Br

©+Br2—b~ ©+H8r

Calculate the heat of reaction AH,x, of this gas-phase reaction at 200°C and 1 bar,
based on one gmole of each reactant and assuming 100% conversion. Determine if the
reaction is endothermic or exothermic. Use PENG-ROB as the property method.

Answer: AH,x, = cal/gmol (Circle one: endothermic or exothermic)

4. Simulating Isobutene Production with ASPEN PLUS
Isobutene (isobutylene) is an important feedstock for the production of MTBE, an important
gasoline anti-knock additive. Isobutane can be converted to isobutene using an isothermal
packed bed reactor, in which the following dehydrogenation reaction takes place:

i-C4Hi0 — i-CsHs + H, (40% conversion)

There are 4 important side reactions:

i-C4Hio —> n-C4Hio (0.2% conversion)
i-C4H1o + H2 —> CH4+ C3Hg (1.5% conversion)
i-C4Hs — 2-C4Hg (2% conversion)*
i-C4Hs +2H, — 2C;He¢ (8% conversion based on i-C4Hg)

*2-C4Hs is 2-butene (assume the cis configuration).

Isobutane feed enters a preheater (AP = 3 psia) in order to raise the feed stream temperature
to 1100 °F before being fed into a reactor. The reactor operates at the same temperature as
the preheater with a pressure drop of 2 psia. The reactor effluent is cooled inside a heat
exchanger (AP = 3 psia) to a temperature of 300 °F. The gas leaving the cooler is at a fairly
low pressure, and so an isentropic compressor is used to bring the pressure up to 50 psia.
The outlet from the compressor goes into an absorber in which all the hydrogen gas is
removed along with 30 mole% of methane, 20% of ethane, and 10% of propane. After that,
a series of 2 distillation columns is used to purify the isobutene product. The key
components for separation in the first column are propane and isobutane, while those of the
second column are isobutane and isobutene. Note that 60% of the bottom stream of the first
column is returned to the absorber to provide the liquid flow to the top of the tower.
Unreacted isobutene is sent back to the preheater and the reactor via a recycle stream. A
PFD of this process is provided below in Figure 1.

Use ASPEN Plus to simulate this isobutene production process. For properties, use the
Peng-Robinson equation of state.
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Figure 1: PFD of an Isobutene Production Process
The following additional data are available for the 2 columns:
1*' Column 2" Column
Operating reflux ratio 1.3 of minimum 1.5 of minimum
Condenser type Partial (all vapor distillate)  Total
Condenser pressure (psia) 20 20
Reboiler pressure (psia) 22 22
Light key recovery in distillate 99% 99%
Heavy key recovery in bottom 99% 99%

Isobutane feed stream: T = 60 °F, P = 20 psia, Total flow = 300 lbmol/hr, isobutane = 98
mole%, methane = 1 mole%, ethane = 0.5 mole%, and propane =
0.5 mole%

Answer the following questions:

The total flow rate of the isobutene product stream = Ibmol/hr

Purity of isobutene in the isobutene product stream = mole%

5. Simulation of a Cyclohexane Production Process
The process shown in Figure 2 below to produce cyclohexane by hydrogenation of benzene
is to be simulated using ASPEN Plus (Your A+ flowsheet must use the same stream IDs and
block IDs as shown in the figure.) Fresh benzene and make-up hydrogen are mixed with
recycle hydrogen from the process and fed to a fixed-bed catalytic reactor, in which the
following reaction occurs:

CéH¢ + 3H» — CsHiz



The heat of reaction for this highly exothermic reaction is removed by cooling and
maintaining an isothermal temperature inside the reactor. The reactor effluent is cooled
inside a feed pre-heater, resulting in a mixed phase which is separated into vapor and liquid
inside a flash vessel. Most of the vapor phase which contains light gases and unreacted
hydrogen from the flash is recycled, while a small fraction is purged to avoid accumulation
of these light gases. The liquid phase is fed to a distillation column to separate cyclohexane
as a product in the bottom stream.
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Figure 2: PFD of a Cyclohexane Production Process

The following data and operating conditions are available:

Feed streams:

Composition (mole fractions) Fresh Benzene Make-up Hydrogen
Hydrogen 0.0 0.975

Nitrogen 0.0 0.005

Methane 0.0 0.02

Benzene 1.0 0.0

Total Flow (Ibmol/hr) 100.0 310.0
Temperature (°F) 100.0 120.0

Pressure (psia) 15.0 300.0

Feed Pump:

Outlet pressure (psia) 300



Feed Preheater:
Cold-side outlet temperature (°F)

Pressure drop (psi)
(both hot and cold sides)

Reactor:

Reaction:

Conversion:

Outlet temperature (°F)

400
10

CeHs + 3H, — CeHiz
98.0 percent conversion of benzene in inlet
500

Pressure drop (psi) 20

Flash:

Heat loss Negligible

Pressure drop Negligible

Purge:

Purge rate A small fraction of vapor from flash

Recycle Compressor:
Isentropic

Outlet pressure (psia) 300

Stabilizer:

Reflux ratio 1.2 times RRmin
Pressure See explanations below
Cyclohexane recovery in bottoms 99.99%

Methane recovery in distillates 99.99%

Condenser Partial with all vapor distillate

Note that the operating pressures in the top and bottom of the column have been
empirically correlated to some column feed parameters as follows:

Prop (in psia) = 39007 "> [Bz][H2]
Por (in psia) = Ptop— 10

where T is the column inlet temperature in °F and [Bz] and [H2] are the mass concentrations
(Ibm/ft*) of benzene and hydrogen in the column inlet, respectively. Note that mass
concentration is not something that can be sampled directly in a Define menu of a Calculator
Block. To obtain the mass concentration of a component, one has to be resourceful and
compute it from a number of other parameters/variables that can be sampled directly as
follows:

. Component mass flow rate F;
[i]=C =

" Total Volumetric flow rate V

One can sample a F; directly but not 7 of a stream. Instead, /" must be computed using the
stream total flow rate and the density as follows:

_ Total molar flow rate Fr

Molar density @



In summary:

GG om

F;
S =1 o

G Fy Ibmol/hr

To maintain a high conversion in the reactor, it is also desirable to maintain a molar ratio of
3.5 between hydrogen and benzene that flow into the reactor. This is achieved by varying
the purge rate. Use PENG-ROB as the property method in your simulation.

Notes: There are two tear streams in this flowsheet which will not converge if you use the
default convergence method of Wegstein. Instead, you must use Broyden by following the
steps below:

Click the Convergence Folder, and then click the Convergence Subfolder.

Click the New button in the Convergence Menu.

Select Broyden as the convergence algorithm.

Go to Tear Streams Tab and specify COMP-REC and REAC-OUT as the tear
streams.

5. Go to Parameters Tab and increase the Maximum Flowsheet Evaluations from 30
iterations to 50 iterations.
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Answer the following questions:

1. Pressure of the column condenser = psia

2. Purge fraction =

3. Temperature of the flash vessel = °F

4. Purity of cyclohexane (mole%) in the product stream = %

6. Solving a Highly Constrained Toluene Production Problem with A+
Commercial-grade toluene can be produced by Friedel-Crafts akylation of benzene, which
reacts with methyl-chloride (aka chloromethane) in the presence of aluminum chloride as a
catalyst, according to the following gas-phase reaction:

CHs

@ + CH3Cl ———m @ + HCI

For the purpose of this simulation, we will assume that only monosubstitution occurs and no
further methyl groups are substituted around the ring. A basic process flow diagram of the
toluene production process is shown in Figure 3 below.
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Figure 3: PFD of a Toluene Production Process

The following data are known about the process:

1. The temperature of the process feed which contains the two reactants is 100 °F and its
pressure is 20 psia. The feed composition is: 48% benzene, 48% methyl-chloride, and
4% nitrogen (all molar basis).

2. The plug flow reactor operates adiabatically and has a diameter of 4 ft and a length-to-
diameter ratio that is larger than 5. The kinetics for the toluene reaction follows the
power-law expression and is given as:

=kC

chlorometh ane Chenzene

—-9000 j

rmluene

k=125%x10° exp(

where the unit of the activation energy is Btu/lbmol and C;is molar concentration. The
conversion of the toluene reaction is maintained at 75% based on the reactant benzene.

3. The hot effluent from the plug flow reactor is cooled to 80 °F inside a heat exchanger
by cooling water. Assume a pressure drop of 1 psia in both hot and cold sides of the
heat exchanger.

4. The cooling water used for the heat exchanger has an inlet temperature of 50 °F with a
pressure of 14.7 psia. The discharge temperature of this cooling water must be 100 °F
because of environmental regulations.

5. An adiabatic flash vessel is used to remove most of the nitrogen in the process stream.
Assume negligible pressure drop in this vessel.

6. The first column (COLUMN-1) recovers 99.9 mol% of methyl-chloride in the overhead
distillate and 99.9 mol% of benzene in the bottom stream. The column operates at 2
times the minimum reflux ratio and has a partial-vapor-liquid condenser with a very
high vapor fraction. The top and bottom pressure of the column are 14.7 psia and 15
psia, respectively. Use a short-cut model for this column.

7. The second column (COLUMN-2) recovers 95 mol% of benzene in the overhead
distillate and 95 mol% of toluene in the bottom stream. The column operates at 1.5
times the minimum reflux ratio and has a total condenser. The top and bottom pressure
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of the column are 10 psia and 11 psia, respectively. Use a short-cut model for this
column.

8. The discharge pressure of the recycle pump is 20 psia.

9. The temperature of the overhead distillate (LITE-GAS) from COLUMN-1 is —60 °F.

10. The bottom stream from the second column is the product stream whose total flow rate
is maintained at 500 Ibmol/hr, which is the production capacity of this process.

Use ASPEN Plus to simulate this toluene production process. You must use the same block
IDs and stream IDs as given in the figure. For properties, use PENG-ROB except for
cooling water in which case you should use STEAMNBS. To receive full credit for this
problem, you must converge your model with a Reset.

Hint: Try to converge the base-case model without design-specs first. Then, slowly add a
design-spec one at a time. Whether you are able to converge this problem depends on the

initial guesses and the range of the manipulated variables in the design-specs.

Answer the following questions:

1. Total flow rate of Stream FEED = Ibmol/hr
2. Flow rate of cooling water = Ibmol/hr
3. Reactor length = feet

4. Vapor fraction in Stream LITE-GAS =

5. Purity of toluene in the product stream TOLUENE = mole%
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