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Project #3
Batch Biological Reactor

Background

A liquid-phase, biological reaction is used to produce an intermediate chemical for use in the biotech industry.  The reaction occurs in a large, well-stirred bioreactor.  Because this chemical is temperature sensitive, the maximum operating temperature in the reactor is set to 55C.  The feed material is fed to the reactor through a heat exchanger that increases the temperature of the reactants (contents of the reactor), which in turn increases the rate of the reaction.  This is illustrated in Figure 1.  
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Figure 1: Process flow diagram of the feed preheater and bioreactor

The reactor runs as a batch operation in which the contents remain in the equipment for a given period of time.  The time spent in the bioreactor must be adjusted in order to obtain the optimal conversion of reactant.  Because of the fear of contamination by pathogens and parasitic fungi, the reactor must be cleaned thoroughly between batch operations.  The cleaning time per batch and the cost of cleaning both vary based on the size of the reactor used.

As the time spent in the reactor increases, the amount of product also increases but at a decreasing rate. The problem to be solved is to determine the optimal time for the products to spend in the reactor, namely the optimal batch time, and the optimal reactor size.  

For this problem, you may consider that the vessel is of a standard size (1,000, 6,000, or 12,000 gallons) and that the costs of the feed are fixed.  Therefore, the costs that vary are the revenues from sales, the reactor cost, and the cost for cleaning.  

Problem Statement

It is desired to optimize the production of product from the reactor.  The feed has the properties of water ( = 1,000 kg/m3, Cp = 4.18 kJ/kgC) and enters the heat exchanger at a temperature of 20C.  The reactor feed is to be heated with a heating medium that is available at a temperature of 65C and must leave the heat exchanger at 30C.  The desired reactor inlet temperature is fixed at 55C.  The physical properties of the heating medium are  = 920 kg/m3, Cp = 2.2 kJ/kgC.

The reaction rate for this reaction, -rA, is given in terms of the concentration of reactant A (CA) by the following equation:


		(1)

where
	

		(2)

The design equation for the reactor is given by:


		(3)

where t is the time spent in the reactor and XA is the fractional conversion of reactants to products. The range of fractional conversions to be examined should be 0.1-0.999.  The amount of product formed in time t is given as NXA, where N is the number of moles of reactant fed to the reactor. 

The energy balance equation for the heat exchanger is given by:


		(4)

where 
M is the mass of fluid to be heated or cooled (kg)
Cp is the specific heat capacity of the fluid (kJ/kg°C)
T is the temperature (°C)
1 and 2 refer to inlet and outlet conditions, respectively.
h and c refer to the hot and cold stream, respectively.

The optimal reactor configuration is the one that minimizes the equivalent annual operating cost (EAOC) given by:


		(5)

where PCi are the purchase equipment costs for the heat exchanger and reactor; UCi are the operating (utility) costs for the heating medium, the cost of the feed stream, and the cost of cleaning; and R is the revenue from sales of the product.  For this problem, use i = 0.07 and n = 12 years.

The purchase cost of the reactor is given by:


		(6)

where V is the volume of the reactor in m3.  The cost of the heat exchanger may be taken to be equal to 20% of the cost of the reactor from Equation 6.

The cost of the heating medium is given by:


		(7)

where Q is the heat duty obtained from Equation 4. 

The price of the feed is $2/mol, the value of the product is $10/mol, and the molar density (concentration) of both feed and product are 100 mol/m3.  The cost of cleaning the reactor is given by:


		(8)

And the time to clean a reactor is given by


		(9)

You should present your final results as two plots.  The first plot should show how each term in Equation 5 changes with the batch time, t, and the second plot should show the EAOC (y-axis) as a function of t (x-axis).  Your report should contain a physical explanation of the reason for the trends on these plots.





image3.wmf
1

11

[]ln

1

[]

A

ts

X

ks

-

=

-


oleObject3.bin

image4.wmf
,,2,1,,1,2

()()

cpccchphhh

QMCTTMCTT

=-=-


oleObject4.bin

image5.wmf
23

11

[$/y][$](/,,)[1/y][$/y][$/y]

ii

ii

EAOCPCAPinUCR

==

=+-

åå


oleObject5.bin

image6.wmf
30.85

[$]$200,000[m]

reactor

PCV

=


oleObject6.bin

image7.wmf
6

[$/h]$510[kJ/h]

heating

UCQ

-

=´


oleObject7.bin

image8.wmf
[gal]

[$/cleaning]1,000[$/cleaning]1(0.5)

1,000[gal]

reactor

clean

V

UC

æö

=+

ç÷

èø


oleObject8.bin

image9.wmf
[gal]

[h]4[h]1(0.5)

1,000[gal]

reactor

clean

V

t

æö

=+

ç÷

èø


oleObject9.bin

image1.wmf
AA

rkC

-=


oleObject1.bin

image2.wmf
ú

û

ù

ê

ë

é

-

=

]

K

[

300

,

3

exp

5

]

s

[

1

-

T

k


oleObject2.bin

