
k35§ class and home problems ) 

The object of this column is to enhance our readers' collections of interesting and novel 
problems in chemical engineering. Problems of the type that can be used to motivate the student 
by presenting a particular principle in class, or in a new light, or that can be assigned as a novel 
home problem, are requested, as well as those that are more traditional in nature and which 
elucidate difficult concepts. Please submit them to Professor James 0. Wilkes (e-mail: 
wilkes@engin.umjch.edu) or Mark A. Burns (e-mail: mabums@engin.umich.edu), Chemical 
Engineering Department, Unjversity of Michigan, Ann Arbor, MI 48109-2136. 
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Process plants need to be flexible to cope with changes 
in production rates, product specifications, feedstock, 
catalyst deactivation, and heat exchanger fouling. Tra­

ditionally, once the process structure has been decided, vari­
ous operating cases are evaluated and one is chosen as the 
basis for detailed design. However, selection of the design 
case is not straightforward. Effectively dealing with all the 
highly interrelated issues during design is a forrrudable prob­
lem. Hence, engineers often resort to the application of rule­
of-thumb safety factors during equipment design (e.g., add­
ing I 0% extra area to a heat exchanger) in an effort to ensure 
flexibiljty. Following thjs strategy, an experienced engineer 
would hope to develop a design that is operable across the 
anticipated process range, but there is no guarantee that the 
required flexibility will be achieved. r1•

4 I As the problem pre­
sented here clearly illustrates, different plant operating modes 
can easily lead to equipment design situations that are not 
covered by a simple safety factor. 

The above comments explain why no substantial coverage 
of flexibility is found in any of the standard undergraduate 
design textbooks, apart from a few remarks on safety fac­
tors. Despite these difficulties, we feel the topic is very 
important, particularly because of the hjghly integrated plants 

being built today, and that the basic ideas should be intro­
duced to all students. 

Some students will encounter flexibility problems as part 
of their final-year design project. These projects are nor­
mally simplified from industrial reality, considering only 
one feedstock and, at worst, a catalyst deactivation or heat 
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exchanger fouling cycle. Nevertheless, to design an operable 
plant, thought must be given at an early stage to conditions 
under which each item of equipment is expected to operate 
and to the process-control scheme to be used. Unless the 
project supervisor is alert, many students will simply size 
equipment for the conditions implied by the design mass and 
heat balances without considering flexibility. 

This and a subsequent article will attempt to illustrate how 
selected aspects of flexibility can be introduced through 
interesting examples. In particular, the heat-exchange prob­
lem developed here may be used directly in a design course, 
while the reactor recycle loop featured in the second article 
could form the basis for project work, or for a discussion 
question in reactor design, or simply to indicate to supervi­
sors an area worth discussing and developing in future de­
sign projects. 

BACKGROUND 
Most students, if asked, will suggest adjusting steam pres­

sure or hot oil flow rate to a heat exchanger in order to 
maintain exit temperature in the face of process flow change. 
Slightly less obvious would be the suggestion to alter the 
condensate level in the heat-exchanger shell, thereby cover­
ing/exposing more heat transfer area for steam condensa­
tion. The important point is that steam and hot oil are utili­
ties, and changing their consumption does not disturb the 
process. 

Difficulty is immediately encountered when considering 
heat exchange between two process streams; changing the 
flow rate of one will certainly affect the exit temperature of 
the other. Unfortunately, interfering with a process stream 
flowrate immediately upsets the plant mass balance, which 
is undesirable. The difficulty is overcome by using a by-pass 
(see Figure 1) that does not affect the total flow rate but 
changes the proportion actually passing through the heat 
exchanger and hence the heat transferred. The problem pre­
sented here is concerned with heat exchanger by-pass ar­
rangements to ensure satisfactory operation, in the face of 
aging catalyst, of a reactor at both beginning-of-run (BOR) 
and end-of-run (EOR). 

------------· By-pass I T2 

____________ , 
Figure 1. Heat exchanger with by-pass. 
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Students are familiar with using heat balances to calculate 
the heat load, Q, 

Q = (mcp)H(T1 -Tz)= (mcpt(T4 -T3) 

and the rate equation 

(I) 

(2) 

to determine heat transfer area A, knowing the overall heat 

transfer coefficient U. Here, ( mcP )H and ( mcP )c are the 
products of flow rate and specific heat capacity for the hot 
and cold streams. Temperatures T1 to T4 are identified in 
Figure 1, and for the moment we assume the by-pass is 
closed. But design to take into account flexibility implies not 
only calculating A, but also looking at the implications for 
other operating conditions, and this is where Eqs. (3) and (4) 
become useful.l5·61 They are derived for Eqs. (1) and (2) in 
order to permit the writing of explicit temperature equations: 

(I- RB)T2 + R(B- I)T3 + (R- I)T1 = 0 

(I - RB)T4 + B(R- I)T3 + (B - l}Ti = 0 

(3) 

(4) 

where R=(mcP)ci(mcP)H and B=exp[( uA1(mcP)c)(R-IiJ. 

To illustrate, for a given heat exchanger (A specified) and 

known stream properties (( mcP )c, ( mcP )H , and U specified), 
we can easily calculate the effect of an inlet temperature (T1 

and T3) change on both exit temperatures (T2 and T4) using 
Eqs. (3) and (4). It is a very simple extension to apply 
sequentially the above pair of equations to a heat exchanger 
network, thereby evaluating the new temperatures through­
out the network. 161 

Bearing in mind that various operating modes are to be 
accommodated, it is likely that the heat exchanger sized for 
the most severe case will be too large for the other modes. 
As hinted earlier, this difficulty is overcome by opening the 
by-pass. We assume the heat exchanger will operate with the 
same UA (see the Appendix), but the effective UA for the 
heat exchanger plus the partially open by-pass (as indicated 
by the dotted box in Figure 1) is reduced. Increasing by-pass 
flow progressively reduces the effective UA, whereas maxi­
mum heat transfer is achieved when the by-pass is closed. 
Good engineering practice would maintain a minimum flow­
rate of 5-10% through the by-pass. 

Equations (1) through (4) are written for the case of sen­
sible heating and sensible cooling of process streams. 
Special cases result for Eqs. (3) and (4) when one side of 
the heat exchanger operates isothermally . If the cold-side 
operates with isothermal vaporization at T3, then Eq. (3) 
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reduced to 

T1 - BT2 + (B - l)T3 = 0 

where B = exp(UA!(mcP)H)· 

(5) 

If the hot-side operates with isothermal condensation at 
T, , then Eq. (4) reduces to 

(B-l)T1 -BT3 +T4 = 0 

where B = exp( -uA 1( mcP )c). 
(6) 

For the special case of ( mcP )H = ( mcP )c (i.e., constant tem­

perature driving force, ~T, throughout the heat exchanger), 
it is easy to show that 

(7) 

In the following problem, Eqs. (5) and (7) are more imme­
diately useful than the general Eqs. (3) and (4). 

Finally, the hydraulic interaction between the heat ex­
changer and control valve in the by-pass line is important. 
Selection of control-valve type and size is crucial to ensure it 
remains operable over the range of by-pass flows expected. 
Difficulty occurs because transferring flow from the heat 
exchanger to the by-pass results in a reduced pressure drop 
across the heat exchanger. The control valve experiences the 
same pressure drop and so must accomodate the largest 
flowrate at the lowest pressure drop. (To achieve steady­
state by-pass flowrates in excess of 30-35%, if the minimum 
is 5%, requires an unrealistically large control-valve size, 
and it is better to use two synchronized valves, the second 
being in series with the heat exchanger and compensating 
for the decreasing pressure drop.C71) 

Luybencsi summarizes the important properties of control 
valves. Volume flowrate, ci( m3 /sec), through a control valve 
depends on the pressure drop, ~P(bar), control-valve size, 
Cv, fluid density, p(kg/m 3 ), and valve opening, x. The rel­
evant equation, if we assume ~P is small compared to the 
operating pressure is 

q=CJ(x)(~P/p)os 

or, for mass flowrate 

m = Cvf(x)(p~P)05 (8) 

where f(x) defines the control-valve characteristic in terms 
of valve opening. For this problem, two valve characteristics 
are important: 

1) Linear f(x) = x 

2) Equal percentage f(x) = a x- I (typically, a=50) 
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Note particularly that Cv must have dimensions consistent 
with the other variables in Eq. (8). The units used here are 
chosen for convenience in the rest of the problem rather than 
to agree with engineering practice; hence, the Cv values 
cannot be compared directly with, say, control valve 
manufacturer's data. 

( PROBLEM STATEMEITT ) 

Figure 2 shows the basic flowsheet for the heat exchangers 
surrounding a catalytic reactor operating at EOR conditions. 
The hot reactor effluent is cooled first by boiling water at 
200°C and then by preheating the reactor feed. The process 
operates entirely in the gas phase, and you may assume a 
constant specific heat capacity of 2.5 kJ/kgK. 

At BOR, the catalyst is much more active, requiring a 
reactor inlet temperature of only 185°C. The corresponding 
process flowrate and reactor effluent temperature are 22.5 
kg/sec and 296.1 °C. 

a) Calculate the UA requirements for both heat exchangers 
implied by EOR operation. Investigate the feasibility of 
BOR operation using the .DA values just determined if 
no flexibility is added to the flowsheet. 

b) Determine UA requirements for BOR operation if the 
temperature to product recovery is to be maintained at 

Interchanger 

Reactor Feed 
25 kg/s 

2000c 

125 oc 

To Product 
Recovery 

Steam 

BFW 

Figure 2. EOR flowsheet. 
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125°C. Which operating mode sets the design for 

1) the interchanger? 

2) the boiler? 

c) If the minimum flowrate through the by-pass is 5% of 
the main flowrate, determine the design UA require­
ments for both heat exchangers. What percentage of the 
main flowrate should pass through the by-pass to permit 
the alternative operating mode? 

d) Add the by-passes to the flowsheet and indicate how you 
would configure the temperature control loops. How 
would the plant be operated with your control scheme? 

e) The interchanger has a cold-side pressure drop of 0.6 bar 
calculated for EOR flowrate and no by-passing. Select a 
suitable control valve from the following range of valves 
with linear characteristics: 

CV= 1.0, 1.75, 2.5 

In steady-state operation, a control valve should operate 
with an opening between 0.2 and 0.8. You may assume a 
constant gas density of 20 kg/m3 and neglect piping 
friction losses. 

f) The boiler has a hot-side pressure drop of 0.4 bar calcu­
lated for EOR flowrate with no by-passing. Why would 
an equal percentage valve with a=50 be more suitable 
for this service than a linear one? 

Interchanger 

Reactor Feed 
22.5 kg/s 

185 oc 

2100c 

125 oc 

To Product 
Recovery 

Figure 3. BOR flowsheet. 
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Steam 

BFW 

( SOLUTION ) 

a) Interchanger duty 

Temperature difference 

Interchanger UA 

Boiler duty 

= 25 x 2.5 x 100 = 6250 kW 

=25 K 
= 6250/25 = 250 kW/K 

Log mean temp. difference 

Boiler UA 

= 25 x 2.5 x 75 = 4687.5 kW 

= 54.1 K 

= 4687.5/54.1 = 86.65 kW/K 

To investigate the feasibility of BOR operation with the 
above UA values, it is probably best to start with the 
boiler. Using Eq. (5), 

B=exp (86.65/(22.5 x 2.5)) = 4.667 

and the process exit temperature 

= 296. I + ( 4.667 - 1) 200 = 
220

_60c 
4.667 

We can now calculate the two exit temperatures from the 
interchanger. Using Eq. (7), 

UA t( mcp) = 250 /(22.5 x 2.5) = 4.444 

and the temperature difference is 

(220.6-100)/(4.444 + 1) = 22.15 K 

Hence the preheated reactor feed will be at 

(220.6 - 22.15) = 198.45°C 

and the stream to product recovery is slightly too cold at 
122.15°C (but may be acceptable) . The preheated reac­
tor feed, however, is certainly far too hot at l 98.45°C. 
Conclusion: heat exchangers sized for EOR operation 
will not function satisfactorily at BOR. 

b) To determine the UA requirements for BOR, it is advis­
able to redraw the flowsheet to reflect BOR operation, as 
shown in Figure 3. The reactor feed must be heated from 
I 00°C to l 85°C, hence the cross-over temperature of the 
reactor effluent from the boiler to the interchanger is 
210°C to maintain a temperature of 125°C to product 
recovery. 

Interchanger duty 

Temperature difference 

Interchanger UA 

= 22.5 x 2.5 x 85 = 4781.3 kW 

=25 K 
= 4781.3/25 = 191.25 kW/K 

which is 23.5% less than the UA required for EOR; 
hence, EOR operation will set the design of this 
item of equipment. 

Boiler duty = 22.5 x 2.5 x 86.1 = 4843.1 kW 

Log mean temp. difference = 38.05 K 

Boiler UA = 4843.1/38 .05 = 127.28 kW/K 
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which is 46.9% more than the UA required for 
EOR; hence BOR operation will set the design of 
this item of equipment. 

c) We consider the interchanger case in detail here. Figure 
4A shows the actual interchanger exit temperature for 
the reactor feed at EOR to be T*; after blending with the 
by-pass, the required preheated temperature of 200°C is 
achieved. Our first concern is to calculate T*. 

200 = (0.05 x 100) + (0.95 x T*) 

= 205.26°C 

and this implies a log-mean temperature difference of 
22.27 K, giving a UA of 280.65 kW/K, i.e., this UA 
should be installed to give an effective UA of 250 kW/K 
for the combination of heat exchanger plus 5% by-pass. 

Figure 4B shows the fraction by-passed during BOR 
operation to be Z. The determination Z is a triaJ-and­
error calculation, requiring 

1) Guess Z 

2) Calculate T* to give mix temperature of 185°C 

3) Calculate log-mean temperature difference 

4) Calculate UA and compare with installed value 
of 280.65 kW/K. If agreement is not achieved, 
return to I) and repeat calculations until conver­
gence is obtained. 

The converged solution is 

Z = 0. 1415, i.e., well below maximum by-pass of 0.3 

T* = 199.01 °C 

Log-mean temperature difference = 17 .05 K 

UA = 280.5 kW/K, close enough to installed value of 
280.65 kW/K 

A similar procedure is used for the boiler, for which the 
following key values are calculated: 

2oo<>c 185 't 

T• 

z 

100'\'.: 

25 kg/s 22.5 kg/s 

A: EOR Operation B: BOR Operation 

1) installed UA = 153.2 kW/K based on BOR and 
5% by-pass 

2) Z = 0.216 fo r EOR operation 

d) Figure 5 shows the flowsheet with by-passes and tem­
perature-control loops added. The setpoint for TCl may 
be set at 125°C for all operating modes, but the operator 
will need to increase the setpoint of TC2 from time to 
time to compensate for the fall off in reactor catalyst 
activity. 

e) If a control valve with Cv = 1.75 is selected, the follow­
ing f(x) values are calculated using Eq . (8): 

1) EOR 0.05 x 25 = 1.75 f(x) (0.542 x 20)05 

f(x) = 0.217 

where 0.542 bar has been estimated by 0.952 x 0.6 

2) BOR 0.1415 x 22.5 = 1.75 f(x)(0 .358 x 20)05 

f(x) = 0.68 

where 0.358 bar has been estimated by 

( 0.8585 X 22.5 y Q 
6 l 25 ) x . 

The valve is known to have linear characteristics; hence, 
f(x) translates to openings of 0.217 and 0.68. These are 
acceptable, lying within the specified range of 0.2 to 0.8. 

Using either of the other valves gives unacceptable or 
impossible solutions. Cv = 1.0 means the valve is not 
large enough to handle BOR and Cv = 2.5 is too large, 

TC2, __ _ 

21o<>c 

125 't 

Reactor Feed 

r,.;:-,,__ Steam 

~-- BFW 

To Product 
Recovery 

Figure 4. Temperature and flowrate details for the interchanger. Figure 5. Flowsheet showing by-passes and 
temperature control loops. 
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such that the opening for EOR is below 0.2. 

f) Trial-and-error calculations soon show that it is impos­
sible to find a Cv for a linear valve that spans the BOR­
EOR flow range, giving both openings between 0.2 and 
0.8 . 

Equal percentage characteristics enable a wider range of 
by-pass flowrates to be accommodated; i.e. , calculation 
soon demonstrates that a Cv of 5.32 gives an opening of 
0.8 for EOR and 0.404 for BOR. 

APPENDIX 

Strictly, the assumption of constant UA is inaccurate be­
cause opening the by-pass reduces flow through the heat 
exchanger, which affects the film coefficient and hence the 
overall coefficient. The lower real UA means slightly less 
would have to be by-passed, hence the by-pass flow calcu­
lated on the assumption of constant UA is an upper bound. 
For the problem presented, you would expect the by-pass to 
change from 14.15% to around 13% if account is taken for 
the reduced U. Thus for design , provided that the most 
severe case and associated flows have been identified, the 
small "errors" for the alternative modes are easi ly accommo­
dated by the control loop . 
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§....__1_e_t_te_r_t_o_th_e_e_d_it_o_r _____ ) 

Dear Editor 

The universities with the eight top-ranked doctoral pro­
grams in chemical engineering in 1982, as rated by the 
National Academy of Sciences, were listed in Changing 
Times. In a I 991 Jetter to the editor of this journal (Vol. 25, 
page 181), I pointed out that an analysis of this ranking 
revealed that 63.4% of the faculty members in these eight 
"elite" programs had obtained their doctoral degrees from 
one of the same eight top-ranked schools. I suggested that 
these programs had maintained and enhanced their reputa­
tions by hiring their own and one another ' s graduates. 

Doctoral programs in chemical engineering were ranked 
more than one decade later by the National Research Coun­
cil (Chronicle of Higher Education, 42(4), 1995). I studied 
this report to find I) the extent to which the eight chemical 
engineering programs that ranked highest in I 982 retained 
their high rankings in 1995, and 2) the extent to which these 
programs persisted in hiring their own and one another' s 
graduates. 

The eight universities and their respective ranking in 1982 
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and 1995 are: Minnesota, l , l; Wisconsin, 2, 4; California, 
Berkeley, 3, 3; California Institute of Technology 3, 6; 
Stanford, 4, 7; Delaware, 5, 8; Massachusetts Institute of 
Technology, 6, 2; Illinois, 7, 5. Each of the eight programs 
that ranked highest in 1982 was again ranked among the top 
eight programs in 1995. 

The names and alma maters of the full-time faculty mem­
bers in these eight programs in 1982 and 1995 were obtained 
from the Internet. The median percentage of faculty mem­
bers who had obtained their doctoral degrees from their own 
school or from one of the other seven top-ranked schools in 
1995 was 70.8% (range, 50.0% to 91.7%). This is very 
similar to the 67.4% (range, 50.0% to 75.0%) figure in 1982. 

Sincerely, 
Jeffrey H. Bair 
Division of Sociology 
Emporia State University 
Emporia KS 66801 
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