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A MAJOR CHALLENGE FACING engineering edu-
cators is the infusion of notions of compe­

tition, uncertainty, and risk-taking into the de­
terministic methods traditionally used in the in­
struction of engineering students. An educational 
tool was described in a previous article [1] which 
utilized computer simulation techniques to provide 
an evaluation of a process design in a more real­
istic fashion than the usual procedure of 
"grading" a design report. In this article, we de­
scribe an advanced simulation which illustrates 
how basic engineering skills can be combined with 
economic considerations and risk-taking judg­
ments in order to effectively design and operate a 
chemicai processing unit in a competitive environ­
ment. 

For this advanced simulation, data are pro­
vided to establish a design concept, capital cost, 
and operating cost. The completion of the design 
requires the specification of the production ca­
pacity ( or "size") of the plant. This crucial de­
cision is left to the participants and is based on 
their judgments concerning the uncertainty of 
market projections as well as their appraisal of 
the behavior of the competition. This decision is 
further confounded by the the availability of other 
options which compete for the limited funds avail­
able ($9 million). Research and development pro­
grams are proposed which may have potentially 
high returns. However, the commitment of funds 
to these high risk projects reduces the funds avail­
able to build the processing plant and leaves open 
the possibility of not being competitive in an es­
tablished market place. Information concerning 
the estimated risks involved in the research and 
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The completion of the design 
requires the specification of the production 

capacity (or "size") of the plant. This 
crucial decision is left to 

the participants ... 

development programs is provided so that rational 
qualitative judgments can be made concerning the 
disposition of limited funds. These elements of 
risk associated with the pay-off from the research 
and development projects along with possible 
fluctuations in the market and the uncertainty as­
sociated with the actions of competitors are in­
tended to illustrate the difficult conditions under 
which many important engineering decisions are 
made. 

This simulation has been used as one of five 
· projects in Technical Project Management, a 

course of the Chemical Engineering Department 
of the University of Delaware. This course is open 
to advanced seniors, graduate students, and 
practicing engineers. Their enthusiastic response 
to the simulation project has provided the motiva­
tion for this article. 

DESCRIPTION 

The participants are grouped into four com­
peting teams with 4 to 5 members per team. Each 
team is provided with technical, marketing, and 
economic information in the form of memoranda 
in order to familiarize the participants with this 
important form of communication. The. central 
theme of the project is the design and operation 
of a plant for the manufacture of a primary 
product "D". A by-product "C" is produced that 
can be a potential source of profit. Each group is 
allotted an initial sum of $9 million to finance the 
project. 

The first simple task involves the determina­
• tion of the rate constant from concentration-time 
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data for the catalytic decomposition of raw ma­
terial "A" into the product "D" and by-product 
"C" via the reaction : 

1 
A • 2 c+D 

A simple process with an isothermal con­
tinuous flow stirred tank reactor and distillation 
column can be used to manufacture "D" and "C". 
The process flow diagram is shown in F ig. 1 and 
described elsewhere [2]. Relationships that can be 
used to estimate the capital cost, operating cost, 
and materials cost are given in the memoranda. 
The information contained in these various 
memoranda can be easily formulated into an 
economic model for the process unit cost as a 
function of plant capacity by procedures de­
scribed in engineering textbooks [3]. 

Estimates for the total demand and associ­
ated selling price for the primary product "D" 
are provided for a ten year period with the 
caution that these estimates may be in error by 
approximately 15 %. The price-quantity data given 
are thus in the form of a standard demand curve 
used by the microeconomist. The marketing data 
for "D" provide a basis for judgments concern­
ing the specification of plant capacity (reactor 
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FIGURE 1. Process flow diagram 

size, distillation column capacity). This crucial de­
cision requires judgments concerning (i) the 
market share that can be obtained in relationship 
to the possible strategies and behavior of com­
peting teams, and (ii) the uncertainty of the 
market projections. 

The processing unit size and capital cost de­
cision is made more difficult by the availability of 
options, all of which require funds which could 
be used for plant construction. As one option, data 
concerning improvements in process efficiency and 
the related cost are given which can be used as a 
basis for,a "cost-benefit" analysis. These data are 
constructed to illustrate the option for an optimum 
investment in process related research. In a second 
option, a research and development program is 
proposed which could lead to the potential com-
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Upon tpeclftcatfon of the production cap,clty (l,e, the 1ntlclp1ted 1h,re of the m1rfm1), 
w me thnpfe c1lculu1 c1n be uHd to obt1ln 1n optlm1I conv.r1lon of re1ct1nt, Tho dlMlll1tlon 
column ft con1trained by I maximum dnlgn flow rite 1l11ce I flow In excn1 of tho do1lgn 
Hmft wm rnult In entrainment ind loo of proper product 1peclftcttlon1, 

mercialization of by-product "C" and att.endant 
new sources of income. This R&D program 18 a 
"high-risk'' venture with no guarantee ot 1ucceu 
and requires an initial commitment ot f2 million 
for pilot plant eapital and then additional 1upport 
each year for a research 1ta:ff. The allooat:lon ot 
the support funds is described in tmm ot 
"normal", "crash", and "minimal" prolf'affll, 
"Case studies" are given to illustrate the proba­
bilities of success under these various levels ot 
funding, For example, under the "crash" prolf'am 
it is projected that a 50% cluuwe ~ for 
marketing "C" in Year 2 and there is a 96% 
chance that "C" ean be sold in Year 3, For a 
''normal" schedule, there is a 50 % chance that 
''C" ean be sold in Year 4 and a 95% chance that 
''C" will be on the market by Year 6. Other~ 
studies are given to illustrate the eff~ ot erratic 
funding patoonls. Again, demand and price pr()-­
jeeti~ for ''C'' are given with the ea.ution that 
these projecti~ oould be in error by approxi­
mately 20%. The divenion of fund.I to tbae 
alternate proj~ :reduces the ea.pital available to 
build the plant and there.fore reduces the eapadty 
for producing produd "D", 

The devewpment of a ~raugy is further 
oompl~ted by a pr~ whieh allowt for an~ 
pamioo of. produclion wiliM in the fifth year 
of the mmulatim.L In order to ~plish this ~ 
pamicm, the team. mtmt hawe generated wffldoot 
funds from the ~le of ''D'' (and ~ly ''C,,) in 
the prior yean to oover the capital ~ of the ~ 
pamion. A team with a large &tD effort (and a 
$lWil.ll ea.pacify plant) oou.M ~late wffldoot 
fu:nd$ f:rmn the ~:dy ~le of "Cl' -Im: a Ja.:rge ~le 
expam.ioo in Y~r 5. This oouM allow toom to 
domimiite the :furore market for both· "C,, and 
"D''. AU~telly, a team wbfoh to.reg~ :r~:rdJ. 
oowld ooild a prodlUfflOO. :facility capable "1 
g~ting wfflciffl.t :ma, ~:Bely f:rom 1M g;a,Je 
of "D", to ~ an ~.JWOO film; oou:W 
mamtaim their oomt~ of 1M "D" ma:rbt, 

Upmn ~~um ot ~ pr~ ea~y 
(i.e. ~ antticipa,W 100:re ol the JmJ.:r~), ~ 
mn.p]e ~kndm ~jD. oo ~ -w oota..in aJ,jj). ~main 
oomr~ of 1~. ~ ~llbt.iloo ~ kl 
~ by a ~~P ~ nmi ~ 
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a flow in exoo11 of the de1isn limit wm re§ult in 
entrainment and 10§§ of proJJ@r producl §ptclil~1,,, 
tioM, The t@a:ffl§ may elect to "over8ize11 th@ di§tiJ.. 

· lation column (relative to the §ize diclated by the 
optimum oonver§ion) to s-ain :tl@xibility in de= 
velopinr a produclion §trateSY, 

Each team §Ubmit§ propri@ta.cy l'@l'O.ri§ tor the 
initial de§ip §peciil~atimt§, operatini oonditioM, 
and :r~arth itratesi@§ (Fii, 2) •. The dllta tor all 
tea:ffl§ are ittbmitted to the §!mutator, ln~1 
check§ are oondoowd to identity trivial m:or§ 
§Uth u t~ :rlfflultb1s- trom unit oonvfil'§Uffl§, ~. 
It de§ip m:or§ have boon. :msde, the value l@Mdins­
to a WWfil' i:,:roduclion :rate :i§ ~~- Eno:r§ in 
operating oondiiimt§ are Mdjtt§ted to moot the ~ 
iip 0011.§t:raints, §twh u the :tlow limit on the 
d:i§tillation column, H the ~a.pita.I or r@§@ar~h 
tund§ are allotted in ~ ot the wnent ~uh 
balance, the fund§ will be :reduood to sive a wnent 
Clfflh balance of uro, Fund§ for plant 0011.§tmclimi 
are sfven priority ovttr r~:r~h fund§, 

In eooh perloo a random number JeM:l'ator :i§ 
U§ed to ~bl:i§h dffiatilm.§ away from the pro.=­
jed:ffl demand. The gmpling prooedur(i';§ a:re ~ 
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signed so that random fluctuations of + 15% (or 
less) and + 20% (or less) may occur from the 
yearly market projections for "D" and "C" re­
spectively. The selling price is established from 
the actual values of the market sims through the 
"demand-curve'' relationships. These fluctuations 
can have a significant effect on the teruns' cash 
flows. The assignment of market share is biased 
in favor of the teams with large capacity and large 
inventories. The specific relationship used to es­
tablish this bias is not made available to the par­
ticipants. 

Progress toward the B&D breakthrough is de­
termined by a Monte Carlo procedure whieh 
operates by sampling at random, but with the 
frequency of a "research probability function". 
The "spread" of the research probability function 
is established by the funding leveJs and patterns 
as reflected by a "Caise Studies Summary". Al­
though each t.eam can inftuenee the "odds" for a 
breakthrough by modifying :research strategies, 
the breakthrough time remains an unpredictable 
(stochastic) event within the limits described in 
the "Case Studies Summary". 

The inventory of the p:rimary produ~ "D", 
is controlled by the simulator. Any unsold "D" 
will be stored automatically and placed on the 
market (along with past inventories and current 
production) in the following year. No provisions 
are available for dumping "D" so that Jarge in­
ventories and high inventory cost can aeemnulate. 
Deposition of the secondary produ~ "C", is 
controlled by the team, and "C" can be dumped 
or retained in inventory. The product "C" can 
only be sold from inventory. If a new product 
research "b:rmktbrougb" occurs and no "C" is in 
inventory, no revenue will be generated from the 
sale of '"C". The amount of "C" to be pJaced on 
the market in a given year must be specified by 
the team.. 

At the end of each period of ope.ration per­
formance ~arie:s a.re returned to eaeh group. 
An income statement is provided which give:& in­
formation on revenue from ml.es of ''D'' and "C", 
cast of :mat.eriall sold, gl"Ol&S pl"O:M on saJI~ operat­
ing expenses (inelludmg pbnt dep:reciation), 
genernl experures (including invemt.oey clnai.rges 
and R&D expenctitmes), interest from ~ 
:funds, and net profit. A balance sheet lists the 
company's Cll!l'.rel1t ~ p:Dant and equipmen~ 
and fuwiliti.es and equity. In a ma!X'keffun.g :report; 
the :mar:tet fractions of '"D" and "C" cuptmed, 
the product semng pr.ices, product cods, and the 

amount of product produced in inventory and 
sold are reported. Operating conditions for the 
year are listed in a plant operations report and 
an R&D status report is given. This includes a 
projection of the year in which the sale of ''C" 
will begin (at the 95% confidence level) if a pro­
gram has been initiated, and the plant is operating 
efficiently. These reports are treated as proprietary 
for each company. In addition to supplying 
essential information, these reports provide ex­
perience in analyzing aeeounting statements. 

Production facilities may be expanded at the 
beginning of Year 5 if sufficient funds have been 
generated from the sale of the primary product 
"D" and possibly the sale of "C" resulting from a 
research breakthrough. Design specifications for 

Progr6" toward the l&D breakthrough 
is determined by ai Monte Carlo procedure which 

operates by samp[ing at random, but with 
the ~ue«cy of ai ''re-search 

p,-oba:f:dfity function."' 

any expansion (consistent with the available 
funds) are submitted for the beg:innmg of Year 5. 
Increased production will begin in Year 5 so that 
increased sales can contribute to the revenlle'S re­
ported for the :fifth year. The simulation is re­
peated through Year 10. The performance of each 
group is evaluated on the basis of the return 
generat.ed from the initial $9 million investment. 

a.ASS EXPERIENCE 

Tine mnuJation bas been. per.fommi at various 
stages of evolution six times in the ~ CHE 
691, Teclmieal Project l'bmagement, offered in 
the Department of Cbemiffll En~ at the 
Ufmvenity of ~bwaire. The etU'.reJll.t form has 
been used for flJJNe e~ of CHE 691 m:ud has 
been tested in tluree ooldlitiwail ~ with 
vohmt.eer group. Sm.dem time to oomp:nete the 
game varies from 25 to 35 lwms and! some 3 to 5 
homs aire ~ for c~ ~oo amd 
p.resa1mtiom;. "fllle ~ ~ m Tablles 
1 through 3 aJJldl Fig. 3 ~ fypDCmll ~ from a 
simullaitioo carried om m 1!he fa.1l]. of 1978. 

Tine pbnt eapaicities ~ by ellcln ffiml 
before and after ~ are ~ m 
TabUe 1. In 1l!W\ pumetlllbi' mmnwllatioo two ~ 
(ill amid IV) ell~ to~ tiw MD~ 
for 1!he ~1lioml of h by-~ "fr 
"\\\\'Dill.e teams I amid II b1Illillt ~ ~ faej]j__ 
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FIGURE 3. Trends in cumulative profit over the ten­
year game. 

ties in an effort to capture the established market 
for the primary product "D". The initial pro­
duction capacities of the teams conducting re­
search were about 40·% smaller than the teams 
that declined the research program. 

Team I elected to build a large capacity distil­
lation column in order to insure flexibility of pro-

duction rates. Due to the high cost of the column 
relative to the reactor, they were forced to con­
struct a smaller reactor to stay under the: $9 
million limit. Team II also elected to construct an 
oversized distillation column. Team III constructed 
a more modest column which could handle a flow 
20 % in excess of the optimum flow rate. Team 
IV tightly designed the distillation column to 
match the optimum flow rate from the reactor. 

The teams that elected not to support the R&D 
program designed their processing units to pro­
vide about 40 % of the projected demand for 
product "D" in Year 3. Teams III and IV built 
the maximum capacity facilities possible with the 
funds remaining after the commitment to the 
R&D program. 

The sensitivity of the outcome shown in Fig. 
3 to competitive interactions is illustrated by the 
results summarized in Tables 1 through 3. Teams 
I and II built large production facilities by fore­
going research. As a result, they captured a large 
percentage of the market for product "D" and 
acquired relatively high cumulative profits during 
the first three years while Teams III and IV 
carried out product "C" research. When Teams III 
and IV made product "C" research breakthroughs 
in Year 3, their profits began to swing upwards 
from the increased revenues. Team IV went on 
to accumulate the most profit by a great margin 

TABLE 1 
Summary of Facilities 

INITIAL 

Reactor Size, in ma 
Reactor Cost, in $ x 106 
Distillation Column Design Limit, in Kg-"D"/yr x 105 

Distillation Column Cost, in $ x 106 

Initial Capital Investment (year 1), in$ x 106 

R&D Investment (year 1), in $ x 106 

Maximum Capacity, in Kg-"D"/yr x 105 

EXPANSION 

Reactor Size, in ma 
Reactor Cost, in $ x 106 
Distillation Column Design Limit, in Kg-"D"/yr x 105 

Distillation Column Cost, in$ x 106 

Total Capital Investment in Expansion (year 5), in 
$ X 106 

Overall Capital Investment in Equipment, in $ x 106 

R&D Investment (year 1), in $ x 106 

Total Maximum Capacity, in Kg-"D"/yr x 105 
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I 

45.1 
1.74 
6.7 
6.79 

8.53 
0.00 

6.7 

45.1 
1.74 
6.7 
6.79 

8.53 

17.06 
0.00 

13.4 

II III IV 

50.0 50.3 50.5 
1.91 1.92 1.93 
5.6 4.2 3.8 
5.89 4.94 4.64 

7.80 6.86 6.57 
0.00 2.00 2.00 

5.6 4.2 3.8 

67.5 30.2 54.6 
2.50 1.22 2.07 
6.6 2.2 6.8 
6.34 3.50 6.64 

8.84 4.72 8.71 

16.64 11.58 15.28 
0.00 2.00 2.00 

12.2 6.4 10.6 
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TABLE 2 
Distribution of Market Share (%) 

"D" "C" 
Period Team Team 
(Year) I II III IV III IV 

1 31 30 19 20 
2 35 30 14 21 
3 37 30 12 21 15 85 
4 35 29 16 20 53 47 
5 34 30 16 20 45 55 
6 28 31 17 24 37 63 
7 29 30 15 26 37 63 
8 31 29 15 25 37 63 
9 32 28 15 25 37 63 

10 32 28 15 25 37 63 

by the end of the simulation. This one-sided out­
come was due in part to mistakes in judgment 
made by the other teams. 

Team III did not initiate a "crash" research 
program until the second year ; nonetheless, they 
managed to achieve a "breakthrough" in the 
same period (Year 3) as Team IV (Table 2). Un­
fortunately, Team III did not anticipate such an 
early breakthrough and had not built up sufficient 
inventories of "C" by storing product made in 
prior periods. Consequently, Team IV captured 
85 % of the "C" market in Year 3 simply because 
they had the product available for sale. Team III 
responded by increasing production to generate 
more "C" (Table 3). At this point both Team III 
and IV began to view product "C" as their primary 
product with "D" relegated to the role of ;a by­
product. Table 2 shows the results of this strategy. 

Team Ill's fear of high inventory cost is re­
flected in their production strategies for the 
primary product "D". The mandatory accumula­
tion of inventories of "D", that resulted from the 
small market share (19 % ), contributed to a deficit 
of $1.6 million for Team III in period 1. In order 
to avoid additional inventory costs, they 
drastically reduced production in Year 2 (see 
Table 3). This caused a further decline in the 
market share for "D" that led to a cummulative 
deficit of $1.9 million. As shown in Table 3, Team 
III increased production slightly in Year 3. Shored 
up by the breakthrough into the "C" market, 
Team III became more aggressive in Year 4. Un­
fortunately for Team ill, the past production 
strategies left them with inadequate funds for a 
significant expansion in Year 5 so that Team IV 
gained and maintained control of the "C" market 
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for the remainder of the simulation. 
Team I elected to allocate all the available 

funds to the construction of facilities for the pro­
duction of the primary product "D". The decision 
to build an oversized distillation column to pro­
vide flexibility in operation introduced a signifi­
cant penalty by reducing the funds available for 
the construction of the reactor. As a consequence, 
Team I had the largest capability for producing 
"D" but was penalized by having the smallest re­
actor (see Table 1). The small reactor led Team 
I to operate at a conversion of 71 %-well below 
the optimum conversion of 85 % . Team II also 
emphasized flexibility in operating conditions by 
building an oversized column which they con­
sistently operated at an off-optimum conversion 
of 78 %. Neither Team I nor II used the flexibility 
in production rates that had been so dearly pur­
chased. Both teams tended to operate at the non­
optimal maximum production rate throughout 
the simulation. This operating strategy led to a 
reduced return on the capital investments. In 
order to meet demands, all teams ran their facili­
ties at the maximum production rate in the latter 
periods of the simulation. 

Team IV operated close to the optimum con­
version level consistently and stored a large 

TABLE 3 
Summary of Operating Strategies 

Production of "D" 
Period Conversion(%) (kg/yr x 105) 
(Year) I II III IV I II III IV 

1 75 78 86 85 5.8 5.5 3.5 3.8 
2 71 II 93 II 6.7 II 1.8 II 

3 71 II 91 II 6.7 II 2.3 II 

4 71 II 84 II 6.7 II 4.2 II 

5 71 II 84 II 6.7 II 4.2 II 

6 80 II 84 II 4.7 II 4.2 II 

7 71 II 84 II 6.7 II 4.2 II 

8 71 II 84 II 6.7 II 4.2 II 

9 71 II 84 II 6.7 II 4.2 II 

10 71 78 84 85 6.7 5.5 4.2 3.8 

amount of by-product "C" in inventory in anticipa­
tion of a research breakthrough. This strategy 
gave them the highest cumulative profit at the 
end of the simulation. However, had Teams I and 
II operated their facilities closer to optimal and 
had Teams III and IV been in closer competition 

Continued on page 87. 
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cern here belongs to the energy transported by 
conduction per unit area across an area located 
at x and normal to n, denoted by q (x,t ;n). The 
first law of thermodynamics applied to volume V 
bounded by A, gives 

d /\ 1 /\ 1 
dt I I I [u + 2 v2

] dV + I\ [h + 2 v2]MidAi 

V A 
II dAiTllv1 + II\ pf1v1dV - II q(x,t;n)dA 
A V A 

(12) 

The interpretations of the various terms in Eq. 
(12) are available in any standard textbook. In 
view of the pattern already set before we are able 
to conclude that 

lim 1 . 
V• O A55 q(x,t;n)dA = O 

A 

so that there exists an energy flux vector 
[QJ (x,t)] such that 

q(x,t;n) = niQi;(x,t) 
or 

q(x,t;n) = n • Q(x,t) 

Thus the conservation principles are them­
selves responsible for "fluxes" being vectors or 
tensors, a result of tremendous significance in the 
investigation of the mechanics of continua. It is 
a fact that deserves mention in courses on fluid 
mechanics and transport phenomena. 
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COMPETITIVE ENVIRONMENT 
Continued from page 81. 

for product "C", Team II could have gained the 
largest profits. 

Upon the completion of 10 operating periods, 
a year by year summary of the performance of all 
teams is made available to the participants. Each 
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team is asked to prepare a report to analyze their 
performance and identify the important decisions 
and actions that led to their relative position in 
the competition. Although the simple "return on 
investment" is suggested as a possible economic 
evaluator of performance, the teams are at liberty 
to select alternate evaluators; e.g., "internal rate 
of return" (the interest rate that makes the 
cumulative discounted cash flow equal to zero) or 
"borrowing power". As would be expected, those 
groups that make significant profits in the early 
periods of the simulation tend to base comparisons 
on the "internal rate of return". The use of these 
alternate measures of performance can cause re­
versals in the relative positions established by 
comparisons based on "net profit" or the simple 
"return on investment" criteria. 

CONCLUSION 

Student response to this project has been en­
thusiastic. The immediate consequence of their 
decisions provides a sense of realism for the inter­
play between technical, marketing, and economic 
factors. The computer simulator, the package of 
memoranda, and instruction manual are available 
at a total cost of $275.00 from Engineering Edu­
cational Materials, 805 Baylor Drive, Newark, 
Delaware 19711. • 
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