
• 

• 

DESIGN DATA AND THE ROLE OF THE PILOT PLANT 
;;_;;;;~·~~--~-----~•.-. . ...,_.,a--~••.~ .....,_ ~-•-❖• • -·~--

W.L. Larcamp 

Engineering Department 

Union Carbide Chemicals Company 

south Charleston, West Virginia 

Engineering designs can be divided into two broad categories: (1) de­
sign~ which will be ma8s-produced, and (2) designs which will not be mass­
produced. Examples of the former type of design include airplanes, automo­
biles, television sets and even the .proverbial mouse trap. These designs 
are intended to be mass-produced to provide many identical items. The ap­
proach to this type of design is to develop plans and specifications on paper, 
and then to construct a full scale model of the design prior to any manufactur­
ing operations. This •~s·amp1"e'' of· 'the design is then subjected to many perfor­
mance tests to determine if the design target specifications have been met. 
Based on these performance tests, the design can be modified as required before 
1 t is f1nal1 zed and mass-production operations are begun. Al thot2gh the research 
and development costs -for a mass-produced article can be quite high, the suc­
cess of the design itself is assured in advance of the full capital investment 
in production facilities, which is an important business factor. 

Examples of designs which are not intended for mass-production of the de­
&~ include cha.mi cal plants, power plants and even fixed structures, sucfi as 
oI'"ITce buildings and bridges. This type of design can be called custom design 
and is characterized by the fact that a full-scale model is not feasibie--- the 

·prototype . and the final design are one and the same. The design, as an entity, 
must be committed long before it can be tested. From a business standpoint, 
this means that the full capital investment of such projects must be made in 
advance of a pr~ven design. It is somewhat like "buying a pig in a poke". In 
certain fields of engineering - for example, structural engineering - this sit­
uation does not pose any real engineering risks. There is always a degree of 
personal suspense -for any custom designer, but the architect or civil engineer 
rarely has BDY doubts about the engineering sufficiency of his design. This 
is true for several reasons: 

1. The number of engineering variables is small, and the fundamental 
relationships among these variables are well established. 

2. The properties bf the building materials are known. 
J. Each custom design is so similar to existing proven designs that 

past experience and engineering judgment can be fully utilized 
to compensate for any laclc of theory or precise data. 

The situation is far differ~nt for the chemical engineer engaged in pro­
cess design. The number of variables involved in chemical reactions and che1n­
ical processing are many, the properties of the materials handled (particularly 
in mixtures) are not always well known or predictable, and the science of ehem­
ical engineering is still so young that many of the engineering fundamentals 
are not clearly understoed. The chemicB.1 proce.ss designer thus approaches a 
design problem with these- ge-neral technological limi tation·s: · 

l. There 1.s no pract.ical opport-µnity to build a ''sample" of the 
design to determine the .sufficiency of the design in advance 
of its commitment. . . 

2. There 1s frequently no assured way to "calculate" the design based 
on engineering fundamentals, either because the fundamental 
data are not available or because the engineering relation- . 
ships are not known. 

In order to minimize these .technological risks, the process design en-
gineer must have certain ~hecific experimental data on which to base a pro­
cess design. To a point, e can over-design to compensate for the unknowns 
and assure the target design performance. However, liberal over-design may 
result in a technical success and an economic failure, which in the chemical 
industry means th!, !!esign__ei: fai+ed. That fact should always be understood and 
appreciated by the stu~ent, the educator and the practicing engineer. Re­
search in glassware and bench-scale development studies provide considerable 
information about a process, but frequently do not provide sufficient data to 
allow reasonably certain extrapolation to large-scale facilities. The ultimate 
in experimentation to assure target performs.nee is to imitate the designers of 
mass-produced article and build a model. However, economics dictate that this 
model must be a small-scale model because the design will not be mass-produced. 
The designers of mass-proaucea articles, such as airplanes, also resort to the 

, use of scale models in some areas to save time and reduce development costs 
J prior to bui~ding an expensive prototype for final tests, 
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The small-scale model employed by the chemical industry is called a 
pilot ~ant. A pilot plant is basically a miniatlll'e chemical processing unit,· 
althou it need not be a complete assembly of the entire process. Some of 
the steps of the process may be by-passed in a pilot plant design because they · 
are well known and can be scaled up by classical methods. The primary role of 
the pilot plant is to supply data to permit the process des1gn engineer to span 
the gap between bench~scale equipment and commercial processing raoilities with 
reasonable assurance. The term, ~emi_-!'orks plant, usually denotes a complete 
miniature of a large-scale chemical process~·wn.Icfi is used to actually process 
chemicals from the basic raw materials to the finished product or intermediate. 
Semi-works plants are nearly always operated as miniature production tJni ts 
(even though useful design data are collected) and tend to approach a prototype 
of a larger-scale plant. 

ADVANTAGES OF PILOT PLANTS _.. __ .., - - -- ---~-
Many benefits can be realized by utilizing a pilot plant in the develop­

ment of a design for large-scale processing facilities. The obvious advantage 
~is that an opportunity ls provided to test a model of the process in advance 
of finalizing the design, in much the same way that models of mass-produced 
designs are tested. Of course, the pilot plant is a small-scale model, whereas 
the prototype of a mass-produced design is a full-scale model. Nevertheless, 
the pilot plant performance can serve as a useful preview of the commercial 
plant performance. 

A pilot plant ideally should be "designed" in essentially the same manner 
as a large-scale plant is designed. The ava5.lable bench-scale data sliould be 
analyzed and used as a basis for the pilot plant desi gn. Whenever reaction 
meche~isms or other performance characteristics are unknown, they should be 
postulated from the bench-scale data and theory to help predict the pilot plant 
performance. This approach forces the early assumption of a mathematical model. 
After the pilot plant is built and operated, actual performance oan be compared 
to the design performance. · Any departures from the expected design performAnce 
of a pilot plant should be examined and explained; otherwise, the pilot plant 
data provides little more than empirical, pseudo-geometric scale-up factors, 
Analysis of pilot plant data can thus prove useful for establishing a true 
mathematical model of a process, which can be used to calculate the plant 
de sign. If the predicted performance of the pilot plant is realized, the 
original mathematical model assumed for the pilot plant design is confirmed. 
If not, the mathematical model must be adjusted to reconcile the bench-scale 
da ta and the pilot plant data {and still be consi s tent with theory). These 
objectives cannot always be realized in practice; nevertheless, the approach 
should alwa.ys be atte1npted in order to ob ta.in the maximum potential benefits 
f rom a pilot plant program. 

It is often difficult to obta.in consistent data on process efficiencies 
and losses from small, bench-scale equiptnent. In many cases, the overall ec­
onomics of a chemical process are very sensitive to the useful efficiency o! 

' 

the raw materials, and the financial success of a project might depend on whether 
the plant efficiency will be, say 90 percent or 95 percent. The pilot plant 
serves to add a needed measure of precision to the material balances (and also 
heat balances) estimated for a large-scale _process. 

The pilot plant serves to alert the designer to many potential problems 
that might not be anticipated or seen in bench-scale laboratory equipment. 
The operation of a pilot plant with "real equipment" over many hours will un­
cover such things as fouling of heat exchangers or other equipment, the forma­
tion of residues, and the effect of minor contaminmtbuild-up in the process. 
The instrumentation of a pilot plant often closely resembles that of a large­
scAle plant, and control problems can be recognized in advance of plant oper­
ation. All of these pilot plant general observations are helpful in estab­
lishing a successful final plant design. 

A very important corrollary benefit of the pilot plant is in the area of 
corrosion. Pilot plants can, and in most cases should, be built of the same 
materials of construction being planned for the commercial plant. Whenever • 
possible, specimens of other feasible materials of construction should be 
placed in the pilot plant equipment to determine corrosion resistance under 
simulated service conditions. Laboratory corrosion tests can frequently be 
misleading, as any metallurgist can attest. In some cases, it is advisable 
to construct identical parts of the pilot plant from two different materials, 
one believed to be a conservative material (and the most expensive) and one 
believed to be just adequate for the service. The wrong materials of con­
struction can by equally .as disastrous as a poor process scale-up. Conversely, 
the choice of ultra-conservative materials of construction represents a type of 

:over-design that can erode the profitability of a prooess. 
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PITFALLS OF PILOT PLANTS 
~ f ~_., Cl 41111~-... .,..,,,._.__ . ~ .. "-------~--

In order for the pilot plant to fulfill its objective of providing useful 
design data for the transition between bench-scale facilities e.nd large--scale 
commercial facilities, the pilot plant should be desi gned at some reasonable 
intermediate scale. As a bare minimum, the pilot plant should be scaled sn 
order of magnitude above bench-scale facilities, say a factor of 50-100. The 
exact factor depends on the plant scale-up and the nature of the process. In 
any event, the pilot plant is usually large enough that its erection cost alone 
represents a considerable expense. In addition, the operating costs are high. 
Most pi~ot plants are operated on a continuous basis, and operating labor must 
be prov.-ded around the clock. The design, operation, and analysis of results 
for a pilot plant involves several engineers and many more operating technicians 
for a period of one year or more. Thtts, the total costs of "pilot planting" 
are r1ui te high and considerable time is expended. These costs {both time and 
money ) are expected to be recovered by a more economical plant design. How­
evei,, because pilot plant cos-ts e.re appreciable, there is a na.ttlral tempt a ti on 
to tave shortcuts and minimize these development costs. The net result can 
lead to ~~p~rfi_2i_al pilot plants. Unless a. pilot plant operation is carefully 
planned ana execu ed to secure the maximum potential benefits to the ultimate 
plant design, it can lead to routine operation and token design data. A pilot 
pl ant should never be allowed to become a stereotyped phase of a precess dev­
elcpment program. 

Some pilot I)lants are built for tr..e development of Er.oducts that are not 
charncterlzed by specific chemical pr•operti.es. For example, synthetic resins 
8nd fibers require such empirical properties as melt points, clarity, dyeabil­
i ty a n d "hand''- properties tk1at result from processine techniques and that are 
not always related to chemical composition. These types of materials are not 
always amenable to production in bench-scale equipment and a pilot plant, or 
n1iniat,1re plant, is required. Such ·a pilot plant is utilized primarily to 
produce materials or establish the necessary processing techniques. When the 
time comes to design large-scale processing_ fa.cilities, it often comes a·s a 
rude shoc k t hat this· t)·pe of "pilot plant" has not generated fundamental de­
si gn data for scale-up. Careful planning and advance engineering studies 
are necess ary to avoid this pitfall. 

'l'r .. ere is a tremendous financial incentive to quickly get a new product 
to mRrket or a new process onstream. In order to compress timetables, design 
work on t he commercial-scale facilities is sometimes started in advance of 
complet1on of tr1e pilot plant work. If delays in the pilot plant program oc­
cur (as frequently happen for any experimental work), the plant design may be 
essentially complete and waiting for the pilot plant data for confirmation. 
"''hen this !-tappens, there is .a great tendency to "prove the tentative design" 
and thus defer or by-pass the remainder of the fundamental design data. 
Such expedient action, while possibly justified by circumstances, dilutes the 
effectiveness of the pilot plant and eliminates the opportunity of exploring 
alternnte process designs that might be more economical. Thus, a pitfall to 
l:>e recognized in the early planning of pilot plants is the possibility that 
insufficient time will be available for completing the program, in which case 
the full potential benefits of the pilot plant program will not be realized. 

3orte modern chemical processes are extremely complex and, with the pres­
ent stF\te of chemicc1l engineering technology, a pilot plant cannot be "de­
si gned11 from the usual bench-scale data. In this case, it may also be unlike­
ly that a large-sea.le plant can be "designed" from the pilot plant data. A, 
rigorous approach to the de·velopment of these complex processes might require 
years of fundamental research studies in advance of pilot plant work. Th.e 
total cost of such a program might well exceed the cost of a commercial-scale 
processing unit. Thus, there are some processes for which a speculative 
plant design ls more economical than extensive research and development. 

JUDGEMENT OF NEED FOR PII,OT PLANTS - -· ------· - ' . . - ·· .. .._ 

A minimum amount of specific experimental data must be available for - any 
new process before a design engineer can prepare a realistic plant design. 
Such information as the effect of pressure, temperature, and contact time on 
the yield and efficiency of a chemical reaction are usually obtained during 
the preliminary research and development work in bench-scale equipment. 
Physical and thermoJynamic properties are either available from the litera­
ture or can be determined experimentally on a small scale. This package of 
data is typical of that supplied in most design courses in chemical engin­
eering curricula and does permit a basic process design to be calculated to 
some dl~R:r·~ ., . 1rhe chernlca.l industry must choose between two alternate ap­
pro~che s to chemic~l proo riss desi gn: f 
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1. Utilize the data available from benoh-scale studies alone and 
develop the plant design from chemical engineering fundamentals, 
judgement and past experience. 

2- Obtain additional design data from an intermediate-scale pilot 
plant to better establish the factors affecting scale-up. 

22 

The former approach saves t1me and reduces process development costs, 
but the performance of the plant design is less predictable, The latter 
approach extends the time and costs of process development, but the perform­
ance of the plant design is more predictable. Neither approach, of course, 
will result in a certain design, There are no hard and fast rules to judge 
which approach is better, and every new process should be separately eval­
uated and analyzed to provide a basis for decision. 

For some processes, an engineerine evaluation will show clearly that a 
pilot plant program is not ~andatory for a reasonably certain process scale­
up, If the reaction mechanisms and rates are available or can be readily ob­
tained in the laboratory (as for many slow homogeneous reactions), it is us­
ually possible to calculate a process design from chemical engineering funda­
mentals. If the potential mechanical problems that might be encountered in 
large equipment are judged to be minor or solvable during a plant startup, 
the pilot plar1t can be s ~1f. ely eliminated. Even if equipment mechanical prob­
lems are anticipated, there is no assurance that a pilot plant program will 
provide solutions. Thus, a tec_~£~~~£~l~jud~~t~~~~ alone may rule out the 
need for a pilot pl~nt. 

Unfortunately, many new processes today are complex ar1d involve such 
steps as polymerizations, heterogeneous reactions and catRlysis - .areas in 
which the present state of technology is limited. It is virt,Jally impossible 
to develop a mathematic1-1l tnodel from laboratory c.lat_a, .and scale-up to commer­
cial facilities is difi'icult. to predict with assurance. Based on a techno­
logical judgement, a pilot plant may appear manda tory for a s a tlsfactori de­
sign. However, there are other factors t ha t are pertinent in the ultimate 
decision whetl1er to build a pilot pl9.nt. The estime.ted economics of the over­
all project and the pollcy of the partic,1lar chemj:ca l company weigh heavily in 
this dec i si on . One quant5.tative evaluation tec~1ique is to e sttmate the prob­
able range of the econorriics of the proJ13ct with and wi t .hout pilot pla11t ef- · 
fort. SllCh ecot1omic analysis req,i-i res guod-erigineertn5 jticfgement, bu t it is 
usually possible to predict the opt.~~i stic and pessimi stic project economics 
to a confidence level of, s ay 90 percent or better. These estlmates, to­
gether with the sales 1)otentlal of' the project and the financial 1~-ts\{S a 
particular chemical cornpan~,r ls ·.-11 lli.ng to nssl1:ne , can be used ,q_s a basis for 
the decision whether to build a pilot pl~nt • 
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