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INTRODUCTZION

Heat exchangers, condensers, and reboilers, constitute a
major capital investment and operating expense in most chemical plants
and refineries., Rising costs and increased competition, therefore, are
forcing companies to design and select heat transfer equipment in a
more judicious manner, The design and selection process has been
greatly improved by the availability and use of modern digital com-
puters. Computers have not only relieved engineers from repetitious
and laborious calculations but have permitted more elaborate and de=-
tailed analysis, Many trial designs and alternate approaches can now
be considered using the computer at a fraction of the cost and time re=-
quired for an engineer to do a single simple design. The engineer can
thus be freed from the routine calculation and can be used more effec=-
tively in preparing data for the computer and in analyzing the computer
results to obtain the most economical design,

The economic design of heat transfer equipment is complicated
by both the large number of independent variables and the non=-linearity
of the equations describing heat transfer and pressure drop. A portion
of the total number of variables involved i1s fixed by the physical limi=-
tations of the problem. In a condenser, which will be discussed in this
paper, the following variables will be assumed fixed in the problem
statement asscciated with the design: condensing load, inlet pressure,
inlet saturated vapor temperature, type of tube side fluid, tube side
fluid temperature, fouling rates, allowable pressure drops and materials

of construction. A number of variables are classified as being freely
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choosable, Such variables are tube side fluid flow rate or tube side
fluid velocity, tube dimensions, number of tube passes, tube length,
tube arrangement, and tube type. When values are assigned to the free
variables, the remaining variables encountered in the heat transfer and
pressure drop equations become fixed. Such variables are the number of
tubes, total heat transfer surface area, shell size, logarithmic mean
temperature difference, tube side liquid flow rate ( if velocity was
fixed) or tube side fluid velocity (if flow rate was fixed) and all the
heat transfer coefficients and pressure drops. To obtain the most eco-
nomical condenser, the freely choosable variables must be selected in
such a way that the sum of the resulting operating and fixed capital ex-
penses on a yearly basis is a minimum. Finding the set of variables
giving the minimum cost can be accomplished by search techniques using

a digital computer,
SEARCH METHODS

Methods for finding the maximum or minimum value of analytic
functions are well known. A common technique is the method of steepest
ascent(l) or gradient method which assumes that the derivatives of the
response function (cost) are continuous and that the independent varia-
bles have the same dimensions. For complicated systems procedures
utilizing the calculus of variation may be employed. Such methods can-
not be used, however, in the heat transfer design problem because the
variables cannot be arranged to form an analytic function. The tube
dimensions and number of tube passes can only have discrete values,

Furthermore, if the design is in accordance with the "Standards of
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Tubular Exchanger Manufacturers Assoc:iation",(2> the tube length has
fixed values and the tube pitch has a minimum value, The search methods
used, therefore, must be satisfactory for the types of systems encoun=-
tered. There are three such methods which can be easily used in con-
Junction with digital computers. They are the factorial method, the
univariate method, and the random methodo(th)

The factorial method is characterized by selecting the trial
values of the free variables at points of a grid in factor space,
Figure 1 exemplified a 3 x 3 factorial design in which-only two of
the free variables, water velocity and tube length are allowed to vary.
The remaining variables are preset at some arbitrarily selected values.
The trial values of velocity and tube length are selected to provide an
even coverage of the selected region to be searched. The maximum search
region or factor space is bounded in Figure 1 by the maximum and minimum
tube lengths in one direction and by the minimum and maximum allowable
water velocities in the other direction. In the 3 x 3 factorial de-
sign nine trial designs are required. The trial design giving the mini-
mum cost 1s said tobe the cptimm design. As the number of free variables
considered is increased, the number of trial designs increases rapidly.
For example, if three tube lengths, three water velocities, two pass
arrangements, and two tube diameters are considered, there would be
3 x3x2x2 or 36 trials needed.

In the univariate method, as the name implies, the effect of
changes in one variable at a time are examined. The variables to be
studied are arranged in some order. Initial estimates are made for all

the variables except for the first variable to be studied. Trial designs
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are made at several values of the first variable until the best value
is obtained with all the other variables being held fixed. Using the
best value of the first variable studied, the second variable is
studied in a similar fashion until the best value of that variable is
obtained. The method is extended until all the free variables have
been examined individually. The process can then be repeated in its
entirety or repeated with a reduced number of variables until the de=-
sired level of attainment is reached. Figures 2 and 3 show typical
univariate schemes. TFigure 2 represents the first level of search and
Figure 3 represents the second level of search utilizing the informa=-
tion obtained in the first level,

A third procedure is the random method. This method is
characterized by selecting the values of the free variables for each
trial design in a random fashion. The set of randomly selected varia=
bles giving the minimum cost heat exchanger is said to be the optimum.
Figure U4 shows the random trial points for a heat transfer system in
which only velocity and tube length are allowed to vary. The random
method can be modified by specifying values for certain variables and
by selecting the remaining variables in a random fashion. This 1s called
a stratified random method and is useful when the '"best" values for cer-
tain variables are known by prior knowledge or by previous search re-
sults.

The random methods have one advantage over the other methods.
The number of trial designs required for this method is independent of
the number of freely choosable variables., This does not necessarily

mean that fewer trials are required to attain a so=-called optimum design,
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but it does provide some measure of coverage of the factor space to be

searched with a reasonable number of trials,
ECONOMICS

In the process of the search for the optimum heat exchanger
for a particular service by a digital computer or by ordinary means,
the cost of each designed unit must be determined. This, obviously, is
one of the most important features of the program, because the resultant
optimum is no better than the economic data upon which it is based.
Slight e;rors or differences in the data can drastically change the de-
signed physical description and operating conditions of the so=-called
optimum heat exchanger. Cooling water costs are particularly critical.
Even with small differences in cost per gallon, the final design is
greatly altered because of the large amounts of cooling water required
on a yearly basis,

There appears to be two basic approaches to estimating heat
exchanger costs. In the first method the unit is examined in its en-
tirety and placed in a very definite categoryo(s) The cost of the heat
exchanger is then determined by finding a cost graph or plot which is
valid for units having the physical description of the designed heat ex-
changer. For example, suppose that in the course of the search for the
optimum design, a floating head exchanger operating at 150 lb.,/sqain°
and 500°F is selected with 20 ft., 3/4 in. 0.D. tubes on a 15/16 in.
triangular pitch. In order to determine the cost of the exchanger it
is necessary to have the information contained in a graph such as

Figure 5. Figure 5 contains the necessary physical restrains so that



(¢) 3,006 pue uT*Bs/*qr OGT I8 SUOTFTPUOD
guigeasdo syl ‘yYo1TId JIBTNSUBTL], ‘UT mﬂ\mﬁ ' UO saqn, ‘UT :\m FuUTUIBUO) saTpung
1004 02 T9931S-TIV JIO0J 90BIJING JISJSUBILL 183 JO UOTLOUNJ B SB £980) Ja8uBUOX{ 3BSH ¢ 9InITg

1334 3¥vN0S ‘ 30v4¥NS ¥IISNVHL LV3H

00001 000L 000v 000¢ 000l o]0 7] ooV 00¢ 0]0]]

(o]

o¢

(0]

1004 3¥VYNDS ¥3d S¥vI100



=11~

it is quite accurate (in that no interpolation or extrapolation is re-
quired) for the heat exchanger pricing.

To utilize the first method of approach with a digital com=-
puter a sufficient number of graphs, similar to Figure 5, are selected
for use. Each graph is then reduced to a mathematical function which
the computer can evaluate., The nature of Figure 5 suggests that a
reasonable function might be a simple polynomial in terms of the loga-

rithm of heat transfer surface ( in square feet ) as is shown in Equa-

tion (1).
In($/sq.ft.) = A(1) + B(i)ln(sq.ft.) + c(i)[ln(sqoft.)]g
+ ooo x(i)[1n(sq.ft.)]" (1)

The total cost of the exchanger is then equal to the product of the

cost per square foot times the number of square feet of surface required.

cost = (heat transfer surface, sq.ft.) x exp.(ln($/sq.ft.))
(2)
The coefficients for Equation (1) can be obtained by any of several
techniques for finding the coefficients of a nth order polynomial in a

least mean square sense., For the curve in Figure 5,

cost/sq.ft. = exp.[6.14888 - 0.98756 1n sq.ft.

+ 0.047995(1n sq.ft. )] (3)

Usually a second, third or fourth order polynomial is suffi=-
cient. For use with the computer each function and variable is assigned
a name (a storage location in the computer memory) so that it can be

used in arithemetic operations.
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In the computer program the required physical dimensions
are calculated for the proposed operating conditions. The computer
then searches for the cost function which most nearly matches the
designed unit. If, for example, thirty categories of exchangers are
described by equations similar to Equation (3), the function whose
restrains most nearly match those of the designed unit is selected.
The search or selection process for the cost function is accomplished
using logical statements. The resulting action taken by the computer
in response to a logical statement depends upon the answer to a number
of yes-no or true-false questions concerning the input data. Once the
proper cost function is selected it is a simple matter to evaluate the
cost of the heat exchanger,

A modification of the system can provide additional flexi-
bility and accuracy where a limited number of cost functions are used.
Of the restrains specified in Figure 5, it is not likely that the tube
material and tube length of the designed exchanger will match those
specified in Figure 5, whereas the remaining restrains are common to a
wide class of applications. Equation (2) is first modified by subtract-
ing the cost of the steel tubes from the total heat exchanger cost and

then adding the cost of the replacement tubes., This gives,

total cost = cost of all steel exchanger - steel tube costs

+ replacement tube cost (%)

The cost of the all steel exchanger is calculated from Equation (2).

The costs of the steel and replacement tubes can be calculated from,

tube cost = [base cost/1lb. + exp.(-0.93 x total tube wt.)]

x tube wt. (5)
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In Equation (5), the exponential term is included to account for the varia-
tion in cost with the size of the order. A different equation, based on
the cost per square foot, could also be used since there is a definite
relationship between tube weight and heat transfer surface. Further
modification of Equation (2) can be made to account for different length

bundles. FEquation (4) is then written as,

total cost = (cost of all steel exchanger - steel tube costs

+ replacement tube cost) x length factor (6)

These modifications greatly enhance the utility of Figure 5. Having re-
duced the number of restrains by two, the number of designs which can be
satisfactorily represented by a single cost curve is increased from 1 to
35 (when seven types of alloys and five tube lengths are considered). A
typical computer flow chart is shown in Figure 6.

The shortcoming of both the unmodified and modified forms is
the difficulty of adequately covering all designs with a limited number
of cost curves. This is especially a problem when materials other than
steel are used for the construction of the tube sheets, shell, channel,
and floating head. A cost curve, which is valid for the dimensions of
the unit but not for the materials of construction, can be in error by
as much as 100 per cent in determining the heat exchanger cost. Further
modification of the technique, although possible, is not easily accom-
plished and is probably not warranted. The predicament, however, sug-
gests a second method of treating the economic data.,

In the second method one views the heat exchanger as being built

from several standard parts which can be put together to form a complete
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unit. The cost of each part is figured individually taking into account
the materials of construction and size. This method is characteristic
of the way a heat exchanger fabricator might price his product or set a
bid price on a specified exchanger. A ve;sion of this method has been
presented by Sieder and Ellio*t/c(6> who tabulated the costs of individual
component parts as a function of the shell size, working pressures, and
materials of construction. The costs of the component parts (i.e., tube
sheets, shell and cover, and channel and floating head cover) were ex~-
pressed as a per cent of the cost of an all steel heat exchanger having
the same shell size. Table I gives the above cost information for a
450 lbo/sqnin° working pressure. The cost of an all-steel heat exchanger
was presented in graphical form with the cost per square foot of heat
transfer surface given as a function of the shell size with parameters
of working pressure and tube diameter. Figure 7 presents the cost of an
all-steel heat exchanger containing 16 foot, 3/L4 inch diameter tubes on a
square pitch as a function of shell size and TEMA Class R(E) standard
working pressures. When the standard working pressures of the shell side
and tube side are not the same, multipliers are used tc correct the cost
percentages given in the tables similar to Table I. To account for the
extra expense when tubes other than steel tubes are used, Sieder and
Elliott gave a table of the extra cost of alloy tubes in dollars per
square foot,

As an example of this method, suppose the cost of a heat ex-
changer having the following description is desired:

shell size 32 inch

length 16 feet
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tubes 3/4 inch x 1L BWG
shell working pressure 450 lba/sq,inc
tube working pressure 300 lbo/sqcinn
area 2255 sq.ft.

tube material 4 - 6% chrome
tube sheets and baffles 11 = 13% chrome
shell and cover 11 - 13% chrome
channel L - 6% chrome

From Figure 7, the price per square foot for a 32 inch unit with a
working pressure of 450 1b./sq.in. is $5.26 per square foot. From

Table I, the component part percentage costs are:

all steel heat exchanger 100%
chrome tube sheets and baffles 28%
chrome shell and cover 31%
chrome channel 0,95 x 27 26%

185%

The extra tube cost is $2.35 per square foot. The heat exchanger cost

per square foot is then,

($5.26/sq.ft.)(1.85) + $2.35/sq.ft. = $12.10/sq.ft,
The total unit cost is,

($12.10/sq. ft. ) (2255 sq.ft.) = $27,300.00

The method is most accurate when the considered heat exchangers
have 16 foot tubes on a square pitch. It is not nearly as accurate for

units having different tube lengths, pitches and arrangements. This is
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an inherent weakness in the procedure. The cost of a 20 foot unit would
not cost two=-thirds more than a comparable unit 12 feet long. This is
because the cost of the construction, engineering, channel, floating
head, cover, and tube sheets would be nearly identical for both units
while the tube and shell expense would be approximately proportional to
length. For this reason the total unit costs of a 20 foot unit should
be only slightly higher than for a comparable 12 foot exchanger. The
use of correction factors for tube length and tube pitch or the use of
additional cost curves would greatly increase the accuracy of the system.
An even greater accuracy could be obtained by calculating the all-steel
heat exchanger cost on the basis of the shell size and the square feet
of 16 foot steel tubes that could be placed into the calculated shell
size on a square pitch. The 16 foot steel tube and shell costs would
then be subtracted and the correct length alloy tube and shell costs
added. In this manner a minimum of error would be encountered.

To utilize the data of Sieder and Elliott in a digital computer
program two alternate approaches are possible. The data can either be
reduced to a system of nth order polynomials obtained by least square
means or be stored as tables in the computer. Use of the first approach,
which was discussed earlier, would require numerous equations but would
also require less computer storage than storing the data per se. Where
the available computer memory is large, as in the IBM 709 digital com-
puter, storage of the data in tabular form is more efficient. The nature
of the data suggests that they should be stored as a two dimensional
array with one index of the array representing the shell size and the

second index representing the materials of construction or working
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pressure, By specifying values of both indices, the desired value of
the function can be obtained from memory. Once the percentage costs

for component parts are obtained, the method of solving the problem
with a digital computer is, therefore, identical to the method used pre-
viously in the example problem,

In the computer program written to do the actual condenser de-
sign a brief routine was included to calculate the cost of the designed’
unit., When preparing the routine it was found that the data of Sieder
and Elliott were most adaptable to computer storage and use if they were
first grouped according to component parts rather than working pressure,
Table II gives all the data on tube sheets. As can be seen from the
table, the index, VTS, accounts for both the tube sheet material and
working pressure. When VTS = 1, the tube sheets are admiralty and
the standard working pressure is 150 lbu/squino When VTS = 15, the
tube sheets are again admiralty, but the standard working pressure is
450 lba/sqoina The index, U, corresponds to the shell size., When
U = 11, the shell size is 2L inches; when U = 17, the shell size = 36
inches., To obtain the cost of the tube sheets as a per cent of an all
steel heat exchanger, the indices, VTS and U, of the assigned storage
variable name, TSAB{VIS, U), are specified. The datum stored in that
location can then be used in calculating the price of the unit. For
example

TSAB(16,17) = 26

In similar manner the shell and cover data were stored in an array

called SAC(VSC, U), and the channel and floating head data were stored
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in an array called CAFH(VCFH, U)a The data for steel heat exchanger
costs were also stored. Tube cost data, Table III, were obtained from
Figure 7 and a like figure valid for 1 inch diameter tubes, and stored

in an array called BACST(VTCST, U). As can be seen in the table when
VICST = 1, the data are for standard 150 lbg/sqoino units having 5/&

inch diameter tubes and when VTCST = 6, the data are for standard 300
lbi/sqﬁiny units having 1 inch diameter tubes. The multiplying factors
used in heat exchangers having mixed pressures were also stored in arrays.
Table IV gives the multiplying factors for the shell and cover. In the
array called MUSAC(INDEXB, INDEXC), INDEXB refers to the standard work-
ing pressure required for the shell and cover and INDEXC refers to the

maximum standard working pressure required.

TABLE IV

COMPUTER VARIABLE MUSAC (TNDEXB, INDEXC)
(Multiplying Factors for Mixed Pressures)

INDEXC 1 2 3 b
e .
1 1.00  0.92 0.81 0.75
2 0.00  1.00 0.89 0.83
3 0.00  0.00 1.00 0.92
4 0.00  0.00 0.00 1.00

The completed version of the computer routine used to calculate
the heat exchanger cost and the other pertinent economic information is
shown in Figure 8. The expressions are given in the MAD language

(Michigan Algorithm Decoder). This language (and a compiler to translate
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WHENEVER STWPT «Ge STWPS
MAXWP = STWPT

OTHERWISE

MAXWP = STWPS

END OF CONDITIONAL

INDEX = 6% (MAXWP/150 =-1)

VTS INDEX + KTS

VSC INDEX + KSC

VCFH = INDEX + KCFH

INDEXA STWPT/150

INDEXB STWPS/150

INDEXC MAXWP/150

WHENEVER OD «Ge 04750

INDEXD = 4

OTHERWISE

INDEXD = O

END OF CONDITIONAL

VTCST = INDEXD + INDEXC

CSTPSF = BACST(VTCSTsU)%#(100e0 + TSAB(VTSsU) + SAC(VSCeU)*

Wou

IMUSAC(INDEXBs INDEXC) + CAFH(VCFHsU)*¥MUCFH(INDEXA» INDEXC))
1710060

AOTST = 341416%0D*TUBEL#XMAXT/1240

TWTS = XMAXT*TUBEL*WTFTS

STUCST = (BASES + 61¢0%EXPe(—=0693%TWTS) )*¥TWTS
TWT=X*TUBEL*WTFT

TUBCST=(BASE+61*EXPe (=0e93*¥TWT) ) *TWT

CONCST = CSTPSF#AQOTST*CSTIND + (TUBCST = STUCST)*#TCSTI
INSTCT = (CONCST*INSTPC) /10040
INCOCT = CONCST + INSTCT

YRCAP = INCOCT/AMORD
MAINT = AOTSTH#MCSTF

YROPER = POWCST + FLUCST + MAINT
YRTOT = YRCAP + YROPER

Figure 8. Computer Routine to Calculate the Economic Informastion

Required in the Search Analysis. The Expressions are
in the MAD Language (Michigan Algorithm Decoder).
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programs written in the MAD language into machine-language routines

for execution on the IBM-704-709-7090 computers) was developed and

is used extensively at The University of Michigan with the IBM 709
digital computer. The names of the variables are, in general, self-
explanatory. The only symbol needing special explanation is the ,G.
which stands for '"greater than'". In statement 1. the standard work-
ing pressure for the tube side, STWPT, is compared to that on the

shell side, STWPS. When the tube side pressure is greater, the maxi-
mum working pressure, MAXWP, i1s set equal to STWPT. Otherwise, MAXWP
is set equal to STWPS. Statement 6. is used in calculating the array
indices. As seen in Table II, the data for tube sheets are stored
according to materials of construction. The first six values of VTS
refer to different materials at a working pressure of 150 lbo/sqoino;
the second six values refer to the same materials at a working pressure
of 300 lbo/sqwino, etc. The value of INDEX, therefore, fixes the gen-
eral location in the array. In statement 7., the exact value of VTS is
fixed by adding to the value of INDEX the value of KTS which stands for
the type material used. For example, when KIS is 2, monel tube sheets
are used and when KIS is 6, stainless steel tube sheets are used. KSC
stands for the shell and cover material and KCFH stands for the channel
and floating head material. Statements 10., 1l., and 12, are used to
calculate the indices required in the multiplying factors. Statements
13. = 18. are used to determine the index VTCST required in the array
containing the all steel heat exchanger costs, Table III. INDEXD is
set equal to 4 when the tube diameter is greater than 3/4 inches and

to O when the diameter is equal to or less than 5/4 inches. This
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fixes the general region within the array. The variable INDEXC fixes the
working pressure within the general region and therefore fixes the value
of the index VTCST in statement 18. In statement 19. the cost per square
foot of heat transfer surface is calculated as was done in the example
problem. In statement 20. the total area of plain steel tubes is calcu-
lated based upon the maximum number of tubes that can be placed in the
shell. The steel tube weight is calculated, (statement 21.), and the
steel tube coat computed (statement 22.). The form of the equation in
statement 22. has already been discussed. The total tube weight and tube
cost for alloy tubes is determined in statements 23. and 24k, In state-
ment 25. the condenser cost is found by first determining the cost of the
desired unit having steel tubes, adding the cost of alloy tubes and sub-
tracting the cost of the steel tubes. CSTIND and TCSTI refer to cost
indices. The installation cost is calculated in statement 26. and the
total installed cost given in statement 27. The yearly capital expense
is then found by dividing the installed cost by the amortization rate.
Yearly operating costs are calculated in statement 30. by adding the
costs of electric power, tube side fluid (water), and maintenance, and
the yearly total cost is calculated by adding the yearly fixed capital

expense and the yearly operating costs.

EXAMPLE PROBLEM
To illustrate the feasibility of the three search methods
described, an example problem was solved using each method. The problem
considered was to design a 60,000 lbo/hr. n-propanol condenser for a

recommended process such that the yearly cost (operating and fixed capital
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expense) is a minimum. The design conditions were as follows:

condensing load 60,0001b. /hr.
inlet saturated vapor temperature 220°F

maximum inlet water temperature 80°F

winter inlet water temperature 50°F

maximum exit water temperature 1ho°F
allowable shell side pressure drop 3.0 lbn/sqain.
allowable tube side pressure drop 10.0 lbg/sqoina
water cost 0.00lQ/gala
electricity cost $0.008/kw.hr.

Certain additional restrictions were imposed to reduce the num-

ber of required trials. They were:

tube material admiralty

tube sheets admiralty

shell and cover 1 1/4 per cent chrome
floating head cover L4-6 per cent chrome
tube arrangement square

tube diameter 3/h in.

tube pitch | 1 in.

All the trial designs were done on an IBM 709 computer at the
University of Michigan using a condenser program prepared by the author.
After reading in the design conditions, economic data, additional restric-
tions, tube length, tube passes and water velocity, the computer calculates

the minimum number of tubes required to condense the designated vapor
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load under summer conditions. The number of tubes required invariably is
less than the number of tubes that could be placed into a standard shell
size. The tubes are then fitted into the bottom portion of the shell on
the specified pitch until all the required tubes are placed in the shell.
The shell side pressure drop is calculated based on the vapor flowing down
across the tubes. It was assumed that the top portion of the shell would
be sufficiently open to permit unrestricted flow of the vapor at the top
of the condenser. If the shell side pressure drop affects the condensing
temperature, the logarithmic temperature is corrected and is used to ob-
tain a more accurate solution. Finally, the desired economic information
is calculated based on the economic input data. The water cost is based
on the summer requirements.

In the second part of the computer program, the calculated
standard shell size is filled completely with tubes and the shell side
pressure drop is determined based on the baffled flow of the vapor. The
pressure drop is used to obtain the "exit" vapor temperature which is used
in calculating the logarithmic temperature difference. Since there are
more tubes than required, the water velocity is reduced until the summer
operating conditions are satisfied. In similar fashion, the water re-
quirements are found for the winter operating conditions. The yearly
water cost is based on an average of the summer and winter requirements.
(Water costs were based on actual usage rather than on maximum demando)
The desired economic information is again calculated and printed. The net
result is that two complete designs are completed for each set of input

data.
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Sixteen trials were allotted to each search method. Eight trials
were used to evaluate plain tube designs and eight were used to evaluate
finned tube designs. The results of the investigation are given in Tables
V, VI, and VII

Only tube length, water velocity, and tube passes were considered
as free variables because of the limited number of trials considered. In
the factorial method two values of each variable were tried. As can be
seen from Table V, the minimum cost plain tube design is $6886/yr. when
a 2 pass, 8 ft. tube bundle is used with a 4 ft./sec. water velocity. A
finned tube unit proved to be somewhat better. The best finned tube design
would require $6125/yra and would have a 2 pass, 10 ft. bundle with a
water velocity of 10 fta/secg As can be further noted, many of the trial
designs were only partially satisfactory because the maximum allowable
exit water temperature was exceeded. In other cases the design was totally
unsuccessful because either the maximum exit water temperature was exceeded
or the maximum allowable tube side pressure drop was exceeded. These
results indicate that only a limited region of satisfactory operation
exists. This is especially true for finned tube units. Even though they
are less expensive to purchase and operate, the factor space of satisfac-
tory operation for a finned tube condenser is even more restricted than
for a plain tube condenser.

The results of the univariate method are given in Table VI,

More successful plain tube designs were obtained with this method but the
oest design was inferior to the best design obtained by the factorial
nethod. There were no completely satisfactory finned tube condenser

lesigns.
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The random method had the poorest performance as shown in Table 7.
The best plain tube design obtained was approximately $2000/yr., higher than
for the best design obtained using the factorial method. There were no sat-
isfactory finned tube condenser designs.

The total computer time required to process all the trial designs
was 10.7 minutes at a cost of $70,00° This is about $1050/trial or about

$24.00/method if both plain and finned tube condensers are considered.

CONCLUSIONS

It is difficult to make any definite conclusions from the results
of one problem, but it appears obvious that the techniques can be used to
advantage with a considerable saving in both time and labor. Certainly
more trials should be used once the desired search method is selected.
There seems to be little doubt that a less expensive design could have been
achieved if a second level search had been carried out with both the factor-
ial and univariate methods. There is a limit to the number of trials that
can be made, however, before the computer expense exceeds the savings in
finding a better design. The best results will probably be obtained by
using 8-10 trials to broadly search the factor space. The results of the
first level of search would then be used to closely search a more limited
region to obtain the best design conditions. Too few initial trials could
be uninformative while too many trials would not be economical because of

the large number of unsuccessful trials that would be obtained.
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