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PHASE I SUMMARY 

This Phase I report on the conceptual design of a 250-Mgd vertical-tube 
evaporator describes the preliminary engineering steps leading to selec-
tion of the flowsheet, plant layout, and other basic criteria for the 
design concept which will be developed in more detail as Phase II of 
the conceptual design study •. The design and analytical comparative 
evaluations reported in Sections l and 2 of this report led in some cases 
to clear cut selections for the final plant design and:in other cases in
dicated that there is a considerable latitude for a designer to exercise 
engineering judgement. The most striking of the comparisons was that of 
a plant with conventional smoot·h tubes in the vertical evaporator to one 
with high-performance vertical tubes of the doubly fluted type developed 
by General Electric. The fluting increases the heat transfer coefficient 
200% to 300% while increasing the tubing cost only 5% to 10%. The com
parison of the multistage-per-effect feed heating with single-stage-per
effect was less dramatic but clearly favored the multistage feed heating. 
The rectilinear plant design was marginally cheaper than the concentric 
ring or vertical designs and was best suited to the multistage feed heat
ing process. The parametric studies which examined a range of such vari
ables as number of effects, concentration ratio, feed heater performance 
ratio, and several terminal temperatures indicated that there is a fairly 
large region in which changes. of capital cost are compensated by changes 
in operating cost in such a way that the cost of water is virtually un
affected. Some of the final design values were chosen therefore for rea
sons other than economic optimum and some were chosen arbitrarily. 

The experimental measurements discussed in Section 3 led to considerable 
confidence in the validity of the design heat transfer coefficients and 
of the design steam pressure loss through the bundles of three-inch fluted 
tubes. Cost estimates by the staff and by appropriate manufacturers were 
used to establish materials and fabrication costs. 

The heat costs specified in the ground t.ules and the developed plant costs 
for the chosen design were balanced toGobtain a plant performance ratio 
that would yield near minimum cost water. 

The plant selected for the final conceptual design is a 15-effect, falling 
film, doubly-fluted-tube evaporator with a 50-stage flash feed heater
product cooler. The overall performance ratio is 13. The four-train 
shell structure is rectilinear having the evaporator integrally housed 
and directly above the feed heater-product cooler. The preliminary cost 
estimates of this design indicate a capital cost of about $0.30 per daily 
gallon or a water cost of about $0.12 per 1000 gal. 



INTRODUCTION 

Conceptual design studies of 50-Mgd plants have indicated that, in com
parison with flash evaporators, multieffect vertical-tube. evaporators 
have advantages which provide a potential for reduced cost of product 
water. Design and cost information on the vertical-tube evaporator (VTE) 
is at present much less detailed than corresponding information on flash 
evaporators. A thorough study, investigation, and conceptual design of 
vertical-tube evaporator plants will contribute considerably to the know
ledge of desalination and will serve as an aid in making decisions con
cerning the type of large capacity plants which should be developed. The 
Office of Saline Water is undertaking the development of vertical tube 
evaporators to the point where their potential can be defined clearly. 
This design will be related closely to the output of the ·overall program. 

In planning the work necessary to develop a conceptual design of a 250-Mgd 
vertical-tube evaporator for desalting seawater, it was provided that Phase 
I would be concerned with determining what design and process alternatives 
appeared most promising and which of these should form the basis for the 
actual conceptual design. Phase II of the planned work is concerned with 
the development of the conceptual design incorporating the optimum features 
indicated by the Phase I studies. 

Since there are virtually no independent variables in the engineering
economic problem of evaporator design, the exploration and evaluation 
of various shell and process alternatives must proceed as a series of 
iterations. A process description is assumed and a design-cost estimate 
made. On the basis of these costs, new values for the affected process 
parameters are calculated, a new process description written, and a more 
detailed design-cost estimate made. Therefore, Phase I represents several 
cycles of iterations reported generally in chronological order. It is 
important that the reader bear this in mind since suceeding cost estimates 
and flowsheets will refle<.:t changes from preceding ones. 

Section 1 is concerned primarily with the investigation of various arrange
ments of the shell and is composed of design studies based on first and 
second generation design values and costs. The usefulness of the cost 
analyses made in Section 1 then lies in their relative magnitude rather 
than the absolute values, which may shift as more information is developed. 

Section 2 is composed of design and analytical studies of variations in 
process and heat transfer surface based on first~through-third-generation 
design values and costs, so that again tbe cost~ .analyses are useful pri
marily for comparison purposes. 

Section 3 describes the development for the final design of those costs 
and design values which the work of Sections 1 and 2 indicated to be 
needed. These are for items peculiar to the VTE, since for those items 
common to the MSF, the values of that design study1 were used. The design 
values were measured experimentally and the costs were obtained from appro
priate manufacturers an~or developed by standard cost estimating procedures. 
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In Section 4 the selection of the final design is discussed. It is pointed 
out that the final design does not necessarily represent the optimum but 
that it is one of a family of plant designs whose costs are close to the 
minimum for the ground rules of this study. 

BASIS OF STUDY 

Objectives and Scope 

The objective of the study is to develop feasible VTE designs for large 
dual-purpose plants on a basis which will permit economic comparison with 
the multistage flash plant previously studied by ORNL. It is intended 
that the designs will incorporate advanced technology available from the 
08W lH'UgJ.'/:i.JIL. 

The scope of Phase I of this study was defined by OSW as follows: 

l. Evaluate the design and cost of alternative VTE shell configurations, 
including the rectangular layout, the concentric ring design and the 
nilo design. Information on these designs will be obtained from the 
50-Mgd conceptual- design reports* and from proponents of the various 
configurations. 

2. Evaluate and compare the costs of alternative process designs in the 
falling-film configuration, and various feed arrangements. 

3. Develop ground rules and design c+iteria comparable to those used in 
the· =250-Mgd,"MSR~'desigm~ . . . 

4. Evaluate alternative materials. 
. . 

). Select the best configurations of process and shell configuration for 
a falling-film system for Phase II, a more detailed conceptual design. 

Ground Rules 

The ground rules for the study are given below and are, in general, those 
used for the multistage flash conceptual design studyl so that a comparison 
of the two-plants will be as straightforward as possible. A few variations 
were necessitated by the physical differences of the two plants, the most 
notable differences being in the heat transfer surface. Two types of ver
tical tube surfaces are considered in this study, one being the 3-in.-OD 
doubly fluted tube with the characteristics described in the General Elec
tric conceptual design report, 2 and the other being the 2-in.-OD smooth 
tube having the characteristics described in the report of the OSW demon
·stration plant in Freeport.3 

*For the list of 50-Mgd conceptual design report, see- 111965 Saline 
Water Conversion Report," United Stated Department of the Interior, Office 
of Saline Water, page 251, u.s. Govt. Printing Office, Washington, 1965. 
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OSW Ground Rules and Assumptions 

The following design criteria were supplied to ORNL by OSW: 

1. The plant is to be located in Southern California. 

2. All costs are to be expressed in terms of 1965 dollars. 

3. California labor rates are to be used for estimating the cost of the 
evaporators. 

4. Capital charges are to include 5.185% as an amortization charge 
(3-1/8% interest for 30 years), 0.25% for insurance, and a figure for 
interim replacement costs (to be determined by ORNL). 

5· The plant load factor is to be 90%. 

6. Land costs are to be supplied by OSW. 

7· Interim replacement cost is to be evaluated for each plant component. 
The choice of materials for components is to be analyzed on the basis 
of replacement costs as well as other capital and operating costs .. 

8. · The energy source for the plants is to be a heavy-water-moderated 
organic-cooled reactor of the appropriate size. The evaporator designs, 
however, are to be useful with other nuclear or fossil energy sources. 

9· The seawater temperature is to be taken as 65°F. 

10. The seawater intake system design is to be similar to that of the 
250-Mgd MSF design. 

11. Makeup water is to be treated with sulfuric acid for scale control. 

12. The product water is to be delivered at 25 psig at the plant battery 
limits. An evaluation is to be· made of cooling the product water to 
90°F vs allowing the water to cool by evaporation in the reservoir. 

13. Component designs developed by OSW and its contractors are to be used 
to the extent feasible. 

14. An evaluation is to be made of tubing and shell materials. 

15. Pumps (product and.brine reject) are to be provided with a barometric 
leg to supply the appropriate suction pressure. 

16. An evaluation is to be made of a minimum number of large pumps vs 
multiples of smaller pumpa. 

17. ~ydraulically operated butterfly-type valves are to be used for 
shutoff an~ control. 
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18. The instrumentation system is to be described. 

19. Possibilities of improving vapor disengagement, design of condensing 
bundles, removal of noncondensables, and s~stem hydraulics are to 
be investigated. 

20. Operating and maintenance costs are to be estimated based on a single 
operating staff for both power and water plants. 

21. Operating control for the plant is to be based on a single control 
room for the evaporator area. 

22. Designs are, in general, to be based on current technology. 

23. The heat transfer coefficients and operating requirements for the 
enhanced vertical-tube surfaces are to be de·terrnined by a review of 
experimental data. 

24. The heat transfer coefficients and operating requirements for the 
conventional vertical-tube surfaces are to be in accord with the ex
perience at Freeport. 

ORNL Design Criteria 

1. Reference energy costs assumed for a 3300-Mw(t) heavy-water-moderated 
organic-cooled reactor are: 

Prime steam at 677oF and 800 psia 
Exhuast steam at 295°F, saturated 
Exham;t steam at 254 °F, saturated 
Erectric power 

13.0¢/MBtu 
6.8¢/MBtu 
5. 5¢/Mbtu 
2.0 mills/kwhr 

2. The maximum tube velocity specified is chosen to. avoid severe erosion 
for the tube materials selected. 

3. The·product purity is defined in relation to entrainment separator 
design. 

4·. The ground· elevation at the heat reject portion of the plant is· 35 ft 
above mean sea level. 

l. EXPLORATORY SHELL DESIGN AND EVALUATION 

The objectives of this portion of the work were to (l) compare the economics 
of three different evaporator shell configurations, (2) define the nature 
and extent of the problems that require soluLion prior to performing a 
conceptual design, (3) develop cost data for further iterations of the 
process flow.sheet. 
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These objectives were accomplished by making partial designs of the three 
shell configurations based on a common process flowsheet. This reference 
flowsheet was not intended to be optimum, since the information necessary 
for optimization had not been developed during initial phases of this· study; 
however, a common process flowsheet, even without optimization and without 
the best values for all variables, still provided an adequate basis for 
comparative evaluations. The partial design of each configuration consisted 
of a layout of the complete plant plus detail designs of three or four 
effects and of the plant section where the transition from ten-ft-long 
tubes to five-ft-long tubes occurs, when applicable, between effects VII 
and VIII. These three or four effects were chosen to enable an analysis 
of effect cost as a function of condensing temperature and to examine the 
effect on plant design at the transition from ten-ft- to five-ft-long. 

The conclusions reached in this work were that, at least within this set 
of ground rules, there were no advantages found in ~he concentric ring nor 
in the vertical plant designs, that the use of ten-ft-long doubly fluted 
tubes throughout was more economical than changing to five-ft-long tubes 
at the low temperature end 1 and that continuous, rectangular vertical-tube 
bundles were more attractive than separate semicircular bundles. 

The concentric ring plant design has the apparent advantages of being 
contained in a cylindrical vessel and of having increasing size vapor 
flow passages and bundle entry face as the specific volume of the vapor 
increases. However, the diameter of the vessel required for a plant of 
this capacity is such that the outer shell differs little from a flat 
wall. Although the vapor passages do increase, the reference concentric 
ring design still required entrainment separators; and the partial design 
that had sufficient disengagement volume for gravity separation was ex
cessively large and expensive. The tube bundles for the outer effects 
became quite long and shallow so that there did not appear to be a satis
factory way to accwnulate and vent non-con<'IP-nsa.hlP-s. 

The vertical plant has the apparent advantage of not requ1r1ng intereffect 
pumps since the feed can be pumped to the first effect which is located 
at the top and then proceed through the rest-of the effects by gravity. 
Partial designs of several arrangements of such a plant were made and 
casted. The additional structural cost offset a good bit of the savings 
in pumps and, because this design required all of the feed to be lifted 
to the top of the plant whereas the feed requirement of the doubly fluted 
tube requires only a portion of the total feed to pass through any given 
effect, the increased pumping power offset the rest. 

It is recognized that these investigations were nat exhaustive, that they 
were based on a specific set of conditions, and that some other set of 
conditlo:n::; or a more ingenious arrangement may show a configuration in 
a more favorable light; but it:-is also felt that these investigations 
were adequate to indicate that there is no strong incentive to pursue 
eithP.:r. of these configurations which are, at least, unusual and which 
offer serious problems in adjusting to an efficient feed heating process . 
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Although it was not a major objective of this program, some effort was 
spent on the question of the best length for the evaporator tubes. The 
heat transfer data from the General Electric pilot plant experience at 
Wrightsville Beach indicated that the performance of the ten-ft-long doubly 
fluted tube was inferior to the five-ft-length. a~d that this penalty in
creased with decreasing temperature. This difference in performance is 
a term in the expression for the design heat transfer coefficients so that 
the penalty can be readily calculated. Designs were made and costed for 
plants having five-ft-long tubes in effects condensing below 190° and for 
plants having ten-ft-long tubes throughout. The cost of the added surface 
for the long tubes was more than offset by the cost of the added tube 
sheets, nozzles, and fabrication for the five-ft tubes. Again, it is 
recognized that this is not a definitive study and that the possibility 
exists of further reducing the plant cost through a better understanding 
of the effect of the L/D ratio. · 

Various tube bundle configurations were designed and costed. The rectangu
lar unit bundle with a folded non-condensable cooler and vent section was 
the most attractive from the standpoints of steam pressure drop and velo
city, physical strength, and cost. 

1.1 Preliminary Flowsheet 

l.l.l Purpose 

A preliminary flowsheet was selected to serve as a base to develop engineer
ing designs and costs for a rectilinear, concentric, and ver·tical type 
plant. The engineering designs and costs were then used as input to com
puter codes which calculated plant capital and operating costs for these 
basic layouts and various modifications. Parametric studies of the econo
mic effects of variables in the flowsheets and layouts were conducted to 
determine the selections which would yield lowest cost of product water. 

1.1.2 Basis 

As a guide to flowsheet selection, a parametr·ic study was performed, based 
upon preliminary cost and design information. The most important assump
tions were as follows: (l) fluted tube heat transfer coefficients are 
computed from the equation presented in the General Electric 50-Mgd design 
study2; (2) installed tube bundle cost as a function of effect number, as 
given in Fig. l; (3) evaporator tube density decreasing wi;th effect number, 
as shown in Fig. l; (4) effect cost (including tube bundles) increasing 
with effect number (due to volume increase), as depicted in Fig. 2; (5) 
the heat cost of 5-5¢/MBtu from the ground rules; and (6) preheater and 
condenser costs of $2.80/ft2. The maximum brine design temperature was. 
260°F and the temperature of the last effect was arbitrarily set at 103.7°F. 

1.1.3 Parametric Survey 

'rhe range of variables studied was limited because of the preliminary 
nature of the cost estimates. As a starting point, a thermoeconomic 



J 

7 

ORNL- DWG 67-5982 
10 15 

w 
(.) 

~ 9 
0:: 
:::> 
en 
w 
(I] 
:::> 8 1--

"' 
:::::. 

-en-

1--
7 

en 
0 
(.) 

--1--- ~ 
10-ft~ t---

~ 
5-ft t:;:; K--;::: . I --v 

/ 

13 

Qj 

"' .s::. 
"' 
"' 11 .0 
.a 

0 

·-= 
9 . CT ., 

'· ::=-
·u; 

w 
(I] 

6 :::> 
- 1-- •• 

// 

- ," . - - - - -
c: 

"' 7 
"C 

- - ., -. 
0 
w 

.0 
.a 

...J 

...J 

~ 5 5 
en 
~ 

!-_. ___ ---· 
~--

4 3 
0 2 4 6 8 10 12 

VTE EFFECT NUMBER 

Fig. 1. Tube Density and Installed Cost of. 3-in.-OD 
Double-Fluted, Aluminum-Brass Tubes ~ith 90-10 Cupro-nickel
clad Tubesheets (Preliminary information based on tentative 
design and cost data from first-generation studies) 

10 
I 

9 
X 

-(f)-

5.0 

4.5 

:;; 4.0 
0 
(.) 

1--
(.) 

!f:l 
LL. 
w 

3.5 

3.0 

-~·-·-UM"M"-··-

/ 
0 

ORNL-OWG 67-5983 

v 
5-ftTU~ 

v 
__....,.. 

w:..ttruy 

V. 
2 4 6 8 10 12 

VTE EFFECT NUMBER 

Fig .. 2. Structural Cost of VTE Effects (less entrainment 
separators). Thirteen Effect Evaporator (Case 251Al). Con
crete structure with Steel Roof. (Preliminary information based 
on tentative design and cost data from first-generation studies) 



8 

study of an evaporator plant was performed. Included as variable costs 
. were heat transfer area, tube bundle density, and shell volume. The 
temperature gradient obtained is denoted in Table 1 as the fixed tempera
ture gradient., Perturbations of this case were made using the ORVE-5 
computer code~ and systematically varying the approach temperatures of 
the feedheaters. 

A similar series, in which the evaporator areas and feed-heater areas 
for all effects are held constant, is also summarized in Table 1. Each 
fixed temperature gradient case (feed-heater and evaporator areas are 
different for different effects) had a slightly lower product cost and 
a higher performance ratio than the corresponding constant area case. 
The cost advantage resulted primarily from the lower cost of heat; the 
cost of heat transfer surfaces was essentially the same or·slightly 
higher for the fixed temperature gradient case. 

Table 1 also shows a small cost advantage in using 5- and 10-ft .tubes 
rather than only 10-ft tubes. Although the d.ual-tube-leng·th-plarrb:l 
appeared to give product costs that are lower by about 0.2¢/1000 gal, 
later studies showed that 10-ft tubes could be used throughout. 

These case studies indicated a fairly flat.cost response to the variations 
in process. For the reference process flowsheet to be used in the Sec
tion 1 studies, shown in Fig. 3, 10-ft-long tubes were selected for the 
high-temperature end of the plant and 5-ft-long tubes for the low tempera
ture end. This follows the General .Electric recommendation. Constant 
evaporator and feed-heater areas were selected to simplify the design, 
and an 8°F feed-heater TTD was chosen. While this flowsheet may not 
represent the optimum, it provides a reasonable basic process for which 
three alternative shell designs can be compared. 

More accurate cost data resulting from a study of these shell designs 
will aid in the description of a better process. 

1.2 Preliminary VTE Tube Bundle Design 

Following the selection of the reference flowsheet, the next controlling 
item in the design was the vertical tube evaporator bundle. The total 
number of tubes ~er effect specified by the flowsheet and an estimated 
tube pitch or S/D ratio ga~e the approximate total tubesheet area per 
effect. A rough physical layout of the plant was made, using this approxi
mate tubesheet area per effect, and from tfuis layout a bundle depth was 
specified. Then the tube pitch and tubesheet area were calculated for 
bundles of .the specified depth, condensing t~mperature, steam loading, 
and pressure drop. The ORVE-5 computer code restrained the temperature 
loss due to pressure drop through the bQDdle to 0.25°F for effects operat
ing at condensing temperatures above 220°. As the condensing temperature 
dropped from 220° to 120°, the restraint was raised linearly to 1.50°. 

In describing the shape and dimensions of vertical tube bundles the 
following terms will be used, with hhe meaning indicated: 
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Table l. Cost Study for Fluted Tube VTE Process Flow Diagram Selec:t:i.ona 

Feed 
Heater 

TTDb 
(OF) 

Total Feed
Heater and 

Condenser .Area 

Total 
Evaporator 

.Area 

Product Cost (cents per 1000 gal) 
Vertical 

Tube Le~gth 
(ft) 

5 and 10 
5 and 10 
5 and 10 
5 and 10 

10 
10 
10 
10 

5 and 10 
5 and 10 
5 and 10 
5 and 10 

10 
10 
10 
10 

6.0 
8.0 

10.0 
12.0 

6.0 
8.0 

10.0 
12.0 

6.0 
8.0. 

10.0 
12.0 

6.0 
8.0 

10.0 
12.0 

Performance 
Ratioc 

(ft2 ) (ft2) Heat 
Feed-Heater 

and Condenser 
.Area 

Fixed Temperature Gradients in Feed Heaters and m Evaporators 

10.8 4.1 X 106 4.0 X 106 4.18 0.89 
10.5 3.6 4.0 4.32 0.77 
10.2 3.2 4.0 4.45 0.68 

9·7 2.9 4.0 4.58 0.62 

10.8 4.1 4.3 4.18 0.89 
10.5 3.6 4.3 4.32 0.77 
10.2 3.2 4.3 4.45 0.68 
9·7 2.9 4.3 4.j8 0.62 

Constant Evaporator .Areas and Constant Feed Heater .Areas 

10.4, 3.1 X 106 4.0 X 106 4.33 0.76 
10.1 2.8. 4.0 4.47 0.68 
9.8 2.5 4.1 4.61 0.62 
9.6 2.4 4.1 4.73 0.59 

10.7 
10.0 
9·7 
9·4 

3.0 
2.7 
2. 5 
2.4 

4.4 
4.4 
4.4 
4.4 

4.37 
4.52 
4.67 
4.80 

0.74 
0.66 
0.61 
0.58 

Evaporator 
.Area 

1.98 
1.99 
1·99 
1.99 
2.20 
2.20 
2.20 
2.21 

2.01 
2.02 
2.02 
2.03 
2.] 8 
2.18 
2.19 
2.20 

Total 

7.06 
7.08 
7·13 
7.20 

7.27 
7.34 
7.34 
7.41 

7.10 
7.17 
7.26 
7·36 

7·29 
7·37 
7.48 
7.58 

aPreliminary information based on tentative design and cost data from first-generation studies. 

bTTD =Terminal t0mperaturP. niffe:rence. 

cPerformance Ratio = lb water evaporated per 1000 Btu. 
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Length - For vertical tubes or tube bundles, length refers to the 
height of the active heat transfer surface and is either 
10 ft or 5 ft. 

Width The tube bundle width is the horizontal dimen·sion in the 
direction of the steam flow through the bundle. 

Depth .. The tube bundle depth is the horizontal dimension in the 
direction of the steam flow through the bundle. 

s/D ratio - The distance between tube centers divided by the tube 
diameter gives the S/D ratio. 

Pitch Same as S/D ratio. 

Row In a rectangular bundle a row is a line of tubes across 
the bundle width, perpendicular to the direction of vapor 
flow. In a semicircular bundle, a row is a line of tubes 
on the circumference of the semicircle, perpendicular to 
the direction of vapor flow. In the mathematical model 
used for computer analysis the rows were assumed to be 
straight and the pie-shaped section of the semicircle was 
represented by a trapezoid. 

Two versions of this code were prepared, one for analyzing rectangular 
shaped bundles and another for semicircular bundles. In the rectangular 
bimd~e ·codej.cthej··Iength>ofl the tube rows was kept constant and equal to 
the face width as the row-by-row calculations were performed. To main
tain constant vapor velocity within the bundle, the spacing between tubes 
was decreased so that the number of tubes per row increased until the 
minimum tube spacing was reached. After this point, the pi-tch was held 
at the minimum value of 1.15 and the vapor velocity was allowed to de
crease. With the allowable temperature drops through the tube bundles 
fixed for each effect as previously explained, iterations were performed 
with this code to determine the tube spacing which will meet this tempera
ture drop requirement for a predetermined bundle depth. 

For semicircular tube bundles, a trapezoidal sector was assumed in which 
the length of each tube row varied from the first row to the last row to 
follow this shape, but the number of tubes per row was held constant so 
that the tube spacing decreased from row to row until the minimum tube 
spacing was attained. With this type of layout, the vapor velocity with
in the initial rows of the tube bundle actually increased due to the de
creasing area available for flow until the minimum tube spacing was reached. 
In this region of increasing vapor vel-ocity, it was found desirable to 
limit the maximum vapor veloGity for same of the cases in order to pre
vent this velocity from becoming excessive. For rows in which excessive 
vapor velocity would otherwise be encountered, the number of tubes and 
the tube spacing were both allowed to vary so that the vapor velocity 
could be held at the fixed maximum value. After the tube spacing decreased 
to the minimum allowable value, the computer program retained the minimum 
spacing and decreased the number of tubes per row thereafter. The vapor 
velocity decreased as flow progressed through the bundle. However, due 
to the :tapered shape of the bundle, the decrease in vapor velocity was 
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not as rapid as in the rectangular bundle discuosed above. Here again, 
iterations were performed to meet pressure dop and bundle depth specifica
tions, as in the rectangular bundle code. The semicircular bundle was 
then composed of the ~ppropriate number of these sections. 

Calculations were performed for tube bundles having 3-in.-diam, GE-type 
fluted tubes for which the fricition factor was assumed to be 1.5 times 
that of smooth tubes. (Later measurements on actual tube arrays showed 
the friction factor for fluted tubes to be no different from that for 
smooth tubes. However, the use of the incorrect friction factor does not 
affect the validity of the comparison of the three designs.) A summary 
of the tube spacing and the number of rows fo.r rectangular bundles 10 ft 
deep for the conditions of effects numbers II, VII, VIII, and XIII is 
shown in Table 2. A set of results based on a friction factor ratio of 
3 is given in Table 3 to indicate the effect of this parameter on tube 
dens.ity. In Table 4, similar results are given for semicircular bundles 
which have a radius of 12.7 ft and a fricition factor ratio of 1.5. 

Table 2. Rectangular Tube Bundle Dimensions, Case 251Al 

Friction Factor Ratio, Rough = 1.5 
Smooth · 

Steam Temperature, °F 

Bundle Depth, ft 

Bundle Height, ft 

Face Velocity, fps 

Velocity, First Row 

Temperature Loss, .oF 

Number of Rows 

S/D, First Row 

S/D, Row n 

n 

Number of Tubes/10-ft Face 

II 

258.8 

10.03 

10.0 

9-06 

37.4 

0.24 

40.0 

1.32 

1.15 

21.0 

1346.0 

Effect Number. 

VII 

199·9 

9-98 

10.0 

21.25 

65.5 

0.71 

38.0 

1.48 

1.15 
26.0 

1222.0 

VIII 

186.9 

10.11 

5-0 

25.94 

74-9 

0.90 

38.0 

l. 53 

1.15 

26.0 

1208.0 

XIII 

120.5 

9-92 

5.0 

62.50 

99-3 

1.47 

28.0 

2.70 

. 1.15 

25.0 

695-7 
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Table 3. Rectangular Tube Bundle Dimensions, Case 251Al . 
Rough .Friction Factor Ratio, Smooth - 3.0 

Effect Number 

II VII VIII 

Steam Temperature, "'F 258.8 199·9 . 186.9 

Bundle Depth, ft 9·97. 9·99 9·96 

Bundle Height, ft 10.0 10.0 5.0 

Face Veloci:ty_, fps 8.13 18.75 22.66 

Velodty, First Row 25.0 46.3. 52.1 

Temperature Loss, <?F 0.23 0.70 0.88 

Number of Rows 38.0 36.0 35.0 

S/D, First Row 1.48 1.68 1.77 

s/D, Row n 1.15 1.15 1.15 

n 25.0 ;:~7.0 27.0 

Number of Tubes/10-ft Face 1224.0 1101.0 1047.0 

XIII 

120.5 

9·93 

5.0 

52.34 

78.5 

1.44 

26.0 

3.00 

1.43 

18.0 
~. _.-"'-
588·~---·--· 

Table 4. Semicircular Tube Bundle Dimensions, Case 251Al 

Fricti~n Factor Ratio, Rough = 1.5 
Smoqth. 

Steam Temperature, °F 

Blmdle Outer Radius, ft 

Bundle Inner Radius, ft 

Bundle Height, ft· 

Face Velocity, fps 

Velocity, First Row 

TemiJel·aLure toss, °F 

Number of Rows 

S/D, First Row 

S/D, Row n 

n 

Nwnber· of Tubes/Semicircle 

II 

258.8 

12.66 

1.05 

10.0 

5.76 

36.1 

o.c) 
45.0 

11.19 

1.15 

3.0 

3337.4 

Effect Number 

VII 

199·9 

12.77 

3.54 

10.0 

13.54 

52.6 

o. '(l 
36.0 

1.30 

1.15 

14.0 

3111.1 

. VIII 

186.9 

12.76 

3.43 

5.0 

16.61 

64.1 

. 0.89 

36.0 

1.35 

1.15 

18.0 

3028.9 

XIII 

120.5. 

12.78 

3.52 

5.0 

44.73 

104.4 

1.45 

29.0 

l. 75 

1.40 

9.0 

1997 ~2 : 



14 

The tube densities for the rectangular and semicircular shapes were about 
the same, except in effect number XIII. Here the semicircular shape had 
a tube density 12% more than the tube density for the rectangular shape. 
In all cases, the exit velocity was greater for the semicircular bundle 
than for the rectangular bundle, and from the standpoint of noncondensible 
removal, this was a definite advantage with the semicircular shape. These 
bundle shapes were each incorporated in rectilinear plant designs. The 
overall plant design will influence bundle selection. This study showed 
that the shape of the vertical tube bundle is not an important factor in 
determining plant performance. The decision as to tube bundle shape in 
the final design can be made on the basis of layout, structural, or other 
considerations with assurance that the decision will not impose a signi
ficant penalty in plant performance. 

The concentric ring plant required a different bundle geometry and a 
slightly different approach to the bundle design. As in the case of the 
rectilinear plant the evaporator bundles were considered to be the con
trolling comp.onent and sizing the plant depended upon-a calculation of 
the size of the bundles. A trail S/D ratio was assumed and a total tube 
sheet area estimated for each effect. Then a trail plant layout was made 

Table 5. Tube Bundles with 3-in·. -diam Fluted Tubes 
_ for Concentric Plant, .Case 261-C 

U, Btu/hr·ft2.oF 

Bundle Depth, ft 

Bundle Height, ft 

Face Velocity, fps 

Velocity - lst Row, fps 

Temperature Loss, °F 

Steam to Exit, % 

Number of Rows 

S/D, lst Row 

S/D, row n 

n 

Tube Density, 2 number of tubes/ft 

II 

259·5 

1909.0 

10.03 

10.0 

8.95 

29.3 

0.24 

17.3 

37.0 

1.44 

1.15 

27.0 

11.87 

Effect Number 

VII 

203.5 

1583.0 

4.52 

10.0 

11.2 

86.2 

0.53 

20.5 

18.0 

1.15 

1.15 

1.0 

13.85 

VIII 

191.5 

1491.0 

4.02 

10.0 

12.5 

95.C3 

0.60 

.23.8 

16.0 

1.15 

1.15 

1.0 

13.84 

XIII 

123.6 

844.0 

2.88 

10.0 

32.0 

133.0 

1.47 

19.1 

11.0 

1.32 

1.15 

8.0 

12.75 
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to obtain an estimated bundle width (circumference) and depth (thickness). 
The concentric ring layout naturally leads, in most effects, to very wide 
shallow bundles whose rear faces constitute stagnant zones. This necessi
tated one departure from the assumptions on which the bundle pressure drop 
calculations for the rectilinear plant were made. That is, the noncon
densable sweep stream exiting from the rear face of the bundle was increased 
from about 4% to about 20% of the entering stream .. This constitutes the 
entire supply for the feed heater bunules. Table 5 shows the results of 
the pressure drop calculations. In the design of a concentric ring plant, 
the structure and flow pattern were found to be greatly complicated when 
both 5- and 10-ft-tube lengths are used. It was believed that the use of 
10-ft tubes through-out the plant at a lower cost per square foot, with 
less tube-sheet area, and a simpler design would more than compensate for 
the larger surface area required due to the lower heat transfer c.:oefficienLs 
of the 10-ft tubes. Therefore, the flm1sheet shown in Fig. 4 (case 261-C) 
was developed. This is identical to the previous flowsheet except for the 
tube lengths which are 10-ft in all effects. (This later proved to be a 
more economical dcsign"for the rectilinear as well as the concentric ring 
structure.) 

1.3 Rectilinear Plant Design 

This exploratory shell design and evaluation was the first of comparative 
assessments of the rectilinear, concentric, and vertical (silo-type) struc
tures. In order to accomplish the comparison with a minimum amount of 
effort, it was decided to make a layout of the evaporator and to develop 
costs on only four effects. The flowsheet developed in Section 1.1 would 
be used throughout. This flowsheet (Fig.3) has 10- and 5-ft-long tubes 
with equal surface areas in each effect. Effects 2, 7, 8, and 13 were 
selected for developing cost information since they represented extremes 
o~ vapor density for the 10- and 5-ft tubes. With the developed costs, 
curves could be plotted and unit costs could be used to (l) determine with 
a fair amount of accuracy the total evaporator cost and (2) provide infor
mation input to the computer program for future optimization work. 

l. 3 .1 Prelimj_nary Studies 

Layout sketches were made to seek the best solution to the problems of 
component placement and materials handling. The component placement prob
lem involved the dispostion of evaporator bundles, feed heaters, pumps and 
associated piping, entrainment separators, and noncondensable removal sys
tems. The materials handling problem involved the transport of large 
.quantities .of brine, vapor, noncondensables, and product withing stipu-
la Led ranges ur velul:lLy) UeJ:!Lll, allU J:!L"t::::;Su.n:: UL"UJ:!. 

Layout A. In this layout the flashing brine and product streams were 
located on the floor of the plant and were specified as having a consta.nt 
width to accommodate a stream flow of 500,000 lb/hr.ft width. (Fig. 5) 

The vertical tube bundles consisted of 10-ft-long, 3-in.-OD fluted tubes 
in the high temperature effects and 5-ft-long, 3-in.-OD fluted tubes in the 
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low temperatun= effects. The amount of tube surface area per effect was 
held constant and the bundle depth (in the direction of vapor flow) was 
set at 10-ft. 

To maintain a constant tube surface area per effect and a constant bundle 
depth, as decided upon, it was necessary to accommodate changes in tube 
pitch by varying the tube bundle width. Each effect was designed with 
eight tube bundles arranged so that vapor flowed into the bundles at right 
angles to the main brine stream. All bundles in a single effect had the 
same tube spacing. · The variables from effect to effect were the tube 
spacing and the bundle width. 

'T"hi'! Vi'!rt.'l r.A.I i'.nhP hnnrl.l r:;>s w:~r..r? arran[_Sed in pain::, one on each cide of the 
open vapor pnooagca 30 that each effect l18.u ruu.1· J:Jo.lr::; ur l>u!Hlle~ across 
the full width of the plant. The vapor passage between the bundles of 
~ach pair '·me dooiG;ned v{ith a hod:;::,':',l1.'hl!l.l-.:,lit.railuw:ut ::;~J:.I<:il'<:iLuL·, Yurk. SLyle 
421, through which vapor flows upward into an open vapor space. Vapor 
enters the bundles on either side of the vapor space and passes through 
the vertical tube bunc:lles, after which the remai.ni.ng vapor is condenoed 
on the feed heater tube bundles at the back of the vertical tube bundles. 

Vapor velocities in the tube bundles were calculated by the computer codes, 
as described in Section 1.2.1. Vapor velocities through the entrainment 
separators were computed and found to be within the acceptable oper~ting 
range indicated by the demister performance study report.ed. by ORNL. 

In a typical effect, steam from the previous effect flows through an open
ing in the effect wall o.nu i~ distributed under the entrainment separator 
by a duct which keeps it separated from steam being generated in the f!ffP.r.t 
under consideration. About 4% of the steam entering the vertical tube 
bundles exits from its rear face to sweep the noncondensible gases into 
the feed heater bundles. The feed heater bW1dles condense the sweep steam 
from the gas along with the steam from the flashing product stream below. 
The noncondensable gases are removed at points within the feed heater 
hnnr.IJPs, 

Brine feed for t.he vertical tubes is picked up from the brine stream on 
the evaporator floor and pumped to a brine chest over each vertical tube 
bundle. 

Jt. was readily apparent thC:!L horizontal demiotcrs take excessive space 
and make the plant larger than it needs to be. Therefore Layout A was 
not studied in deta'il. 

Layout B. Layout A was modified to use vertical entrainment separators 
installell. o.luHg Lhe. race of the bundles. (lt'ig. 6). This enabled narrowing 
the vapor space between the rows of vertical tube bundles. Since the plant 
width was the same, due to flashing requirements, the space gained could be 
utilized by installing additional bundles. Each effect in this layout con
sisted of 6 pairs of vertical tube bundles rather than 4, as in Layout A. 
Further study of this layout suggested that the location of the feed heater 
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tube bundles beside the vertical tube blindles with separate product water 
trays below them matle.the plant larger, more complex, and more coctly than 
necessary. 

Layout C. This layout differs from layout B in that the feed heater tube 
bundles were moved below the vertical tube bundles, permitting the space 
between the rear faces of adjacent bundles to be reduced to that required 
for exit vapor flow. (Figs. 7 and 8) This allowed space for two more 
bundles across the plant width, making a total of fourteen bundles per 
effect. EY adding more bundles, the plant was again shortened . 

• 
A detailed study of vapor flow requirements showed that in order to best 
utilize available space for vapor flow, elaborate separating walls were 
required to separate vapor being generated in an effect from vapor which 
is to be condensed in that effect. These walls, whir.h mast. withstand the 
inte1·effec:t lu:~Ht~IJ.r:e illffel'l:!ll'-''=' and r.lu ·rwt run parallel to this axis of 
the plant, would be costly to build. It appeared that a simpler and less 
costly arrangement could be devised. 

Layout D. The arrangement of the vertical tube bundles in this layout 
differs from the prev;i.oas layouts discussed in that the plant width is 
not held constant and the vapor flow through the bundles is parallel 
to the direction of the main brine flow on the floor below. (Fig. 9) 
The bundle depth (in the direction of vapor flow) is 10ft and the total 
effect depth is only that required for the tube bundle plus a 10-ft vapor 
flow and disengagement space between bundles. The width of the bundle 
(now ip the direction of plant width) varies to accommodate changes in 
tube spacing. 

Vapor exits from the lower end of the vertical tubes immediately over 
the flashing brine stream, turns and flows from under the bundle and up
ward and. tllrY.lR into the fAr:e nf t.hP. "bundle for the next effect. Vapor 
velocities are much lower than in layout C, being within the range of 
10 to 60 ft/sec. Vapor flow passages are thus not only shorter and more 
direct, but vapor pressure drop is less than for layout c. No elaborate 
vapor ducts are required for vapor flow. 

To minimize the plant width and to allow for vapor flow in the transition 
area between the last 10-ft-tube effect and the f'j_:r.st. 5-f't-tube effect, 
the 5-ft-tube b1inc'lles are arranged in two levels with vapor flowing to 
both levels from t:qe same vapor. flow space in front of the bundles. 

The vertical type entrainment separators are located at the face of the 
uwHllt::::;, ai:ttl• Lhe superficial vapor velocity through the separators can 
again be as low as.the face velocity on the tube bundle. · 

The increase in tube spacing as vapor density decreased results in a plant 
which becomes largir toward ~he lower temperature end. On the basis of 
previous experience. with pumps and. other equipment associated with plants 
of this size and with structural problems in using common wall construc
tion, it was decided to divide the plant into four identical trapezoidal 
trains with the feed heater bundles in the center. 
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A duct at the rear face of each vertical tube bundle carries uncondensed 
water vapor and noncondensables across to the feed heater bundles, where 
condensing is completed and gases are vented. 

Product water is collected at the rear of the vertical tube bundles and 
ducted to the evaporator floor where it is collected under the feed heater 
bundles. The product water stream flashes from effect to effect and widens 
as flow increases, maintaining a constant flow rate per foot of width. A 
roof is provided over the product water stream to prevent contamination 
from falling brine. 

'• I • 

Entrainment separators are located at the edge of the product water tray 
to prevent 'brine being carried in 'by vapor from the flashing brine stream. 

Choice of Layout. The choice of a basic layout for the rectilinear plant 
became a choice between layout C .•. which evolved. from layouts A and B .• and 
layout D. In order to make the choice, advantages and disadvantages of 
each layout were considered. 

Layout c. 
Advantages : 1. Constant plant width. 

2. Readily adaptable to eith~ horizontal or vertical 
type entrainment separators. 

3. True rectangular structure. 

Disadvantages: 1. Feed heater-tube lengths in effects are unequal. 

Layout D. 

Advantages: 

2. Not as well suited to modular construction. 

3. More complicated structurally due to elaborate 
internal baffles required. 

4. Vapor flow paths are longer and vapor velocities 
higher. 

l. No elabo:rate inte:rnal baffles are require<l. 
Structure is, therefore, simpler. 

2. Vapor flow is shorter, more directj vapor 
velocities are lower. 

j. Five-foot tube bundles can be stacked more easily. 

4. Better suited to central location of feed-heater 
bundles in module. 

5· Feed-heater tube lengths are same in all effects. 

Disa<lvarrtages: l. Horizontal entrainment sepa;rators would be more 
difficult to use in the two-level, five-foot-tube 
effects. 

2. A small amount of waste space results from the 
nonlinear veriation of tube bundle 1-Tidth. 

3- Buildings are trapezoidal rather than rectangular. 
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Advantages 1 and 3 of layout C are not too important. Feed-water and 
vapor flow considerations favor layout D. Waste space due to vertical 
tube bundle requircmcntc amounts to only about 2% of the total voltune 
of the plant. 

Preliminary information indicates that vertical entrainment separators 
can be used and may actually be more economical. More information on 
vertical entrainment sepa~ators is being obtained. Horizontal separators 
could be used in layout D, but building volume would have to increase to 
accommoua.te uaffles to prevent flooding. 

Layout C requires walls within each effect to separate vapor being generated 
within the effect from vapor coming in from the previous effect. These 
walls must withstand the intereffect pressure differences and do not run 
parallel to the longitudinal axis of the plant. The separating walls 
would, therefore, be costly to build. 

From these considerations, ·layout D was chosen as ·the basis for the recti
linear plant design. 

1.3.2 Plant with Rectangular Tube Bundles 

Plant Design. Layout D, previously described, was used with the flowsheet 
case--251Al (Fig. 3) as the basis for plant design. The flashing brine and 
product water trays were located on the floor level, with the vertical tube 
bundles above, arranged so that the flow of vapor into the bundles is paral
lel to.the bri.ne 8-nd product water streams. The tube bundles were laid out 
in accordance with data from the computer program for tube-bundle vapor
pressure loss. 

The plant width was determined from the tube-bundle width required, with 
allowance made for structural requirements. After the width was deter
mined, brine and product water flow rates were calculated. In the first 
effect, the flow rate was found to be 650,000 lb/hr-ft. Extrapolation 
of the .Westga~th equation6 to this flow indicated that a chamber length 
of' 'J.44 f't is required for equilibration. Since the effec:t length, as 
determined by tube-bundle and vapor-flow space requirements, is 22 ft, 
there is evidently an adequate safety factor for the extrapolation to 
650,000 lb/hr.ft. . 

The variation of tube spacing with effect vapor density resulted in a 
plant which increased in width from the high temperature end. (Fig. 10) 
In order to achieve a compact design, the vertical tube bundles in the 
effects with 5-ft tubes were stackeq in two levels. (Fig. 11). The de
sign provided that brine falling from the 'Lubes in the upper level would 
drop onto the top of the lower-level brine chest and then be channeled.to 
a central drop point to prevent interference with vapor flowing from the 
lower-level tubes. The brine falls directly from the central drop point 
to the brine stream on the evaporator floor. 

The plant was divided into fou_r tra.ins with the feed-heater bundles 
centered in the trains. Each effect in a train, therefore, contained 
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two discrete vertical-tube bundles in the 10-ft tube effects and four 
bundles in the 5-ft tube effects. 

The feed-heater tubes were arranged in a vertical bank of three bundles, 
with condensate baffles below the upper bundles to prevent flooding of 
the lowest bundles. (Fig. 12) Product water would be collected on the 
evaporator floor under the feed-heater bundles and would flow from effect 
to effect. As product water accumulates and the flow rate tends to in
crease, the product stream would be widened into the area under the verti
cal tubes to maintain proper product-water flow :rate. To prevent mixing 
of the brine and product, a cover was provided over the product-water 
stream in such a way that the cover will not interfere with vapor flow 
from the vertical tubes or with f.l ashing of the product stream. The pro
duct etream and fccdcohea.ter tubco were thu3 cncloged in a chambe1· which 
wa::; oi:::!1JaraLt:!ll from Ll1e rest of the process. Vapor entered thro1,1.gh verti
cal entrainment separators located between the effect bundle and the inter
C.:f!f\::.:i:. wall. Tll.i.::, l::, ol1uwu lu Fl!;!,. 12. 

Condensate from the vertical-tube bundles would dt·aiu to the rear of the 
bundle and coller.t j_n a troue;h which run::; lengthwise along the rear face. 
(Fig. 12). Each trough has a drain pipe which carries the product water 
down to the floor level. 

Noncondensable gases pass through the bundle and exit at the rear face 
along with 4% of the water vapor which entered. The noncondnesables and 
water vapor· were then du.ct,ed alone; the rear of the bundle to the center 
of the module where they flow into the feed heater bundles. Noncondensable 
gases would be withdrawn from the feed-heater bundles through appropriately 
placed vent pipes. 

Since the procl1J d.-water tray was located in the center of' the module, the 
flashing brine was divided into two separate streams. A pickup point was 
provided in each stream for the brine feed pump. Due to structural arrange
ments for thermal expansion, these pickup points were fixed in location, 
and an expansion joint was .p:rovided at ear.h point t.o t.ake up lateral expan
sion of the· pipe. 

The modules were set up in a paired arrangement with an open space between 
the module pairs. This allowed the ·brine feed pumps for each module to be 
located outside and adjacent to the module. The brine was then pumped into 
the end of the brine chest, which rups the full length of the tube bundle. 
Entering brine velocity in the bL·lut:! <.:111:::!::; L wa::; <.:ompu:Led to be about 2-ft/ sec. 
Since the velocity will decrease continuously, brine pressure drop along 
the length of the brine chest should not affect distribution to the tubes. 

The brine feed pumps are of the mixed flow type and have two stages to 
deve.Lop sui'i'icient head. To provide a NPSH of 18 ft 1 the pumps we:r,e 
submerged in a tank with brine feed at the top. The pumps would be driven 
by electric motors mounted above the tank. The pumps are rated at 15,000 
gpm and 7500 gpm at a head of 40 ft. 
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Structural Design. The evaporator structure was designed of reinforced, 
cast-in-place concrete, even where lining it with thin steel sheet is re
quired to contain pressure, provides economy in design. The steel sheet 
and the small channels which tie the sheet to the concrete were considered 
as part of the reinforcing required in the shell. Composite action of the 
concrete and the liner tends to keep the concrete thickness to a minimum. 
The liner is also a form for pouring wall sections and reduces the amount 
of shoring required in construction. Structural steel usage was limited 
to the arched tops, which provide access for installation and removal of 
tube bundles. 

The fan shape of the evaporator was dictated by the required increase in 
tube sheet area from the high pressw·e to the low p1·essu:r:e ends. Stage 
lengths (22 ft) and column spacing (ll ft) in the longitudinal direction 
:r:emain constant, F..r:om effect I at the high pr·e~ ~ure end uf the plant 
through effect IX, ten interior column rows are required in each module, 
which means that interior column spacing will vary from approximately 6-ft 
OC to 9-ft OC in the transverse direction. From effect X through effect 
XIII intermediate columns are inserted (making 20 column rows). 

Longitudinal expansion joints were located under the feed-heater bundles 
and at the separation wanE between modules. Sixteen~gauge Hastelloy strips 
were used to seal the outer pressure shell joints. 

Brine return pits on each side of the feed-heater bundles act as anchor 
points to control the direction of expansion. The fan shape of the evapora
tor is conducive to this expansion joint system, as the distance between 
joints increases as the internal temperature decreases, and the differential 
t.empP.:rat.u:re between ambient. concl.i t.ions and internal plant conditions becomes 
less. 

Transverse expansion joints occur at each stage in the tube bundle section. 
The arch roof will adjust automatically without joints, while sliding seals 
at the ends and one side of the tube sheets permit movement. The concrete 
bottom and end walls have neoprene fillers with polypropylene hinge·seals 
at each ,joint. 

Darriers between the product water trays and the brine are wade of poly
prop~lene and polypropylene-covered steel struts. 

Polypropylene is also used extensively as protective liner for both steel 
and. concrete wherever there will be contact with brine_, product w;;J,te:r .• or 
splash from either of these. Surfaces exposed to vapor only are coated with 
a phenolic coating .. 

1.3.3 Plant with Semicircular Tube Bundles 

Plant Design. This plant was deslgHe<l primarily to ~:rLudy the eeonomic 
effect of using the semicircular tube bundles described under Bundle 
Design. Another design feature included in the study was a continuous 
floor beneath the vertical tube bundle region separating it from the 
flashing brine stream below. (Fig. 13) This separation was not required 
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for the use of semicircular bundles but was included to develop cost in
formation for the planned study of multistage feed heating. 

The determination of the number of tubes per bundle and of the bundle 
diameter was discussed previously. Full semicircles or quarter circles 
were used rather than tbe odd angles between 180 and 0 degrees, with 
adjustments of number of rows. per bundle to provide the correct number 
of tubes per effect. 

Four feed-heater tube bundles per module were run below the floor which 
divides the vertical bundles from the flashing brin~. The de~ision to 
use four smaller bundles was based on considerations of plant geometry. 
The product-water stream runs beneath the 1'eed 'bundles, increasing in 
wi<lth towar<l the low pressure e:nc'l o:f thP. p.l ant. 8.s the prod.uct fl0V1 in
creases. Product water from the vertical tube bundles is piped from the 
center space .of the se:rnici:rc1Jl~r .bl).ndles.to pits in the bottom .of' .the .. 
product tray. Noncondensables and water vapor which pas~ through the 
vertical bundles are collected in the center space and piped to the feed
heater tube bundles contmning the noncondensable removal system. 

Vapor flashing from the brine stream on the floor of the evaporator passes 
through vertical entrainment separators along each side of the product 
tray where it is condensed on the feed-heater tubes. 

Brine is pumped from two pickup poj,nts j_n t.he evaporator floor to the 
water-boxes. There is one pump for each 10-ft-tube effect module and 
two pumps for each 5-ft-tube effect module. The pumps are essentially 
~ c'l P.nt.i. r.al. t.o those in the plant with rectangular tube bundles. 

S L1·ut.: Lw·al De slgn.. The !::lemicircular tube bundle evapora:r.or s'Eruc'Eure 
io similar in construction to the rectangular bundle evaporator with a 
few minor exceptions. The plant area of each evaporator module is approxi
mately the same, although the semicircular tube bundle evaporator is 4 ft 
higher in the 10-ft-tube section, and 5-l/2-ft higher in the 5-ft-tube 
section. Effect lengths remain 22 ft, but since the radius of the semi
circular tube sheet is 13 ft, a three-arch roof structure (two spans of 
7 ft and one of 8 ft is used to keep the arch steel thlckne::;::; to a minimum. 
A bearn, c;upported at the ends and by 3-in. round bar tie columns at the 
third points, spans the sellllcl:r·t.:ular lmn<lle. and provides edge support for 
one side of the pair of 7-ft arches. The 3-in. tic columns, where required, 
:r.P.place tubes in the bundle. A similar mid-beam is required in·the lower 
water box for the 5-ft-long tube section. 

Use of an additional floor slab for brine collection replaces the poly
propylene baffles at the product water trays of the rectangular bundle 
plant. Expansion joints are similar to those of the rectangular plant 
in detail. However, the longitudinal joints in the semicircular bundle 
evaporator will o'ccur only at the longi tudimi.l walls, and the transverse 
joints are placed in the vapor ·distribution section of each effect instead 
of under tube bundies. 
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If the outside walls of this evaporator had been straight as in the rec
tangular tube bundle evaporator, the crane-way and crane for handling 
the pumps in the middle pump canyon would be much less costly. The irregu
lar shape used provides overall plant economical design, but the crane span 
is much longer and also requires the addition of special crane columns 
where the pump canyon becomes extremely wide. 

1.4 Concentric Ring Plant Design 

The basic layout of the concentric ring plant arranges the vertical tube 
bundles and vapor space of the effects in concentric rings with the high
est temperature effect at the center where it requires a relatively small 
pressure vessel and the lowest temperature effect at the outer ring where 
the low density steam has the g1·ea,test flow area. To be comparable with 
the other designs, this plant is also divided into four trains each com
prising one quadrant of the circle. The placement of the other major 
components - feed heater, bundles, pumps, pipes - and the transport of 
the materials - brine, vapor, product - had to be fitted to this configura
tion. 

1.4.1 Preliminary Studies 

Three feed heater bundle arrangements were examined (l) continuous tubes 
from the outside to the center, (2) individual vertical bundles in each 
effect, and (3) individual horizontal bundles in each effect. 

The problem with the continuous tube was the mismatch between the tube 
length, required for feed heater surface area, and the available effect 
length. Two solutions were proposed. The first was to run the tubes in 
on a Gpiral such that the appropriate feed heater tube length was main
tained regardless of the radial dimension of the effect. (Fig. 14) The 
tube sheets would be mounted.at right angles to the effect wall rather 
than parallel to it. Such an arrangement. complicated the placement .of 
the product stream, which would normally be located below the feed heater 
bundles, and there is some question concerning the ability to economically 
install continuous tubes in a curve. The second solution was to run Lhe 
feed-heater tubes radially and make the radial dimension of the effects 
equal to the required ~eed heater length. This arrangement, of course, 
resulted in increased building volume. 

A vertical U-tube bundle with the inlet and outlet water boxes located 
at the top was investigated. It has the a.dva.ntage of relative ease of 
replacement; however it did not fit well into the vapor space and did 
.L'otquire that the feed heating vnpor, 'lhioh exits from the rear face of 
the vertical tube bundle, travel a relatively long distance.· 

The ho:r.i.zontal bundles were shown as circumferential segments located 
in the vapor space between effect brine chests. (Fig. 15) These occupy 
a relatively high percentage of the available annuli so that the majority 
of the steam leaving the rear face of the vertical tubebundles can travel 
directly up to the feed heater bundles. The condensate can ru.n down the 
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sloping intereffect partition and join the condensate from the vertical 
bundles. ,. 

A more detailed analysis would be required to establish if one of the 
feed-heater proposals was superior to .the others. However, .since continu
ous bundles were estimated in the rectilinear-plant, it was decided to 
estimate individual bundles in this plant to obtain the cost information. 
Of the various types of separate.·bundles, the horiz.ontal circumferential 
segments were chosen 1because they were more easily accommodated in. the 

I • •• 

design. - . . ,.. 
Three entrainment separa~ing methods were considered gravity, horizontal 
mesh, and vertical plate - and sketches of the three alternatives .were 
prepared. -The vapor· disengagement spaces for, gravity separation were 
sized _according to ~ata from the Freepor·t Jemornrtratj_on ;plant:. The :hori
zontal-mesh separators were sized in accordance with the York formulas. 
The "'!ertical -plate se-parators were designed to Qc:!GU,l>Y 'th~ em'try face of 
the vertical bundles; A comparison of the cost of.-the shell volume for 
gravity separation, the mesh separator, and the vertical-plate separator 
led to the selectioniof the vertical plate separator. 

1.4.2 Plant Design 

The design used for estimating costs, shown in Figs 15 and 16, is a cylin
drical shell 360 ft in diameter by about 23 ft high and divided into four 
quadrants. each capable of oper_ating as an ind_e,Pendent train. The vertical 
tube bundles range in depth from l) :t't to 2-l/2 ft. The vapor emerging 
from the evaporator bundles and from the flashing brine arises and enters 
the entrainment separator of the suceedine; effect, drives through the 
evaporator bundle where about 80% of it is condensed, and the remaining 
20']£ 'w lth the l~uw .. .:uHllt:!mH::t.1Jlt= luau e.x.l L::; Lhe rear face of the "rmrid.:le ana. 
rises to the feed heater bundles where the remainder of the steam is 
condensed and the noncondensables are removed. The brine from each effect 
drains to two brine trays which have intereffect orifices for flashing 
the brine downstream. The product from the evaporator and feed heater 
bu.Hllles of each effect drains to two product trays similarly equipped 
for fl aRhi ng t.hP pronur.t do1mstre2m. 

The effect feed pwnpc for each quadrant are located in a radial tunnel 
centered below the quadrant floor. The p~ps are fed from the two-brine 
trays and deliver t'o· the brine chest. 

1.4.3 Structural Design 

Construction is of structural 
exterior and between effects, 
tionally reinforced concrete. 
forced concrete. 

steel and concrete. All ring walls, both 
columns, slabs, and beams are of conven
The floor and pump trench are also rein-

The roof is insulated arches of steel plate which varies in thickness 
as determined from the ASME Pressure Vessel Code for the spans and the 
start-up and/or operating pressures involved. A l/8-in. corrosion 
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allowance is used in the roof design. Min~mJ.un plate thickness throughout 
the evaporator is l/4-in. 

All concrete exterior walls, walls between modules, and the floor slab 
are lined with l/4-in. plate for a gas pressure seal. In addition, all 
surfaces, both steel and concrete, where exposed to brine or product
water immersion or splash are protected with l/8-in. polypropylene sheet. 
Surfaces which are exposed only to v~por have a phenolic coating. 

A radial pump trench is provided under each module (four required). Each 
trench is 16-ft wide and extends 19ft below the evaporator-floor level. 
A five-ton underhung crane in each trench will handle pump components for 
maintenance. 

1.5 Vertical rlant Design 

In the falling film, vertical structure plant, the effects are placed one 
ab('Jvf: t.h,:, .:,the-J.:·, tln:~ l1lgll~::; L L~mJ:leraLure ettcct. belng at the top: Brine 
then feeds from effect to effect by gravity and the need for brine feed 
pumpo at each effect is eliminated. In the overall picture the pumping 
cost is not el;i:rnj_nated, however, as the makeup water pump wust 8upply the 
head required to pump to the top of the plant. 

l. 5.1 Prel~:rninary Studies 

Three basically different evaporator arrangements were considered. In the 
first, shown on :Figs. 17 and 18, the effect bundles are essentially the 
same as those of the rectilinear plant with rectangular bundles. The 
building thus has a rectangular base and is stepped vertically to fit 
Lhe smaller areas of the upper effects. A brine tank is located over 
the top of each bundl~ to collect 'h:r.i nP. ann fppn it. 1-.o 1-.hP. vertical tubac. 
Since only CJ. portion of the brine flowing into an effect flows tlu·ough 
the vertical tubes, bypa::;s lines are provided to carry brine from the 
tank to the next effect. As vapor and brine discharge from the tubes 
of a typical effect, the brine falls into the brine tank for the next 
effect while the vapor moves hori 7.ontally out from under the tube bundle, 
makes a 90° turn, flows downward and then turns back to flow into the 
:t'ace of the vertical tube bundle. Vertical entrainment separ~t.ors are 
located at the face of the tube bundleR. Noncondensable gases are swept 
through the vertical tube bundle and carried into the feed heater bundles 
where they are cooled and removed. As with the previous designs, the 
plant is divided into four modules. A typical effect in a module contains 
two vertical tube bundles wltl1 Lh~ feeu heater tube bund_Les _Located between. 
Vapor flows into the two bundles from opposite directions with the non
condnesables ~nc'l remaining water vapor from the two bundles coverging 
on the feed heater bundles. 

_L~ ~he early stages of the study, the decision betwP.en- 5-ft-long and 
10-ft-long vertical tubes had not been made; for this reason, two versions 
of the rectangular layout were drawn, one with.lO-ft tubes (Fig; -17) and 
one with 5-ft tubes (Fig. 18). A bill of material was prepared for items 
which would differ in cost bet~een the 5-ft and 10-ft tubed plants. With 
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operating cost for the makeup pump considered, the 5-ft tube version 
proved to be more economical. The plant is made lower but wider by using 
5-ft tubes. 

The second basic layout was a vertical cylinder with each of the four 
modules occupying one ~uadrant of the cylinder. The feed heater tube 
bundles are located at the inner corner of each ~uadrant. The vertical 
tube bundles are arc shaped; vapor flows from the outer periphery and 
velocity is maintained by the converging flow path. A drawing of this 
scheme was not prepared; since serious thermal stress problems were for
seen in operating the plant with one or more modules shut down, we decided 
not to pursue the design. 

The third basic arrangement considered was to put each of the four modules 
in a separate vertical cylinder. The vertical tubes are arranged in 
annular bundles with the feed heater tubes located at the center. Vapor 
flows inward from the periphery of the bundle with noncondensibles swept 
into the feed heater tubes at the center. Layouts of this evaporator 
with 5-ft and 10-ft rubes are shown in Figs. 19 and 20. 

The, layouts of the two arrangements under consideration were studied and 
the design having separate cylindrical shells for each module was chosen. 

Another idea considered was putting the evaporator in two separate struc
tures, the higher temperature effects being in one building and the lower 
temperature effects in the other. The purpose of this arrangement would 
be to avoid high structures. The extra piping re~uired for makeup water 
connections and the vapor duct re~uired to iute:r-c:onnect the two evaporators 
would tend to offset any advantages which could be realized. For this 
reason, this idea was not pursued to the point of making a cost comparison. 

1.5.2 Plant Design 

The design chosen for cost estimating, shown in Fig. 20, consists of four 
independent modules each housed in a vertical cylindrical shell. The 
basic shell structure is 212-ft 8-in. high and has a maximum diameter 
of 70 ft-. The GE-type fluted tubes are arranged in annular bundles with 
feed heater tubes located at the center. Tube density in the bundle is 
based on data for the rectangular bundle used in the rectilinear plant. 
This is an approximation which should give a basis for refined tube bundle 
calculations. 

Brine and vapor flow are. essentially as describ~d. previoLtsly for the l'ec
tangular bundle layout. Vapor flows horizontaily outward from the area 
u.nd.er the tube bundles. Maximum velocity of vapor as it passes from under 
the tube bundle ranges from 23 fps in Effect II to 145 fps in Effect XIII. 
A space is provided outside the face of the vertiyal tube bundle for collec
tion of carried-over brine and runoff from the entrainment separators 
located at the face of the bundle. This brine is then allowed to drain 
into the brine collection tank of the next effect. 
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The flow of product water and brine from effect to effect is controlled 
by float valves. The float valve, which is based on a design pre7ented 
by Dow Chemical Company in their 50-Mgd conceptual design report, is 
detailed in Fig. 20. A nozzle is provided at the end of each bypass and 
drain line to prevent flashing in the line. Product water is collected 
in the area between the vertical tubes and feed heater.bundles. 

A nozzle at the top of each of the fluted tubes requires 5-psia drop to 
assure proper brine distribution. The 5 psia is provided by intereffect 
pressure differential plus brine depth in the tank over the tubes. This 
brine depth requirement, which adds to the building height, is given for 
each effect in Fig. 20. 

Turbine exhaust steam is supplied through an 18-ft-diam duct which runs 
upward between the four modules. Each module then connects to the main 
duct and can be valved off. 

1.5.3 SLrlll!Llll'al Decign 

The ve:r·tical VTE structure, or silo type evaporator, consists of 13 effects 
and a condenser stacked vertically. Thio otructure with the falling film 
evaporation system requires a high-head pump to raise the brine to the top 
and then utilizes gravity for process flow downward through the effects. 

Three shapes of structures plus two lengths of vertical tube bundles were 
considered. Four modules, or independently operating units, are required 
for the plant, each with a capacity of 62.5 Mgd. 

A single large cylindrical structure, divided by radial walls into four 
equal pie-shaped units was considered. A preliminary study eliminated 
thj.s nhailf! rathP-r 'lllir.kly. nnA nr mnrP nf' t.hP mr;v'lnlPs m.:;~.y be in 8. non
operating condition at any time nnd the stresses across the module separat
ing walls, plus thermal stresses and expansion in a tapering shape, make 
this a structure which is expensive and unnecessarily complicated. Even 
the exterior walls of the cylinder, which are economical when acting under 
uniform prP.ssnrA, lose all their shape advantages when one or more modules 
are nonoperable. 

A rectanglllar structure wa.s thP.:O considered. One longitudinal and one 
transverse common wall separated this evaporator into four modules. This 
design also presents an expansion and thermal stress problem when one or 
more.modules are not operating, but complications are less severe than in 
the first study since each module is rectanglllar in plan. However, both 
the separation walls and the exterior walls are extremely thick since they 
span between horizontal beam and strut systems which occur at the bottom 
of each effect. 

The pumps required to raise the brine to the top of the evaporator are 
important in a vertical type plant, both from initial cost and operating 
cost. To determine ·the relative importance of plant height on evaporator 
costs a comparison was developed between evaporators containing 10-ft and 
5-ft vertical tubes. The rectangular shaped plant wasused in this 



comparison as being typical, although perhaps not the most economical 
shape for a vertical structure. 

The following comparison is based on cost of units varying because of 
tube bundle length change only, and does not represent total evaporator 
cost: 

Evaporator with 10-ft tube bundles 

Structure 
Mechanical and Piping 

Total 

Evaporator with 5-ft tube bundles 

StructurP. 
Mechanical and Piping 

Total 

$ 3,803,669 
l6,?oG,4oo 

$20,510,069 

$ 4,078,642 
lG,790,4oo 

$2o,869,042 

Since the cost differential between pumping the brine in evaporator 
structures using 10-ft instead of 5-ft tube bundles is approximately 
$114,000 per year, the shorter tube bundle evaporator proved to be 
the-most economical. The third shape considered and later developed 
as the best of the vertical s.tructure designs, consisted of four separate 
cylindrical silos using 5-ft tube bundles. 

The cylindrical shape provides many advantages in pressure vessel design. 
In this evaporator the. vertical walls of the top effects, which have posi
tive internal pressures, are designed of prestressed concrete. The cylin
drical shape plus prestressing considerably reduces the thickness of 
these walls when compared with the rectangular plant. The lower-effect 
walls, in the positive external pressure area, are conventionally rein
forced concrete, but again will have their comparative thickness reduced 
because of arch action. 

To keep the exterior wall acting as a true ring, the internal structure 
and the roof are constructed independently of this wall, with flexible 
seals at joints as required for pressure tightness. Differential expan
sion problems of the internal and external structures are eliminated. 
No expansion joints are provided in the external wall since the structure 
is free to expand vertically and the internal effect temperature differ
ences are so small that differential ring expansion is of minor ~mportance. 
Internal stress in the wall caused by large temperature differences between 
the interior and exterior surfaces has been considered and will present 
a minor problem. 

The exterior concrete wall and ground floor slab are lined with l/4-in. 
carbon steel plate for pressure--tightness. The top is constructed of 
arched steel plate which combines.· economy of material with ease of re
moval if required for maj.ntenance. This top plate is insulated to l·imi t 
heat loss. 
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Internal construction is of concrete, conventionally reinforced, with 
the concrete structure kept as small and/or as thin as possible to iliimit 
internal temperature stresses during startup or shutdown of the evaporator. 
The bottom footing is the combined type, supporting both the exterior wall 
and the interior columns. This footing, or pile cap, is supported on 50-ton 
capacity, steel shell, concerete-filled tapered piles 45-ft long. 

For corrosion control, all surfaces in contact with brine or product 
water, liquid or splash, are covered with l/8-in. polypropylene sheet. 
Surfaces exposed to vapor only are protected with a phenolic coating. 

This evaporator structure was presented to a specialist in earthquake 
engineering for comment. He felt the structure, as

8
designed, would be 

considered to have very high earthquake resistance. An earthquake 
analysis would be required on any final design which possibly. could 
modify some minor details but he foresees no change which would greatly 
ai'i'ect costs. 

l. 6 Cost Analyses of the Structural Variations 

1.6.1 Summary 

Although the original intent of the exploratory shell design and evalua
tion program was to examine only the rectilinear plant, the concentric 
ring plant, and the vertical plant other important variations suggested 
themselves during the course of the investigations. There.were, there
fore, as described in Sections 1.3, 1.4, and 1.5, partial designs made 
and costed to examine the economics of tube ~ength, bundle configuration, 
and the structural costs associated with multistage feed heating. The 
results of these investigations are shown in Table 6. 

Table 7 is a rough comparison of the VTE with the MSF Conceptual De:sign 
reference plant which was made at this time to determine the incentive 
to continue the pursuit of the VTE conceptual design program. 

1.6.2 ·Basis of Cost Information and Method of Analysis 

Cost estimates were developed by preparing detailed bills of materials 
from the design drawings for each plant. In order to develop·realistic 
figures, quotations were obtained from three vendors, where possible, on 
all major items of equipment. 

With the exception of tubing, all mate:dFJ.l costs represent 1965 prices. 
Feed heater tubing costs were projected at 1970 prices based on the use 
of an on-site tube mill and no inflation of 1965 dollars. Estimates of 
tubing costs do not reflect price increases announced by the manufacturers 
in November 1965. The 10.5% increase in the basic cost for 70-30 copper
nickel alloy tubing would add l8¢/ft2 to the costs included in the esti
mates for tubing. 



Table 6. 250-Mgd Vertical Tube Evaporator - Strucutre Analysis 
Cooparison of Cost Information for Various Designs 

(3-in.-OD-diam; Type: Fluted) 

Type Structure 

Rectilinear Concentric Ring 

Tube Conditions: 
Case number 251Al 25·1Al 251Al 261C 
Length, ft 10 & 5 10 & 5 10 & 5 10 
Type bundle Rectangular Semicircular Semicircular Rectangular 

Other Separate flash 
chamber 

Cost Data 

Effect tubes & nozzles 1 $14,677,506 $14,680,417 $14,680,417 $15,222,144 
Effect t;~besheets2 and 
tube support plates 2,884,499 2,929,103 2,929,103 2,057,348 

Feed heater tu·oes 5,621,915 5,621,213 5,621,213 5,254,541 
Feed heater tu-besheets 

and support plates 117,364 107,575 107,575 118,781 
Effect pumps & motors 2,193,8JO 2,193,.:300 2,193,800 2,032,800 
Effect piping 1,509,557 1,736:058 1,779,961 1,446,439 

·Structural costs 4,593,837 5,487,447 5,567,411 3,959,325 
Differential in distri-
lmtion piping 

Total of Items Estimated $31,598,478 $32,755,613 $32,879,480 $30,091,378 

1General Electric fluted tubes procured at $2.70 and $3.20 per square fo~t 
for 10- and 5-ft tubes with nozzles. Two-inch smooth tut-es procured at $2/ft . 
Installed cost of metal nozzles in Effects I through III is $6.50 each. Installed 
cost of plastic nozzles in Effects IV through XIII is $1.80 each. General Electric 
tube costs include nozzles. 

2Tubesheet costs include $l.06/rt2 for a plastic coating. 

261C 
10 
Rectangular, & 
Circun:ferential 

$15,222,984 

1,958,644 
5,2;4,541 

763,619 
2,2C•l,280 
1, 7S·4,197 
4,460,877 

413,651 

$32,0";4,793 

Vertical 

26l-C7 
5 
Rectangular, & 
Circumferential 

$15,720,680 
!j 

4,632,175 
4,921,588 

123,760 

2,142,910 
5,210,324 

- 476,730 

$32,274,707 



MSF 

VTE 

Ratio, 
VTE/MSF 

Comments 

Table 7· Comparison of Rectangular VTE and Reference MSF :Plants, 250-Mgd 
(Flowsheet 251Al, Fig.' 3) 

Shell Cost Surfaoe Area Evaporator Size Without Tubes, Cost (Less MSF Brine R~ater Without Deaerator Deaerator, and of Weirs and VTE Final Cond,~nser) Weirs 

4.4;9 X 106 ft3 $11,119,435 $1,837,000 -4 . 2 Recovery 12, 44,00•) ft 
Reject 1,279,00•) rt2 

13,;J23,00•) ft2 

3.255 X 106 ft 3 $4,279,500 $86,200 VT 
- •2 

3,930,000 ft 
Feed Htr. 2lllO,OOO rt2 

6,o40,ooo rt2 

0.735 0.385 0.047 0.44 

344,760 ft3 subtracted MSF = $2 ' 3 Inter stage Recovery = f2.55/f~2 . 55/,ft3 
from MSF design figure VTE = 1.31/ft Flow = 21. 4·% Reject 2.93/f-v2 
for deaerator Ratio No. MSF Totals 2. 58/f~2 

stages to VT ' 2 
No. effects $4.47/f~ 

Feed Htr.= 2.72/f~2 
= 31% VTE Total= 

. 2 
3.86/f;;:; 

Bundle Cost u 

$31,706,110 640 
3,747,000 454 

35,453,110 

$17,562,000 1626 + 
CP 

5,739,280 710 
$23,301,280 

0.657 

Phenolic coated 
tube sheets used 
in bundle costs. 



The cost- of the 3-in.-OD double-fluted, 0.049-in. nominal wall thickness, 
aluminum-brass tubes (with nozzles) is the materi~l cost given in the 
General ~lectric 50-Mgd conceptual des~gn report. These costs were 
$2.70/ft for lO-ft1tubes and $3.20/ft for 5-ft tubes. A l5-yr life 
is predicted for these tubes. The cost of replacement is cost included 
in the preliminary estimates which are for-comparison purposes only. 

The cost estimates are based on·~he engineering, procurement, and con
struction belng performed by one general contractor under favorable con
ditions of project scheduling, contracts, etc. Labor costs are 1965 rates 
for a Southern California site. 

Orl~,luu.lly, the intent was to use the same flowsheet :tor all structure 
analysis work.· For this purpose, a preliminary flowsheet was developed 
(Fig. 3) with 3-in. -OD, doubly fluted, lo-;.·and 5-ft-long tubes with equal 
surface areas in each effect. However the interest in examining the use 
of 10-ft long tubes throughout the vertical plant necessitated the develop
ment of two additional flowsheets. These three flowsheets were made as 
comparable as possible. 

For comparison purposes it was considered adequate to estimate only four 
effects in each design and to assume a straight line relationship for the 
cost of the other effects. Table 7 is. shown as a typical work sheet for 
the development of detail costs and Figs. 21 and 22 as typical plots of· 
bundle cost and effect cost for this phase of the study. Similar material 
was prepared for each of the studies in this section. 

1.6.3 Rectilinear Structu:rP.s 

Rectangular Tube Bundle with 10-ft and 5-ft Tubes. This is the design 
described in Section 1.3.2 and the detailed costing of it is shown in the 
examples of Table 8 and Figs. 21 and 22. Since it was the first plant 
costed, the succeeding rectilinear plants are referenced to it. 

Semicircular Tube Bundle with 10- and 5-ft Tubes. The direct capital cost 
of this structure .i.s about $1,400,000 or 4.4% greater than a similar design 
using rectangular tube bundles. The main increase is in the structural 
costs of the building to accommodate the semicircular bundles. Since the 
noncondensables flow to the center of the circle, they are collected and 
transported to the feed heater by piping rather than by concrete ducts. 
This increases the piping costs about $227,000 and eliminates the concrete 
duct cost of $233,000. 

Semicircular Tube Bundle with Separate Flash Chamber. This design is 
similar to the preceding one with the exception that a floor is added to 
provide a separate flash chamber physically separated from the vertical 
tube portion. The cost of adding this feature increased the shell costs 
by only $124,000 (0.38%). By ad.cling inexpensive stage walls plus weirs, 
additional flash stages can be provided for each vertical effect. Placing 
the feed-heater tu.be bundles under the floor in the flash chamber increased 
the building height, but decreased the width. This arrangement permitted 
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Table 8. s~~ary of Effect Cost Information 
Rectilinear, 250 Mgd, VTE Plant with Rectangular Tube Bundles 

(Typical Work Sheet) 

Effect Effect Ef.fect Effect 
I 

II VII VIII XIII 

A. Mechanical 

Effect Tube.Bundles 
Vertical Tubes $1,046,994 $1,046,994 $1,224,758 $1,224,758 
~ube Sheets (Phenolic Coated) 118,523 127,175 257,812 417,039 

(Refer to C.) 

Feed Heater Tube Bundles 
Tubes 432,~55 432,455 432,455 432, ~55 
Tube Sheets & Support Plates 9,028 9,028 9,028 9,028 \Jl 

I-' 

Ef:ect Pumps and Motors 169,400 169,400 .. 168,000 168,000 
Effect Brine Piping and Valves 104,024 104,558 131,082 128,757 

(with insulation) 

Subtotal $1,88o, 424 $1,889,610 $2,223,135 :1:2,380,037 

E. Structural 

Steel $ 104,019 $ 100,559 $ 121,694 $ 158,077 
Concrete 93,308 ll8, 908 134' 408 170,508 
Phenoli::! Coating 27,308 38,933 51,533 62,263 
Polypropylene Lining 17,039 20,976 35,101 38,440 
Expansion Joints 3,289 3,289 3,499 3}499 
Adjusta.:>le Effect Weirs 6,632 6,632 6,632 6,632 

Roo: Insulation 5,183 6,555 6,803 8,CD5 
Subtotal $ 256,778 $ 295,852 $ 359,670 $ 447' 62:4 



Table 8. (Continued) 

Effeet Cost (without Entrainment 
Separators) , 

C:~~ Optional Tube Sheet Material 

For Cupronickel Cladding Add 

For Bare e.teel Subtract 

D. ·Additional Shell Costs Not Ass~gnable 
to Effects 

Low Temperature End Wall (Steel) 
High Temperature End Wall (Steel) 
End Walls - Concrete 
Bridge Crane, Rail and Girders 

Total Additional Costs 

E. Total Evaporator Cost (without 
Entrainment Separators) 

With Phenolic Coated Tube Sheets· 

Average Cost of Effects 1-7 
Cost of l-7 Effects 

Average Cost of Effects.8-l3 
Cost of Effects 8-13 

Subtotal 

Feed Heater Costs 
Additional Shell Costs (Item D) 

Evaporator Cost 

With Cupronickel Clad Tube Sheet 

Effect 
II 

$2,137,202 

$ 130,140 

4,970 

$ 54,000 
25,500 

117,000 
41,250 

$ 237,750 

$1,719,849 

$2,263,751 

Effect 
VII 

$ 2,185,462 

$ 141,360 

5,397 

$12,038,943 

$13,582,506 

$25' 621,449 

5,739,279 
237,750 

$31,598,478 

$34,882,195 

Effect 
VIII 

Effect 
XIII 

$2,827' 661 

$ 287,207 $ 493,638 

10,968 18,850 

\Jl 
[\) 
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a reduction in the noncondensable plplng but this was counterbalanced by 
the increased effect piping due to additional elevation (4 ft in the sec
tion with 10-ft tubes and 5-l/2 ft in the section with 5-ft tubes). The 
slight increase in pumping cost due to the additional elevation was not 
calculated. 

Rectangular Tube Bundle with 10-ft Tubes. This design was similar to the 
same plant with 10- and 5-ft tubes. The dire~t capital costs decreased 
4.8% to $30,091,000. More surface was required because of the lower heat 
transfer coefficients for the 10-ft tubes as compared with 5·-ft tubes. 
This is compensated by the lower price per sq ft of surface and by reduc
tion in fi.e!number or tube sheet requirements. The installed tube costs 
lul.!L'I:::!a::H=U. $54,,000 and. the 1nsta..L..Led tube sheet costs decreased $827,000. 
By eliminating the two-level feature of the 5-ft tubes, a reduction in 
structural costs of $634,500 was achieveu. 

1.6.4 Concentric Ring Structure with 10-ft Tubes 

The evaporator costs for this design, $31,656,142, are $1,565,000 or 5.2% 
higher than for a rectilinear structure with 10-ft tubes and rectangular 
tube bundles. The addition of the differential cost ($418,651) of distri
bution piping around the circular structure and a steam-supply line to the 
center increase the differential costs to $1,983,000 or a 6.6% increase. 
The use of numerous circumferential tube bundles VJith associated water 
boxes and tube sheets increases the feed heater cost by $645,000. The 
effect piping and piping between water boxes adds $348,000 and the struc
ture plus the underground pump pits add an additional $502,000. 

1.6.5 Vertical Structure with 5-ft Tubes 

The evaporator costs for this design are $32,275,000 which is 2.9% higher 
than the rectilinear plant with 10- and 5-ft tubes and 7-l/4% higher than 
the rectilinear plant with 10-ft tubes throughout. 

The cost of ~he effect tube bundles increased from $17,280,000 for 
4,395,000 ft of surface in the rectilinear structure with 10-ft-long 
tubes to $20,353,000 for 3,88o,ooo ft2 of surface in the vertical struc·.., 
ture with· 5-ft-long: :tubes~ : 'J'he instal1led cost',of1 l1Jhenl0?i!i't-lohg tubes·:. 
was $3.93/ft2 of surface and the installed cost of the 5-ft-long tubes 
was $5.25/ft2. The tube cost increased $499,000 and the tube sheets in
creased $2,575,000 (primarily due to almost doubling the number of tube 
sheets required). The feed-heater tube bundle costs were $2.72/ft2 for 2 l, 978,000 ft2 j.n the rectilinear structure with 10-ft tubes and $2. 75/ft · 
for 1,833,500 ft2 in·the vertical structure with 5-ft tubes; a decrease 
of $328,000 for the vertical structure. 

The vertical structure cost was $2,033,000 less due to the elimination of 
effect pumps and motors:. However, the increased feed-pump power required 
to pump the brine to the top of a vertical structure was not included in 
the cost. In both the vertical and horizontal-type plants the entire brine 
feed is pumped to the first effect (via the feed heaters) but in the verti
cal structure this isr:several hundred feet high. The interstage brine pumps 



in the horizontal structure do not equal this in power requirements since 
only part of the brine flow is pumped to the top of succeedi~g effects. 

·Assuming a 6% interest, 30-yr·plant life, 90% load factor, and electrical 
power at 2.0 mills/kwhr, the increase in power required for a vertical 
structure would .be equivalent to a capital cost of $1,000,000. The effect 
piping increased $697,000 due entirely to the float valves between effects. 
There was a decrease in distribution piping external to the shell amounting 
to $477,000. The structure costs increased by $1,250,000. 

2. EXPLORATORY PROCESS DESIGN AND EVALUATION 

·· 2.1 Compari~;>on of Conventional and Enhanced Tubing 

In order to develop cost information for the comparison of conventional 
tubing with enhanced tubing, the rectilinear plant was modified for evapo:na
tor bundles of 2-in.-diam, 24-ft-long smooth tubes and the reference pro
cess of Chapter l was recalculated using the heat transfer coefficients 
and brine feed rates indicated by the experience of the OSW demonstration 
plant in Freeport. The developed flow sheet (Case 281) is shown . in Fig.. 23. 

The vertical tube bundles were: calculated for ·case 281 using the bundle 
configuration and pressure drop allowances of Section 1.2 but the lower 
heat transfer coefficients. and ·friction factor assumed for the. smooth tubes. 
The minimum tube pitch of 1.15 wS,s found to be perinissable for Effects II, 
VII, and VIII but Effect XIII required some relaxa'tion to meet. the pres
sure drop requirements .. Table 9 is a tabuiation of the results. 

Table 9· Rectangular Tube Bundles with 2-j_n. -diafu 
. Smooth Tubes, Case Nurilber 281 

Effect. Nu.m.bE~:r. 

II VII VIII XIII 

.. -Steam temper~ture, OF 258.9 200.3 188.1 121.1 
U, Btu/hr.ft •°F 688.0 613.0 593-0 405.0 
Bundle depth, ft 9-99 9-99 9-98 9-72 
Bundle height, ft 24.0 24.0 24.0 24.0 
Face velocity, fps . 4.22 9-49 12.50 37-50 
Temperature loss, OF 0.10 0.41 0.80 1.48 
Number of rows 6o.o 60.0 6o.o 50.0 
s/D, First row 1.15 l.l5 1.15 l. 72 
S/D, Row n 1.15 1.15 1.15 1.15 
n 1.0 1.0 1.0 38.0 
Number of tubes/10-ft f~ce 3130.0 3130.0 3130.0 2330.0 
Tube density, number/ft 31.33 31.35 31.35 23.31 
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The plant layout was modified to a.cr.ept these bundles. The structural 
design for the evaporator using 2-in.-diam by 24-ft-long smooth tubes is 
very similar to the portion of the rectilinear design using 10-ft GE 
fluted tubes. The additional length of tubing raises the height of the 
plant from 23 ft to an average of 36 ft. The additional tubing length 
also requires that the effect and noncondensable duct walls be increased 
from 6- to 8-in. thick. 

However, the plan dimensions of this plant are considerably less. Each 
module of the 10-ft-tube plant expands in width from 70 ft at Effect I 
to 120 ft at Effect XIII. The smooth-tube plant module is 64-ft wide 
from Effect I through Effect VII and then increases uniformly in width to 
84 ft at Effect XIII. Both plants have a total length of 308 ft. 

The addiL1umtl llt:!lghL ur tl1is plant requirca the uoc of larger pumps, 
which dictates a minimum pump canyon Wldth 0'! 30 ft. The varlaLlull ur 
effect width further widens the canyon at Effect VII and establishes a 
cl·ane span o±' 4u i't whlch J..S twice thaL u::;eu lll Ll1~ 10-rL-Lu.lJe .J::Jld.nt. 

Conventional brine distribution methodr:; were considered to be impractical 
for large bundles with emall S/D ratios. This plant is therefore dP.signed 
to operate with filled brine t:hests and to use nozzles in each tube. 

Detailed bills of material and cost estimates were made for Effect II, 
VII, VIII, anu XIII, the total evaporator cost was calculated from these 
and is shown in Table 10 on a basis comparable to Table 6 of Section 1. 

2.2 Comparison of Multistage-per-Effect Feed Heating with Single-Stage
per-Effect Feed Heating 

The prot:"eSR fl m7RhPPt,R rnnRi nP.rP.r'J lliJ tO thlS J;lOint in th~ <;!Qnceptual design 
program have had a single stage of feed heating related to each of t.hejr 
15 effects. 'l'his created a feed heater circuit t:urnparable to a 13 stage 
flash evaporator· which necessarily has a large interstage flashdown and is 
thereby limited to a performance ratio of less than 6. The performance 
ratio of the vertical tube effect circuit of a 13 effect evaporator is 
approximately 13 since each effect adds a performance.ratio of approxi
mately l. The sum of the performant:e l'I::Ltlos of these two circuits gives 
an overall plant performa.nr.e ratio of approximately 10. Increasing the 
number of stages in the feed 4eater circuit decreases the availability 
loss. This increase in availability can be used either to decrease the 
heat transfer surface.requirements or increase the performance ratio of 
the feed heater circuit. If one chooses to inc:r:ease the performance ratio 
of the feed heater this increase can be used either to increase the overall 
plant performance ratio or to decrease the surface requirements of the 
vertical tube effect circuit by decreasing the number of effects. 

It was clecided that this economic analysis· of multistage feed heating could 
be more easily done and understood solely on the basis of capital cost 
comparisons, in other words all of the plants considered would have the 
same overall performance ratio and therefore the same heat cost. 



Table 10. Comparison of Cost of 250-Mgd 
Vertical Tube Evaporator with.Smooth 

Tubes versus Reference Design with Fluted Tubes 

Tube Conditi~:ms: 
Case number 
Length, ft 
Diameter, in. OD 
Tube type 
Type bundle 

Cost Data 
Effect tubes & nozzles* 

Effect tubesheets and 
support plates 

Feed heater tubes 
Feed heater tubesheets 

and support plates 

Rectilinear Structure 

281 
24 
2 

. Smooth 
Rectangular 

$29,316,976T 
2,507,000N 

·1,6i0,752 
5,621,473 

128,390 

261C 
10 
3 
Fluted 
Rectangular 

$15,222,144 

2,057,348 
·5,254,541 

118,781 

Effect pumps & motors 5,611,950 2,032,800 
Effect piping 2,287,927 1,446,439 
Structural costs 4,182,495 3,959,325 

Total of Items. Estimated $51,266,963- $30,091;378 

*GE fluted tubes procured at $2.70 and $3.20/ft2 

for 10- ·.and 5-ft tubes with nozzles. Two-inch smooth 
tubes procured at $2.00/ft2. 

By this time in the design program the VTE computer program contained 
all of the detail cost information developed in section one and specifi
cally the study of section l. 3. 3 which provided the costs for physically 
separating the feed heater circuit from the VTE circuit and the incre
mental cost af interstage walls. Although these costs were neither 
complete nor final, they were adequate for this analysis. 

This program and cost data were used to compute the matrix of plants 
described in Table 11. The first two plants have single stage per effect 
feed heatipg but differ by having in one case equal feed heater surface 
in each stage and in the othere,case equal feed heater surface in each 
stage.'". The;~other. three plant~ have multistage feed heating per effect 
and utilize the increased availability to reduce the feed heater ·surface, 
to eliminate two effects, and to eliminate one effect and reduce the 
evaporating temperature range. Table 12 gives the results of the calcu
lations and indicates no incentive to reduce feed heater surface but a 
strong incentive to increase feed heater efficiency. The arbitrary limi
tations placed on this investigation in order to keep it simple forced 
the comparison of plants of varying degrees of nonoptimum such that a 



Type System 

Conventional 
VTE reference 

Conventional 
VTE 

VTE + MSF 
preheat, MSF 
area reduced 

VTE + MSF 
preheat, 
number e:ffects 
reduced 

VTE + MSF 
preheat, 
number effects 
reduced and 
evaporating 
range reduced 

·Table 11; Des~riptive Characteristics of Plants for Invest~gation of Preheaters 
(10-ft-long fluted tubes) 

Number Performance Product Input Area c~ Temperature of Temueratur-e Remarks 
Effc=cts Ratio (oF) Variables Grad~ent Set By 

. 13 9·95 103.7 Evaporator Equal evaporator and Preliminary reference 
areas prehea-:;er areas case; Preheater 
Preheater approach temperatures 
areas vary 

13 10.46 103.7 Evaporator Same e7aporato:r Preheater approach 
temperatures temperature gradient temperature constant 
Preheater as refo:rence at 8°F 
temperatures 

13 9·95 103.7 Evaporator Same e'Eaporator Same as reference 
temperatures temperature gradient plant but with MSF 
Performance as reference preheater 
ratio 

11 9·95 103.7 Evaporator Equal evaporator Eleven equal area 
areas areas effects and MSF 
Performance preheat 
ratio 

12 9·95 l23.6 Evaporator Same evaporator Same VE conditions as 
temperatures temperature gradient reference except 
Performance as ref=rence bottom effect 
ratio eiliminated 

Vl 
CP 



Table 12. Major Variable Capital Cost for Plants for Investigation of Preheaters 

Cost Category 

Fluted area + shell 

Preheaters 
Surface 
Credit for no flash chambers 
Flash chamber interstage 
partitions 

Subtotal 

Condenser 

MSF brine heater 

Seawater intake system 

Deli very pumps 

Totals 
Major variatle direct capital 

Reference 
Plant 

30.6760 

5-3343 
-0.1223 

o. 
5-2120 
2.1967 
o. 
4.9878 
0.5850 

cost 43.6575 
Directs plus indirects (higher 
cost factor = 1.20) 52.3890 

Partial capital cost 

Heat cost 

Total 

Partial unit water cost 

2-9338 
4.1426 

7·0764 

8.617 

Preheater Approach 
Temperature Equal 

MSF Advantage 
Usee. to Reduce 

.MSF Area 

MSF Advantage 
Used.to Reduce 

VE Effects 
from 13 to ll 

(8°F) 

30.8109 

7-4715 
-0.1223 

o. 
7.3492 
2.0345 
o. 
4.7385 
o. 5464 

45.4795 

54.5754 

3-0562 
4.1219 

7-1781 

8.737 

Capital Cost, 106 Dollars 

30.9600 25.6874 

4.8095 
o. 

0.4638 
5.2733 
1.5330 
0.4806 

4.9025 
o. 5718 

43.7212 

52.4654. 

7.4541 
o. 

0.6571 
8.1112 

1.9050 
0.3705 
4.9360 
o. 5770 

Annual Costs, 106 dollars/year 

2-9381 2-7949 
4.1426 4.1426 

7.0807 6.9375 

Product Cost, ¢/1000 gal 

8.622 8.447 

MSF Advantage 
Used to Reduce 
Evaporating 
Temperature 

Range and Number 
of Effects 

31.2859 

5.0823 
o. 

0.4252 

5·5075 
1.1851 
0.4138 
3.4420 
0.3976 

42.2319 

50.6783 

2.8380 
4.1426 

6.9806 

8.500 

\J1 
\() 



more sophisticated analysis would show an even stronger incentive to in
crease the feed heater efficiency. 

2.3 .Parametric Studies 

2.3.1 Evaporator Optimization 

The preceding work in Sections 1 and 2 led to the selecticn of the major 
design and process features for the final plant design and provided detail 
costs for those items peculiar to the vertical tube evaporator. A computer 
program subroutine was developed for calculating the cost of vertical tube 
evaporator plants based in part·on the costs and in part, for example the 
chemical system, on information borrowed from the multistage flash plant 
cost subroutine. The plant model is as follows. The plant floor plan is 
trapezoidal in shape, narrower at the high-temp·erature end· than the cold 
end. There are three levels, each approximately 10-ft high; the lower 
level houses the multist~ge flash preheater; the second level provides 
space for vapor-liquid disengage~ent for the vertical tubes, and the top 
level contains the doubly fluted-tube bundles. 

This subroutine was installed in the ORVE Code and used to enable the selec
tion of the remaining evaporator design and process features through a para
metric study varying the number of effects from 12 to 16, concentration 
ratio 2 to 3.25, temperature of the final effect from 94 to ll7°F, perfor
mance ratio of the MSF preheater from 6 to 8, and the condenser approach 

·temperature from 5 to 15.°F. The results ·of this study are given .in Tables 
13 through 15. Table 13 summarizes the plant costs, Table 14 the plant 
temperatures and flows, and Table 15 the plant geometry. 

The overall result$ of each parFJmP.t.ri.r. vari s.ti,cm are given in Fig. 21J •. 28. 
These figures indicate that the variation in water cost as a result of 
changing the design parameters was really quite small. If, in some cases, 
an over-riding consideration were to lower the capital cost at the expense 
of increased operating cost it could easily be don? by varying the-number 
of effects. The total annual cost increase would be minimal. The maximum 
changes in costs found were: 

Parameter 

Performance ratio MSF 
Condenser spproach temperature 
Number of effects 
Concentration ratio 
Heat effect temperature 

Change in 
Wa'ter. C_ost 

0;9% 
0.2% 
1.8% 
2.6% 
1.4% 

Change in 
Capital Coot 

3-2% 
0.2% 

18.8% 
3-0% 
2-7% 

The minimum water cost was achieved with 14 effects, a final effect tempera
ture of 107°F, a concentration ratio of 3,·an MSF performance ratio of 6.29, 
and a co-ndenser approach temperature of 5°F. 



Direct Capital Investment, 
millions of dollars 

Shell total 

Effect tubes 

MSF tubes 

Brine heater 

Condenser 

Deaerator 

MSF shell 

Site work 

Seawater intake 

Pumps and drive~ 

Electrical equipment 

Instruments, buildings, cranes 

Valves and piping 

Total Direct Plus Indirect Capital 
Investment Cost, millio11s of 
dollars 

Unit Water Cost, ¢/1000 gal 

Capital 

Heat 

Chemicals 

Power 

Operating 

Maintenance and supplies 

Total 

61 

Reference 12 Effects 13 Effect~ 

4.07 

14.75 

7.93 
0.61 

1.26 

2.33 

3.17 

0.29 

4.84 

6.51 

0.94 

3.47 

4.58 

69.01 

0.0528 

0.0376 

0.0118 

0.0056 

0.9069 

0.0014 

0.11608 

3.17 

10.93 

9.31 

0.53 

1.81 

2.33 

2.56 

0.25 

4.14 

5.85 

0.86 

3.17 

4.39 

62.49 

0.0469 

0.0449 

0.0118 

0.004~ 

0.0078 

0.0013 

0.11764 

3.47 
12.12 

8.76 

0.55 

1.59 

2.33 

2.77 

0.27 

4.87 
6.04 

0.88 

3.27 

lr.47 

64.99 

0.0491 

0.0420 

0.0118 

0.0051 

0.0069 

0.001') 

0.11625 

TABLE 13 

CAPITAL COSTS OF MAJOR EQUIPMENT ITEMS. 
AND UNIT WATER COSTS 

FOR VE PARAMETRIC STUDY 

Performance 
Concentration Concentration Concentration Ratio of 6.91, 

14 Effects 16 F.ffects 17 E~ natio of 2.0 Ratio of 2.75 Ratio of 3.0 MSF 

Performance 
Ratio of 7.38 

MSF 

.).77 

13.38 

8.33 

0.58 

1.41 

2.33 

2.94 

0.28 

4.86 

6.25 

0.91 

3.3.7 

4.53 

66.85 

0.05082 

0.0396 

0.0118 

0,0053 

0.0069 

0.0014 

4.40 

16.14 

7.61 

0.65 

1.14 

2.33 

3.48 

0.31 

4.83 

6.78 

0.913 

3.56 

4.74 

71.66 

0.0552 

0.0358 

0.0117 

0.0059 

0.0069 

0.001') 

0.11698 

4.74 

17.58 

7.36 

0.68 

1.05 

2.33 

3.75 

0.34 

4.35 

7.07 

1.02 

3.65 

4.92 

73.93 

0.0573 

0.0342 

0.0117 

0.0062 

0.0069 

0.0015 

. 3.76 

13.16 

9.02 

0.70 

1.07 

2.74 

2.90 

0.27 

4.87 

6.63 

1.01 

3.47 

4.50 

68.46 

0.0518 

0.0385 

0.0137 

0.0062 

. 0.0069 

0.9014 

0.11860 

I 

4.19 

15.39 

7.70 

0.59 

1.32 

2.21 

3.27 

0.30 

4.84 

6.49 

0.92 

3.47 

4.63 

69.62 

0.0535 

0.0372 

0.0112 

0.0054 

0.0069 

0.0014 

0.11568 

. 4.30 

16.03 

7.57 

0.58 

1.37 
2.12 

3.36 

0.30 

4.83 

6.50 

0.91 

3.47 

4.68 

70.44 

0.0543 

0.0370 

0.0108 

0.0053 

0.0069 

0.0015 

0.11)69 

4.07 

14.74 

6.42 

0.66 

1.22 

2.33 

3.20 

0.29 

4.81 

6.77 
1.00 

).47 

4.68 

67.83 

0.052 

'0.0391 
0.0118 

0.0057 

0.0069 

0.0014 

CJ. J .1696 

4.07 

14.75 

7.09 
0.64 

1.24 

2.33 

3.18 

0.29 
. 4.86 

6.63 

0.97 

3.47 

4.63 

68.28 

0.0523 

0.0384 

0.0118 

0,0056 

0.0069 

0.0014 

o.il6iro 

Performance 
Ratio of 8.52 

MSF 

4.07 

14.75 

9.02 

0.59 

1.29 

2.33 

3.16 

0.29 

4.83 

6.40 

0.91 

3.47 

4.54 

70.10 

0.0536 

0.0368 

0.0118 

0.0055 

0.0069 

0.0015 

0.11')94 

Condenser 
Approach 

Temperature, 
10°F 

4.07 

14.74 

7.93 
0.61 

1.09 

2.33 

3.17 

0.29 

4.86 

6.58 

0.95 

3.47 

4.63 

0.0528 

0.0376 

0.0118 

0.0056 

0.0069 
O.OOJ_4 

O.ll6ll.i. 

Condenser 
Approach 

TJmperature, 
J 15°F 

4.07 

14.75 

7.93 

' 0.61 
.. 1.00 

! 2.33 
I 
. 3.17 

I 0,29 

4.89 

6.68 

0.95 

3.47 

4.70 

. 0.0529 

0.0376 
. 0.0118 

' 0.0057 

: 0.0069 

0.0014 

O.l;L635 

Brine Temperature 
in Bottom 
Effect, 
117°F 

4.13 

15.26 

7.95 
0.63 

0.93 

2.33 

3.22 

0.29 

4.86 

6.66 

0.95 

3.47 

4.6·r 

69.77 

0.0535 

0.0375 

0.0118 

0.0057 

0.0069 

0.0014 

0.11691 

Brine Temperature 
in Bottom · 
Effect, 
107°F 

4.01 

14.28 

7.93 
0.60 

1.10 

2.33 

3.14 

0.29 

4.26 

6.75 

0.96 

3.47 

4.77 

68.00 

0.0520 

0.0376 

0.0118 

0.0057 

0.0078 

0.0014 

0.011633 

Brine Temperature 
in Bottom 
Effect, 

97°F 

3.93 

13.41 

8.04 

0.58 

1.38 

2.33 

3.11 

0.29 

4.65 

7.17 

0.98 

3.47 

),10 

68.75 

0.0521 

0.0377 

0.0120 

0.0059 

0.0078 

0.0014 

0.11694 

Brine Temperature 
in Bottom 
Effect, 

94°F 

3.91 

:).3.17 

8.12 

0.57 

1.52 

2.33 

3.11 

0.29 

4.97 

7.47 
1.01 

3.47 

5.32 

69.79 

0.0527 

0.0377 

0.0121 

0.0061 

0.0078 

0.0014 

0.11789 



Parameters at High Temperature End of 
Plant 

Steam temperature, °F 

lieat r.n~<+., f./MMlltu 

Maximum brine temperature, °F 

Tempera tun:! entP..r,j.ng brine heater, °F 

Brine heater heat transfer coefficient 

B1·ine heater thermal driving force, °F 

Parameters at Low Tempe..r,at.\U'e End of 
Plant 

Brine temperature in bottom effect 

Condensing temperature in condenser, °F 

Ocean temperature, °F 

Condenser exit brine temperature, °F 

Feed temperature to MSF reject section, 
oF . 

Condenser heat transfer coefficient 

Condenser thermal d.r·iving force, 0 F* 

System ~'low Ratec, millions of lb/hr 

Blowdown flow 

Flow to deaerator flash tank 

CondEHiser reject flow 

Total seawater intake flow 

Performance Ratios 

Overall plant 

VTE system 

MSF EJyotem 

Product Flow Rates, millions of lb/hr 

VTE sys·tem 

MSF system 

* Based on reject strewn. 

Reference 
Case 

268.85 

5.96 
261.4 

247.90 
786.0 

13.07 

112.00 
109.1 

65.0 
104.1 

57.57 
143.98 

77.35 
253.01 

13.16 
15.29 

7.91 

12 Effects 

271.66 
6.o6 

261.4 

247.93 
698.5 
16.1 

112.00 
109.1 

65.0 
104.1 

77.0 
433.8 
17.96 

57.57 
143.98 
108.31 
283.98 

11.19 
12.21 

8.00 

70.99 
15.25 

13 Effects 

270.611 

'6.02 

261.4 
247.92 
729.0 

J.4.98 

112.00 
109.1 
65.0 

104.1 

77.0 

453.7 
17.96 

57.57 
143.98 

96.35 
272.01 

11.88 

13.23 
7.98 

71.03 
15.21 

14 Effects 16 Effects 17 Effects 

269.71 

5·99 
261.11 

247.91 

757.9 
14.00 

112.00 
109.1 

65.0 
104.1 

77.0 
472.4 

17.96 

57.57 
143.98 
86.09 

2Gl. 76 

12.54 
14.26 

7.95 

71.08 
15.16 

2111'1.13 

5.94 
261.4 

247.90 
810.9 
12.2y 

112.00 
109.1 
65.0 

104.1 

77.0 

505.59 
1?.96 

57.57 
143.y8 

69.57 
245.24 

13.77 
16.31 

7.88 

71.29 
15·.02 

267.52 

5.92 
261.'+ 

247.90 
8,32.5 

ll.6l 

112.00 
109.1 

65.0 
104.1 

77.0 
518.6 
17.96 

57.57 
143.98 

62.70 

238.37 

14.35 
17.34 

7.86 

71.33 
14.98 

TABLE 14 

PROCESS VARIABLES IN 
PARAMETRIC STUDY 

Performance Performance Performance 
Concentration Concentration Concentration 
Ratio of 2.0 Ratio of 2.75 Ratio of 3.0 

Ratio of 6.91, Ratio of 7.38 Ratio of 8.52 
MSF MSF MSF . 

269 • .L8 

5.97 
261.4 

247.38 

793.5 
13.62 

112.00 

109.5 
65.0 

104.5 

77.0 
498.26 
18.07 

46.35 

172.77 
58.63 
69.41 

12.87 
15.28 
8.41 

66.31 

19.97 

268.67 

5.96 
261.4 
248.16 

781.7 
1:?.79 

112.00 

108.9 
65.0 

103.9 

77.0 
48).6 

17.90 

49.34 
135.76 
82.94 
2118.58 

13.27 
15.29 

7.74 

72.63 
13.64 

268.48 

5.95 
261.4 
248.4 

777-? 
12.49 

112.00 
108.7 

65.0 
103.7 

'('7 .0 

480.9 
17.80 

43.18 

129.59 
87.111 

2115.52 

13.36 
15.30 
7.60 

73.75 
12.54 

268.85 

5.96 
261.4 
246.0 
822.2 

13.77 

112.00 
109.1 

65.0 
104.1 

75.0 
')21.1 

17.96 

)7.57 
143.98 

134.71 

275.70 

12.63 
15.29 
6.91 

268.85 
5.96 

261.4 
246.9 
805.8 

13.4 

112.00 
109.1 

65.0 
104.1 

76.0 

506.7 
17.96 

57.57 
143.98 
81.03 

262.64 

12.89 
15.29 

7.38 

71.23 
15.07 

268.85 

5.96 
261.4 

248.9 
762.1 

12.7 

112.00 
109.1 

65.0 
1011 .. 1 

·~8.0 

470.6 

17.96 

57.57 
143.98 
73.67 

245.24 

13.44 
15.29 
8.')2 

71.23 
15.07 

Condenser 
Approach 

Temperature, 
l0°F' 

2ri8.85 

5.96 
261.4 

247.9 
786.0 

13.07 

112.00 
109.1 

65.0 

99.1 

77.0 
1177.9 
22.98 

57.')7 

143.98 
8fl.73 

264.40 

13.16 
15.29 
7.91 

71.23 
15.07 

Condenser 
Approach 

Temperature, 
15°F 

268.85 

5.96 
261.4 
246.0 
822.2 

13.77 

112.00 
109.1 

65.0 

94.1 

57.57 
143.98 
104.03 

279.70 

12.63 
15.29 
6.91 

71.23 
15.07 

Brine Temperature 
in Bottom Effect, 

ll7"F 

?68.6 
5.95 

261.11 

247.9 
7136.9 
. 12.80 

117.00 
114.08 

65.0 

99.08 

77.0 

471.3 
28.8 

57.57 
143.98 
88. 7G 

264.43 

13.16 
15.30 
7.84 

71.31 
14.93 
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Brine Temperature 
in Bottom Effect, 

107"F 

269.1 

5.97 
261.4 

247.9 
784.3 

13.33 

107.00 
104.12 

65.0 
89.l2 

'('7 .0 

466.1 

25.2 

57.57 
143 .9e 
125.40 
301.07 

13.17 
15.27 

7.98 

71.09 
15.21 

Brine Temperature 
in Bottom Effect, 

9'7"F 

269.59 

5.99 
261.4 

247.9 
778.7 
13.87 

97.00 
94.16 

65.0 
79.16 

77.0 

459.3 
21.3 

57.57 
143.98 
213.23 
388.90 

13.18 
15.23 
8.13 

70.81 

15.50 

Brine. Temper~.ture 
i~ -:Jttom Effect, 

94"F 

269.74 

5·99 
261.4 

247 .. 9 
775 .. 97 
] 4'."03 

9'1-.00 
91.17 
6).0 

76.2 

77.0 
456.7 
20.1 

57.57 
143.98 
270.12 

445.79 

13.20 

8.18 

70.72 

15.59 
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TABLE 15 

PLANT GEOMETRY FOR PARAMETRIC STUDY 

Condenser ccindenser 
Performance Performance Performance Approach Approach Brine Temperature Brine Temperature Brine Temperature Brine Temperature 

Concentration Concentration Concentration Concentration Ratio of 6.91, Ratio of 7.38, Ratio of 8.52, Temperature, Tell)perature, in Bottom Effect, in Bottom Effect, in Bottom Effect, in Bottom Effect 
Reference 12 Effects 12 Effects 14 Effects 16 Effects Ratio of 2.0 Ratio of 2.2 Ratio of 2.75 Ratio of 2.0 MSF MSF MSF 10°F 15°F 117°F 107°F 27oF :Z4°F 

VTE plant length, ft 348 282 304 326 370 392 348 348 348 348 348 348 348 348 348 348 348 348 
'f 

MSF p1ani length, ft 348 282 304 326. 370 392 348 348 348 348 348 348 348 348 348 348 348 348 
I 

Brine heater length, ft 19.8 12.6 14.7 17.1 22.7 25.5 20.6 19.4 19.0 25.4 22.6 17.2 13.07 119.8 20.1 19.4 18.5 18.2 

Condenser length, ft* 68.2 53.7 58.2 63.0 73.4 78.2 71.1 66.8 65.2 79.2 73.8 62.6 47.7 :35.4 38.6 31.6 21.9 18.3 

Preheater tube OD,** in. 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 

Length of fluted tubes, ft 10 10 10 10 10 10 .LO '10 lO 10 10 10 10 .10 10 lO lO 10 

P~ant height, ft 31 31 31 31 31 31 31 31 31 31 . 31 31 31 31 31 31 31 31 

* Based on reject stream. · 

** Tube wall thickness is 0.(1:+2 inchcc. 

i 
. I 

I I 
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2.3.2 Feed Heater Optimization 

A second parametric· study was made using the ORVE Code to enable the selec
tion of the feed heater process features and to answer the following ques
tions: 

1. What is the effect of.varying linear temperature decrements through
out the MSF preheat stages (without regard to the stage-to-stage pres
sure driving force which is needed to drive the brine and product 
streams down the cascade)? 

2. What is the penalty for deviating from the optimum number of MSF pre
heat stages 

a. in the temperature.:ra;nge :., spanned .. by·;,the· ve:i::ti cal; ~eV!3,pOrators j 
b. in the temperature range below the bottom evaporator evaporating 

temperature? 

3. What is the gain or loss associated with changing from the reference 
case (nonuniform MSF stage de~rements) to an equal temperature decre
ment configuration in the MSF preheater '? 

4. What is the penalty when the temperature of the MSF feed to the VTE 
nozzles is different from the evaporating temperature by an amount not 
to exceed the design MSF stage temperature decrement? 

5· What capital cost change is involved in making the VTE evaporating 
temperature match the MSF brine temperature by altering the VTE effect 
areas? 

Each of the above questions will be discussed in order. 

1. Linear Temperature Decrement in MSF Stages. In this study only those 
MSF stages which operate over the temperature range spanned by the VTE 
system were under consideration. The VTE reference flow diagram has a 
flashing range of l48°F; the flashing range and the number of stages 
were held constant in this work. It was assumed that the brine feed can 
be taken from two adjacent MSF stages in a proper ratio to feed the VTE 
effects at the desired temperature. Furthermore, it was assumed that 
the cost of this method of matching temperature would be approximately 
constant and not a factor in this study. This study then comes down to 
determining the particular linear MSF stage temperature decrement taper 
which yields the minimum MSF preheater area. 

The results of the study are presented in Table 1'6 and Figure 29. Four 
cases were examined which spanned the optimum. The linearly varying stage 
temperature decrement, the flashing temperature, the thermal driving force, 
and the stage area are all tabulated versus stage position for each case 
in Table lb. Entries are made for every fifth stage in order to keep the 
table manageable. 



Table 16. MSF Area Requirement as a Function of Changes i3 Linear 
Distrib~tion in Sta~e Temperature Dec~ement 

(Study ]lased on 311-A (2/20/67) Reference Case with 45 Stages Operating 
Over VTE Evaporate~ Tenperature Range; 148° Flashing Range) 

·Case 1 Case 2 Case 3 

Stage Stage Flashing Stage Flashing Stage Flashing Position Temp. LMTD ~ea Temp. LMTD Area Temp. LMTD ~ea 
Decrement Temp. (OF) (10 ft2 ) r:ecrement Temp. (oF) (104 ft2) Decrement Temp. (OF) (10 ft2 ) 

(oF) (oF) 
("F) 

(oF) (OF} (oF) 

1 2.980 257:02 10.69 4.9848 2.235 257·76 11.00 3.652 4.4(1 255.53 9·95 7.988 

2 2.98o 254.04 10.72 4.9821 2.235 255.53 11.03 3.651 4.4(1 251.06 10.03 7·975 
0\ 
CP 

10 2.928 230.75 10-97 4.9222 2.177 238.03 11.23 3.565 2.970 218.95 11.07 5.036 

15 2.970 215.98 11.11 5.0381 2.928 224.89 11.05 4.951 3.113 203.77 11.10 5.383 

20 3.113 200.66 11.15 5.3898 3.031 209.92 11.11 5.207 3.222 187.88 11.20 5·691 

25 3.371 184.51 11.11 E.0276 3.222 194.32 11.11 5.678 3·559 170.65 11.10 6.562 

30 3·559 167.09 11.14 6.5921 3.371 177.77 11.18 6.106 2.867 155.62 11.43 5.341 

35 3.155 149.31 11.23 E.0559 3.823 159.44 10.99 7.324 2.524 143.00 11.52 4.826 

4o 3.610 132.17 10.90 7·4759 4.814 138.18 10.45 0.208 2.888 128.56 11.16 5·935 

45 4.139 112.00 10.65 9·766 5.518 112.00 9.82 4.073 3.3J.l 112.00 11.12 7.522 

Total MSF Area This Section, 106 ft2 2.7521 2.7971! 2.7612 
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In F'ig. 29 the tota 1 MSF area is plotted against the temperature decrement 
in stage 1. It is seen that the optimum taper would be one having a tempera
ture decrement of about 3.5°F on stage 1. Deviations from this optimum 
taper to as high as 4°F and as low as 3°F, however, will result in a cost 
penalty of less than 0.2% of the total MSF area cost. 

2. Optimum Number of Stages. 
a. In Temperature Range Spanned by the VTE system. Here again, based on 
the reference flow diagram, the flashing range is 148°F. It was assumed 
that the temperature decrement is constant for each of the four cases 
studied, and again assumed that the cost of matching feed temperatures 
to VTE evaporating temperatures would not be a factor in the cost comparison. 

The area calculations and results are presented in Table 1'7. 'l'a'ble 18 
presents the cost balance in which the area savings computed in·Table 17 
are weighed against the cost of additional stage partitions. Finally, in 
Fig. 30 the net savings (in terms of percent of design area) are plotted 
against the number of stages. It may be seen that the optimum number of 
stages is 44, however, deviations of .±3 stages will result ·in a cost penalty 
of less than 0.2% of the total design MSF area. 

b. In Temperature Range Below the Evaporating Temperature of the Bottom 
Effect. The flashing range is held constant at the 20 F range obtained 
from the reference diagram. The temperature decrement is varied for each 
case studied as above, but is the same for each stage within a case. 

The results of the area calculations are presented in Table 19, and Table 20 
contains the. cost analysis for this section of MSF preheater. 

In Fig. 31 the net savings are plotted versus the number of stages. The 
optimum ·number o:t' stages· is 6 and represents a savings o:t' '( .c:.ujo o:t' the. sec
tion area relative to our reference diagram which has 3 stages in this 
section. The stage-to-stage pressure difference available for brine flow 
and flashing is quite low in this area so that the designer may wish to 
trade heat transfer surface for improved hydraulics. It is, therefore, 
important to know that one may deviate from 6 stages (3.33°F temperature 
decrement) to 4 stages (5°F temperature decrement) and lose only one
seventh of the gain achieved with the optimum number of stages· for heat 
transfer. 

3. Penalty Associated with the MSF Temperature Decrement Array in the 
Reference Flbwsheet Relative to Constant Temperature Decrement. In the 
reference flow diagram, the portion of the MSF system operating over the 

I VTE temperature range contains 4o stages (an average temperature deere-
of 3.7°F). The temperature decrement of a group of stages associated 
with a given effect is constant, but the decrement varies from one effect 
to another. This is done in order to match MSF feed temperature with VTE 
evaporating temperature. The question arises as to how much is being paid 
in preheater area because this matching criteria imposes a nonoptimum 
stage decrement array on the MSF preheater. To answer this question, the 
reference case is compared to a uniform decrement case which is reasonably 
close to optimum. To satisfy the matching criteria, it was assumed that 



Table 17 • MSF Area Requirement as a Function of Number 
of Stages Operating Over VTE Temperature Range 

(Constant MSF Stage Temperature Decrement for Each Case) 

Temperature Decrement, OF 

Stage 3.700 3.364 3.217 3.054 

Number Flashing Flashing Flashing Flashing 
LMTD ~ea lliTD ;$ea LMTD ~ea LMTD Area Temp. (OF) (10 ft2 ) Temp. (OF) (10 ft2) Temp. (OF) (10 rt2) Temp. (OF) (104 ft2) (OF) (oF) (oF) (oF) 

1 256.3 11.14 6.4163 256.6 11.48 5.661 256.8 11.38 5.462 257.0 11.46 5.148 

5 241.5 11.21 6.4992 243.2 11.37 5.805 243.9 11.44 5·517 244.7 11.52 5.201 
10 223.0 11.37 6. 5897 226.4 11.49 5.861 227.8 11.53 5.580 229·5 11.64 5.219 -..:J 

1--' 

15 204.5 11.57 6.6773 209.5 11.67 5·930 211.7 11.72 5.627 214.2 11.78 5.301 
20 186.0 11.66 6 .. 828.3 192.7 11.8o 6.044 195·7 11.86 5·712 198.9 11.94 5.360 

25 167.5 11.84 6.9969 175·9 11.90 6.174 179·6 11.95 5.836 183.6 11.98 5.501 
30 149.0 11.95 7.2700 159.1 12.02 6.339 163.5 12.09 5·974 168.4 12.10 5.603 

35 130.5 12.09 7.5469 142.3 12.15 6.598 147.4 12.21 6.197 153.1 12.23 5·755 
4o 112.0 12.12 8.3707 125.5 12.29 7.032 131.3 12.32 6.4oo 137.8 12.30 5·980 
44 112.0 12.29 7.505 118.4 12.36 6.962 125.6 12.46 6.180 
46 112.0 12.36 7.137 112.0 12.44 6.567 
48.5 12.46 3.387 

Total MSF~e~ this Sec~ 2.80073 2.7495 2.7275 2.7165 
tion, 10 ft 
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Table 18. Determination of Optimum Number of MSF Stages 
Operating Over VTE Temperature Range 

Unit MSF Area Cost = $2.476/ft2 

Cost of Adding A Stage Partition = $28,589 

Number of Stages 

40 44 46 

MSF Area,a 106 ft2 2.8007 2.7495 2.7275 

(Base Area-Area), 10 6 ft2 
(:B~se) 0.0512 0.0732 

Area Savings, $ 126,770 ·181,240 

Incremental Stage Wall Cost, $ 114,356 171,534 

Net Savings, $ 12,414 9,706 

Net Savings, $ of MBF Area Cost 
this Section 0.18% 0.14% 

a These figures are developed in Table 17 .. 
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'Iable 19. MSF Area Req~irement as a Function of the Number of Stages Operating 
in Temperature Range Below Bottom VTE Evaporating Temperature 

(Constant MSr Stage Temperature Decrement for ~ch Case) 

Temperature Decrement, °F 

Stage Flasl:ing Flashing Flashing Flashing Flashing 
Number LMI'D !.rea LMI'D (l~e~t2) LMTD ~ea LMTD ~ea LMTD Area Ten:p. (oF) (106 ft2 ) Temp. (oF) ~emp. (oF) (10 rt2 ) Temp. ("F) (10 ft2 ) Tem:J. (oF) (106 ft2 ) (oF) (oF) (oF) (OF) (oF) 

1 105.3 10.4o 0.1647 107.0 11.22 0.11386 108.0 11.71 0.08700 108.7 12.04 0.07032 109-5 12.46 0.05082 

2 98-7 10.44 0.1678 102.0 11.25 0.11556 104.0 11.74 0.08797 105.3 12.06 0.07l01 107.•) 12.47 0.05122 -.J 
w 

3 92-0 10.49 0.1712 97-0 11.28 0.11347 100.0 11.76 0.08905 102.0 12.o8 0.07174 104 .. 5 12.49 0.05158 

4 92-0 11.32 0.11899 96-0 11.79 0.09018 98-7 12.10 0.07245 102.0 12.50 0.05200 

5 92-0 11.82 0-09117 95-3 12.13 0.07323 99-5 12.51 0.05246 
•' 

6 92-0 12-15 0.07391 97-•J 12-53 0.05287 

7 94·. 5 12.55 0.05323 

8 92 .. •) 12-57 0.05358 

Total lo!SF Ar~a thi; 
Section, 10 ft2 0.5037 0.4619 0.4454 0.4327 0.4178 
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Table 20. Determination of Optimum N~ber of MSF Stages 
Operating Below th~ Bottom VTE Evaporating Temperature 

Unit MSF Area Cost $2.476/ft2 

Cost of Adding A Stage Partition = $28,589 

Number of Stages 

3 4 5 6 

Stage Temperature Decrement, 
"F' '6.667 5.000 4.000 3·333 

a 6 2 MSF Area, 10 ft 0.5037 0.46188 0.44537 0.43266 

(Base Area-Area), 10 6 ftc Base 0.04182 0.05833 0.07104 

Area SaVings, ¥ 103,500 141+, 4oo 175,095 . 

Incremental Stage Wall 
Cost, $ 28,589 57,178 85,767 

Net Savings, $ 74,911 87,222 90,128 

Net Savings, % of MSF Area 
Cost, This Section 6.oo% 6.99% 7.23% 

aThese figures are developed in Table 19. 
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the brine feed can be withdrawn from two adjacent MSF stages in a ratio 
which will result in a feed temperature which matches the evaporating 
temperature. It was further assumed that this can·be accomplished at 
low or no extra cost.. The results of the calculations are: 

. 2 
MSF Area, Reference Case, ft .............. . 

2 MSF Area, Const.Hnt. De ~rement, :ft .•......... 

2.80078 X 106 

2.80073 X 10
6 

The net savings in area associated with an equal temperature decrement 
system is equivalent to a capital cost of $125, which is insignificant. 

4. Penalty Associated with Feed Temperature Not Matching VTE Evaporating 
Temperature. In this study, an alternate of Reference Case 301-C supplies 
the base VTE system. The base MSF preheat system contains 40 stages with 
a constant 3.7°F stage·temperature decrement. The base case matches the 
evaporating and feed temperatures by an ideal free pump system. The al
ternate design has the same average temperature rise per stage, however, 
the filiash chamber design is special: When a subcooled brine stream is 
fed to a VTE effect, the return brine is fed to the same flash stage. The 
MSF feed stage has a below average flash down because the feed is returned 
superheated; it i.s a high flow, low flash down stage. The situation is· 
exactly reversed whe~e the MSF feed stage furnishes brine which flashes. 
The return stream goes to a downstream stage which is a low flow high 
flash down stage. In Table 2T the figures are tabulated to show the cost 
changes in the VTE portion of the. plant as a result of temperature mismatch, 
and in Table 22. the changes:i.in MSF area requirements are developed and 
presented. 

The numbers in Table 21 were obtained as follows: Column (a); effect 
evaporating temperature, was obtained from reference flow diagram 801-C. 
Column (b) is the feed temperature which most ·closely matches the required 
evaporating temperature. Judgement was used in selecting these tempera
tures to try to .balance the·amount of. feed flashing and feed subcooling. 
Column (c) is the MSF stage from which feed is withdrawn. Column (d) states 
whetner the feed enters the effect subcooled, flashing, or matched. Column 
(e) indicated degrees (°F) of feed mismatch (+ indicates flashing, - indi
cates subcooled). Column (f) is the algebriac sum of the degrees of mis
match occurring. These temperature decrements, when multiplied by the pro
duct of the feed flow and the heat capacity, will yield the change in the 
heat generated in the effect relative to design. A positive decrement in
dicates a decrease. Column (g) is the change in the amount of heat trans
ferred in the effect. Column (h) is the incremental area required to con
dense the incremental increase or decrease in steam flow from the previous 
effect and cohunn (i) is the· incremental change in VTE product rate. 

As a result of the temperature mismatch, 14,000 ft2 less area was required 
and 0.4 Mgd less product made in the VTE section. In Table 2~, stage cal
culations are summarized which lead to a savings Gf:l2, 7'74 ft2 MSF area 
requirements resulting from the mismatch between feed and eva.po:C'ating 
temperature. In the model here, it was assumed that the tube-side tempera
ture gradient anq flow remains at design. The amount of preheating and, 



Table 21. VTE System Changes Resulting When MSF Feed Stream to VTE Nozzles 
Does Not Match VTE Evaporating Temperature 

(a) (b) (c) (d) (e) (f) (g) (h) (i) 

Feed 
VTE Product VTE Feed Temperature 61;). Generated (Q-~esign) Additional VTE Evaporating Ten:perature MSF Stage Feed Less in VTE in VTE Area Less VTE 

Effect Temperature from MSF Supplying Enters Evaporating Terms of °F of in Effect Required Design 
Number (OF) (OF) Feed VTE Temperature Feed Stream* (10

10 
Btu/hr) (ft2) Product 

("F) (lb/hr) 

I 260.00 260.00 Heater Mat:: bed o.oo o.oo 0 0 0 

·n 251.92 252.60 2 Flashing +0.68 +0.68 +0.:::>0306 0 0 

III 243.8o 241.83 5 Sub·:::Joled -1.97 -1.29 -0.00581 + 3,060 + 30,600 

IV 235.38 238.13 6 Flashing +2.75 +1.46 +0.::>0657 - 5,806 - 58,060 

v 226.63 226.30 9 Subooled -0.33 +1.13 +0.00509 + 6,570 + 65,700 -..J 

VI 217.53 215.74 12 Subcooled -1.79 -0.66 -0.00297 + 5,090 + 50,900 
0'\ 

VII 208.06 208.34 14 Flashing +0.28 -0.38 -0.00171 - 2,970 - 29,700 

VIII '-98.17 200.86 16 Flashing +2.69 +2.31 +0.01040 - 1,710 - 17,100 

IX 187.82 1S5.85 20 Sub cooled -1.97 +0.34 +0.00153 +l0,4oO +104,000 

X 176.96 175.26 23 Subcooled -1.70 -1.36 -0.00612 +15,530 + 15,300 

XI 165.51 164.47 26 Sub cooled -1.40 -2.40 -0.01080 - 6,120 - 61,200 

XII 153.37 153.37 29 Matched 0.00 -2.40 -0.01080 -10,800 -108,000 

XIII 140.41 1~2.27 32 Flashing +1.86 -0.54 -0.00243 -10,800 -108,000 

XIV 126.36 126.91 36 FleshiDg +0.55 +0.01 o.oo - 2,431 - 24,310 

XV 112.00 112.00 40 Matched 0.00 o.oo 0.00 0 0 

Net Change -14,000 -140,000 

* (QActual-QDesign)/(wFeed x c ) This ~uantity is more precisely defined as p 



77 

Table 22. MSF System Area Changes Resulting When 
MSF Feed Stream to VTE Nozzles Does Not 

Match VTE Evaporating Temperature 

MSF MSF Flashing Design Change Incremental MSF 
Stage Temperature LMTD in LMTD* Area Required 
Number (OF) (OF) (OF) (ft.2) 

1 256.30 11.14 0 0 
2 252.60 11.31 0 0 
3 248.70 11.15 -0.10 + 636 
4 245.00 11.20 -0.20 + 1,272 
5 241.83 11.21 +0.07 - 413 
6 238.13 11.27 +0.33 - 2,100 
7 233.60 11.26 -0.08 + 509 
8 229.90 11.32 -0.50 + 3,180 
9 226.30 11.31 -0.45 + 2,860 

10 222.60 11.37 -o.4o + 2,540 
11 218.90 11.46 -0.40 + 2,540 
12 215.74 11.51 .:.o.l3 + 826 
13 212.04 11.55 +0.14 - 890 
14 208.34 11.45 +0.14 - 890 
15 204.56 11.57 +0.10 - 636 
16 200.86 11.62 +0.06 - 381 
17 196.35 11.60 -0.34 + 2,160 
18 192.65 11.65 -0.75 + 4, 770 
19 188.95 11.70 -0.75 + 4,770 
20 185.85 11.66 -0.45 + 2,860 
21 182.15 11.71 -0.15 + 950 
22 178.45 11.76 -0.15 + 950 
23 175.26 H.'J2 +0.10 - 636 
24 171.56 11.78 +0.36 - 2,290 
25 167.86 1L84 +0.36 - 2,290 
26 164.47 11.78 +0.50 - 3,180 
27 160.77 11.85 +0.67 - 4,261 
28 157.07 11.91 +0.67 - 4,261 
29 153.37 11.90 +0.67 - 4,261 
30 149.67 11.95 +0.67 - 4,261 
31 145.97 12.00 +0.67 - 4,261 
32 142.27 12.05 +0.67 - 4,261 
33 138.01 11.98 +0.39 - 2,48o 
34 134.31 12.03 +0.11 - 700 
35 130.61 12.09 +0.11 - 700 
36 126.91 12.14 +0.11 - 700 
37 123.05 12.06 +o.o3 - 190 
38 119.35 12.12 -0.05 + 318 
39 115.65 12.17 -0.05 + 318 
40 112.00 12.12 -0.05 + 318 

2 Net Area, ft -12,774 

* Resulting from temperature perturbations caused by 
temperature mismatch. 



thus, the amount of steam condensed in the MSF stages also remains at design. 
Since 140,000 lb/hr less product is made in the VTE system (Table 2~), it 
follows that this increment of flow will be introduced into the brine tray 
(rather than the product tray as in the reference plant), and a small in
crease in MSF product of.14,000 lb/hr will result. 

Below, the incremental cost associated with this method of dealing with 
feed temperature mismatch is developed. The cost figures are based on 
the following unit costs, charge rate, and load factor: 

Unit Cost of MSF Area, $/ft .............................. . 

Unit Cost of VTE Surface (including shell), $/ft ......... . 

2.476 

4.49 

Unit Cost of' Product Water, $/Kgal . . . . . . . . . . . . . . . . . . . . . . . . 0.10 

Annu,a.l Charge Rate, 1/yr ...... ·. . . . . • . • . . . . . . . . . . . . . . • . . . . . 0, 056 

Plant Load Factor 0.90 

The incremental change in cost is: 

VTE Area Savings, 14,000 x 4149 ......................... +$62,860 

MSF Area Savings, = 12, 775 x 2. 4 76 . . . . . . . . . . . .. .. . . . . . . . . . +$31, 620 

Cost of ·lost product over life of plant, $ 

Product Lo::;t in VTE 140,000 lb/hr 

Product Gained in MSF 14,000 lb/hr 

Net Product Lost = 126,000 lb/hr 

126,000 X 8760 X 0.9 X 0.10 
= 8.3 X 1000 X 0.056 Q $213,720 

Net Loss $119,240 

The net loss is then $119,240, or about 0.2% of the capital cost of thP. 
plant. 

It i::; believed that this study indicates the insensitivity of plant capital 
cost to small deviations in feed stream temperature mismatch rather than a 
precise evaluation of the· loss. assoCiated with this mode of operation. It 
has been shown (though the figures are not presented here) that it is pos
sible to choose a matching array slightly different from that reflected in 
Table 21 and thus t·o obtain a very small decrease in capital cost. This 
results from the fact that, although the process flow diagram is good and 
near optimum, it is not a true minimum cost plant. It is, thus, not sur
prising that small perturbations in some of the process variables may re
sult in a cost savings. 

5· Penalty Associated in Adjusting VTE Evaporating Temperature to Match 
MSF Feed Temperature. Here again, the 40-stage constant decrement (T?ble 16, 
Case 3) MSF system is used as a basis. The feed mismatch in the base case 
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is eliminated by an ideal free pumping system. The mismatch. in the com
parable plant is eliminated by shifting VTE area so that the VTE feed 
temperature required is that which the MSF can provide. 

The vital parameters leading to the solution of this problem and the VTE 
area adjustment resulting are presented in Table 23. Effect-by-effect 
area changes are in the last column. It is seen that the particular VTE 
effect to MSF stage matching arra2 which was chosen actually results in 
a savings in VTE area of 5,860 ft . This is slightly less than 0.1% of 
the total investment in VTE area. 

Here, as in the previous study, it is believed that the significant con
clusion is that the system cost is quite insensitive to this method of 
matching temperatures. Since the area distribution is near optimum rather 
than optimum, half of the random changes of this kind might be expected 
to gain slightly and half lose. 

Conclusions. The following conclusions are considered to be the most 
significant conclusions to be drawn from the study. 

1. The optimum MSF linear temperature decrement taper (40 stages with 
148°F flashing range) is one having a decrement of 3.5°F on stage 1. 
Deviations from this optimum to a decrement as high as 4o or as low as 
3° will, however, result in an increase in cost of only about 0.2% of 
the total MSF area. 

2. The optimum number of MSF stages operating over the temperature range 
spanned.·. py t,he VTE effects is 44. Deviations of ±3 stages will result in 
a cost penalty of only about 0.2% of the design MSF area cost in this 
section. 

3. The optimum number of stages operating in the temperature range below 
the bottom effect VTE evaporating temperature is 6. A net savings amount
ing to 7 .2%'. of the design area cost in this section can be obtained rela
tive to the 3-stage section in our reference flow diagram. The use of 4 
stages, however, yields 6% savings. Since a 4-stage section will give a 
5°F stage temperature decrement which has a decided hydraulic advantage 
over the 3-33 F stage decrement of the 6-stage section, the 4-stage sec
tion may be the best design choice. 

4. There is no significant gain associated with a constant .decrement MSF 
system over that of the 301-C reference flowsheet. In the .reference plant, 
the temperature decrement is constant for stages associated with each 
effect; but the value changes by a small amount from one effect to the 
other as required for matching of feed and evaporating temperatures. 

5· The pla.nt cost is quite insensitive to small amounts of mismatching 
(0 - 3°F) of feed temperature to evaporating temperature. For the particu
lar matching scheme investigated, a cost penalty of only about 0.2% of 
the plant cost resulted. 



Table 23. VTE System Cost Changes Resulting TN.hen VTE Evaporating 
Temperature is Altered to Match MSF Feed Tempe.cature 

(4o ·stage Constant Tertrperature Decrement MSF System) 

Design MSF Stage Feed Design Design VTE VTE Driving Change in VTE · VTE Area 
Effect Evaporating Supplying Temperature · VTE Driving Force After Driving Force Change 
Number Temperature Feed (OF) Area Force Matching (oF) Reqgired 

(oF) (106 rt2 ) (oF) (oF) (10 ft2) 

I 260.00 Heater 260.0 0.40924 6.17 

II . 251.92 2 252.6. 0.4o924 6.33 5.65 +(). 68 +0.04397 

III 243.80 4 245.2 0.40924 6.50 5.78 +0.72 +().04532 

IV 235.38 7 234.1 o.4o924 6.69 9·37 -2.68 -0.16440 

v 226.63 9 226.7 0.40924 6.90 5·55 +1.35 +0.08006 
()) 

VI 217.53 12 215.6 o.4o924 7.13 9.13 -2.00 -o.n48o 0 

VII 208.05 14 208.2 o.4o924 7-39 5-32 +2.07 +O.n46o 

VIII 198·17 17 197·1 0.40924 7.68 8.89 -1.21 -0.06447 

IX 187.82 20 186.0 0.40924 8.01 8.76 -0.75 -0.03831 

X 176.96 22 178.6 o.4o924 8.39 4.93 +3.46 +0.16870 

XI 165.51 26 163.8 0.40924 8.85 12.20 -3.35 -0.15490 

XII 153.37 29 152-7 0.40924 9·39 8.36 +1.03 +0.04489 

XIII l4o.4l 32 141.6 o.4o924 10.09 8.22 +1.87 +0.07584 

XIV 126.36 36 126.8 o. 40924 . ll.02 ll.77 -0.75 -0.02785 

XV ll2.00 40 ll2.0 o.4o924 12.41 12.85 -0.44 -0.01451. 

Total 6.1386 (O.l% of Total 
VTE Area) 



6. The plant cost is ~uite insensitive to adjustments in VTE evaporating 
temperatures as a means of matching feed temperatures. For the particular 
case studied, a change in cost of less than 0.1% of the plant cost resulted. 

7. In general, this system exhibits a considerable degree of stability 
with respect to cost changes resulting from rather large deviations of 
process variables from design. The designer, thus, might be givan con
siderable freedom in making deviations in the areas encompassed by this 
study, with the expectations of possibly ingenuous cost saving features 
resulting. 

3. DESIGN OF PLANT COMPONENTS AND DETERMINATION OF DESIGN VALUES 

Most components used in this design are commercial items or have been the 
subject of previous OSW-sponsored design reports. The components that are 
peculiar to this design and that represent an appreciable investment or 
design uncertainty were investigated in some depth independently of the 
overall shell and process studies. The outstanding item in this category 
is the vertical tube bundle with its many subcomponents and ~uestions .of 
performance, strength, and cost. On the basis of the meager information 
available, the .hook and vane entrainment separator appeared ~uite early 
in ·~he study to be attractive in performance, cost, and especially physi
cal: compatability. A considerable effort was re~uired to obtain design 
estimates applicable to evaporator conditions; additonal development appears 
to be needed to achieve the desired low cost design. The deaerator design 
based on information from the Freeport deaerator test program, strives to 
utilize the process reject energy to achieve maximum aeaeration at minimum 
cost. 

3.1 Tube Bundle Design 

The vertical tube evaporator tube bundles represent about 30% of the total 
capital cost ~nd as such are the largest single item of cost in the evapo
rator plant. The bundles are composed of sheets, tubes, sheet corrosion 
protection, and nozzles or brine distribution devices. Their fabrication 
re~uires the operations and costs of drilling the sheets, installing the 
tubes, sealing the tubes, installing the protective covering, and installing 
the nozzles. The design re~uires solution to the problems of heat transfer 
coefficients, brine distribution, and non condensable removal; of bending, 
shear, and rolling stresses in the sheets; and of supporting and sealing 
the bundle units in the shell structure. The bundle is therefore the sub
ject of a component study intended to determine the materials, methods, and 
measurements that will provide a satisfl::l.c.~tcrr·y·, low cost bundle. 

Although there were a number of shell configurations studied, rectangular 
and semicircular tube bundles have been the only variation in tube bundle 
shape. For the purpooe of costing and design the rectangular bundle is 
considered in this study. 
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The preliminary investigations of Phase I provided the following guide 
lines for this study: 

1. The tubes will be 3-in. OD, 10-ft long, General Electric profile, 
Olin No. 194 copper alloy. 

2. The bundles will be 10-ft deep in the direction Qf steam flow. 

3. The tube spacing shall be calculated to give a pressure loss ranging 
from 0.25°F for effects above 220°F to l.50°F in'the last effect. 

4. The unit bundle will be:20,.,ft wide. 

5. The bundles will be fabricated in a shop, possibly on-site, and in
stalled in the shell structure. 

6. The tubing is considered to have a J-5-year life. Retubing will be 
accomplished in the same t'ashion and at tre . same cost as the initial 
tubing. 

' 7; The tube sheets will be carbon steel with corrosion protection pro-
vided only in the brine chest area (top of the top tube sheet). 

8. The study is based on flowsheet Case 261-C (Fig. 32). Necessary 
modifications will be made to suit the final flowsheet. 

The cost summary of the assembled tube bundles has been shown on a "per 
tube" basis. This presents a truer picture of the unit price with varying 
tube spacing than other methods, since the greater portion of the total 
expense is in tube cost. The bundle cost, based on the above criteria, 
with ceramic flow nozzles which also act as top tube sheet protection, 
polypropylene baffles, and including the contractor's overhead and profit, 
is $20.91 per tube. · 

Fabrication of these bundles is based on the use of automatic eq_uipment; 
and the sh:e of the bundles has been held witnin rail shipment limitations 
so that assembly could be accomplished at plants remote from the evaporator 
site. Final "in place" costs will be higher since the expenses of packaging 
for shipment, transportation, erection, etc., must be added. 

3.1.1 Heat Transfer Coefficients 

Philosophy Underlying the Choice of Heat Transfer Coefficients. In the 
250-Mgd MSF design,I the condenser bundle design was based on an evalua
tion of the Point Loma performance with no safety factors. Similarly, in 
the present design it was desired to derive heat transfer rates from the 
General Electric 37,000-gpd pilot plant,9 with confirmation by testing in 
ORNL facilities. No additional factors are provided for. fouling. 

Operating Principles and Heat Transfer\ :Coefftic±ents. The basic mechanisms 
by which thin-films o~erate to give enhanced heat transfer performance are 
described by Carnavos 0 as follows: 

) 

._;) 
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"Tube orientation is vertical, with otea.m condensing on the 
outside, and a falling film of feed on the inside. Figure 33 
is a pictorial representation of the tube and liquid films. 

EVAPORATION SIDE 

THIN FILM REGION 

~ 
CONDENSATE 

HEAT FLOW 

CONDE!'ISING SIDE 

Fig. 33. Thin-Film Double-Flute Heat Transfer 

The operating principle of the double flute is such that 
the condensate film which forms has surface tension forces 
acting to drain it from the crests into the grooves. This 
results in the major portion of each crest having a very 
thin film of condensate, which greatly reduces the resistance 
to heat flow through the crest area. The condensate in the 
groovac ic channeled off by gravity ·w.i th the l1~at flow · 
through this a.:r:ea ::;omewhat less. The' falling film of feed 
on the boiling side also tends to drain into the grooves 
by surface tension forces. Boiling takes place in the thin 
film on each crest as well as in the grooves. The crests ·· :'. 
are kept constantly wet by the splaoh from the boiling action 
in the grooves. Figure 33 shows this boiling action during 
a.n experiment which was designed to observe this phenomenon. 
The vapor wbi C!h is generated travels ~~onetcr'I'ently with the 
feed. The flutes perform a secondary but very important· 
function in organizing e.nd controlling the falling film to 
assure uniform distribution down the lengt.h of the tube." 

Carnavos also presents two plots which show how the condensing coefficients 
and evaporating coeffieients vary with t1r or heat :t'lux. Theoe are shown 
in Figs. 34 and 35, which are presented here to contrast the effect of 6T 
or heat flux on the condensing and boil;i,ng coefficients. The condensing 
coefficie~ts are seen to decrease as heat flux increases, from nearly 20,000 
Bt~hr·ft '°F to about 8000 as heat flux in a 12-in.-long tube increases 
from about 17,000 Btu/hr-ft2·°F to about 45,000, w~le the boiling coef
ficient increases from about 3000 to 7000 Btu/hr.ft .oF as heat Flux varies 
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.. from about 10,000 to 80,000. It can be seen that the boiling film is the 
major resistance to heat transfer. 

These figures are intended to illustrate trends. The absolute values of 
individual coefficients are a function of the shape of the fluted profile, 
the type of flow nozzle, the length of the tube and other variables. The 
understanding of the individual resistances to heat transfer is much in
ferior to the understanding of the horizontal condenser bundles typical 
of MSF plants. 

Methods by Which Heat Transfer Coefficients were Assigned for the Design 
Study. 

1. H~a~ transfe~ co~fficie~ts ~iven in the varieus plots_~f heat transf~r 
coeff1c1ent vs t1me 1n the GE p1lot plant report· were tabulated,along w1th 
other pertinent information such as operating conditions, nozzles used and 
dates. 

2. The apparent heat transfer coefficients tabulated in step l above were 
based upon values of 6T obtained from the difference in saturated vapor 
temperatures at the observed absolute pressures in the heating steam jacket 
and in the brine vapor chest below the tube bundles. 'l'he area basis was 
the total development outside surface area, which was given as 1.28 times 
the "rubber 'band" area of smooth 3-in.-OD tubes. Use of & defined in this 
manner gives what is called an "apparent" heat transfer coefficient which 
is lower than a "true" heat transfer coefficient would be because of thermo
dynamic inefficiencies such as_BPE of the brine and pressure drop of the 
vapor on both sides of the tube bundle which make the true m less than 
that value based on pressure differences. In order to place all heat trans
fer coefficients obtained with different 6T's, temperatures and brine con
centrations on a basis that would be closer to a "true" m, corrections 
were made for BPE, by multiplying the "apparent" eoefficient by the ratio 
6T/(6T-BPE)·; Values for BPE were obtained at the estimated average brine 11 concentration and temperature within the tubes using the OSW chart for BPE. 
This gives an apparent coefficient corrected for BPE that still contains 
thermodynamic inefficierwies due to pressure drop. 

3. All of the BPE-corrected heat transfer coefficients were than plotted 
as a function of evaporator temperature using symbols and notes which per
mit ready identification of tube length, &, nozzle. type and concentration. 
This plot is shown in Fig. 36. 

4. By means of cross-plots through these curves, a table of values of heat 
transfer coefficients at various temperatures and concentrations was estab
lished for )-f't copper tubes. 

5. All of the data published by GE indicate that the heat transfer coef
ficients in 10-ft-long tubes are lower than those for 5-ft tubes, presum
ably because of pressure drop on the inside of the tube and because of the 
thicker brine films occasioned by higher feed rates in the longer tubes. 
A temp2rature-dependent relationship was given in the GE conceptual design 
report for predicting heat transfer coefficients in 10-ft tubes from "known" 
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values for 5-ft tubes. 'I'his relationship was applied to the table of values 
derived in step 4 above for 5-ft bundles. 

6. Heat transfer coefficients obtained in step 5 were for 10-ft-long copper 
tubes. A similar set of values for 10-ft-long tubes made of Olin alloy was 
obtained by adding the.extra resistance of Olin alloy over that of copper 
to each of the values in step 5· It was assumed that the extra resistance 
in going from pure copper to Olin alloy amounted to the difference in ther
mal resistance between a flat copper plate and an Olin alloy plate each of 
0.062-in. thickness, which is the assumed thickness of the smooth tubes 
from which the fluted tubes are fabricated. 

7· It was further assumed that for design purposes, heat transfer coeffi
cients would be independent of 6T, so that the table of values described 
in step 6 above would be used with no correction of 6T's different from 
10°. The length correction factor is assumed to have accounted fo~ the 
higher brine :flow rates required for the longer tubes. 

8. Application of the temperature-dependent length correction fac.t.or to 
the curve for 5-ft tubes operated once-through gives a similar curve of 
lower values for 10-ft lengths. 

9· Use of the table of values described in step 6 at the operating con
ditions of temperature and concentration in each of the 15 effects of the 
reference design flowsheet gave"the values for heat transfer coefficient 
that were used to calculate required heat transfer are~s. These values 
are shown in Fig. 37. It will be noticed that the overall coefficients 
of the reference design are all less than the coefficients reported for 
the 10-ft bundle of the pilot plant, with the exception of the pilot plant 
result at 250°F. 

10. Heat transfer tests were carried out in a 10-ft-long double-fluted 
copper tube in an ORNL test loop over the temperature range of the conceptual 
design. The results, plotted in Fig. 37, fall generally above the design 
values. 

Major Uncertainties. Although the heat transfer relationships use~ in the 
conceptual design appear to be reasonable, more experience and testing are 
required before a plant such as the 250-Mgd Conceptual Design should be 
built. The major uncertainties are believed to be the following: 

1. Can the heat transfer coefficients be maintained without diminution 
for indefinitely long period of operation, which means for thousands of 
hours rather than for the maximum periods of 500 hours that we.re demonstrated 
in three pilot plant runs? 

2. Can a 10-ft-long double-fluted tube operating with a 6T of about 7°F 
at 260°F and 2 to 4 gpm feed per 3-in. tube be operated free .of anhydrite 
scale? 



ORNL- DWG 67- 2802A 

w 
a_ 
II) 

2400 

gs 2200 
"-
0 
w 

MAIN LOT- U VS. TEMPERATUR 

Q) GE PILOT PLANT, w•t.T, 5-ft COPPER TUBES 
A GE PILOT PLANT, 40°6T, 40-ft COPPER TUBES -t----1-
e ORNL FLOWSHEETS, 40-ft OLIN ALLOY 

SUB-PLOT- U VS. 6T ____ -+----+---If---H~+ 
@ GE PILOT PI,ANT, Ci-ft COPPER 

t; 2000 
w 
Q: 

1i1!1!111!1?'7o } ORNL SINGLE TUBE 

~ :3-
4

'7• 40-ft COPPER --+---,~-1----;J":::-t:r:~~;f;;;;;~~;,:=-n = ;:: NoCI SOLUTIONS ; 
Q: 
0 
(.) 4 800 1---1-----t-+--+----t---:-1--
w 

·U 

~ 
Q: 4600 ::::> 
(/) 

w 
9 
(/) 4400 
I-
::::> 
0 
__J 

g 4200 

I-
z 
0 
0 

4000 
w 
(/) 
<l 
II) 

800 I 
::::> 

5 

80 400 420 440 460 480 200 220 240 260 

EVAPORATOR TEMPERATURE (°F) 

Fig. 37· Effect of Temperature on Overall Heat 
Transfer Coefficient for Various Tubes 

280 



90 

3. In a tube bundle being fed steam in cross-flow, that is, with the 
steam progressing horizontally through the vertical tube bundle, are 
high velocities of heating steam deleterious to the condensing heat trans
fer coefficients of double-fluted tubes? 

4. Tests should be run on tubing of the same alloy used in the design, 
since there are no good correlations for adjusting for wall conductivity. 

5· Many of the experimental results fall well above the design correlation. 
It may be possible to refine the flute profile, nozzle, feed flow, and .6T 
as a function of feed concentration and effect temperature to improve per
formance further. 

Work which proves that high performance can be maintained over long periods 
should precede attempts to develop even hi.gher performance. 

3.1.2 Friction Factor Measurements on Tube Banks Composed of 3-in.-OD 
Smooth and FluLeu Tul.Jeo u11 TL'id.ngular Pitche.s of 1.15 a.nd 1.75 

Available literature does not contain fricition factor data for flow across 
banks of 3-in. tubes nor any indication of the relatj_ve drop across fluted 
and smooth tubes. Measurements were made to.•obtain this information and 
the results are summarized here. 

Tube Bank Configuration. There were four cases tested. The first with 
new, smooth aluminum tubes and the second with used double-fluted tubes 
spaced on a triangular pitch of S/D = 1.15. The third and fourth :were . 
again the smooth and fluted tubes respecti~ely spaced on a triangular pitch 
of S/D = l. 75. The tubes were arranged eight rows wide and ten rows deep :· 
in a box with a frontal opening of 46-in. high and 27-5/8-in. or 42-in. 
wide for the 1.15 and 1.75 pitches respectively. 

F'low Distortions. During the first tests on s!llooth tubes having an S/D of 
1.15, it was noticed that the flow field downstream of the bundle was badly 
distorted and had an unexpected velocity profile. The tests of the tube 
bundle with an S/D of 1.75 were more normal or less surprising. Since this 
phenomenon might occur in any heat exchanger having a similar geometry this 
effect appeared to be important and was investigated further. A small water 
table and elementary flow visualization techniques were used to explore 
the phenomenon. Preliminary work indicates that variations in tube to tube 
spacing can cause stall regions which can account for effect observed .. It 
also appears that orienting the triangular pitch array with the flow paral
lel to one side will produce a more uniform and desirable flow pattern 
than that with the flow perpendicular to one side of the triangles. 

Friction Factors. The results of the fricition factor tests are shown in 
Fig. 38. Referring to Fig. 38, there are three important contributions 
that can be cited for this work: 

2. 

There was found to be no significant difference between 
the .fricltion factors of the smooth and fluted tubes. 

The smooth tube data for the larger spacing agree reason
ably well with the data reported in the literature.l2 
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The grimison correlation has been extended from an 
S/D = 1.25 to a mo~e densely packed S/D = 1.15. 

Also of interest are the shapes of the fluted tube curves. For each 
spacing for fluted tubes the .fr:i:c'tiom. factors tended to level off or 
rise at high Reynolds numbers. This characteristic has been observed 
with single cylinders in cross flow. While of interest and use in de.:.. 
velopment work, this behavior is not of immediate concern for the con~ . · 
ceptual design because the design Reynolds numbers are below 40,000. 

Application to Design. As a result of these tests the Grimison correla
tion is used for estimating losses inside tube bundles for both fluted 
and smooth tubes and the tubes are or~ented in a triangular spacing 
with flow parallel to a oide of the charar.terist.ic triangle. 

j.l.~ Tube Sheet Stress Analysis 

An analysis oi' the tube bundle has been made to determine maximum tube 
stress, and tube sheet deflection and stresses. Figure 39 shows the 
loads applied to tube sheet and tubes. Deflection of the tube sheet from 
the pressure and weight causes the bending of the tube which in turn 
applies a resisting moment to the tube sheet. The analysis is based on 
the p_ri'n c:Lple of superposition of stresses. The first step was to treat 
the tube sheet as a simple beam loaded only be weight and pressure. A 
deflection from this loading was computed. The actual tube sheet deflec
tion depends .. on· the r.esisting moment from'each tube so that a tr.ial and 
error solution was necessary. To simplify the problem, the deflection 
of the tube sheet was assumed to be a sine curve, the only unknown being 
the maximum deflection. To complete the analysis, an iterative solution 
is necessary. An actual tube sheet deflection was assumed fro_m which· 
all the tube moments could be computed. The upward deflection from 
each tube moment acting alone on the tube sheet was computed. These de
flections were then summed and subtracted from the previousJy computed 
deflection due to weight and pressure alone, the result being a computed 
value for tube sheet deflection. This computed deflection is then com
pared with...:the assllined· deflection·~·· ''If the:·.two--do not ag:b~e wi thih. a-'; 
desired accuracy, a new deflection value is assumed and the proce.RR js 
repeated until the desired accuracy is obtained. Once the maximum tube 
sheet deflection is thus obtained, tb.r. tube i:noments are known on the 
basis of the assumed sine curve deflection and tube.' stresses can be 
computed. 

A computer program was written to carry out the computations. The pro
gram was written with a large number of input variables to give greater 
efficiency in use of the program for plant destgns. 

A typical tube bundle from the rectilinear plant was analyzed using the 
r.omput.er program. 

The analytical bundle has forty rows of 3-in.-OD tubes on a triangular 
spacing. The average center to center tube spacing is 3.56 in. (S/D = 1.18). 
Cases were run for tube sheets from one inch to two inches in thickness·. 
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For the cases considered, the maximum deflection and maximum tube stress 
did not vary with tube sheet thickness. A complete analysis of the complex 
tube .sheet stresses from the applied loads was not made, but it appears 
that the minimum tube sheet thickness consistent with good rolling prac
tice is the limitation rather than tube sheet stress. This thickness 
was determined to be l-l/2 in. from extrapolated minimum thicknesses 
recommended by the Tubular Exchanger Manufacturers Association. 

Shear and bending stresses in the ligaments between tubes were checked 
and found to' be well below the maximum allowable stresq for all tube 
sheet thicknesses considered. Tube sheet shear stress is approximately 
2120 psi under the worst loading conditions. Under maximum leading con
ditions tube bearing stress (tube to tube sheet) is calculated as being 
442 psi. 

3.1.4 Bundle Mechanical Design 

A typical tube bundle has approximately 40 rows of 3-in.-OD tubes on a 
triangular spacing. The free span of the tnhe bundle is 10 ft, 3 in. with 
l/2 in. allowed between the outer tube and evaporator structure mounting 
flange. The tube sheet is l-l/2-in. thick. The bundle is supported by 
the upper tube sheet along the edge normal to the vapor flow. The bottom 
tube sheet has a guide to allow vertical movement only and a seal to pre
vent vapor and condensate leakage. (See Fig. 4b) 

The tube bundles are shop fabricated in sections approximately 20-ft wide 
and are installed by sections during construction of the evaporator. Re
tubing of entire bundles will also be done in a shop but replacing a small 
number of bad tubes may be done in place. Bad tubes would be removed with
out dismounting the tube sheet and new tubes would be inserted and rolled-
111 uy haw1. 

3.1.5 Tube Sheet Layout 

The initial calculations of tube spacing (Sect. 1.2.1) were performed for 
the conditions 01' the preliminary filiowsheet and with inadequate friction 
factor information. Since that time the final flowsheet (Case 3llA, Fig.44) 
has been establ~shed and pressure drop measurements of air flow over banks 
bfr·3;..:t:n:: diameter· fluted tubes on a::triap.gula:r. p±tch have ·been made:(Sec
tion 3.1.3). The bundle for the final design is rectangular with a folded 
noncondensable cooler and removal section as shown in Fig. 41. Steam ve
locity is maintained by varying spacing rather than by laning. Between 
5 and 10% of the steam entering the main bundle exits.from its rear face 
and is redirected by appropriate baffles to the cooler bundle. Between 
1 and 1.5% of the steam along with the noncondensable is removed from the 
cooler section. 

Table 24 gives some design values for effects II, VIII, and XV. Tables 25, 
26 and 27 are detailed, row-by-row tabulations of row width, tube spacing, 
and number of tubes per row for these same effects. The calculations were 
made with a mathematical model permitting constru± varying spacing and 
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fractional tubes. In practice, each main bundle will be divided into 
not more than three zones each running the width of the bundle. Each 
zone will use one of the five spacings shown in Table 28. 

Main 

Steam temp. , OF 258.84 
Bundle depth, ft 10.25 
Bundle he;i,ght, ft 10.0 
Face velocity, fps 5·7 
Temp. loss, OF 0.20 

¢. F Rows Jn 
S/D, 1st row 1.15 
S/D, Row N 1.15 
N 1 

Tube density, #/ft2 13.9 

Steam uncondensed,% 8.3 

, .. 

j 

a'-o" 

Table 24. 

Effect Number 

II VIII 

Cooler Main Cooler 

258.84 204.08 204.98 
7.83 10.36 7·65 
10.0 1().() 1 n.o 
3.2 13.2 6.1. 
0.05 0.50 ·0.06 

30 40 26 
1.33 1.30 1.61 
1.17 1.15 1.27 
29 23 23 

11.7 12.9 8.9 

1.6 7·5 1.4 

20'- 0" FACE WIDTH 

4'-o" 

DIRECTION 

OF 
STEAM 

I 

a'-o" 

XV 

Main 

119.52 
10.30 
10.0 
54.7 
1.26 

31 
1.61 
1.46 
29 

7·9 

4.7 

-I 

Fig. 41. Main Bundle and Noncondensible Cooler 
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Table 25 .· Bundle Layout for Effect II 

Main Bundle Noncondensable Cooler 

Row Bundle Tubes Row Bundle Tubes 
Width s/n Width s/n No. per No. per 
(ft) Row (ft) Row 

l 19.95 1.150 69.4 l 3·93 1.437 10.9 

3 19.76 1.150 68.7 3 . 3!-:JO 1.354 10.9 

5 19.58 1.150 68.1 5 3.49 1.307 10.7 

7 19.39 1.150 67.4 7 3.28 1.294 10.1 

9 19.21 1.150 66.8 9 3.07 1.281 9.6 
lill 19.02 1.150 66.2 ll 2.87 1.268 9-0 
13 18.84 1.150 65.5 13 2.66 1.256 8.5 
15 18.65 1.150 64.9 15 2.46 1.244 7·9 
17 18.47 1.150 64.2 17 2.26 1.233 7·3 
19 18.28 1.150 63.6 19. 2.06 1.224 6.7 
21 18.10 1.150 62.9 21 1.87 1.2~.5 . 6.2 

23 17-91· 1.150 62.3 23 1.67. 1.208 5·5 
25 17-73 1.150 61.7 25 1.48 1.204 4.9 
27 17-54 1.150 6+.0 27 1.28 1.204 4.3 
29 17-36 1.150 60.4 2$ 1.19 1.206 3.9 
31 17.17 1.150 59-7 Cooler Total 222.0* 

33 16.99 1.150 59.1 

35 16.80 1.150 58.4 

37 16.62 1.150 ~ 57-8 Total number of tubes 2803.0 . 

39 16.43 1.150 57-2 Bundle Width 20.18 
In 16.25 1.150 56.5 Bundle Depth 10.25 

Main Tub'e :Bilndle·:Total 2581.0* Overall Tube Density 13.55 

* Includj.ng rows not tabulo.teu o.lJove. 



Table ~6. Bundle Layout for Effect VIII 

Main ·Bundle Noncondensable Cooler 

Row Width Tubes Row Width Tubes 

No. of Row s/n per No. of. Row s/n per 
(ft) Row (ft) Row 

1 19.94 1.297 61.5 1 3.92 1.590 9·9 
3 19.73 1.283 . 61.5 3 3.67 1.488 9·9 
5 19.52 1.270 61.5 5 3.44 1.403 9.8 

7 19.32 1.257 61.5 '7 3.21 1.383 9·3 
9 19.12 1.244 61.5 9 2.99 1.364 8.8 

11 H3.92 1.231 61.5 11 2.77 1.345 8.2 
13 18.72 1.218 61.5 13 2.56 1.327 7·7 
15 18.53 1.205 6iJ.· .. 5 15 2.34 1.310 7.2 
17 18.33 1.193 61.5 17 2.14 1.294 6.6 

19 18.14 1.180 61.5 19 1.93 1.279 6.0 
21 17.95 1.168 61.5 21 1.72 1.267 5.4 
f")"J 
C...) 17.77 1.156 61.5 23 1.52" 1.251 4.E.l 
25 17.58 1.150 61.2 25 1.32 1.251 4.2 
27 17.40 l.J-50 60.5 2Q ;L.22 1.251 3·9 
s9 17.21 1.150 59·9 Cooler Total 193.0* 
31 17.03 1.150 59.2 
33 16.84 1.150 58.6 
35 16.66 1.150 57·9 Total Number of Tubes 2609.0 
37 16.47 1.150 ~-57 .3 . Bundle Width 20.11 
.39 16.29 1.150 56.6 Bundle Depth 10.36 
40 16.19 1.150 56.3 Tube Density 12.52 

Main Bundle Total 2416.0* 
* Including rows not tabulated above. 



Table 27. Bundle Layout for Effect XV 

Main Bundle Noncondensable Cooler 

Row Width Tubes Row Width Tubes 

No. of Row s/D per No. of Row s/D :per 
(ft) Row (ft) Row 

l 19.92 1.787 44.6 l 3.90 2.117 7.4 

3 19.63 1.762 44.6 3 3.57 1.935 7·4 

5 19.35 1.736 44.6 5 3.26 l-771 7.4 

7 19.07 1.711 44.6 7 2.98 1.663 7·2 

9 18.79 1.687 44.6 9 2.72 1.616 6.7 

11 18.52 1.663 44.6 ll 2.46 1.571 6.3 

13 18.26 1.639 44.6 13 2.21 1.526 5.8 

15 18.00 1.615 44.6 15 1.97 1.483 5·3 

17 17.74 1.592 44.6 17 L73 L44l 4.8 

19 17.48 1.569 -44.6 19 1.50 l.4o2 4.3 

21 17.23 1.546 44.6 20 L39 1.384 4.0 

23 16.98 1.524 44.6 Cooler Total 123.0 

25 16.74 1.502 44.6 

27 16.50 1.481 44.6 'l'otal number of tubes 2803.0 

29 J 6.26 1.459 44.6 Bundle Width 20.18 

30 16.14 1.449 44.6 Bundle Depth 10.25 

Maih Bundle Total 1337.0* Overall Tube Density 13.55 

* Including rows not tabulated above. 
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Table 28. Standard S/D Spacings 
and Hole Distribution for Vertical 

Tube Bundles 

Tube Spacing;,_ 1:)/D* . 

* 

' 
l:.l5· 
1_ •. 19 

1:31 

1.49 
],.73 

Number of Holes-

.391,000 

122,000 

122~000 

. 122,000 

122,000 

'T'hA-re. wi U. be···an average of three 
different tube spacing zones in each 
20-ft long x 10-ft deep tube bundle. 

3 .1. 6 Tube Sheet Drillii1g 

Estimates of t~be yhe~t drilling costs ha:e been made f~r several earlier 
conceptual deslgns ,lj, powever 1 the requlrements of thls design departed 
sufficiently from the previous to warrant reinvestigation of machining 
processes and equipment. 

The chosen process is that -of bore·-drilling which trepans holes ·gr.eater 
than one inch diameterand thus removes.tbe bulk of the metal as a core 
:r,·ather than as chips.. The bore-drill tolls and coolant systems wiJ.l lJe 
bounted on anddriven by a· gantry type machine which if:l available from a 
ina·jor manufacturer. This machine is an integral unit capable of support
ing up to eight 50"-hp heads, servo-driven equipment, hydraulic po:wer unit 
and numerical controls, operating from a table 12-ft wide and 76-11t long. 

The cost estimate is based on the capability to drill the five different 
tube sp_acings which were shown in Table 25 .. The elements of cost making 
up the total estimate for drilling tube sheet holes are give11 in. Ta'ble 29. 

Tube Sheet Drilling Cost Factors: 

1. Tube sheets: 396; 1.5-in. thick; 10 x 20 ft;-mild steel 

2. Holes: 2220 Avg/Sheet; 3-in. diam; total 879,000 

3. Drilling depth: 3-in. (396 x 1.5/3 = 198 stacks) 

4. Tolerance on diameter; +0.005, -0.000 in. 

5· Labor, overhead and profit; $10/hr {contracted, off-site- 2-shift 
operation) 
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6. Tooling: Gantry-type machine, 5 heads required for 5 S/D changes, 
8 spindles per head, 4o total, 50-hp drive heads, 12-ft-wide table, 
numerically controlled ·gantry and heads. Reverse coolant flow pres
sure head and multiple spindle units adapted. Bore-drill tools with 
carbide inserts used for trepanning. 

Ammortization includes ·payment for the job duration of 6 months plus 
interest for that period based on a 15-year write-off. The special 
drilling heads and associated special equipment were assumed to be 
fully amortized on this one desalting plant job. 

Table 29. Tube Sheet Drilling Cost Estimate 

Drill Inserts 
Tool Grinding 
Handling and Setup 
Drilling · 
De burring 
Special Tooling Amortization 
Partial Amortizat.ion of Standard Equipment 
Scrap Allowance 
Contingency (@ 15% of other costs) 

Total Drilling Cost 

Drilling cost per hole 

3.1.q Tube to Tube Sheet Joint 

$ 21,975 
1,428 

10,500 
41,780 

5,280 
50,000 
11;588 
2,000 

21,383 

$165,933 

$0.1887 

For assembly of the tubes to the carbon steel tube sheets, two methods of 
fastening have been considered, brazing and mechanically expanding (ro~ling
in) the tubes: 

Brazing. Manufacturers of furnace brazing equipment agree·that it is prac
tical to braze tubes to tube sheets. However, the furnace mus.t be very 
large to accommodate _the size tube bundle required, and would cost about 
$150,000. The cycle time is long, about three hours. A luminous-wall 
type brazing furnace to contain one end of the tube bundle at a time would 
cost about $40,000 and would have only a 15-min cycle time. High frequency 
induction brazing using three coils should be effective for brazing tubes 
to tube sheets without requiring a large furnace. The equ.:i.pment would 
hr.·aze three tubes per minute with manual operation. The three-coil systEm 
was estimated at $40,000 with considerable additional cost for programming 
the equipment for automatic operation, the exact amount. of which the manu
facturers did not estimate. The fitting problems for satisfactory brazing 
are ve1·y difficult. The outside diameter tolerance for 3-in.-OD copper 
alloy tube according to ASTM is ±0.005 in., but satisfactory brazing requires 
maintaining a joint clearance of 0.002 in. Considering the variations in 
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tube diameter plus the tube sheet hole inaccuracies of drilled holes, 
brazing appears impractical. 

Rolling. Joining the tubes·to tube sheets will be very low in cost and 
may be accomplished with ·programmed macmnes. Tube rolling is the most 
common procedure presently·used in tube bundle assembly since it produces 
leak tight joints with very .. satisfactory structural .properties. There have 
been no complete "off the she:lf" tube rolling machines located; however, 
by purchasing standard' components and designing a few special components, 
an adequate machine can be built. Several manufacturers build automatic 
rolling heads. These heads generally consist of a drive;motor, power feed 
and retract, the r.ollin.g tool and a control unit. The published cycle 
time for these head::; varies somewhat; but is •in the. ;r.ange of 5 seconds 
per tube. Also available: from various .. manufacturers .are two-axis tape 
control and drive units. The control function is capable of controlling 
rolJ.ing beads on both ends of tbe tube bundle simultaneously, provided 
the support structure and drive systems are proper·ly U.t:::,.i.gned.. The coct 
of a tape control and drive units varies considerably,: depending on speed 
of operation, accuracy.requi:ted; control area, machine inertia and other 
factors, with prices starting at about $2~,000. The indexj_ng or cycJe 
time for this equipment varies according to the equipment itself and the 
machine being controlled but can reasonably be expected to be in the order 
of 5 seconds. The support part of the machine must be specially designed 
and. built to cover the area of the tube she.et. This support would consj st 
of a set of vertical rails, a set af .'horizontal rails, and a frame. The 
rolling heads would be supported on the horizontal rails, which would be 
supported by the verticaL ra:i.ls :whi.ch, in turn, would be SLJ.pported by the 
frame. The cost of this· ·e·quipment would depend on the accuracy required, 
the total number of rolling heads, etc. An automatic tube rolling machine 
consisting of two rolling heads :itt each end of t.hP.. tube bundle would be 
capable of rolling approximately 20 tube. ends per minute. It is estimated 
that this machine would cost approximately $142,000 including engineering. 

Cost Factors for Joining Tubes to Tube Sheets: 

l. Tubes: 0.049 wa.J..l x 3-in. OD x 10-ft 3-in. long 439,500total number 
of- tubes 

2. Tube bundles: 198 

3. Labor, overhead and profit: $10/hr (contracted off-site) 

4. Tooling: Automatic rolling heads, tape controlled, two each end of 
tube for simultaneous rolling, speed IO tubes per minute 

5· Equipment cost: $126,000·plus 13% of equipment cost for special 
engineering 

6. Tooling Cost: Material at $25 per bundle; labor at 1 manhour per bundle 



Table 30. Tube Installation and Rolling Cost Estimate 

Handling and setup 
Tube installation 
Tube rolling 
Tooling 
Engineering (@ 13% of machine tool cost) 
Special e~uipment amortization 
Partial amortization of standard e~uipment 
Contingency (@ 15% of other costs) 

Total tube installation and rolling cost 

Installation and Rolling cost per tube 

$ 14,850 
183,125 

8,620 
6,930 

16,380 
86,000 
96,293 
48,930 

$375,128 

$0.8535 

Explosive Expansion. Investigation was also made of explosively securing 
tubes into tube sheets. Although this method is not presently used indus·.,. __ : , 
trially., -chie"fJ:y because it·~;is not·:.:competitive in cost,- .it produces. very 
satisfactory joining. The cost of the detonating cap is more than the 
entire cost of rolling a tube in place. An advantage of this process is 
that it may be possible to secure serrated tubes into the tube sheet holes, 
but considerable development effort would be re~uired. 

3.1.8 Seal Welding 

In the event that a copper alloy tube sheet protection is re~uired, methods 
and costs of welding the tubes to the cladding were studied. An ade~uate 
seal by hand welding is a slow and expensive process ~::md could not compete, 
either in cost or in workmanship, with automatic attachment methods. Con
tacts have been made with manufacturers of welding e~uipment and a numeri
cally controlled system ·for fusion welding tubes to tube sheets is avail
able for approximately $150,000. Speed of this machine for 3-in.-OD tubes 
is five minutes per tube. The labot involved makes the cost of this weld
ing method extremely high. A semiautomatic welder by Revere Copper and 
Brass Company, which re~uires hand positioning of the welder, but automati
cally completes the weld cycle in approximately five minutes, appears to 
be the best of the welding methods. Costs of each welding gun is $5,500, 
with operator labor time being the same as with the automatic system. A 
cost breakdown of using this welding :system for attaching a protective 
sheet to the tubes for all effects of an evaporator designed for flowsheet 
No. 261-C follows. 

Bases for Sealing a Cladding Material to the Tubes: 

1. Semiautomatic fusion welding equipment will be used. 

2. Five-minute includes hole-to~hole transfer. Two revolutions of gun 
electrode re~uired: (1) welding, (2) tapering off (decay) current to 
eliminate cratering and provide trailing shielding gas. 
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Protective sheet: Alloy 194; 0.093-in. thick x 10ft x 20 f't; 198 total 

Tube sheet: Steel; 1.5-in. thick x 10 ft x 20 ft 

Tubes: 0.049~in. wall x 3-in. OD x 10ft long; 439,500 total 

Rolling of welded tube end required as well as.nnwelded end to 
ensure psotitive contact during fusion welding 

Labor, overhead and profit@ $6.50/hr plus 20% (on-site) for tube
to-protective sheet welding; $10/hr (off-site) for sheet-to~sheet 
welding before drilling 

Table 31. Cost of Welding Alloy 194 
Protective Sheet to TQbes and Tube Sheet 

Ivia:Lerlcd - Allu,i 194 
Welding 
Shielding gas, electrodes and brazing rods 
Handling (includes outer seal installa.t;Lon) 
Equipment 

Subtotal 

Contingency @ 10% 

Total Welding Cost 

Welding Cost per Tube: 

$17L,J 7?n 
584,317. 
25,670 

9,900 
33,000 

$652,887 

.. 65,289 

_$718,_T76 

$718,176/439,500 tubes = $1.64 per tube 

Nozzles 

In order to assure proper operation of the doubly fluted tube and to pre
vent dryout with resulting scale formation, it io essential that the feed 
brine be properly distributed to and within the some 600,000 vertical tubes 
of the plant. Experience to date with doubly fluted tube indicates that 
distribution withi-n the tube is best accomplished with a hollow cone spray 
nozzle. The problem of distributing the brine to tbe many i;;ubes in a tube 
sheet measuring ten feet in one dimension and s.ixty or more feet in the 
other seems best solved by operating with a completely filled brine chest 
and a metering orifice in each tube. The penalties for a combined spray 
nozzle and metering orifice as opposed to the conventional wier in each 
tube are higher pumping cost and the hazard.of corrosion products plugging 
the orifices. An increase in effect pumping head of 5 psia increases water 
cost less than l mil per 1000 gal. The ~orrosion product problem is attacked 
by placing protective coating over all steel surf~ces and by the nozzle 
design. 

The proposed unit for this conceptual design consists of a ceramic hollow
cone spray nozzle and a housing as shown .in Fig. 42. The purposes of the 
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housing are to support the nozzle and position it within the tube, to raise 
it several inches above the tube sheet thereby reducing the possibility of 
plugging, and to provide an impingement zone which protects the entry region 
of the tube from erosion. · 

Simple hollow cone spray nozzles, in large quantities, where estimated to 
cost 50 cents each fabricated of monel, or about 25 cents each of high 
purity A1203 ceramic. Housings of cupronickel, molded plastic, and molded 
ceramic were investigated and estimated. There was little question of the 
suitability of the cupronickel but the estimated unit cost of about $6 
seemed prohibitive. "Lexan, 11 a moldable polycarbonat-e was used in the 
Wrightsville Beach pilot plant and appeared satisfactory to 230°F. Housings 
of this material or of more recent plastics such as polyphenylene oxide or 
polysulfone with hie;her heat defilection points were estimated to cost about_ 
$1.50 each. A nozzle-housing assembly of porcelain ceramic was fabricated 
in experimental quantities by Knox Porcelain Corporation and appears satis-
1'actory a1'ter· l.imi ted testing·. 'l'he 1'abricator estimates th1s a·ssembl.y to • 
cost 38¢ in quantity production. This cost is well below any other combi
nation of nozzle and housing; and the glazed porcelain eliminates tempera
ture :p:r:oble1us as well as being highly resistant to co:r::r:osion and erosion. 
This assembly has been chosen for the reference design. 

3.1.10 Tube Sheet Corrosion Protection 

The protective coating for the upper tube sheet presents a more difficult 
problem than the other steel surfaces in the plant because of its compli
cated geometry. Two general approaches to protection were considered. In 
one, the protective coating would be sealed to the tube sheet and tube ends 
and the nozzle assemblies would be simply inserted in the tubes. In the 
other J the no7..zle houRing) or more s_pecifically t.he flange of the hr::11.1Sinc;, 
was considered to become a part of the protective coating by welding, 
cementing, or grouting the flanges to each. other or to a protective sheet. 

A discussion and cost estimate of the first approach using a copper alloy 
sheet with welded sheet-to-tube joint is given, in .section 3.1.9. 

Within the second approach several materials were considered. Using plastic 
nozzle housings with hexagonal flanges would pe-rmit the flanges to be welded 
or cemented to each other or to a match-drilled plastic sheet laid over the . ' . - . 
steel tube sheet. Equipment is_available for fusion or filler rod welding 
thermoplastics _and the manufacturers feel this equipment could be adapted 
to the semiautomatic methods'common for welding tubes. to tube sheets. Using 
porcelain nozzle· housings, the flanges could be grouted or cemented to the 
steel sheet and/or to each other. Possible materials are mono-calcium 
Saureisen Company, .and silicone rubber co~pounds such as·proposed in the 
General Electric 50-Mgd·Conceptual design report. Sections of tube sheets 
have been coated wj.th thP-Re ma.teria.ls and are being tested. 

The cost. of copper-alloy-cladding is such as to offer considerable incentive 
to develop other methods. Since the procelain nozzle is to attractive both 
in cost and serviceability it is desirable to develop a method compatable 
with it. Therefore the fabricated bundle cost estimate for the final design, 



section 3.1.3, is based on the use of the porcelain nozzle cemented to 
the tube sheet. Further testing is r~uired to determine which of the 
proposed materials is best suited to the service but the installed cost 
will be about the same as for the Saureisen cement w~ich was selected 
only as being representative of the cost. 

3.1.1~ Tube Fabrication Cost 

Costs for the GE profile double fluted tubes (3-in. OD x 0 .. 046-in. wall, 
10-l/2 ft long) are based on the use of Olin 194 alloy and are summarized 
in Tables 32 and 33. These costs provide for a prime contractor .to pro
cure the strip material, and to hire a subcontractor for welding the strip 
into tubes and fluting these tubes in a small shop (low-overhead operation). 

Table 32. Tube Fluting Cost Analysisa 
GE Profile, 3-in. OD, 450,000 10.5-ft Tubes. 

Capital Cost - Equipment 
Interest (7% annual rate, 1.25 yrs) 

Fluting Op-Erations 
Start-up 
Operating costb 
Handling, cleaning, testingb 
Auxilj_a.r:Les 
Maintenance 

Tooling 
Machine repair 

Contingency, 10% 

Total Fluting Cost 

Cost per Tube, 450,000 Tubes 

Cost per Square Foot 

$182,000 
15,925 

4,293 
27,503 
82,508 
"5, 820 

60,750 
5,000 

. 38,380 

$422,179 

$ 0-9382 

$ 0.0938 

aBased on prime contractor procuring material and 
subcontracting fluting. Therefore, subcontractor 
applies overhead and profit to labor only. 

bSouthern Califo:rnj.a labor r~tes plus 100% allow
ance for overhead and profit. 
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Table 33. Estimated Fluted Tube Cost 
Olin Alloy No. 194 - Strip-Welded and Fluted 

Material Cost (24.402 lbs/10.5-ft) 
Welding Costa 
Fluting Cost (from Table 32). 
Shipping Cost to Bundle Assembly Plantb 

Sub-Total 

Scrap Allowance (4-l/2% fluting rejects, 
5% welding re,jects) 

Total Cost per Fluted Tube 

r.nst. nf li'lnt.Pil 8nrf'A r'P J pl?r ft.2 

; $1J!793 
0.683 
0-9382 
0.500 

$15-914 

0.808 

$16.722 

$ 1.67 

aincludes subcontra.ctor overhead and profit. 

bTu bing f:r·orn New Jersey to California. 

3.1.1;; Fabricated Bundle Cost Estimates. 

The following breakdown of costs are based on the quantities of tubes and 
tube sheets as required by flowsheet 261-C. Materials and fabrication 
t.echniques used for cost purposes are as follows: 

Tube Sheet Drilling - Tape controlled multiple spindie, multiple 
head, gantry supported drill 

Tube Sheets - l-l/2-in. thick carbon steel 

Tube Roller - Tape controlled, four heads (a pair for each end of 
tubes with simultaneous rolling) 

Tubes·- 3-in.-OD Olin copper alloy No. 194, GE fluted type-10ft 
4-in. total length 

Tube Nozzles and Housing - One piece ceramic 

Nozzle Assembly - Cementing between nozzle housings and tube sheets 
with No. 40 Saureisen Cement 

Since there are 439,500 tubes, the assembled tube bundle cost would be 
$20.91 per tube. Installation cost of the tube bundles in the evaporators 
plus overhead and profit must.be added for an "in place" figure. 



Table :34. Summary of Fabricated Bundle Cost Estimates 

Material or Operation Unit Number of Unit 
Units Costs, $ 

Tube sheet drilling Each hole 879,000 0.1887 $ 165,867 

Tube sheets sq ft 85;239 12.2400 1,043,325 

Tube installation & 
rolling Each tube -439,500 0.8535 375~113 

Tubes Each 439,500 16,722 7,349,319 

Tube nozzle & housing Each 439,500 0.3835 168,548 

Tube nozzle cementing Each 4!39,500 0.1358 59,684 

1/8-in. polypropylene 
.1:laffles Each bundle 396 68.36 27,070 

$9,188,926 

3 .·2 : . Deaerator~De sign 

A new concept was utilized in developing the design for the deaerator. 
The design incorporates both the flash-cocurrent and the stripping-counter
current principles. The deaerator netther uses steam from an external 
source nor re,jects any steam for external condensation. The latter fea
ture results in considerable savings in equipment cost due to elimination 
of expensive ducts and a vent condenser. In addit.ion, the deaerator is 
designed to remove also the necessary amount of co2 thus eliminating use 
of a separate decarbonator. A flowsheet for the deaerator is shown in 
Fig. 43. 

The deaerato'r is composed of two sections, a hot side and a cold side. 
In the hot side an acidulated portion of the plant heat reject water is 
flashed in two .consecutive stages, each stage having a packed bed to 
provide ample residence time and free surface. A water seal between the 
beds separates the top stage from the bottom. The flashed steam from 
each stage goes to the cold side of the deaerator and the resulting fully 
deaerated water falls into the reservoir below. The cold side of the 
deaerator uses cold acidulated seawater. It also has two packing beds, 
one above the other. Steam from the hot side enters below each bed of 
packing and flows upward counter-current to the falling water. The strip
ping action of the steam plus the reduced pressure is expected to accomplish 
the required deaeration. Since the water is considerably colder than the 
steam and since the quantities of each can be regulated, most of the steam 
can be condensed by the time it reaches the top of the deaerator. Vent 
gases containing only the minimum water vapor go to the evacuation system. 
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Both the cold side and the hot side design appoach are based on ORNL's 
extensive tests on a packed column deaerator at the OSW's Freeport Desalt
ing Plant. The Freeport deaerator contained the same types of packing 
and spray nozzle as recommended for the subject deaerator. The tests in
dicated that condensing of the stripping steam on the water did not have 
a detrimental effect on the deaeration efficiency of a countercurrent-' 
packed deaerator. The tests also demonstrated that a considerable amount 
of deaeration can be accomplished in a good spray nozzle, which reduces 
the height of the packing bed required for such deaerators. 

The exact behavior of a process, like the one under consideration, cannot 
be very accurately anticipated by the presently available theoretical means. 
Therefore, a feature of this design is the incorporation of an internal 
damper which will help obtain the optimum interstage pressure in the hot 
side under all operating conditions. The control of interstage pressure 
will also gover-n the distribution of steam between the upper and the lower 

·beds in the cold side. Also, the flowrates of the hot and cold brine 
streams can be regulated. Thus, any operational deviation from the design 
conditions can be easily handled without jeopardizing the deaeration 
efficiency. 

3.3 Entrainment Separators 

The design of the entrainment separators requires both estimation of ex
pected entrainment as well as capacity and efficiency of the particular 
separator. The disengagement chamber geometry and flow conditions affect 
the final choir.e of separator. Information developed to date suggests 
the choice of a "hook and. vane" type entrainment separator, which is com
mercially available. Other mist eliminators considered were wire mesh, 
packed beds, gravity and the many types of centrifugal separators, which 
were ruled out because of either lower capacity, higher cost or noncom
patible geometry. 

Three methods of estimating the expected incident entrainment on the 
separators were examined. All gave values within the same order of mag
nitude, although they were quite different in approach. The application 
of any of the three methods to the particular geometry under consideration 
is rather speculative without some experimental data for the chamber geometry 
under consideration. However, sin'ce the main source of liquid entrainment 
is thought to be the down flow of steam and brine from the vertical tube 
bundles in the VTE section, the above three methods are probably conserva
tive for at. least this section of the plcmt since they were derived for 
evaporators and boilers from which the vapor and entrained liquid are 
ejected upward from the boiling liquid surface. For the e~Lima1~on of 
oeparation stages required the method developed by D. s. Ullock was used. 
Since the entrainment was found. to be a strongfunction of the vapor velocity, 
the duty of the separators increased with decreasing temperature, pressure 
and vapor density from the first. to the last effect. The diffl~ulty of 
eliminating liquid droplets is a compounding one, since increasing brine 
concentration requires more complete entrainment separation in the low
temperature effects where vapor velocities are higher. 
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II II , The performance o he hook and vane separator was exam1ned, and from 

limited data, a correlation for predicting performance was developed. 
It must be stressed that the correlation was based on a very limited amount 
of information on a particular metal hook and vane type and at higher pres
sures and lower velocities than will be experienced in the plant under 
consideration. A limited experimental program would seem to be prudent 
since, because of materials of construction and cost, the suggested hook 
and vane separators would either be plastic coated or extruded from plas
tic. It is not known how the difference between metal and plastic sur
faces will affect the performance of the separators. Materials of con
struction have ·proven to be a problem not yet resolved because of the 
separator shape, methods of fabrication and the special corrosion resist
ance requj.rements dictated by an environment of steam and hot concentrated 
brine. 

The use of 90-J-0 Cu-Ni alloy was ruled out because of a quoted estimate 
of $168 per ft2 of face area (not installed). It was at first believed 
that some high speed roll forming operation could reduce the quoted cost 
s:i,gnificantly. However, it w~s found that the cost of materials alone 
was approximately $120 per ft2 of face thus the use of 90.-'10 Cu-Ni was· 
excluded. 

Carbon steel separators (approximately $35/ft2 uncoated, not installed) 
were thought to be attractive if they could be coated with a protective 
surface of plastic or possibly porcelain enamel. At our request, stand
ard commercial separators were sent to a vendor for coating with Pentane, 
a chlorinated polyether made by Hercules. The vendor was unable to pro
vide a continuous coating as well as keep the hooks from filling with 
the coating material. It was felt that the same problems would result 
if porcelain enameling were tried. The Porcelain Institute was contacted 
and would not recommend the material for this service. 

Aluminum vanes are produce~ at the present time by both manufacturers con
tacted. A price of $17/ft face was quoted for extruded aluminum vanes. 
Because of its low cost, this mater:i.al of construction should be seriously 
considered in the final design. The New Kensington, Pennsylva:h5.a research 
department of Alcoa was contacted for info1~nation as to the applicability 
of aluminum in the environment under consideration. Very limited experi
mental information is known to have been developed to date for aluminum 
in an environment of steam-brine with 3-10 wt% NaCl at 120-260°F contain
ing traces of heavy metal ions such as copper. A recommendation of alumi
num for extended life in the desalination plant design under consideration 
cannot be made as yet. However, ·since some corrosion would be tolerable, 
almost to the point of meehanical failure, o.luminum hook and vanes should 
not be ruled out at this time. 

Extruded plastic separators seem also to offer an economical solution to 
the problem of materials of construction. Several low cost plastics are 
under study including glass and aspestos filled polypropylene, polypheny
lene oxide, and polysu~fone. Estimated materials cost per sq.ft face for 
the above plastics are $3.70 for filled polypropylene, $13.50 for poly
phenylene oxide and $13.80 for polysulfone. Attempts are being made to 
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extrude these plastics at the present time in the complete or partial 
shape of the separator. It is believed that the polysulfone would have 
the best mechanical and degradation resistant properties in the desalina
tion plant environment. The possibilitfes considered to date are summarized 
below and are based on l sq ft of face area for an eight (8) stage separa
tor: 

Table 35. Estimated Cost of Entrainment Separators 
Fabricated of Various Materials 

Material 

90-10 Cu-Ni 

Carbon steel 

Aluminum 

Polypropylene 

Polyphenylene oxide 

Polysulfone 

Material Cost 

($/lb) ($/ft2 i'ace) 

1.00 

0.26 

0.98 

1.00 

120.0 

4.63 

3.67 

13.50 

13.80 

Fabricated Cost 
( $/ ft2 face ) 

168 

35 

17 

15 

Installed Cost 
( $/ft2 face) 

24 

21 

It therefore seems reasonable that hook and vane type separator can be de
veloped in the near future at an installed cost of not more than $30/ftf 
of face area. The development of a satisfactory unit should take about a 
year. 

A comparison between the proposed hook and vane type and the second most 
attractive type, wire mesh, provided the basis for the choice of the former. 
A simplified relationship between the maximum capacities of the two types 
can be derived from relationships for maximum vapor velocities. 

where 

v max 

v 
g 

For· wire mesh Vmax 
.....; 

For hook and vane Vmax ~ 

3 . 00 - r.:;-y vg 

5.00 -v-v: g 

- maximum allowable vapor velocity in ft/sec. 

= specific volume of the vapor in ft3/lb. 

Therefore for the same duty the minimum area required would be inversely 
proportional to the coefficients in the above relationships, or a.:rea of 
hook and vane required would be about 0. Q of that required for wire mesh , : 
demisters. 
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A previously estimated cost for the 250 Mgd-VTE plant was $25/:ft:: for 
monel wire mesh an~ a range of values for polypropylene hook and vane 
from $19 to $26/ft of face installed (depending on number of stgges re
quired). The installed cogt for mesh was estimated at $1.8 x 10 and for 
hook and vane at $1.2 x 10 . Neglected was the increase in plant size for 
the lower temperature effects due to added space requirements for the mesh 
demister. Adding to the attractiveness of the hook and vanes:.;i$:.the.:fact 
that the pressure drop through the mesh is about 10 times greater than 
through the hook and vanes under the same conditions of vapor density and 
collection efficiency. 

At this point, the most pertinent assumptions which affect the final cost 
should be restated. 

1. Estimates of incident entrainment for the chamber geometry considered 
!il.re orner of magnitude figlJ;r-es based on relationships developed for 
standard types of vessels previously used in the process industries. 

2. Performance of the separators, both hook and vane and mesh types, have 
been extrapolated over wide ranges not backed by experimental data. 

3. The development of an economical hook and vane separator fabricated 
from low cost materials can be reasonably expected to take about a year. 

Based on the information now available, a hook and vane separator would be 
the choice for the 250 Mgd plant design. 

4. SELECTION 

The configuration and values selected for or assigned to the final design 
come in part from the study ground rules, in part from clearly drawn compari
sons in the applicable sections of this report, and in part from compromises 
or engineering §.udgement choices between apparent near equals. 

The shell is a rectilinear, reinforced concrete otructure divided by longi
tudinal walls into four independent trains; by a horizontal partition into 
the multistage feed heater on the lower floor and the vertical tube effects 
on the upper floor; and by transverse walls into 50 stages and 15 effects. 
To accumulate the increasing vapor flow area required with decreasing 
temperature each train is trapezoidal in plan view. The amount of surface 
assigned to each effect was adjusted slightly (away from equal area per 
effect) to fit the physical linear taper. Forcing a physical match for 
length and width of the feed heater section and the vertical tube effects 
causes them to be individual~y less economical but collectively more 
economical. The design will withstand full vacuum throughout and meet the 
unfired pressure vessel code. The brine heater is integral and a continu
ation of the feed heater. This method was chosen over using the first 
effect for feed heating because of the uncertainty of the heat transfer 
coefficients to be expected for the doubly fluted tubes at feed rates of 
about 8 gpm per tube ... The final condenser and deaerator are also integral. 
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The tube bundles will be constructed in modules 10-ft-deep 
with doubly-fluted tubes 10-ft long and 3-in. in diameter. 
has its own noncondensable removal section. Hook and vane 
separators will be mounted at the face of·the bundles. 

by 20-ft-wide 
Each module 

entrainment 

It was decided to cool the product to 90° in the flash feed heater. A 
feed heater performance ratio of 7.8 was computed to·be near optimum for 
.this set .of circumstances. These two conditions establishe<.l·the feed 
temperature of 77o. Other methods have bee·n suggested for product cool
ing which will permit higher feed temperatures. An economic analysis of 
these will be presented in the final report. 

The final effect evaporating temperature of 109° and the final condenser 
approach temperature of 5o were computed to be near optimum balances of the 
cost of surface against the cost of coolant. 

The optimum concentration ratio appeared to be somewhere between 2.75 and 
3.0, however, tbe curve was quite fJat in the region from 2.5 to 3.25. A 
concentration ratio of 2.5 was selected on the basis that the added cost 
was small but that the change in the oper~ting curve with respect to the 
solubility limits was attractive. This parameter will be reinvestigated 
in the fimtl :r.P.port ." 

The process flowsheet (Fig. 44) and computer printout for case 3llA are shown 
on the following pages. The detail design and costing of this case will not 
only provide a cost estimate for this Gpecific plant but will provide the 
cost subroutine with sufficiently accurate and detailed information to 
permit confident extrapolation over a relatively wide range. 



-EFFECT 

STEAM FR'OM REACTCR ~ <;. <':. 
w. s.ooo -----'~-- > < 
T. 267.39 <<> <;. 
Q. 4&b7-9 .., . - ···::._:· ____ ..0 

--4--J '---. ..J 

li 
..---, JTI!:>n 
i n.wru 

I 

m 

sTEAM fROM R £.ACTO o r-- -::::.;,::-;;.; .. ,·/' v· Avrv"'lv..vv.VVJ·lvvovvoii'IT''NI 1./IV\.rv-.•.,-, l,AA '-IV\/\.1\/\ ..!FV\IM'·.tl'-' A../V'o/N',....Lvvvvvr "-:: ~-:7~:9 -..:I-i-1 i-'~---"'_'!'_1-_ ... ....,--~r-':'.'-_-_.,.._:< __ :_,.-~~ .... --~--+r~-r;'-·.-_. ,_-,_~-....,1· r-'11'_'--_· __ ... _.:..,.:j~~_ ...... H-~ ..... -~~ :.- .... :J:~ ... -~ 

<> .. ,. -~-~I!l~~~--~~-~"~~~ 
STAGE NQ 4 5 6 7 

sea ~o~ATEo--SALT ·co-NCEN'TiiAT'iON-----~ ··-··-·-o.on,o PRFHFATEP.•Cw::-F~lO:.EP TUIIf 1r t I';J ... .-~t,·;----

:g2~~~~Ra 1{~~~~w.Tue,.au.r.u"'"'"''------"".<""ii"'~;~~;--...,.-~:~:ct:!!:~~~:~:~~!;-!!~L;;-' ':;'~f~:~;~f;;-: -;;,;;~:f-:~~V~i:;.,-!:Ffr~, ~C;,-,;;,-;,T<,.r<,Tc ;-, ------c~(-'.-ia·~, '~~;:---
____ ,lAST EFFECT OELTA T. __ T.S-!6 ...... ···-----1'•)9 ___ ~..!~~-!l::~c:_•·!~.t~!5.E 0.!tJI'I.EJJ..!!!:.IL!.l!.';:_~_t._!.!':o. _________ l~oV') _____ _ 

APPII.OAOI Tfi'IP•CONDEN$EA: TN•TC '5,00 PR!=HF.Alf;O F~ •t. t•J"; F.O:.CT'!CI "•1)0:"3': 

--n,e·A·N ;e""Pt:Anuu ·· --·-roic.··F.--·--· ·- --- t,·~·~oo·---~E.!t.SE.L.f..G..!l.:~J.~tr.:.:.:. __________ . ______ :..llc.:o'~\------
coNaJNSfP EXIT 81\P'iE lf"CI IOFC f1 194 10 'ITF PlANT P:· ::t-1 fFr"Efl ~ )u•nl"'r. O' 

Ce•·AT ER Sl•LT r:;•:J[PI'IG Tllrt::S 
· ___ . ....!.....-!.i!:!!.'IH!.f:.O V.~l'r.L!£.•.:! '-~~~ F 

I 

l 116 
I 

SEA WAlER 

,..... ______ W!!.:::. :i!!e::o:· ::6::8:9=----------r---..... -----c-:G~f-P-U_M_P ______ W 2 2.8.145 

w. 44-62.6 ~j ,..., Q. 7645.1 

i 65.0 
Ne. 

oosTEP. C o.oas6 
fiNAL \IEWT YST.EM PUMP 

lr+------. 
I I J 

W. 99~!18 AM. 

L4=C~O~N~D~E~N~S~E~P.~\l---w::;. '2. 07'2 w. 
1
'
400 

~~-.....a:::1-_[ e:..&.ROMETP.IC !""~-._'>> ~ <'> ACIOADOI-TII-01-1- - V COIIOEIISf.ll.. 
I <<> <<> <<> i '" ··~ i l HEAT REJE.CT 
• ~~~g r--- r- I T 104.1 

..J I>" . , T. 104.1 w ea.97Z 

- //f _____ -~-=---- 't·2--:::-~:::-~-:;-~-~-~~::j ~...:.T'"'.=,0=4=.=, =--------7-t:---.L..---'----t----- ~ ~-~sal>~~ 
Y Jl // Jl D r~· ;;:l:;;~ .. ,r:t· ;:!::;;::;] 

r= ,;/ A DOlT lOll II -~ "' , ~:::;,;_~_:;:: .=~ DEA ERATO R 
/· "' .. ·- ·-· 

)~·~A·A~~-~~~~-~~i./VV/~~j~,~AA~AVVVV~·1~~~~~~1----T~?=?=.O===~~ MAK:UPPUIMP T __ ~go~-~0 __ _ 
rv l,_..,_ 'J ~ ;_vv vvr_.~·vvv")~v. ·:~~ W 143-SSil -------• W 86.416 
)2-~-~~-~.:~~-~t:;~i·;,,~"'-C::-::::~~J:L:f·~~--~--~~~·~f'\.:=:~:::--~-~--·r:j·~:::--'!:--':::-~·r-:tl'l'~=--::=-:f---------------~ o,_g_932-.a-

PRODUCT WATER C o.o~"'Q.._a __ 

P!>P.IN!. 
IIEAT TRANSflR SURfACE. 
PRODUCT (COt-lDlNSA1C.) 
STE.AM VAPOR 

PUMP 

W • FLOW HI MIL\..101..15 OF POUUDS PERI-lOUR 
T .• TE~PERA'TURE IN .F 
G! MILLIOIJS OF ElTU PER HOU'l 
C • WciGIAT I"RI>.CTIOtJ OF SOLIDS CO\JCEIJTRATIO~ 

1 """ · _1-1! z..v." VTE CONCEPTUAL DE.SIGH 
I :!:•.llnu•-----.~::m;~~m-g; ~1'"""=·-'-'"'~·"'~=---F=t PROCESS flOW 5\-IE.E.T 

.o.ou•~o.-ro"-'!£A1.ll.IL.~tu1"'-----·-------------------7----:-------'!m-~~ru•••--.a· ,, ••• , .... •'-----=,.-.,,...---- I 1' ..... ""':;--=-:---+---i '2.50 Mr-o CAPA·CITY 
) ... ,, ISI .. lUl CONVENTIONAL PLANU O,l16S89H6 OZ 1---------i '~IW!!!''.f.Jt !!.=:J~z,""'"""fMo~"~ U M; 

_....IUSTUK fLQv FRDK EFFECT, L8S/HR 

I uo.oo. ..,.... CASE 311A Dated Feb. 6,1967 

f """' 1c-P3%47AH-SKREV. 

I 
Fig. 44. VTEjconceptual 

250-Mgd Capacity; Case 31lA 
Design Process F1owsheet;· 

l 



DESIGN AND COST DATA CCMPUTED FOR THE REFERENCE CASE OF A 
250-l>'.GD VTE PLANT WITH MSF FEED HEATING 

Computer Code Input Specifications for 250-Mgd Plant Design 

___ s_I:_A_Wilrf:P:--s.;t. r coNCE'l-rii"Arlo_N ____ ---------· o~ii-336-ci ·-· PREHEATER+coiiloe-NsER'· ruse 1o -<TNT _____ ------------- --- -- ·--· ·o~666o 
_____ fJillJ.l.U.C.T . Sf1LT. CONCE·'iTRA TlON ' 0. 00002. P.REHE~TER+CONOENSER TUB_E 00. U.NJ. _______ . _ 0. 7.500 

CONLENrRITIUN RATIO 2,50 PREHEATER+CONOENSER TUBE VELOCITY (fT/SECl 5,7986 
FIRST EFFEC'I D~L T~ T TS-TB ----------- .... _7.L3.9. ___________ ~E..H~E~A!!-:T~E:-!R~+~C~~O~N~D~E.ctN~S.~;_E~R7T-!:'U~B~E:-'F::JL.J.01.1.0u,Pui~N~Gc...!:.F.!!.A~C.!.!TO~RtL_ ______ ...J..16~.0~0~ 
APPROACH TE~P-CONPENSER TN-TC 5,00 PBEHEATEB FOULING FACTOR 0,00030 

CU.IIIOEI\ISER F(JULING FACTQ_R ------· ... _ .. _ __ .0,_00050 
OCEAN TEMPERATURE 
CONDENSER FJIT RRINE TEMP VTE PLANT LENGTH !FEETl 0.34BOOOE 03 

---~-iUiouu· ·1 E'11ri:iiiir-Li'RE ___ . . -
!PEG Fl 
(DEG Fl 
i-D-EG- F ;·· 

65,00 
l04. I 0 
. 88,L;Q· PRoPuc'r- i=i.aw· · .. · ----!LB'siHR>-· ·---· --·-·- --o:ii64159e __ o_s 

SLOWDOWN TEMPERATURE (DEG Fl 92.82 SLOWDOWN FLOW ILBS/HRl 0.575677E 08 
SIEAM TEMPERATURE !PEG Fl 

ID_I::Q_ Fl 

---26'7.'39 _____ _ 
STEAM FLOW VTE !L8S/HRl 0.499999E 07 

--~ EE!:D .1.E.tU'.!:..B.ATURE_ __ _ ']7.00 --~-E~_Q _ _F!-0\ol. __ .. . _____ .... ___ ___!_ill.{!::I~L. _______ .. __ ... .9_0_43_85~_E 09 

VTE 

NI,J_M!K~ OF EFFE.CJS 
Effect Characteristics 

-Effect _,U:.:;Bc=:A.:.oR __ -'1\"-''B,__ ____ CB TB ...... _tj_B _____ J. . ____ E _____ . __,E~V __ _ 

Nc 
_______ .... O.d '!.2H_Q'L __ o~.QD_6~-- __ 26_Q ,_o_o_ 221. ~7 .. 

1 1B2~.o ~67;39 0.4972E 07 ~.497iE 6i 
_________________ O_.J)_I}_2_L_Q_2_~~~-- .f~.9 .. •QO 221., 73 ...... 

2 1782.7 258,63 0,6231E 07 ·0,4~34~ 07 
_____!!_..llllL..Q..2_fu..Q 3 6 4 S__llL..QQ.. __ LU. &L ______ _ 

3 1736.3 . 2~9.92 0,6094E 07 0,4903E 07 

. -~-5, o_o 
Q 

o.466BE 10 
----------------· Qd.2_66E.__Q.2_ ____ Q_,_Q2_~_?2. .... ?.'t2·_~8 .. ?(:3,8_2 . .. 4 1681!.7 2~1.22 o.6oo3E oi · 0.4a74-Co7·----------------o-:·46bse1o ______ _ 

___________ J)_._L2.D..9L Q_'L_ .Q._,_Q_ltQ1_'t_ __ _u~.._~.!!. _ 1.9~_ • .QO. __ ...... _ ...... __ ------- ___ ------------------------ _________ --·-
~ 1639.7 232,49 0,5920E 07 0,4845E 07 o.4668E 10 

----------'o.,_ . ._.1..._1~...:4u6,_.·;:'--"o"'9--_,_o_,_.,_o"-4...,Z2.L...ll!L-..§.L1B6..J.l.. _______ _ 
b 1569.3 223,68 0,5843E 07 0,4816E 07 o.466BE 10 

__________ _o_._l.0.6J!L_0.9 ___ Q-'l:t't~.9 __ .. £15_~ '!!L.J_U •.!..12 · __ ...... --·-· ...... 
• 1sn .1 z 14.74 ·a:5i7-2i5 .. in ___ o:~4-788E .. o7·--·--·- -------· ---- ··· ·o-:46i)ae· fo- -

---------- ... !J .• 103.0.E .Q9 ___ _.o_.,_Q_lt_Q~9 ___ ~Qb.~ll'L. H& ... O.J _ . ___ ···- _______ ------------------------------------
8 ~482.B 205,61 0.5707E 07 0,4759E 07 0.4668E 10 

----------'0"-'-'" 9z_7.__._3. ~.Jl...,_Qi.'U2.__197. 55 l~J!..lQ_ __ 
9 1426.0 196,24 0.5647E 07 0,4730E 07 o.4668E 10 

___ Q. 916.QE _O.!l. .... 0 ..... 022!32 .187. ,8!\ .. .14.9 _. 06. 
10 L365.A 106,53 

_____________ _o,_ab0.7.E 08 ... O •. Q~{>Zb _ 17.7,_77 D,9,06. 
11 l30lo1 176.38 0.5546E 07 

---:-:,----:---::-=--=--:--'0"-• ._,8;u0"5'-'2'-'E'--"0'-"8'----"o-'-""'-0"'-601L!.-15L- 1bL,.Q.2 __ U.!L.~2---·----------=--::-::;--;;--;-;-:;-:::~=--------------;::--;-;-;-;;-;:~-::-----
12 1229.8 165.65 0.5507E 07 0,4638E 07 0.4b68E 10 

------------· _Q,:?5 .. 0J,E._Of! __ Q,__Q()'t57_ 155.~~ _11,7.41 ___ _ .... ··---- . 
13 1148.3 154.13 0.5482E 07 6.4604~ ~i ci.466~E 10 .. 

14 1049.9 141.45 ----o-.4668E lei __ __ 
Q.640~E oa 0.07566 1~8.56 91.47 

---:1-::5,...---=9-=270-.· 7o-'"'-'-'""-''-Llo"'---"'-"--"-'-"--'-"-~~"-'=-''-'-''-"--· ·- ~ ii;~94-- ·:J. 54 74E "'o"'7--,o",..,4,..,5".l"7""E,....,o""7,..-----------o;;-. 4,..,6,..,6,..,8'"'E,...-,l-=. o,..-----

109.10 ____ .. __ ··--·- o.466ae·--~c,-· 

UBAR #EFFECT UBt.R, BlUiHB_::FTZ-=DEGf:·--·----- WB#BRiNE FLDW--[JLj-f; LBS/HR . - ·-CBii'SAIT-cotic:-;wT.-FRACTfciNI'AFTER-fi.IXIN.Gl 
TB U8RINE TEMP OF wa, PEG F HB#BRINE ENIHALPY OF WB,BTU/LB T "SATURATED VAPOR fEMP, PEG F 
E-lOIAL"EVAPDRAliON RATE, LBS/HR EV~V~~~T~O~V~T~E-~C~H~ES~T~,~L~BhS~/~H~R~---~~~~~~~~~~~~~~----~ 

Q hEVAPORATCIR HJAT RATE_, BTU/HR 



VTE 
Effect 

No. 

2 

3 

5 

0 

7 

8 

9 

Effed Characteristics 

---·-.P-~.1_\)A~--· -· _ -· _ ·-- __ .. _ . __ !_U.BE_ --· _.T~_B_L 

AREA lr-T2l UBAR LENGTH NUMBER DELTA-T* 

o.348'•136E 06 o.fB27955E 04 10,00 ~.3484E 05 7.33 

o.38J.547BE 06 o.l73o295E 04 10.00 0,3B15E 05 7.05 

o.4Joe:.o55E oo o.1639721E 04 

:J.4<29045E 06 Q,l589256E 04 10.00 0,4229E 05 6.95 

•).433ZB77.E 06 0, 15 37064E Ott 10.00 0,4333E 05 1.01 

0.4462830E 06 0.1425998E 04 10.00 0,4463E 05 7.34 

Chemico.l 
'iloiling Point 

Elevation 

(.184592 

1.219834 

1.2G1B06 

1.295419 

l. 4041 50 

Delta T. 
From 

Bundle 

Pressure 
-- Losses 

o.25obbo 

0.428571 

·-- o:stY85i 

·---o.6o7T''3 

0.69642~ 

0.964286 

1o ____ -----o-.-4-4-1;7,_,7""o·ae o6 _o.:t36s76-si:--o;;-- 1o·: oo-c-:44&-iicos--7.·;;-s ···----- L4.49aiT -·--· -i-.-o·s3s7i 

11 

12 

l3 

14 

15 

0.4441577E 06 O.l301077E 04 1o :-oa-·o ~-4442E-os·-·a~cilf ··----i:-:-soo67_1 _____ 1. 1'•:r857 

o.4346202E o6 

o.4176783E ·J6 

0.3901884E 06 

G.3484136E 06 

o.l229780E 04 10.0D 0,4348E 05 8.73 

o.-10-499o8Cii4--·io:oo·-o.3902E 05 u.4o 

o.9200361E 03 1o:-\'fii- 0,3484E 05 14.57 

*Thermal Driving Force Across Vertical Evap~rator Tubes 

1.558044 1.232143 

1.769590 .1. 500000 



Effect Characteristics 

_ N EB~lN~ OBFlN.l_ ___ , .1tC£..LN l C I l Nj__ 

---- --·-·· ------·-. ---· . -- .. -. -··- .. ---- -- --------------- -·-------- ·-·- -·-·- .. -·-·· 
I o. Q, o. 0, 0,336305E-Ol 

... 2. __ o,LZ'U.OQE ... 0.7. .Q..l.l2031E 08 . o . ..!Z2.56cE 10 .... 0.,4.400B6E .. 08. . .. 0.,35.H•5.2E.-.O.l 
3 o.tl9lo4E 07 o.l7Z975E 08 Ool13244E 10 Q,988Q46E 08 Q,368060E-Ol 
4 o.JI2949E 07 n.231009f 08 o.l0804QF lo O,l52821E 09 0,385792E-Ol 
5 o.t075J5E 07 o.292210E 08 Q.l03456E lo 0.207371E 09 Q,405034E-Ol 

_ _f> __ , __ .Q. •. JQ.27.!..1L07 0.3506!•2.!'. 08 o ... _9.94£Q?E 99 ....... o .• _263439E _Q9_.. o._426_906E-Oi. 
7 o.9B463hE Oh 0,4Q8367E 08 Q,958,55E 09 0,322150E 09 0,44897tE-Ol 

.JL __ Jl, 9.4f!_l7.!\E.ll.9. _ ... Q.,.'t6.5.4.~8.,!; 0_8 .... _Q_, 928 ?44E . 0.9 _____ p_, 38!+_88.41;.._ll.~ ... - .. .9 ,_4 H?.'t.?J;.::<H 
9 Q.917Z40E 06 o.521910E 08 o.?03965E 09 0,453543E 09 O.S02232E-Ol 

.lQ___0.89389lE Oo o.577853E 08 .J,686469E Q9 0,531474E 09 0,533415E-Ol 
11 o.B75779e 06 c.&33309E 08 Q.874146E 09 0,620607E 09 0,566407E-Ol 
.lL __ .Jl,JiQ'U3.1L.O.Q._ _ _Q_,_fl_!L(!_38JJ ... Q.8 __ .... 0., R.U~93E . 09 .. Q, no.03.!!_L Q.9_ .... Q .• _6_0_8027E-::.Ol 
13 o.878857E 06 o.743205E 06 o.B69774E 09 0.872359E 09 0,653385E-Ol 

.)...!;_ ___ _P._,_9_1:12.0Q.:: .. .Q9. ____ Q,]_9_1Hl)_'!_E_..Q.!L. ... _o.,_9).6629E 09. Q_,lQ7646E .. JQ . o,_7_Qo09!!E-.Q~ 
15 o.956625E 06 o.052774E 08 o.985754E 09 0,142073E 10 0,768083E~Ol 
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__ _:li::.:e:.::a:..:.t_and .!:l.a.t_e_rl._· a!._~_lan_~~!!-lcu~_t_io_n_s ___ ·- _ -·-----------·-· _ -··-·-· . . __ ....... . 

_l,_,N-'-'1''-'U"-·,_r __ _,N_,_,0"--""0 F E F FE UL-"1'-"5'------··----·--··---·------------·--·-·· ..... ____ -·-·· ··----------··· ------·-------- .. _ -·-·--

WF o.l43B53J.BE 02 THF zoo. o_o,_,o,___,r-"c-'=o~r~_ 104.10271L_ ___________________ _ 

'10 ___ _ 6_2_._Q_O __ c_q __ --··-~-·--·--..Q.·_9_336l_ ___ T_£'_ ____________ 107_.i>9 .. 2l.l,. . _ 

_li_ ________ ;u,] .. ·-~~-'•.7 ....... w.e_s ____ c·._4_999'39_o:;-e ... o7. Q_C..QtJ .. _Q.~_6_679~_36_E __ to __ 

3.28889 

____ __l_a ______ ..... C .. L .. - ............. C ... _ . .OBF . __ ...... 

~Q...QQQ.o....:_o_,_o_3.J .. I2.;l_o_o_._o2.~-!UJ ___ o_. ____ .. ____ .. ____ , ____ ..................... __ ...... ... ----- .... ···-·-· __ .. . 
26Q.OOOG 0.035165 0.036476 0.12256%2E 10 
Z5!.05H8 0.036806 0.038235 O,l132435BE 10 
242.3819 Q.03B579 0.040142 0.1080~034E 10 

_l_B .• 1!.1.5_L_.O_._Q.4 O.!i .. 0.3_Q_ ... O..i..z.2_1_9_Q_._l_0_3_4 ,5_6 0 9.E .. 1.0. 
224.8908 0.04~601 0.044491 0,99420284E 09 

__ 2.l5 ... ..21..9 .. 6_Q ... 0.4_4..8.9..7_o_,_o!t.6 .. 9J3 .. 8 __ Q_,_25_8.9..53.!.0 .. E_Q_9_,_ 
20~.8864 0,047425 Q.Q49750 0,9287~413~ 09 
197.~466 a o5022o o,o52821 a.90396486E o9 
!B7.A197 0.053342 Q.056262 Q,886469J9E 09 

_1.] 7 ... .11.>.1L'L__o ..... 0.51l..6. 't.L_Q~O.MJ..'t..6 ____ o_,Jl] .. !+ .. l4il.J .. 8_1; ... 0 9 -·- .. _. 
167.0903 0.060803 0.064573 0,87356267E 09 

__ l5.5 ... 1?.Z.Q3 __ Q_._Q_6.5_3_;3_8 ___ ..J)_,_o..l:t2..6lLJ2...Jl...8.9_7_7}_5_2 E .. o 9 .. 
142.9985 o.o706to o.o75660 o.93662062E 02 
128.5571 0.07h808 O.QA2598 0,98575377E 09 

QCF o.7t7R6917E 10 O.l3705257E 11 O.l557~891E 10 O.lQ782092E 10 0.23519447E 11 

TCF 0.24652382E 03 

lit"oo?.ruaeslr~-M'SF'P'L'Mn --a.·;;'i2o5zb"2-E os ___ .. · ···-

BRINE HEII'fER 

u·n o 
U8ARH 
LENGfH 

Q.129879-b7E- 02 
o.78746239E o3 
o.ZOI04682E 02 

OVERALL HEAl BALANCE 

Note: See Next Page 
for 

Nomenclature 

·o-;4a·i 4ozi>e-e··To ____ ·--------------- - - --·- ---· -----

o.46679236E 10 ·-···=-o:-z-t919_5_3_t::_E:..-oz----- ---------- --------------------- --- ------

_IERM~COi~P!~5E~----------------·---- ·---------- .. ---------.. - _ .. --- .. -----·-----·------· ·--·-----·- .......... _____ .... ----·-· 

OVERALL .. _________________________ _ 
Q o.4667923bE 10 UBAR o.49o84944E 03 AREA 0.47191139E 06 
TUBES 0.697.82667E 05 

FEED SIREAM 
U o.17786867E 10 AREA 0·10025236E 06 LMTD 0.357Q9189E 02 
L F.NC TH 0, l!339;..;4'-"7i-04'-iE:--:0:-':2f-___:;T;;-U;;B,.;:Eo-,S:--~o);-:,~45026919E as·-----··------·------·--

REJEC I STREA.M 
_;0,__ __ ___,0_~·.::2.::.8.:..8..:..9,_2 ,_36::..9::...:E"---'l,_,O,___:..Ac.cR-=E.:..:A __ :...O~· 3 7 16 5901 E. .. ..Qo ___ ~~ Q__ ____ _9_~ _1_5 5>_4_62._?_~E __ 02 



L ENG l):! __ _Q_,_7_!l_Ci_2.~_'!..!!9J~- .O..L. __ Lll!l_E...S. .. __ Q.,_2 1+_?_5~.7.'!.91:__0_;'?__ _______ ... --· 

~JJ.!L_-------------·-···--·---------------·-- ·······---·--··---··---·-··----·-·----
~o ____ o_. ·ut>.lO_'i.I!9J=o.L _ . .YlJ-l .. ____ Q.,}?.Q.Q9ll.9.QI:;.-:.~lJ .. _. li~f. ...... . _ o_.l39it.?.I!'HR gt> 

o.77000000E 02 
0.26500251E 08 
0,43769202E 05 

WF Q.l4385318E 09 DEFR o,lOOOOOOOE Ol TOO 
LQEAR,j__ __ O..!...?.D.'t:i_3.9.H.I; .. 0.2.. TSJM . 0, 75-'•4.3974E. 02 -~DECN 
OMDCN 0.739080b5f; 01 QDECN O.l3699240F. 09 ADF.CN 

ADECN - Area of deaerator condenser, ft
2

• 

C(I) 

CI(I) 

c¢ 
c¢¢ 

Concentration of mixed stream after boiling or concentration 
stream to MSF chamber, weight fraction. 

Concentration entering evaporator, weight fraction. 

Concentration entering tube side MSF reject, weight fraction. 

Seawater concentration, weight fraction. 

Flashing range of deaerator flash tank (T¢D-T¢¢), "F. 

Blowaown stream heat rate for the overall plant, Btu/hr. 

Heat dumped in condenser reject stream, 3tu/hr. 

Heat entering system in feed stream, Btu/hr. 

Inside film coefficient terminal condenser. 

Insiie film coefficient of brine heater. 

Outside film coefficient, terminal condenser. 

Outside film coefficient of brine heater. 

Heat leaving system in product stream, Btu/hr. 

Heat entering system in condenser reject stream, 3tu/hr. 

Log mean tanperature difference of terminal condenser, "F. 

Log mean temperature difference of deaerator condenser, "F. 

Heat balance. 

Heat from brine flashdown, Btu/hr. 

WFF 
TOO 

UDEAC 

O.l4398361E 09 ··a·;7eooooooe o2--
o. 44J.'!.!!.?.9~ . .LO..~ 

Total heat leaving system, Btu/hr. 

QSTEAM - Prime steam heat rate, Btu/hr. 

RH¢ - MSF stage temperature decrement. 

RP 

.TB(I) 

TCF. 

TC¢N 

TDEARJ 

THF 

Performance ratio for overall system. 

Temperature of boiling brine in. evaporator, "F. 

- Maximum tube side brine temperature, "F. 

Heat load on terminal condenser, Btu/hr. 

Total heat load of deaerator condenser in product, Btu/hr. 

- Maximum brine temperature, ."F. 

Temperature entering MSF reject; tube side, "F. 

Ocean temperature, "F. 

T¢D Temperature entering deaerator flash tank, "F. 

TP Product temperature, "F. 

TS Prime steam temperature, "F. 

TSTM Condensing tenperature of steam to deaerator condenser, "F. 

UDEAC Overall heat transfer coefficient of deaerator condenser, 
(Btu/hr)jrt2-•F. 

WBS - Prime steam flow to vertical evaporator, lb/hr. 

WC¢N Condenser reject flow in lb/hr. 

WDE Steam leaving deaerator flash tank, lb/hr. 

WDECN Coolant water stream to deaerator condenser, lb/hr. 

])EFR 

HBJ:¢W 

HC¢N 

!!FEED 

HIG¢N 

HIH 

H,¢G¢N 

H)<lH 

HPR¢D 

HSEA 

LMTD 

¢MJlCN 
Q.R.O.L 

Q.BF(I) 

Q,BR 

Q.C¢N 

Q.DECN 

Q.IN 

Prime steam rate to MSF brine heater, Btu/hr. 

Heat load of terminal condenser, Btu/hr. 
. WF System feed flow, lb/hr. 

Heat load of deaerator condenser, Btu/hr. 

Total heat entering system, Btu/hr. 

WFF Feed flow to deaerator flash tank, lb/hr. 



J:I.EAT kAlES, BlULt!"'----------

y, VfE STEAM 0.466791B3E 10 
Q, MSF STEAM 0.19056474E 10 

_Q, STf.I;M ILITAL _____ Q.65_1_;DM_Z.t___l_Q_ _____________________ _ 
Q, FLASHING BRINE 0.14783466E 11 

_9_,_ .fil; S H !.!'LG__e.B_!JCUU __ Q.,J:!.D.2..'l !lQ!l E._LO 
Q, MS~ TU VTE 0.5312QOOOE 04 

FLOW RAIES LBS/HR 

lOlftL PRODUCf 0.864158B5E 08 
VTE PRODUCT 0.7!3l5490E 08 <PRODUCT FROM BOILING. BRINE 
MSF PRUDUCT 0.149386H3E 08 (PRODUCT FROM FLASH-DOWN OF BRINE! 
.ll.UE.B.~I.liLC.L .. _. _ __o_J..lO.i2.6.llL..M.____ ___ ·------··-· _______________ _ 

_ .!!li!.WDOWN_' _· ____ U. 57567724E 08 ------- ----··· __ 
TOlAL INTAKE 0.25323043E 09 
MAKE!!P O.l4398361E 09 
FEEO 10 MSF O.l4385318E 09 

..CJJ.tW.E.iiS..E1LRE..J.E.C.I ___ ..Jl...lliUl:.tiE___9_8__ __ . 
OEAERAID~ COOLANT 0.26500251E 08 
__yj;~_L2_YSTEM O.Sl634096E 07: .. _ 

PERFORMANCE RATIOS 

OVERALL 0.13145566E 0_? _____ _ 
VTE O.l5277793E 02 

1:\_Sl_.,_(_at: T U A l._L __ ___Q_,_] 6 3 8 34 1 6 E _9_1__ ____ --·-·· --·------
MSF, (SIMILAR CONVENTIONAL PLANT~ O.ll659!23E 02 



ALPHA 

AS 

Cl 

C2 

CT 

HI 

H¢ 
LS 

N 

¢M 
QN 

UBAR 

123 

Nomenclature for Feed Heater Characteristics 
(following page) 

Boiling point elevation MSF stage (chemical+ other effects), 

Area of MSF stage, ft2 , 

Concentration entering MSF stage group associated with an 
evaporator (shell side), weight fraction. 

Concentration leaving the MSF stae;e (shell side), weight 
fraction. 

Tube side concentration, MSF plant. 

Inside film coefficient, (Btu/hr)jft2 
X °F. 

Outside film coefficient, (Btu/hr)/ft2 
X °F. 

Stage length of MSF stage, ft. 

Number of flash stages associated with a particular evaporator 
effect. 

Log mean temperature difference of MSF stage. 

Heat load of MSF stage, Btu/hr. 
2 Overall heat trannfer coeffieient of MSF stages, (Btu/hr)/ft X °F. 



Feed H:ater Characteristics 

STAGE N !oUONL_ ___ ~U~Bl:!.lAfL __ _j:i_LI __ _.!HaJOL_ ___ y0uM ____ 8..Ai1..S ____ _.,_L:_S_ ALPHA 

1 3 o.o3363 o.03.84 0.03495 0.42322160E 09 793.72 2486,52 2745,47 10.68 0,499~11E 05 5,387 0.125881E 01 
2 0 0.03363 o. 0.03506 o:42322160E 09 790.69 2467,51 2735.43 10.73 0.499034E 05 5,364 0,125879E 01 

_ _,_ ___ _o_o...o.33.63_o_. ___ Q...0..3.5.l.L_o , 4 2 3 2 2 1 6 o L0..9 _ _1_61_._6_0_2..4.i.B. •. 2J .2.l2.2_,_l_6 __ lQ •. U_Q_._i_'!_8ll~LQ2 __ ?_. 3 8 2~J..?.?.2o.'!..LQ_l_ 
4 3 0.03363 0.03648 0.03659 0.~1041347E 09 784,56 2429,09 2714,94 10,82 0.483694E 05 5,219 0.130993E 01 

--"'-----'o__ o .•. 03.3.2.3 __ Q, ___ o .• !J2~J. o ___ o_._u 0.4.J. 3.!!.7.E_Q'l _]Jl..L •. lL2.4 0.9 .•. 9_9__2.lO.'t ,!+ 9 ___ .1.0 . •. !lf:> __ f) ,_4 8 3!:!.Z.i.LQ.~--? ,_£!..Lp_,J..].J..O_~ lC QJ. 
6 o 0.03363 o. o.03681 o.4104J347E 09 778,19 2390,67 2693,81 10.91 0,483621E 05 5,218 0.131137E 01 
7 3 0,01363 0,0>823 0.03835 o.41107530E 09 775,22 2371,09 2686,37 10,90 0,486465E 05 5.248 0.135583E 01 
8 0 0.0?363 Q, 0.03846 0.41107530E 09 771,89 2351,30 2675.15 1o,94 0,486577E 05 5,250 0.135694E 01 

__ <t __ . _ __o __ Q,_OJ.:i.~Lo, ______ 0 ,_OJJ!2.L.0.~'!.1.1.0.?.210.E_.0_9 __ ?_~i!. ?.9 2_33! •. ~ ... 2663.~ 71J _10 ·99. ___ Q_._'!_8676DLQ.? ___ ~,_2_?2 ____ Q,_l_3_58_37E _ _Dl_ 
10 3 (1.03363 o.or.o14 0.04026 U.41397716E 09 765,37 2311,01 2656,09 10,97 0.492881E 05 5.318 O,l40487E 01 

_ _lj _______ o_o ._oJ..;!Q.J__o ._ ________ o_._9.!!..0.3.~~-.Q...L..P9.l7.19E _o_9 ___ l6L.R. _2_29.0_,_49_.2...6.'!..'!....0_3 __ )..l_._o_z _ _c)_._j..'l.ll90E 02.___2_,_32l_0_._1406~_l_Ul_ 

12 u u.Q3363 Q, 0.04050 o.41397716E 09 758.21 2269,72 2631,76 11,06 0,493577E o5 5,325 o,l40872E o1 
13 3 0,0~363 O,OA222 0,04235 0,41921399E 09 754,89 2248,60 2623,92 11,04 0.503206E 05 5,429 0.145763E 01 
14. o o.o3363 o. 0.04247 0.41921399E 09 751,09 2227,18 2610.95 11.08 0.503742E 05 5,435 0.146016E 01 

_ _l_~ Q_,_Q2JQLQ~ ___ .J)_, 04260_..JhH92l_3_99E .. Q'L _I._4]_._2,2 __ .f_Z0.~ .•. ~9_2 5<!7 ,_7_7 ___ 11. t?._Q_,_~043~3E 0_5_.2_,_ 4_4.£_ __ Q_,_l_~~_l_'!_l__(l_l_ 
16 3 o.03363 Q.0~449 0.04463 o.42703512E 09 743,69 2183,55 2589,66 11.09 o.517995E 05 5,589 o.151484E 01 

__ .!._!_ _____ Q_..Q_,ffi_~-~-.Q._ ___ .P. 044 76 .JL..±2J.Q.3...2J 2i;._Q9_7.~.'L,l!Q __ V6.1 .16_2575. 68 ____ 1J,lJ 0. 518801 E o5 5. 597 0, 15184oE o 1 
J.ll o o.o·l363 o. o.o449o o.427o3512E o9 735,44 z138,6o 2561;49 ii~-1·1 o.s197o6e os ,-,-6-(i7-o-:152·2-54_e_o1· 
19 3 0.01363 0.0~699 0,04713 0.43787610£ 09 731.65 2115.50 2553,09 11,12 Q,536172E 05 5,806 0.157741E 01 
20 o 0.03363 o. o.o4728 0.43787610E o9 727,23 2091,98 2537,99 11.16 o.539317E 05 5,819 Q;t58238E 01 

___ v_ ______ Q_JL...QnQ.LQ._ Q. 04 742 o. 4)~f!_?61Q.LOJ __ ?2_2, [3 .. 2_Q6B, 3_1_ 2522,67 _ 11.21 o, 540582E 05 5, 832 0 .158810E o1 
22 3 o.o3363 o.o4975 o.o4991 Q,45250277E 09 718,65 2043.98-25i'3;-98 ~11:i'4-0.5b's'3ci4T05 ____ 6-:·o99---o·.--i646-45E.o( 

_2_? ____ _j)_Q.o_;1l_6.2_Q_,_ o.05007 0.4_5_l50277E __ Q9_ 7p_,84 2019,15 2497,58 11.18 0.566897E 05 . 6,1)6 O.t65343E 01 
24 0 (l. 03363 0. 0. 05022 0. 4 52 562'ne o9 -· 708. 9'4 'i 994. 16 -248o; 97--l r.22 -o: S-6-B6_4_2E·- ()5 ___ -i,-:135 ___ 0 ;· i6_6.141 E -01. 
2~ 3 0.01363 o,Q5282 0.05299 o.47264783E Q9 704.53 1968,35 2472.13 11.13 0.602657E 05 6,502 O,J.72298E 01 
26 0 O.o3363 o. 0.05317 0.47264783E 09 699,23 1941,91 ~454.18 11.17 0,6o~885E 05 6.526 o.173293E 01 

_rl ____ ..Q __ [-~Q.;'l)_l>_3_9_._ _____ Q..c.Cl.?.l~.i.l.:u>_4!_l!}_E_ .. 09 ____ ~9}_.~_5_l'H2· 32 2436,05 u_. 22 0. 6o7315E 05 6. 552 0, 1 74433E 01 
2s 3 o. oo363 o.< sozo o. o5646 o .49825113E o9 689 .oo 1887~324-26-:77--1 i .10--o:-b'5153BE~-7-:<ii9-o-:1"81o7-8-EoT 
29 o o.o3363 o. o.o5665 o.49825113E o9 683,12 1859,38 2407.03 11.r4 o.654701E os 7.064 o.182535E 01 

--3a-·---o-o:-0?.-363-o-.----o:-os6il4--o:498_2_s_C13::--o-9'-67i:J:6 i·8-3c>: a9-23·a·'r:·J.-z---1 i ,18 o. 65B155E o5 7:l_o_l_o-:-iB42T4E.OT 
31 3 0.0?363 o.OA015 o.06o37 o.53453339E.09 671,80 1801,07 2378,01 11.02 o.722o56E oS 7,790 o.191095E 01 
32 0 o.o3363 o. o.o6Q58 0.53453339E o9 665,17 1770,21 2356,02 11.06 0.726756E 05 7,841 o.193323E 01 
33 o 0.03363 Q, 0.06080 0.53453339E 09 656,45 1739,23 2333,91 11.09 0.731924E 05 . 7,897 0,1959.21E 01 
34 4 o. o-33·6-ilo:ti&457-ci-. 06476 --c).44osj3T7 e··o9--6 sT:4-417Ti:-:DT2-3o3-:4s --rr:·:fo--o:·59S642E'o·5---6 -:·4 5-9 -··a·.-z'laa·o7CoY 
35 0 0.03363 o. o.06496 Q,44053317E 09 645,76 1685,31 2285.19 11,32 0.6~2772E 05 6.503 o.220814E 01 
3b o o. o·33.6Y·o:----·-·(i-.-o¢5-lS-·-o~44o533i7'E'C9 ___ 64ii-:oY ].'65-9:Ss-2-ii>6-:9o 11.34 o.6c·7238E os · 6. 551 o;2239!19TaT· 
37 o o.oJ363 o. o.06534 n.44053317E C9 634,21 1633,75 2248.61 11.35 o.6I2o75E os 6,6o4 o;227581E o1 
38 4 0.03363 0.)6968 0.06991 o.S0327216E 09 629.14 1605,80 2245,09 1!,06 0,723160E 05' 7,602 0.236234E 01 
39 o 0.03363 o. o.07o14 0.503272lcE 09 622.33 1576,19 2223.98 11,07 0,73o810E 05 •· 7.885 0.241467E 01 

--4o----o-i1:-ri3-36_3_ (j;------- -· ii.o-16.38-··o·. s·o3'27216E--o9 615~-44 -i'5.46--,--,-5--z2o·3: o-2- --·T: .-oc--o:7:i928-7e--os--·r;-9'i1i--o-:-zi;7s5-3e' .. oY 
41 o 0.03363 o. o.o70c1 0.50327216E 09 608.50 1516,90 2182,29 11.05 o,7i8724E 05. 8.078 0.254650E o1 

--.-z-----,.---o:o-33'b3 .. o.o.'is6& ·o~o-7595 o.6o16z1oae o9 6o2.14 -14.84:-if2 z·i76-.o8 --·to:73-o-.9'3-i4-ooEo5--1o:·o49·--o-:i6-26-i9Cof 
4~ o 0,03363 o. 0.07623 O,b0162108E o9 594,01 145o,83 2152.84 10.68 0,948125E 05 10,229 0,27353oE 01 
44 0 0.03363 o. 0.076-52 0.6016?.108E ii9 S8!>.84 1416,85 2130,46 1•),61 0.9~7626E 05 10.440 Q.286822E 01 

__ '!_5___ .0 .CJ.Q3_363 __ o.. . _0,0'1681. C.6_0167108E 09 577,64 1382,91 2109,28 1:J_.5i 0.990692E 05 10,689 o.303149E 01 
46 5 o.o3363-o.oooJo o.OB288 o.52772i94E o9 s1o.21 t35Q •. 3s zo96,37 "1ci:·i7·--o--.--9·oT2-6oe 'tis-~ 9.7?.4 --o:·348l36-Co1 
47 0 0.03363-0.DOODO 0.083i6 0.!>2729021E 09 . 563,03 1319,35 2084,30 10,04 o.932638E OS -lo.062 0.371364E 01 

-4'8-- -·-·-o--o~o3.J63::o·.-ti·o-ooo--o :·oa3·.;;,· o·:·s-z-68.58-bl E- 09 -· 555~-55 .. 1.288 ~ 4 ·f-2o6·9. 3o··---9-:a-s---a,-9{)2ilo3E o5--lo·.--3a·a-··-6-. :i91o3()E--6T 
49 U 0.03363-0-00000 0.08372 0.52650878E 09 548,09 1257,66 2056,22 9,62 0,998645E 05 10,774 0.414542E 01 
so o o.o3363-o.ocooo o.o8400 o.52590892E 09 540.83 1226,90 2047,52 9.31 o.t04454E o6 11.210 o.445778E 01 

Note: See Previous 
Page for 

Nomenclature 



_,S'-'T-"A"'G"'E~----"'P:·c=!_' __ _ 

1 3 
2 0 

__ 3 _____ 0 
4 3 

___ 5___ 0 
6 0 
7 3 
!! 0 

__ _9_ 0 
10 'l 

__ Ll ______ {l 

12 u 
13 3 
14 0 

.. lS ______ Q __ 

16 3 
. Lf. ___ . ___ o -
18 0 

___ ---------Feed Heater Characteristics 

DEL 

0.1094975E-03 
·0. 
o. 
o .1io1775E.:.il3 
0. _ 
o. 
o.1147B64E-03 
o. 
c. 
0.1204200E-03 
o. 
o. 
1'.1272378E-o3· 

Q,_ 

0. 1354 775E-03 
01,...._.__ 
o. 

RHO TV_? ___ T_S_l __ ~z ____ T_l_ T_2 ___ DTPDP __ . __ S\!BM~R_G __ . 

0.2980397E 01 255.76 260.00 257.02 243.50 246,52 0,602746E-02 0.153165E 00 
0.2980397E 01 252,78 257,02 254,04 240.47 243,50 0.641153E-02 0.159774E 00 
0.2980397E 01 249.80 254,04 251.06 237.44 240,47 0.682510c-02 0.166613E 00 

-0.-Z89h.DZE 01 -2-4b,8b-251.06 248,17 234.51 237-.44 0,7i6498E-02 0.180331E 00 
0.2892302E 01 243,96 248,17 245,27 231.57 234.51 0.773064E-02 0.187490E 00 
o.2892302E 01 Z4L.o7 245.27 242.38 226.63 231.57 o.823227t-o2 o.t94882E oo 
0.2907.283E 01 238,12 242,38 239,48 225,68 228,63 0.878349c-02 0.199360E 00 
o.29022B3E 01 235.22 239.48 236.58 222.74 225.68 o.937014E-o2 o.2o1211E oo 
o.z902263E 01 232,32 236,58 233.68 219.79 222.74 O.l00040E-01 0.215325E 00 
0.2928081E 01 229,34 233,68 230.75 21h,81 219.79 0.107070E-01 0.218658E 00 
0.29280!!1E 01 _226,41 23Q,75 227,82 213,84 216.81 0.114577E-01 0.227327E 00 
0,292R061E 01 223.48 227,82 224,89 210,87 213.~4 0.122718E-01 0.236297E 00 
0.2970404E 01 220.46 224,89 221.92 207.85 210.87 0.131838E-01 0.238435E 00 
0.2970404E 01 211,49 221.92 218.95 7.04.83 207.85 o.141617E-o1 o.248a96E oo 
o.z970404E 01 214,52 216,95 215.98 201.82 204.83 O.l52273E-01 Q.258111E 00 
0.3031068E 01 211.43 215,98 212.95 19A,74 201,82 0.164343E-01 0.258920E 00 
0.3031068E 01 206,40 212,95_ 209.92 195.66 198,74 O.l77353E-o1 Q.269814E 00 
0.3031068E 01 20S.36 209.92 206.89 192,58 195.66 O.l91610E-o1 0.281138E 00 

o 145462BF-03 19 3 0.3111213E 01 202.20 206.89 203.77 189.42 192.58 0.207970E-o1 0.280363E 00 
20 o o. 0.3113213E 01 199,08 203,77 200.66 186,26 189.42 0.225721E-01 0-292829E 00 

_2.l__ _ ___ o. o~- 0-31132l3E 01 19'>,96 200.66 _ 197.55 183.10 186.26 o.-z453o8E-o1 o.3o5837E oo 
22 3 0,1577809E-03 Q.3227.362E 01 197.68 197,55 194,32 179,82 183.10 0.268136E-01 0.302972E 00 
.23 _() o.____ ____ o.322?362E 01 1e9,45 194.32 191.10 17h.55 179.82 o.293116c-o1 o.317505E oo 
24 o Q. 0.32?2362E 01 186,22 191.10 187.88 173.28 176,55 0.320923E-01 Q.332746E 00 

~2~5 ____ -'3 _____ o~·~1~7~3L36~4~5~E-~0~3-~0~.3,3~7~0~9~9~1E 01 167.79 187.88 184.51 169.85 173.28 0.353984E-01 Q.326456E 00 
26 o Q. Q.3370991E 01 179,40 184,51 181.14 166,43 169,85 Q.390583c-01 0.343810E 00 
Zl o o. 0~3370991E 01 17b.Q2 181.14 177,77 163.01 166,43 0,431793E-01 Q.362135E 00 
2!! 3 Q.1927492E-03 0.3558795E 01 172.40 177.77 174.21 15q,39 163.01 0.4818441::-o1 Q.352570E 00 
a_9_. 0 0· 0.]558795E 01 16&.82 l74.21 170.65 155,78 159,39 0.538075~-01 0.373848E 00 
30 0 o. Q.3558795E 01 165.25 17Q,65 167.09 152.16 155.78 0,6Q2333E-01 Q.396518E 00 
31 3 Q.2187315E-03 0.3823327E 01 161.36 167,09 163.27 14d.28 152.16 Q,682954E-01 0.378892E 00 
3Z 0 Q. 0.3821327E 01 157.51 163,27 159,44 144,40 148,28 Q,775531E-o1 0.405955E 00 

_3]_ _____ 0 0, Q.382332'7E 01 153.66 159,44 155.62 140,52 144,40 0,8835421::-01 0.435153E 00 
34 4 o.J.913228-E-03 0.3155446E 01 150.28 15S~62 152.46 137.31 140.52 0,993290E-o1 o.554210E oo 
35 ___ 0_ o, __ . 0.3155446E 01 14/olO 15?.,46 149.31 134,11 137,31 O,J11194E 00 Q.582774E 00 

_3_6___ o o. 0.315544bE 01 143,91 149,31 146.15 130.90 134,il O.l24800E 00 Q.613256E 00 
37 o o. 0.3155446E 01 140,72 146,15 143.00 127,70 130,90 O.J40456E 00 Q.645852E 00 
3B 4 0.2328905E-03 0.3610362E 01 137,03 143,00 139,39 124,03 127,70 O.l61611E 00 Q.610365E 00 

33 _______ o o. 0.36l0362E 01 133,36 139,39 135.78 120.36 124.03 0.!86415E 00 Q.653043E 00 
40 o o. 0.36l0362E 01 129.69 135,78 132.17 116.70 120.36 0,215957E 00 0.699496E 00 
4l_ 0 0. 0.3610362E 01 126.01 132,17 128.56 113.03 116,70 0.251347E 00 0.750187E 00 
42 4 o.2870392E-~3 o.41387~6E o1 JZt.79 128.56 124.42 LOB.83 113.03 o.30075oc no o.667961E oo 
43 rr o. 0.41387~6E 01 117,54 124,42 120.28 104,62 108,83 0.3626231:: 00 0.733807E 00 
44 0 D. 0.41387~6E 01 113.27 120,28 116.14 100,42 104.62 0.440734E 00 0.807287E 00 
45 o o. 0.41387S6E 01 1~8.97 116.14 112.00 9~.22 100,42 0,540505t 00 0.889443E 00 

--4-6 5 o. 0.3836000E 01 1~4.68 112.00 108.16 92.37 96.22 Q,66'7843E 00 0.108529E 01 
47 0 c. 0,383bOOOE 01 100.61 108.16 104,33 88.53 92.37 0.822998E 00 0.118136E 01 

··~a 0 o. o.38360DOE 01 96,58 104,33 100.49 8~.69 88.53 O.l02099E Ol 0.119897E 01 
49 ~---------~0~-~---------- 0.3836000E 01 92,51 100,49 96.66 80,84 84,69 0.128111E 01 0.119287E 01 
5o e o • o • 3 8 3 ~> o o o e ·o~-:36-9t;,-i6-:i6--7.9~2c-=.-..a"z,----.;;7,.;;7,..:."o"'o,---.5sio,.:,-is-1:4---iio,.:,"''.z6~3-Tt7:4i9iE-i<o-Tr-7<o-'-. -T-1-T-1.;,.7~3..,7~3i£---;;o-r1 

----------------
TS2 = Shell side tenperature leaving MSF stage, °F 
Tl = TUbe side temperature entering flash stage, °F 
T2 = TUbe side temperature leaving flash stage, °F 
DTPDP = Delta T associated with MSF pressure losses, °F 
SUBMERG = Delta T associated with MSF submergence, °F 

NF = Number of flash stages for a particular evaporator effect 
DEL = Shell side concentration decrement in MSF stage block 
RH¢ = MSF stage temperature decrement, °F 
TV2 = MSF stage condensing temperature, °F 
TSl = Shell side temperature entering MSF stage, °F 

1-' 
1\) 
\J1 



JG~OUI' AS __$_1._s_ _______ l,I__M.ft .. 
2 3 O.l4971729E 06 0.16152956E J2 0.79066606E 03 
3 3 0.1450'j385E 06 O.l5654134E ~?. 0.7813522_li.__QA. 
4 3 O.l4598027E 06 O.l5749771E 02 0.77187196E 03 
5 3 o ·-l~_l964_8_2_L_Qi;> __ Q_._L? .. 'l~B__!!.}_f_.;l1......__Q_._7_f2__lJ!03J.i..L0.3 _ 
6 3 0.15113108E 06 O.lb305489E 02 0.75106773E 03 

__ 7 __ ;;___o_,_l5 .. 5 .. 6.5 .. 0.~_4_E__o (; ___ Q_. 1 b 79 _?_O_b_Q_E.._ o__z __ _o__._~_3_9_ S_?_a_s_Q.LO 3. 
8 3 O,J6180712E 06 Q.17457324E 02 0,727Z0267E 03 
9 3 O.l7000429E 06 0.18350347E 02 0.71381171E 03 

10 3 O. 18148572E 06 O.l95B0443E 1)2 0.69920345E 0-3-
ll 3 O.L9643938E 06 0.2ll93789E 02 0.68309340E 03 

-u-3--o-: 2-is-Q7i36i·e-o6--o-:-z-3-5T79-oTE" .. 6-i -··a·-;;6·5-i 4-6-t.o·r:- ·o 3-
13 4 0.?.4207?.76E Ob 0.26117161E 02 0.~4285374E 03. 

-J.--,;-~.-ci-:294t9ao6·i:-o6·o-:3t-74_o_946i:-o2- -o·~ !>.i .. a·a5242f .. o3-
ts 4 0.3837R432E 06 0.41406384E 02 0.58990771E 03 
16 5 0.48393902E 06 0.52217440E 02 0.55554lbBE o3· 

rori\L--o:32274717.i:o7---o.-34-ii2iToTe ··a 3 

AS 

SLS 

- Heat Trans~er Surface Area of the group of MSF associated with a given 
effect, ft . . 

- MSF preheater tube lengtt associated with a particular evaporator 
effect, ft. 

UBAR - Average overa1::. heat trar:sfer coefficient of preheater tubes 
as3ociated with an effect, (Btu/hr )/ft2 x °F. 

- -----------------------



Calculated Costs ~or VTE Rectilinear Plant with Rectangular Bundles 

CO~P[>NENTS COST-$/YEt.R COST~$/KGAL COST-$ DIRECTS 

Capital Costs 
ROUF 0.48009415E 05 0,58458953E.:o3--o-. 70431339E--Ob 
HIGH TEMP ::NJ!..lti~L_~ _______ o_,__38_32_2_31~E _0_'!__ 0,!+._()_62JL,86_E-.Oit __ 0_. 56_2_p39_1_E __ 05 
LOW TEMP ::NDWALL 0.63210003E 04 0.76968040E-04 0.92731084E 05 
LONG SEPA~~TION WALLS Oo28124159E 05 0,3424555tE-03 0.41259036E 06 
TOI' REAM ENC1lSEMENT O.B5Ubl605E 04 O,l0357577E-03 O.l2478BOBE 06 

~.t\JIIALIP.J.~.'!.LCH.ESlS__ _o, __ . ···--··--.. . . 0 '· ___ . _0, . . _ 
FLUU~ 0.6444Jl24E 05 0.7B467122E-03 o.9453717BE 06 
PUMP ALLEY A'W S_L,_ABS 0.3186024BE 04 0.3B794822E-04 0.46739996E 05 
STAGE: WALLS o·.-ioi60.40-4E_0_5 ___ o",i46i020-fE.:.03 --0.29-iZi65-6E Ob 
COLUMNS 0.957.4B57BE 04 O,ll598000E-03 O.l3973269E Ob 
BEAMS Ool8930174E 05 0.230~0441E-03 0.27771169E Ob 
EX~ANS JOINT-HASTELLOY 0.7184~484E 03 0,87478214E-05 O.l0539374E 05 

--EXPMIS JOINr-NE-DPR-fNE 0·222B94o6T-04 o.z"'f14oe29f-04 Q.32699Zo7E 05 
__ PH~NOLIC COA.IING Oo34657190E 05 0.42200536E-03 0.5084320lE 06 

LJNEK-118 PULYPROP Ool37.7B4B·9E 65 O.tb"16EJ63i-E-03.- o·.i·9·4-7996SE- 06 
LINEK-1/4 POLYPROP O. 0, O. 
DRAIN PITS 0.81797818E 04 0,996Ul604E-04 O.l2000000E 06 

__ RUDF INSUL~~~ 0.71389723E 04 0,86928126E-04 O.l0473100E 06 
CRANI::-131 BRIDGE o.31B500-2SE-04- 0.3B7B23-74E-04 -- 0-.467Z5000E -05 

_SJ::!.~L.h!.J:..!LT~-- o.z_B_J_5~?_B3E 06 0.3415B031E-02 0.411?3591E 07 

EF~ECT TUBES U.1648000BE 07 
FFFE:CT TUBE ~HEETS O.l5274266E 06 

__tfrlC.LJJ!Jl_I;.S+S.':!t{I$, ______ .0_._t8_~QI4}_4_E _ 07. 
FE~O HTR TURFS 0.50793623E 06 
FE~IJ Hl R TUBF SHEETS 0_._2!)2~6JllE_05. 

--FE.ti)-~-~N·T-!:R TUB-E SHEETS Oo65()1941•4E 04 
FEED HTR TUBES+SHEETS 0.53~73496E 06 

0.200669B1E-01 
O.tB598B02E-02 
0.21926861E-Ol 
o.ulB49t6.lE~02. 
0.2_4714509E-03 
0.79171317E-04 
0.65112324E-02 

0.16434672E 06 
0.22407B34E 07 
0.18675455E _DB 
o. 745l5861E 07 
0.2977603BE 06 
o.953B559.3E o5 
o. 78447321E 07 

0.5l536371E-03 0.6209l013E 06 

HIGHER COST FACTOR# O.t2172295E Ol 

VTE RE-TUa .CHARGE II o. 32tiio(l7E-Ol 

MSF-REiue -c·H-AR.GEII o·: · 

$/FT3_VTE SHELL# O.l7134259E Ol 

$/_FT? V_TE __ ARJ~II_ 0.3047_3l!OE 0_1 

$/FT2 tiSF AREAII o.24306121E 01 

BRINt HTR TOTAL 0.42324245E 05 
cutiDt.:NSER Hll AL-- -----o-:-9427644bEo5 o-. i"l4798iie-o2--0.T3s3o-9·4-7(. 01 ----- --

_.....!O!.!Eo.!A:!.!Eo..!R~A;_T,_.!L!JR~-------- __ _..:0~· 1.,_,5 8._5 98 ~ l_E_ 06 

tHENlCAL CAPITAL COST 
MSI' SHELL COST 
S I IE WORK . _ 
SEA-wAIF.R ;NIAKE 

__ PU~lPUND DR J VES 
ELEllRICftL ECUIP. 
JNSl. BLDG. CRANES 
VALV~S AND PIPING 

TOH,L CAP IT ftl __ C_OS I 
Operating Costs 

O.l306't745E 06 
0.2t95';71J.E 06 
O.J,9-978B90E 05 
o·.33ot~3-91E 06 
0.4459R263E 06 

·-o:643oo679E- o5 
o.z3o22620E 06 
o.3l496409E 06 

HEAT 0.30646456E 07 
CHI::~ICAL 0.96~5&296E 06 

__ PO.IiEo.eR~-,.-- 0.45'107159E 06 
OP~RATING 0.56779730E 06 

_ _!:'A!..':LI_!~.Yl' P_L_l..L~'----------"0'-'.~1,? 5Jl ]c5_l~E-0 6 

TOTAL OPERATING COST 

TOTAL WAT_ER COS.l_,_Cl\PITAL PLUS OP~:J:I'_g ______ _ 

o, l_'?}.!_l8_9_6_E_-02 _____ 0, 2_3.1_~6_8_6_!!_'l]_ ___ $_/_~M_M~~~lJ_P _FLOW II 0.82797695E 01 c--- -- -

o.t5908366E-02 
0,26733286E-02 
0.24205650E-03 
0.40200171E-Oi 
0,54305343E-02 
0.7B296108E-03 
0,.2B764225E-07. 
0.3B351791E-02 

O.l916b397E 07 
0.32208259E 07 
o.29162965E o6 

· .. o .• 48433iotE ·o7 
0.65427070E 07 

- ·o.9433ll41E o6 
0. 34655135E 07 
0.46206233E 07 

0,_5_68997~1E-Ol ... o_.60B_l080lE. 03 

0.37316842E-Ol 
O.ll7!.9656E-Ol 
0.55B99129E-02 
0.6913.B1BlE-02 
0,1532239_7_E-02 

O.b3122467E-Ol 

_o_.l?_002222E oo 

$/FT3 tiSF SHELLII 
PER CENT TOTAL COST# 
$IG-PM. INTAKE FLOWii 
$/HPII 
$/HP#. 
PER CENT TOTAL COST# 
PER CENT TOTAL COST# 

o.2476B146E o1 
0.47956B82E 00 
0.97926143E 01 
o.19326t61E o3 
0.27B63983E 02 
o.5o98B452E 01 
0.759B3594E 01 

cosr.:f.oiR+IND 
_0 ~-7402069_BE_08 

$/GPO 
o.z96o8279E oo 



. ___ §t_J::_uctur!!1_QlaJ;acter.ist.ic~ 

N II~~ H i' B IJ L£EJ:li.J S O~.L'iO..QC>.O.QO.E. !12 ..•. ·---- . ·- .. VTE .. SHELL_ fD----·-·--..0 .• 2.!f_QL6.3.oJI.LQL___. 
NUMBER OF COLJMNS CJJ 0.15925238E 02 VTE AREA FT2 0,61284911E 07 

__ _t.lJJMBJ;X.JJf __ (;..QI • .l.t:!~.S C l'I.L .. Q, ~50H'tJOL.QL ... ...... tlS.f. Sf-!E_Li f.H o,.l30o3903E 07 
NUMBER OF CRA~ES O.lOOOOOOOE OJ MSF AREA FT2 0.32~74717E 07 

_____ N.UM.IiE.ILDf .lRldNS ... __ .. 0 .• 40000000E 01. 
B~lN~ HEATER WIDTH 0.51898126E Dl 

__ll_U_lW_i.~fJ.GHL _____________ o~_no.o.o..ooo.E __ oz .. ____ ---· ___ _ 
VERTICAL ROWS 0.16000000E 03 
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