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ABSTRACYT

The coupled VTE/MSF seawater desalination plent has
beer operated aver 11,000 hours at hot end tempergtures of
greater than 250°F, This operation has provided the first
information vn extended service ar High temperaiures for
the doubly-flured, enhanced 2-inch O.D.. Aluminum-brass
(CDA 687} wbing used in the falling film, vertical tube
evgporaiors (VTE),

Fouling of this doublvfluted VIE tubing has been de-
terimined fo be strongly dependent on operating rempera-
ture fevel and resulls from jilms consisting matnly of the
narmal oxidation products of the CDA 687 Aluminum-
prass in g seawarer sysiem containing exposed, mild steel;
ie. oxides of copper and iron. Fouling restsience (FR} as
a function of remperature may be expressed as:

FR = 1/266§5 - 91.84T

Jor the range 160 to 260°F, and the overall hear transfer
coefficienr of the doubly flurted tubes qfter 10.0G0 hours
operation (Ug for the same range as a function of tempera-
ture Is:

Up= -3273. + 46.74T - 113172

The relation of heat flux (Q/4] to driving force (A1) is
a valuable ool jor desalination plant designers and such a
correlation has been developed. It s

GQ/A = F/(0.06386 - 0.0019041AT} at 230°F brine
temperature.

The minor affects of subcooied end superheared feed on
heat transfer coefficient of the doubly fluted tubing is re-
ported and indicarions are thut an external feed preheater
5 ROt Hecessary in Juthre design,

No clear correlarion could be found berween tube perfor-
mance and liguid loading over the range of 2.2 10 5. 1 GPM
per tube, Neither could a relation be established for steam
qualnty varfations between Y0 and 103 %,

Preliminary evaluation of the gffect of sheil-side venting
on heat transfer coefficient confirmed the previpusly recom-
mended 1% of total vapor as a satisfactory venting level

The use of enhanced tnbing in seawater distillarion has
heen demonsirated as a sound and economically atrractive
Drocess.

It is recommended thar the use of enhanced tubing in
evaporating-crystallizing equipment be considered by fu-
ture designers.

MOMENCLATURE
A Maominai autside tube surface area, sq, 1.
d: Met tube ingide diameter in,

1
FR  Fouiing rasistance, reciprocal BTL‘/hr—ftz---aF

g Acceiaration by gravity, 418 X 10? f‘tfhf:
AH  Latent heat, BTt /pound
Brine botling fitm coefficient, BTU/mr—tt°—"F

h
]
h,,  Tube wall coefficient, BTU/hr—f" —F
h Steam cundensing film coeffizient, BTU/Mr—R" -8

K Theremal conductivity, BTU/hr—fi. 8
I Tube fangth, ft,
G Heat laad, BTU/hr

t Tube wali thickness, ft.

T Temperature of evgporating brine, "k

5] Cverail heat transfer coefficient, BT/ he—frs —“F

U, Overall clean heat transfer coetficient, 8TU/h reft?-CF

Uy Ovarall foulad haat transfer coefficient, B"I"Llaf'hr—ft:j _°F
Qvaerght theoratical heat transier coafficient, BTUJ’hr—ftznoF

:

P Liguid loading, tb/hr—ft of nominal putside tube perimeter
AT Temperatura difference, cordensing minus boding
ternperature, uF
AV Temperature difference of brine {In--Dut of the tubel, “r
M Viscosity, ihfhr—ft
1] Density of Hguid, ibfcu. .
VTE Vertical Tube Evaporstor--feliing film
MSF  Muiti-stage Flesh Evaporator
HTC  Heat Transfer Coefficient
432
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Conversion te International Metric Equivalents (St} demonstration plant utilizing an advanced and novel de-
From To Multipty by sigit. A G-effect VTE was coopled to an §1-stage Multi-
sq. ft m? 0930 Stage Flash plant as the preheater section. Both sections
BTUM— 12 F wim® —K 5.67 of this coupled plant, the VTE and MSF, wilized en-
BTU/Nr—F: wim® 3152 hanced tubing as the heat transfer surfaces. This advanced
fhe—Ft kgfhr --m B72 design plant was put into operation in 1971 and has been
foicu. ft kg/m® 15,01 operated by the Bechte! Corporafion, under contract to
BTU Joutes (i} 1054.3 OSW, for these last two vears.
The current plant has been operated to demonstrate the
INTRODUCTION operability of this advanced design, under actual produc-

In 1938, Public Law 83-833 was inacted authorizing
the construction of several desalination plants for the pur-
pose of demonstrating various seawater conversion pro-
cesses under actual production econditions. One of these
demonstration plants was constructed at Freeport, Texas.
This original plant was a }2-effect Vertical Tube Evapora-
tor (VTE), and was put into operation in 1961 under the
direction of the Office of Saline Water of the U.S. Depart-
ment of Interior.

In 1967, the capacity of the Freeport plant was ex-
panded by the addition of & 5-¢ffect module, increasing the
plant 1o a total of 17 effects. This plant was shut down in
1969, and the original 12 effects were dismantled. The
S-effect module was incorporated, as the cold end, into a

tion conditions, for an extended period. The plant’s rated
capacity is about 900,000 gallons/day of fresh water. Of
this total, approximately 650,000 gallons/day were deliv-
ered into the potable water supply system of the city of
Freeport, and represented approximately 40% of their
total consumption.

The plant was shut down on March 23, 1973, duc toa
federal budget cut and the Development Program has
been terminated after operation of the coupled VTE/MSF
plant in excess of 11,000 hours.

PROCESS DESCRIPTION

Figures | and 2, Process Flow Diagram, present a sche-
matic of the plant flows, and Figure 3 shows samples of
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Figure 1. The VTE/MSF Process Fiow Dagram of the OSW Freeport Test Bed Plant,
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Figure 3, Exampiias of the Ennanced Tobing and Chstoboton Nesddes Ueed in VTEMSSE Sectior gf the Test Bad Plant.

oL

e

435
YD EFFECT WMODLILE
mw—-nnﬂmm-m—lmw”“ﬂ—“_m_————nmma
r-—mw-‘"”““-—-“_“w_-”ﬁmwﬁ
P AR R
un--::_f"ﬁ_. -3 ; . I I
’ : i » [ :li
wre | coﬂg;;ﬁw. /i_ ‘{ 1 * I
T ' ‘—" e s, e — —-"b\ " h#%,{‘?-—‘ ll
[ 1 : vy S 4
P s i Hx- 204 I | |
- | i 5‘ : : |
: 1 R
-:'“—E‘* = *i S : e, L d : i L il
(g e R Y R it
; : = P =l 1 1
[T Fad iy [ P 1 1} I
ey “-k_-mmmm————._——’ F] i
kel ‘ ma-'u-lm :mmm—u—————-——J ; l
D n N I F ] Proouct coaLkes B T ; l
-.eu‘wbt% l ' x"—_*!_m-.:”*"-“m-'# 4 I
FREEPOAT | I !Jr } sTaan 1 ﬂ ——— -—-J'
i i Heeraen ! b
S 1 Ui ‘
— TERM S8 LOMUESEATY ! o
v Tl T A A ATERL

e L e

£
¢
]
¢

;
i
:




436 Faueth Internativnal Symposium on Salt—Northern Dhio Geolggical Soeisty

both types of enhanced tubing and the two types of VIE
distribution nozzies.

The incoming seawater is warmed to between 100 and
105°F in the product water coolers and passed into the
deaerator/decarbonator column after being treated by di-
rect injection of sulfuric acid adjusting the pH to 5.0 to
5.5. This acid treatment neutralizes most of the dissolved
alkalinity and the resulting COy, the dissolved CO,, Ny,
and (), are removed by a vacuum jet system {normally our
seawater containg between 2-7 ppm dissolved Oz

After the deaerator/decarbonator, sodium sulfite is m-
jected into the scawater to scavenge the residual O, usu-
ally less than S0 ppb, and sodium hydroxide is added to
adiust the pH of the feed stream to 6.8-7.0. This feed
stream is preheated stap-wise, first throogh “U” tube bun-
dles suspended in the steam chests of the oid module, and
then through the tube bundle of the MSF section of the
coupled module. This bundle consists of 152 tubes, 7/8-
inch diameter, CDA 706 (90-10 Cu-Ni), 75-feet long. The
tubing is eshanced by spiral indentation and serves as the
condenser for the generated vapor in the MSF section as
the seawater feed is prehedted from about 175 to Z35°F.
An external feed preheater (HX-312} is used 1o raise the
feed stream to the desired operating temperatnre, usually
250 to 255°F although operation was successful as high as
265°F without problems.

Now that the feed stream is preheated to aperating
ternperature, three feed modes are possible.

1. Al the feed may be introduced into the first MSF
stage {MSF-1) from where a portion is pumped as the feed
to the first VTE effect (VTE-1) or,

2. All the feed may be introduced to the VTE-1 or,

3. The feed stream can be sphit with & portion going to
VTE-! and the remainder going to MSF-1. (This is the
preferred method.}

In any of the feed modes, the feed is introduced to the
VTE tobes through distribution nozzles that distribute the
feed brine as a thin film to the inside of the tubes. Each
of the six VTE effects contains 172 tubes, 2-inch O.D. X
10-fect long, CDA 687 (Aluminum-brass), and are en-
hanced by double futing. Prime steam, introduced on the
shell-side of YTE-1, induces a portion of the feed to evapo-
rate. In the VTE bottoem sump, this generated vapor sepa-
raies from the brine and passes through a demister to
condense on the VTE-2 tubing, generating vapor from
VTE-2 brine, etc. as in a conventional maltieffect evapora-
tor.

The brine from the VTE-1 flows by gravity to the MSF-
1 where it joins the MSF-1 fead stream. This combined
stream is flashed through MSF-2 and MSF-3 1o the tem-
perature of VTE-2. A portion of this MSF-3 brine is
puamped as feed to VITE-2, ete. with two stages of MSF
flash being taken between each VTE.

The condensate from the VTE shell-side is collected,
along with that generated in the MSF, in the product
water trough section of the MSF. This product water
stream is also flash-cooled through the MSF, giving up its
heat to preheat the incoming seawater.

PLANT DESIGN DATA

Tables I and II summarize some of the plant’s design
bases and rated capacity. _

Full details of the operation, test results, and data anal-
yses for the last year's operation of the Freeport, Texas
VTE/MSF Seawater Distillation Test Bed Plant can be
found in the Annusl Report {Bechtel, 1973}, Further-
more, a summary of the operating results of the VTE and
MSF are describedt in a paper by Houle and Buohrig
{Houle, 1973}. Following are some data and correlations

TABLE 1
Plant design data

VTE
No. of Effects Six
172 tebes, 10 1. long, 2 inch nominai
0D, daubly fluted, CDA B87 (Alumi-
num Brass) with flow distributors for
feHing-filr aperation
5,382 sq. ft. (smooth tube basis

Tuba Bundle

Heat Transfer Aran

Materials of Construction:

CDA 708 {9010 Cu~Ni) lined steel
Concrete lined stee!, Phonolic fined
steel, Glass-reinforced apoxy,

Epoxy coated stesl, stael

Brine Service

Pistillate Service

MSF
No. of Stages Eleven
: 152 tubes, 75 f1. long, 7/8 inch nominel
Tube Bundie CD, spiraily indented "“rope” config-

uration, CDA 706 (30—10 Cu—Ni)

Condensing Surface 2562 s, f1. (smraath tube basis)

Materialy of Construction:
Concrata finad steai, Phenolic {ined
stael, Glassrainforced spoxy

Stesl, Glesy-rainforced epaxy

Brine Service

Distillata Service

5-Effect VTE Module

Effact No. ? 8 L 10 1
No. of Tubes 1RO 359 2 260 323
Length, f1, 11,08 2 o 22 22
Type Lhi.

Flumd Smooth  Smooth Smooth Smooth
. COA ChA ChA  CDA
Materiat 1941 316 88 637’ 7o8? 2053
Smooth Tuba
OD inch 3i/8 2 2 24z 3
Smooth Tube
1 4
Area 5q. . 122 136 3167 3600 3838

12 6% Fe, Bat. Cu
2 Afuminum Brass
390--10 Cu~Ni
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Hgat Transfer in the Caupled V'TE/MSF Test Bed Plant

TABLE I
Overall plant degign operating conditions

Capacity (gross} 310,100 tb/hr {B96,C00 gai/day]
Capacity (net) 261,200 b/bhr (812,000 gaifdey!
Seaweter feed 473,800 ibfhr

Arine biowdown 1B 400 ih/hr

Cancentration ratio 2.5 b Tead/Ib tlowdown

Tatal ssawater Tlow 1,420,000 1a/hr

Raw steam supphy
{including ejecir steam} .
Eirst affect condensing temp 276 F
Heat rejection condensing
termperature

Met sconomy ratic

Feed treatrmant

28,300 Ib/hr (150 psig and S60°F}

110“!’ {seawater termp ?SaF]l

£.4 lb product/ 1000 BT heat input
Acidification with H3 50,

of particular interest to evaporator designers who might
consider future use of enhanced tubing,

FOULING

The term “fouling” may be defined as the heat transfer
resistance which results from any undesirable deposit on
heat transfer surfaces, during the normal operation of a
desalinaticn plant.

The effect of fouling resistance (FR) on design of the
VTE bundle is defined by the fundamental equation:

—f}f = %’1 + FR (1)
which relates the overall heat transfer coefficient U; of
tubes which have been in service for a long time to the
performance U, of the same bundle when the heat transfer
surfaces are new.

Fouling resistance, as used in design equations, isa very
important economic factor and affects the initial equip-
meni cost, operaling cost, and periodic cleaning cost.

There has been very little data published from which
fouling resistance for seawater distillation could be calcu-
lated or the fouling vs time curve obtained, i.e., the dura-
ticn of operation before an asymptotic or stable value will
be reached.

The VTE/MSF Test Bed Plant at Freeport, having
over 10,000 hours on-stream operation time, is the only
plant capable of providing information about fouling of
doubly fluted tubes in prolonged operation at tempera-
tures over 220°F. The fouling resistance data previously
available has been obtained from only single tube tests or
from OSW pilot plants and the VTE-X module at the
OSW San Diego Test Facility (Distillation Digest 4, 1971,
p. 283). The only information on long-term fouling of
Aluminum-brass tubes at high temperatures has been
based on tests of single tubes from the second effect of the
old VTE Freeport Test Bed Plant. The history of the
overall heat transfer coefficient for the old 12-effect VTE
Freeport plant is lost as the overall coefficients were not

437

available for the plant operational peried from 1961 to
1964,

While the fouling process of doubly fluted tubes is obvi-
ously a time function, the magnitude of fouling is related
to the operating parameters of the plant and construction
materials.

Table 11T presents the overall heat transfer coefficients
for each of the six effects of the doubly fluted, CDA Alloy
687 (Aluminum-brass) tube bundles. These coefficients
represent values of prolonged ‘10,000 Hours™ perfor-
mance at the Lypical operating brine temperatures. These
temperatures do not represent any specific runs, but are an
average of operating temperatures through all the history
of a given effect.

The low overall heat transfer coefficient () is a result
of fouling during 10,000 hours of on-stream operation,
and as can be seen in Figure 4 is strongly dependent on
the operating temperature. For comparison, Figure 4
presenis also, clean heat transfer coefficient (1) obtained
after retubing of the first effact (VTE-1} with new Alumi-
num-brass bundle. In addition, for comparison, Figure 4
inclades the plot of VTE-X heat transfer coefficient vs
brine temperature. The data for VTE-X second effect Alu-

TABLE (il
210,000 Haur™ HTC's in VTE s
VTE"s 1 2 a 4 -1 g
Ternperatura,
T.°F 2515 2352 2209 2067 1810 1738
Lig, BT -
HIEF 1327 1480 1580 1642 1603 1450
wm
& A
Uy ¢ 9630 ¢+ 2100 - oeomia? —
2 b
gL
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Figure 4. The 10,000 Hours' Heat Transfer Cosfficient (Lig of
the Aluminum-brass, Z-inch Q.D., Doubly Fluted Tubes as a Fune-
tion of Operating Temperature,



438 Fourth [nternational Sympasium on Salt—Northern Ohio Geological Society

minum-brass, 3-nch Q.D, tubes arc results of Phase |
VTE-X Development Program {Burns & Roee, 1971},

The remarkable similarity of results for the common
temperature range between 160 and 215°F ix a confirma-
tion of our data. However, because the VTE-X operated
only 1270 hours in Phase I, Phase 1] results show an
increase in fouling resistance, partially because the second
effect of VTE-X operated some of its time in the upper
temperafiire range.

With the help of multiple regression analysis, we corre-
fated the results for clean and fouled bundles. The overall
heat transfer coefficient U; for 2-inch, Aluminum-brass
tubes is given by the following equation:

U; == -3273. + 46.747 - .113IT¢ 2}

for operating temperature range from 160°F to 260°F.
The clean tube equation for U, vs brine temperature is
shown for the new tubes which have been naturally oxi-
dized in an ambient atrmosphere, and therefore, represents
the performance of commercially clean bundles.

U, - -953.9 + 21.96T ~ 0391172 (3)

From equanocn (1), fouling resistance FR data is ob-
tained by solving equation (1) for temperatures from Table
I1] and substituting the zctual Up values. Fable IV
presents fouling resistance for each of the six effects as a
result of 10,000 hours service at the typical operating brine
temperature,

TABLE 1V
Fouling Resistence [FA) in 10,000 Hours Service”
YTE's 1 2 3 4 g g
Tampearstire,
T, VF 2515 2352 2208 206.7  191.0 173.8
Firx 104

hrfE2PE/BTU 2.7707 2.0213 1.3D3% 1.2885  1.0973 09375

The general relation of the fouhng resistance with the
brine operatng temperature is correfated by the fullowing
hyperbolic function:

FR = 1/26685 — 91.84T {4

valid for the tested temperature range 166°F to 260°F,
The hyperbelic function (4) resulrs from a least-squares fit
of Table IV dala by its linear transform. The above rela-
tion 1s shown graphically as Figure 5.

tt musi be remembered that fouling resistance is rela-
tive to commercially clean fubes and not related to theo-
retical performance of doubly futed tubes, and that it is
based on nominal area,

It is apparent, from the foregoing, that considerable
fouling resistance is encountered in the operation of dou-
bly fluted tubes in the normal continuous seawater distilla-

L,

)

FH, 10 Hite HESELRTL

M H I £ |
6 i e e B +0 7
TEMPERXTURE 3¥

Figura 5, The 10,000 Hours'' Fouling Resistance Versus Tempura.
tee, Baged on Comparison with Commergisiy New Aluminum-
brass Fube Bundte Performanece,

tion process. The fouling films on both the tube O.D. and
LD, were analvzed and the results are as follows:

1. Cuprite CuyO and cupric oxide CuQ are the chief
constituents in the range of 40-90%.

2. Hematite Fe,0s; and magnetite Fe 04 in the range
of 5-30%¢.

1. Small amounts of ZnO (a normal corrosion product
of the Aluminum-brass tubes) and Al,O; ~ $iO; {as mud
or silt trapped on the rough tube L.13. surface}.

These conclusions were based on analyses of the film
using ane or more of the following methods:

1. BTA

2. Emission Spectrography
1. Energy Dispersion X-Ray
. X-Ray Diffraction

5. X-Ray Fluorescence

.

The origin of the fouling resistance is from oxidation of
the heat transfer surfaces, typical 1o the Aluminum-brass
alfoy. and oxidation products of other consiruction mate-
rials.

Most of tron oude fouling on the putside of the doubly
fluted tubes is evidently a resubt of the inability of the
“Amerceat” coating (peeling) 1o protect the steam and
vapor chests, and from other unpratected steel steam and
vapor lines.

The fouling on the tube LD. is primarily a result of
oxidation and corrosion of Aluminum-brass material. A
lesser cause of fouling may be attributed to the suspended
debris entering the plant in the seawater feed.

It must be remembered that this high fouling resistance
occurred despite the fact that most of the carbon steel in
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the plant was protected from brine with concrete lining or
other protective coatngs. Moreover, the plant operated
with proper scale control systems, and fouling due to alka-
tine scale or calcium sulfate scale was negligible and that
scale was eliminated as a possible ¢cause of the bigh fouling
rates, and finally that venting, deaeration, and decarbona-
tion was comparable to any industral plant.

The mest Imporiant operating parameter which has to
be considered as an integral part of the fouling resistance,
is the operating temperature. Several series of develop-
ment runs have been performed to demonstrate this effect
onee mote,

Figure 6 shows z family of carves expressing the rela-
tion of heat transfer coefficients versus operating tempera-
ture separately for each effect.

These data have been obtained by multiple scanning
over a period of one or two days to eliminate the operating
time effect. Thercfore, the change in heat transfer coeffi-
cients is a direct result of physical property changes in the
boiling and condensing flm.

Inspection of the curves show that the heat transfer
coeffcient for the sixth effect (VTE-6) is better for the
corresponding temperature range than for the perfor-
mance of the fifth effect (VTE-5). Furthermore, the perfor-
mance of the fifth effect is better than the performance of
the fourth effect (VTE-4) ... and so on.

Far example, if we could operate, for a short period of
time, all six effects each at a temperature of Z50°F, the
resulting performance would be the hghest for VTE-§,
and descend in order for VTE-5, VTE-4, VIE-3, VIE-2,

T s
Hetx W E-D trzongh W EY - Becesihey BEFE - ey TYRT
a0 |
Y, - SRS+ LSET . nmmntd
WTE-1 AFTEA SHEL].
HEE A D CLEANING
TR (-

e

WIE-E

VTES 7]

HYL, Biay/ine-174. 7Ry

WTE-t JANLARY 1§44

Ed
b MTEM 1 EPFECT
FANE § 17T by

- "‘r’—‘\\\
WTE CEMBER 1972
1000 L : ; N 2 .
s 11 150 i H; 50 20

T} WMPERATLIRYE ©F

Figure 8. Hea: Transfer Coefficent ax a Function of Evaporating
Brine Temperatpre Showirg The Refation For Fach ol the Six
Effects, [24nch, 0.0, Aluminum-brass Doubly Flured Tubes),
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and fnally VTE-1. The FR, conversely is the highest for
VTE-| and diminishes towards YTE-6,

Conclusions

1. The primary contributors 1o fouling resistance are
oxidatior and corrosion products.

1. Fouling resistance is not a constant value and is
dependent on temperatures at which oxidative fouling oc-
curs.

3. The temperature at which a given tube bundle oper-
ates has the strongest effect on the value of the fouling
resistanee.

4. A total fouling resistance of 00009 o 000275
should be used for Aluminum-brass tubes to seawarter at
temperatures from 170 to 250°F (Figure §), to guarantee
long termm (16,000 hours) favorable results. The fouling
resistance values are based on comparison with commer-
ciallv clean tubes.

5. The shell-side fouling resistance is greatly responsi-
ble for the overall fouling and is, at least, as large as the
tabe-side fouling,

6. There are likely asymptotic values for fouling resis-
tance, but the resulting low overall heat transfer coefcient
requires, from the operating standpoint, cleaning of the
heat transfer surfaces before the stable values can be
reached.

Recommendations

It is recommended that in the future development of
the VTE/MSF process, the effect of operating tempera-
ture on the oxidation fouling be considered serious enough
toy warrant development of new preventative techniques of
on-stream “vapor-phase cleaning” and/or “‘passivating”
the heat transfer surfaces.

Systematically designed experiments, which would iso-
fate effeets of known parameters, should be included in
test plants such as Orange County. Otherwise, continuous
changing conditions from high to low temperature will
mask the actual resuaits of fouling.

TEMPERATURE EFFECT ON HEAT
TRANSFER COEFFICIENT

1t is generally recognized that the overall heat transfer
coefficient (HTC) of doubly fluted tubes is affected by
temperature level. The predictive equations for both the
condensing steam-side and boiling brine-side cocflicients
are directly propornional 10 the property grouping
(kip?g/u)%, As could be expected, the overall heat
transfer coefficient for clean lubes Increases with increased
operating temperature. This effect is more pronounced for
low temperature ranges, below 220°F, where the change
in physical properties, particularly in viscosity, is signifi-
cant. Several tests were performed to determine the effect
of temperature on the overall heat transfer coefficient. By
controlling pressure of live steam 10 the first effect, we
were able 1o vary the evaporating temperature, The boil-
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ing temperature for the first effect {VTE-1} varied from
265 to 210°F and corresponding evaporating tempera-
tares for the sixth effect (VTE-6} varied from 185 {0
150°F.

The results of these runs are shown in Figure 7. These
runs were performed after retubing of the VTE-1 bundle,
and after an attempt was made fo improve the heat trans-
fer coeflicients of the remaining effects with carbon diox-
ide vapor phase cieaning. The family of curves represents
the performance of each of the six effects, and the relative
position of the curves depends on the fouling resistance of
any given effect, The same general effect of temperature is
shown in Figure 6, where the heat transfer coefficients are
lower due to the higher fouling resistance.

It is interesting to note the effect of temperature on heat
tramsfer coefficient of VTE-1 for runs performed in De-
cember, 1972 and January, 1973, The first effect bundie
with considerable fouling resistance, shows maximum
value of heat rransfer coefficient with temperatures. This
is an indication that fouling affects heat transfer in ways
other than as a thermal insulating layer,

The effect of temperature on the overail heat transfer
coefficient of commercially new tubes can be expressed by
the empirical equation:

U, = 9539 + 21.96T - 0391172 (3}

where T is evaporating brine remperature in °F.

The following equations are recommended by F.C
Standiford 4 {1971, p. 417) for film cocflicients, based on
the nominal tube diameter.

Steam, b, =1840 (k) "/, )" % (LA HLY 2(Q/A) 7P (6)

‘Tube Wall, h, = 1.273 k/I {7
e
Mo Uate Fron: Warch 1§22
T - e s et . aenyd
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Figure 7. Heat Transfer Coefficients as 2 Funeton of Evaporating
Brine Tempergture Obtwined after Retubing the Fost Slfect ang
Vapor Phase Cleaning the Remaining Five Effects with insitw
Generated €05,

Brine Evaporating, hy, = .040 (K*p?g/u®) ' 3{41"-*';131 *(8)

The brine fim coefficient “f1" hetter with the resnlts of
the VTE-X by the use of a new constant as suggested by
R. Khan:

h, = 0.256 (k3pteiut) 3 Gl

In this case, the best fit with actual data for comnmercially
clean tubes can be achieved with a constant 0.0176 in the’
expression of the boiling film coefficient.

Table V shows the effect of brine temperature and other
parameters on the actual overall hear transfer coefficient,
and compares the results obtained from recommended
equations. The suggested correlation for steam-side con-
densing coefficient, h,, is in our opmion too strong a fuanc-
tion of the fux (Q/AY 33 In the derivation of equation
{03, Standiford used the experimental results, described by
Thomas (1967}, and combined these results with the
“practical” Nusseit relation for smooth tubes. Thomas”
experimental results have been obtained for a considerably
higher range of fluxes from 2 X 108 10 (0° BIU/hr-fi-°F,
while typical fluxes expected for the distillation plant are
1.0 X 10* to 3.0 X 10* BTU/hr-ft?-*F. Moreover, Thomas®
data was obtained with forced circulation cooling, angd
therefore, with varyving fuxes along the height of the tube.

Equations (8) and (8} for the boiling brine coefficient,
H,. have been developed from:

1. Oak Ridge National Laboratory

2. Houston Research Institute

3. VTE-X Experimental Module, San Diegn, Cahfor-
nia data. In our opinion, hy, should be corrected to reflect
the increased boiling heat transfer coefficient with an in-
crease in AT, where AT is the temperature difference be-
tween ¢ondensing steam and boihing brine temperature.
This relation is discussed in the {ollowing section.

In general, all of the “theoretically”™ recommended
equations do not represent the actual performance, and in
the absence of a real model, an empirical equation such as
(%) should be used to predief practical resulis of clean .
doubly fluted tubes.

HEAT FLUX VERSUS AT

The relation between heat flux, Q/A and AT, the tem-
perature difference between the sicam chest and the brine
sump, i8 a very important factor in the design of
VTE/MSF plants.

The designer of desalination plants, havirg specified
overall economy has to decide on the most economical
distnbution of total available temperature difference. He
can design with equal AT and a different heat transfer
surface (HTS) per each effect, or attempt to design with
equal HTS and varying AT. With the selection of AT, the
maximur: value of flux for a given temperature level is
established, and the relation between AT and flux (Q/A)
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TABLE V
Effect of variaus parametars on actuai overail heat transfer coefficient
Run No. Run Na. Run No. Run No. Run No.
4-14 4-13 4-12 4-10 417

Evaparating bring temp. -

VTE_1, °F 263.3 2595 234.3 226.1 213.5
Condensing stzam temp, .

VTE-1,°F 280.6 276.4 247.8 239.2 225.¢
Heat Fi; ";ﬁw"’}" 32970 32000 25080 24080 20300
Liquid Loading,

Ibihr X it 3890 3800 3930 3830 387C
Concentration Factor 0.880 0.638 (.696 0.638 0.638
Actual Coetlicient,

BTU/Me X £2 X °F 1809 1800 1868 1840 1781
Stearn Side Propgrty,

k3 g% gty 3 7270 7150 6580 £320 6120

BTUMr—FT-F
Brine Side Praperty,

(K p? grtyt 3 8750 6680 8100 §910 5660

BTUMhr—ft*—"F
Madified Reynoids 28810 27370 24180 23120 31400

Number
Re!’? 30.66 30.19 28.92 28.48 22.78
Condensing Coefficiant, ) .
h,, BTUMr X HE X OF 28136 8330 9500 10250 11230
Boiling Coefficient: 8280 8050 7060 6730 6290
hy, by Standiford
hy, by Khan, BTU/hr

% FEX F 5300 5160 4520 4310 4020
Tube Wall Resistance

] o . ' - * 4 - » -

hr X f2 X CE/BTU 000G64 (541151 000064 §00064 000064
Theoretical Cigan Uy : 3250 3240 3260 3720 3200

U by Standiford
U, by Raha 2650 2640 2580 2540 2480
U, by Bechtsl 2119 2096 2058 2036 1964
hr X #* X “F/BTU
Used to obtain actual 0.000218 0.000221 (.000231 0.000233 Q.0002458

FR by Standiford
FR by Kahn 0.000148 0.000151 G.000152 D.000150 0.0G0180
£R by Bechtel 0.0000812 0.0G00620 0.0000523 0.0000524 £0.0000523

L2
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is of great interest, Suck a relation has been developed, and
is shown as Figure 8. Data for these curves were obfained
from est resuits for the first effect bundie (VTE-1}, and
should be of value to designers of future desalination
plants.

All of these data have heen correlated by a least-squares
fit resulting in the following hyperbolic type equation:

Q/A = 1/(0.06586 - 0.0015041AT) (1

The index of determinarion of this function s G.9865,
and the percent difference in correlation has a maximum
range of 3.3 to 3.0

An important conclusion of this correlation is that the
boiling and condensing mechanisms are independent of
feed brine quality i the range of fuxes from 2.2 X 10* to
3.6 X 13 BTU/hr-fi’-°F, and the brine-side forced con-
vection vaporization mechanism does not change instan-
taneously into nucleate boiling. This correlation (16) has
been used to establish the relation between the overall heat
transfer coefficient and AT, The results are expressed by
the following equation, and are shown in Figure %,

U = Flux/AT = Q/AAT = 1/(06586AT - 0GR19041
AT (15

Tmspection of Figure ¥ reveals a very interesting fact.
The overall heat transfer coefficient declines with an in-
creased temperature differenval. At a certain point, any

38
e BRINE SUMP = Z260PF | £1,20F)
« SAINE FEED CONCITION: VARIED
38 FROM 14.89F SURCOOLED TO 15 4°F
SUPERHEATER
» BHEINE FEED RATE: VARIED FADM
34 b 2,1 YO 4,020 LB/HA, FT OF

CIRCUMFERENCE
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Figure 8. Hazt Transtar Coefficients as Function of Ovarall Temper-
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Tubas,

further increase in temperatire difference across the tube
causes partial restoration of higher heat transfer perfor-
mance, It may be concluded that higher AT's reduce the
condensing coefficient and increase the boiling coefficient.
At a certain point, the improvement in the botling coeffi-
clent begins to exert a greater influence than the declining
condensing-side coefficient on the overall performance.

FEED QUALITY, SUBCOOLING—
SUPERHEAY

The effect of feeding subcooled or superheated brine to
the VTE-1 tubes is shown in Figure 10. These data were
cbtained by adjusting the quality of feed with adjustment
of the brine heater HX-312 steam pressure. The VTE-|
tube inlet temperature was saperheated by 15.4°F as com-
pared with the temperature of the VTE-1 brine sump, and
then reduced to subcooled condition 1 several steps, Max-
imum subcoocling was achieved by the complete climina-
tion of prehesting in the brine heater. At that condition,
the feed was subeooled by 14.8°F.

In contrast 1o past assumptions that the quality of feed
(1} does not affect the doubly fluted tube performance, or
(2) only reduces the heat transfer coefficient with in-
creased subcocling, the results shown in Figure 10 demon-
sirate that supersaturation improves overall heat transfer,
partly as a result of an increase in the shear and turbulence
at the top of the doubly fluted tubes on the evaporating-
side, and partly, as & result of reduced fluxes on the steam-
side. When the feed is subcooled prior to its introduction
10 the tubes, the heat transfer coefficient at some level of
subcookling alse starts fo improve over condilions sur-
rounding the saturation point.

This phenomena can be explained in terms of the in-
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Figure 1. Tha Hest Transfer Coefficient and Fiux Relation with
the Brine {Juality Entering the Tubes; Tested in Subcocled and
Superheated Feed Conditions for VTE-t,

crease in temperature difference across the tubes, and con-
sequently, in the higher coefficient of the boiling heat
transfer. {n this instance, although the condensing coefi-
cient is reduced because of increased fuxes, the increase
in the boiling-side coefficient is considerably greater, re-
sulting in an overall increase in performance,

The balance of bath the brine and the steam-side coefd-
ctents determine the exact location of a minimum heat
transfer coefficient as a function of feed quality; a point not
necessarily at satarated feed.

We have saspected the possibility of brine feed loading
having & major impact on the improvement in the boiling
heat transfer coefficient with a simultaneous increase in
subcooling. Therefore, we performed special rans at a
reduced loading rate.

The brine feed rate per tube was reduced from 3910
b /hr-ft to 2120 1b/hr-ft of nominal circumference, and
the subcooling rate was kept at —14° and —14.8°F levels.
The resulting overall heat transfer coefficient changed
only from 1830 1w 1803 BTU/hr-f%-°F, as is shown in
Figure 10; not a significant change.

AT used in heat transfer calculations has been defined
as the condensing-side temperature less the sump evapo-
rating brine temperature. Regardless of feed quality, no
vorrection in AT has been applied. All of the above con-
clusions have been based on actual performance of the first
effect VEE-1 with live steam pressure being adjusted each
time the quality of the feed was changed in order to keep
the boiling temperature constant at 250°F.
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We have concluded that an increase in subcooling -
creases the overall AT and fluxes for the existing tube
bundles as has been shown in Figures 8 and 9. To avoid
misunderstanding, this does not mean, however, that if a
bundle is designed for saturated brinc and a large AT, the
performance will be significantly different.

In other words, no matter what the quality of feed is,
the amount of heat transferred by the tube will be basically
dependent on the overall temperature difference.

The practical importance of these conclusions is refated
to the overall design philosophy.

If, with Juxes of 34-38 X 10 BTU/hr-ft-"F and sub-
cooling of 14—15°F, the first effect operation is stable, the
necessity of designing the brine heater s eliminated by the
4-5%% incresse in overall heat transfer coefficient.

On the other hand, if we utilize the advantage of super-
heated feed, achieving 8-10% improvement in the overall
VTE heat transfer coefficient with 10°F of superheat, the
concept of combining the VTE with MSF can be re-
evalupated. That is, in & normal VIE/MSF plant, two or
three stages of MSE are coupled for cach VTE effect to
reduce the thermodynamic irreversibility in preheating
incoming feed, but savings realized in reducing heat trans-
fer surface of doubly fluled tubes due to utilizaiion of
superheated feed offset the cost of preheating in a conven-
tional VTE plant.

BRINE LOADING

The effect of tiquid loading, or feed rate, on the perfor-
mance of doubly fluted tubes is part of the overall design
consideration since the selection of hquid loading relates
directly to pumping power. For this reason, the effect of
liquid loading on overall heat transfer coefficient was stod-
ied and the results are shown as Figure 1! and 12.

Equations (8) and {9) for the tabe-side boiling flm
coefficient are proporticnal to a2 modified Reynolds
number t the .133 power. The Reynolds number is
Re = 40/ 1, wherel is the liquid loading | pounds per
foot of wetted perimeter of the nominal outside tube cir-
cumference, and 1 is the viscosity of the brine, Ib/hr X ft.

VTE-1

The effect of liquid loading on the overall heat transfer
coefficient is shown in Figure 11, For the Brst effect, the
variation in liquid loading from 2200 to 5100 Ib/hr X fi,
which corresponds approximately 2.2 10 5.1 GPM per
tube, did not produce the expected increase in heat {rans-
fer coefhicients.

The lowest lignid loading rate is limited by the mini-
mum wetting rate and the danger of overconcentration
(scaiing). The upper limit is conirolled by flooding the
tube, and an increase in the tobe-side pressore drop.

The past circulation rate fimit of abour 4000 ib/hr X ft
for VTE-]1 was overcome by modification in the plant
design, Le., raising of VIE-1 demisters and installing an
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inlet flash baffle ip MSF-1, which allowed an increased
liquid loading rate without loss of product purity. The
carefal control of the relation between the temperature of
the brine heater HX-312 and the VTE-! sieam chest pres-
sure was an important factor in permitting the increased
brine Bow from VTE-1 sump 1o retorn to MSF-1 without
CXCESSIVE CArTVOVET.

It is obvious that plant hydraulics and not the tube
loading criteria was responsible for past limitation.

Finally, based on our experience, we conclude that

none of the above mentioned limits were reached, and our

normal operating range of 3400 to 3900 1b/hr X ft of iquid
loading should be used in future design of the first effect
VTE-1 operations in the 250 to 260°F temperature range.

It is believed that lower VTE-1 liguid loadings in the
1500 to 1700 Ib/hr X ft range as used in VTE-2 through
VTE-6 could be used without danger of overconcentra-
tion, but this was not proven in actual operation.

VTE-2 through VIE-6

For effects VITE-2 through VTE-6, as is shewn in Fig-
ure 12, no clear relationship was established between heat
transfer cocfficient and the higuid loading of brine flow
down each of the tubes,

These effects operated with Hquid loadings as low as
1088 Ib/hr X fr and as high as 2296 to/hr X ft. It s
important to note that the normal operating range for
effects 2 through 6 was at liquid loadings between 1500
and 1700 b/hr X ft, and no detrimental effect on the tube
rerformance was observed during a total of 11,134 operat-
ing hours.

The designer may safely use 1500 o/l X ft or approxi-
mately 1.5 GPM per 2-inch O.D, tube and realize the
savings in the pumping power over the previously sug-
gested 2 GPM per tube.

STEAM QUALITY

No clear relationship was established between the over-
all heat transfer coefficient and the guality of steam.

Runs with wet steam with a quality below 90%, and
with superheated steam at 103% quality showed no sig-
nificant effect on the performance of the VTE-1 bundie.

No enhancement in performance due 1o superheat, or
any detnmental effect due to an increase in the condensate
loading with wet steam, could be confirmed.

VENTING

The reduction in heat transfer, caused by the presence
of a non-condensable gas in condensing steam, has long
been known. In order to give up its latent heat, the vapor
must diffuse through the non-condensables on the vapor-
liquid interface. This provides an additional thermal resis-
tance, and thus reduces the overall driving force, AT.

The non-condensables are present in the VIE plant due
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to incomplete dereration and decarbonation, and due to
air in-leakage. The non-condensabie effect on heat transfer
is predicted well by the Colburn-Hougen relation. The
combined analogy between heat transfer and mass transfer
was successfully utilized in the models proposed by Eis-
senberg {Eissenberg, 1969) and Van Winkle {(Van Winkle,
1971) and tested in the VTE-X moedule.

In the VTE/MSF Freeport plant, the normal venting
procedures included cascading vents from VIE-1 and
VTE-2, venting VTE-2 o the atmosphere, and cascading
the vents of the subseguent cight effects downstream to the
vacuum systerm. At & venting rate from 0.8 to 1.5% of the
total steamn rate, the performance of the plant was stabie

The VTE-1 vent was closed for 100 hours in several
rans without significant effect on VTE-1 performance.
The stable pressure in YVTE-! Steam chest and the con-
stant rate of steamn condensation suggested that the live
stcam was highly deaerated. Determination of oxygen
concentration in the condensate of VTE-1 confirmed this
fact. :
The increase in venting rates of VTE-1 above 2% of the
total steam mass flow did not significantly change the
VTE-1 heat transfer coeffcient. By closing the vents in all
six VTE effects, it was observed that after two hours, the
non-condensables causad a conitnuons decrease in the uait
capacity, and the pH of the product dropped from 8.2 to
7.4, explainable by the absorption of CO,.

To demonsirate the effect of non-condensables, the fol-
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lowing tests were run: Run 3-16 with VTE-1 vent closed
was performed to obtain the base-line values, Then the
vents in VTE-2 and VTE-3 were closed, and afrer 6.5
kours of stable operation, H&MEB run 3-17 was taken,
The vents in effects VIE-2 and VTE-3 were opened, and
afier one honr, H&EMEB run 3-18 was taken.

Table VI compares runs 3—-16, 3«17, and 318 and their
results. It shows the maximum percentage decrease in the
heat transfer coeficient of effects VTE-2Z and VTE-3 dur-
ing the test. It is interesting that after one hour, the cosfii-
cients in run 318 did not recover the values of run 3186,
and that longer venting time was required. Also, the con-
densate subcooling suggests the non-condensable layer
effect on the condensing tlm.

Comparison of resalts in VTE-1 indicates the possibil-
ity of non-condensable binding on the boiling side. The
decrease in coefficient by 5% in run 3-17 compares with
runs 3-16 and 3-1% and could be a result of non-condens-
able buildup inside the doubly fluted tubes.

The detrimental effect of gases on rube-side perfor-
mance had been previously mdicated when the brine
waterbox vent in VEE-1 was found plugged. A recovery
of over 10% in the heat transfer coefficient for VTE-1
resulted from unpiugging the waterbox vent,

Results of tests are limited to preliminary evaluation
and, while incomplete due to the expiration of the Devel-
opment Program, the following general conclosions are
offered:

TABLE Wi
Effect ot nancandensable venting on U
Heat Transfer Coafficient HTC, 8TU/Mmr X #1* X °F
Run Number VTE-1 VTE-2 VTE-3 VTE-4 VTE-5 VTE-6
316! 1123 1417 1692 %85 1584 1513
3177 1066 1126 1446 1658 1560 1482
318 1104 1376 1831 1760 ™ 1570 1513
(3-16) minus {3-17} 58 291 246 27 24 3
% decrease in "U" 5.2 205 14.5 1.8 15 2.1
Condensate Subcooting T Vapor-T Condensate * F
318 4 2.2 1.9 2.2 2.3 g
317 8 7.1 4.2 2.1 2.1 4.8
318 7 3 2.1 1.5 2.2 4.7
Vapor Fiow:‘klbihr and Venting Rate—Kib/hr
318 241610 | 23751 -35 | 20891.33 | 21501 .23 | 2064} .32 | 21521 .35
317 228710 | 2257F O 1802[.0 | 1900} .16 | 1996.i18 { 20.85] .26
318 239210 | 2371} .19 | 2040 .22 | 200847 | 2053] .19 { 21.53| .27

*Base Line Values
**Aftar VTE-1, -2, and -3 shelt side vents closed for 6.5 haurs

xEH

After VTE-2 apened to atmaosphere and VTE-3 cascaded for ane hour
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1. The vent rate is important ia maintaining the heat
transfer coefficient.

2. The venting rate of 1% of the total vapor raie is
sufficient to achieve stable performance in the cascading
vent system.

3. The vent locaton does not influence the perfor-
mance, and top or bottom vent lines are equally effective.

4. The mass velocities of 4200-4800 Ib/hr X ft2 in the
inlet to the first vapor pass, and 2200-2500 Ib/hr X £t in
the inlet to the second vapor pass are considered adequate
for sweeping the non-condensable gases and to maintain
turbulent Aow conditions on the sream-side.

5. The heat transfer surface in the second pass after the
venting baffle is 26% of the total, and the equilateral
triangle pitch, S, of 2.5 inches with 2-inch O.D. tubes
(8/D-1.25), are good design criteria for sizing VTE bua-
dles for a 1 MGD capacity plant,

6. Decrease in heat transfer coeflicient without ade-
quate venting is significant, and a maximum decline of
over 20% tn the overall performance can be expected.

SUMMARY

The above results show that the use of vertical tube
evaporators with doubly fluted tubes represents today a
well-demonstrated and economically atiractive process
for desalination of seawater.

To fully understand the advantage of the enhanced
fubing, the results above can be compared with smooth
tube performance,

The heat transfer coefficient 1s enhanced by 180-200%
at a 250°F brine temperature, and at lower temperatures
{175°F), the enhancement over smooth tubing is over
350%.

The attractivencss of doubly fluted rubes is further in-
creased when we consider the low cost penalty for en-
hancement. Based on January, 1973 price information, the
cost penalty over smooth tubes ts 12 to 35% depending on
the type of enhancement. However, this penalty is insig-
nificant compared to the capital cost savings in being able
to use smaller cvaporators and less tubes. Obviously, the
overall advantages over smooth tubing shows that eco-

nomic apphication of enhanced tubing can be successfully
ntilized in advanced desaHing technology. The enhanced
tubes are available today in a variety of materials and
profiles, and in our opinion can be uiilized in the forced
circulation and calandria type evaporating-crystallizing
operations.

It is recommended therefore that designers of the
evaporating-crystallizing equipment include in their in-
vestigations and design consideration the unique advan-
tages of the enhanced tuhing herein described.
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