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Ak " EVAPORATIVE HEAT TRANSFER IN
' VERTICAL TUBES AT GEOTHERMAL BRINE CONDITIONS -~
A PRELIMINARY INVESTIGATION

" 'P. H. Herley
-D. M. Eissenberg

' ABSTRAC‘I‘

The objective of these tests was to obtain oversll heat -
transfer coefficients.in a single tube locp for a smooth tube
and two fluted tubes proposed for wse in & geothermel. brine’
upflow VIE pilot plant. Tests were run et steam temperatures
from 250°F to 390°F, flow rates of 0.5 to 2.5 gpm, end steeam
to brine ATs of 10~ 30°F using demineralized water and 3% NaCl
solutions. In each case the liquid entering the tube flashed
through & AT equal to the gteam-brine AT.. The tubes. tested:
were & 3/4 in. smooth stainless steel tube, & 1 in. double

-fluted CulNi- tube, and a T/8 in. double fluted Al—Brass tube."

Average heat tra.nsfer coefficients using 3% NaCl were as
follows: - for the stainless steel tube, 550 Btu/hr/°F/ft2
at 250°F to T65 at 390°F; for the:CulNi tube 2000 at 250°F
~ to 2600 at 390°F for the a.luminum ‘brass tube 1750 at 250°F
“to gbout 2650 at 390°F, 'Flow rate and AT, in genera.l ha.d
only small effects on the coefficients. -

Keywords : Geothermal brine + heat transfer coefficient + enhanced
-heat transfer + vertical tube .eveporation + design data .+ distillation
processgs + OSW sponsored + flash evapora.tion + pilot plant operation
+ paremetric studies .

OBJECTi:vﬁ |

The objective of the investigation wes to. esteblish the renge of heat-
--trensfer coefficients et the high temperatures (250-400°F) proposed for use
in the desalting of goethemal brines.. The objective was limited to provid-

- ing puidelines.for extrapoleting existing vertical tube evaporator (VIE)

:c_orrela.tio_ne to the .temperature of ‘a‘propose_d pilot plant,

o soorE

'A test loop was designed] constructed and operated at 250°-L00°F with
small diemeter VTE tubes in upflow. Parameters to be investigated included



brine feed rate, evaporative AT, and the effect of enhanced surface.
(See Table 1 for a'mbre?eonpletefeetfp?;perdneters.)7'The range of
parameters was_intendedbto:cever'a‘region nseful for the design of water
désalting plants using geothermal brine feeds.

The initial runs were made using demineralized water and a stainless
steel tube in order to provide baseline date with which to compare to
literature values for similar systems. Later runs were extended to fluted
tubes and salt solutions. While 8ll the runs were made in upflow, the
facility could be ennverted to falling film operatlon for future tests,

Since the comp051t10n of geothermal brlnes very w1dely, & 3% NeCl

solution was used in these tests as an approximate 51mulataon.
LOOP DESCRIPTION

Crlterla

The loop was de31gned sPeclfically to carry out the program descrlbed
in the Scope. The features of the facility include

1. Maximum design operating temperature of h87°F (600 psi).

2, Tube sizes from 3/4 in. OD to 1 1/2 in. OD with en effective heated
length of 7.7 ft. Larger or smaller OD tubes or longer tubes can be
handled with minor loop modificatioms. s '

3. Brine flow in the renge of 0.5 to0. 2.7 gpm. . o

L., Vapor condenser for handling condensate .loads of from 20 to
300 1b/hr, while permitting control of thevevePeration temperature over the
entire range.

5. Variable orifice at the evsporator tube inlet so that the pressure
drop can be controlled over the range of temperatures and flow rates to

prevent flashdown upstream of the tube entrance.

" Flowsheet

The process flowsheet is shown in Figure 1. 'The brine system consists
of a total recycle closed loop. Brine is pumped from an 8 gallon capacity
head tank using & 2.7 gpm triplex feed pump pest e pulsetion demping stand-
ing leg, through two flow measuring orifices to the brine heater. -Building
steam (250 psi or 150 psi), reduced to low pressure as required is condensed
in the brine hester, heating the Brine to the desired feed temperature,
which for the geothermal steam process is set equel to the shellside

(condensing steam) temperature..



TABLE 1

PARAMETERS TO BE TESTED IN THE GEOTHERMAL TEST LOOP

Steam. Chest Temperature:

" Brine Feed Temperature:

'Evaporaticn AT:

Tubes:

Tube Length:

Brine Composition:

Brine Flo# Rate:

'LOO°F, 350°F, 300°F, 250°F

Equal-to stesm chest tempersture
plus boiling point elevation (BPE)

10°F, 20°F, 30°F

'3/l in. OD smooth stainless steel

1 in. OD fluted cupronickel (French
tube)

T7/8 in. OD . fluted aluminum bress
(Phelps-Dodge tube)

8 ft

0%, 3% NaCl. In .addition, sodium

sulfite ‘added to protect against
corrosion

0.5, 1.5, 2.5 gpm.



AIR-COOLED

i
»

ORNL-DWG 72-6125

A

DESUPERHEATER ¢

_ CONDENSER, . 7 | ACCUMULATOR
X
P [
1LY
© =
—r \ 1
. !
ENTRAINMENT SEPARATOR [~
<\J;
4 EVAPORATOR
TRIPLEX PISTON PUMP
. I~ BRINE - 2 1/4-gpm:, Pl +  steam
B! SIGHT GLASS VIEW PORTS REHEATER

s;;£l fr]_;§V>v

50" |PCV Y
sj |

T0

<—-—[:T—-—4

METERING

HEATER TANK

TRAP
TRAP

Hh @ Lo
1 oo

t lEJ TRAP

VARIABLE s

ORIFICE

FIGURE 1. GEOTHERMAL BRINE EVAPORATOR LOOP

()



>

The brine is prevented from'boiling in the heater and in the piping
to the evaporator by maintaining its pressure above saturation. The brine
‘then . flashes on entering the evaporator tube by throttling through a
varigble area annular orifice; ‘The two phese mixture is carried up the
tube by the pressure drop of the rising vapor produced by flashdown et
the entrance end by evaporation of .the rising liquid film. '

On - leaving the tube, the two phease " stream is .separated-in the vepor
disengagement section end the unevaporated brine is returned by grav1ty to
the head tenk. The vapor flows through en entrainment separator to the vapor
condenser where it is condensed and returned to the brine ‘heead
tank. ' . ' :

The steam for evaporation is supplied from the building 150 psi or

. 250 psi system through 8 regulating valve & desuperheater, end an entrain-
ment separator. The steam condensate. produced in the evaporstor shell flows
through & volumetrice measuring tank to the bullding drain through e steam
trap. A small vent at both top and bottom of the evaporator purges the shell
of non-condenssble gsses. Lo o R

Cooling water for the vapor condenser tubés is maintained at temper—
atures between ambient end’ 212°F by recirculetion from the condenser to &

35 gallon head tenk.. The temperature of the coolant in the: head tank: is
controlled by adding cold huilding process water - and overflowing the heated
coolant to drain. At the 1owest desired evaporation end flashing rates,
where the area of the cooler tubes is too large for ‘steble operation below

en inlet temperature of 212°F and -the coolant pump cavitates, 8 once—through
streem of cold demineralized water is! used‘as :a"coolent. This is permitted
to boil ‘and o measurements are made for this mode of operation of the:

heat - removal rate of the: vapor condenser..

3

Component Descriptions

Figures 2 to h are . photographs of the completed loop before being
insulated., : :

Shell

The evaporator. shell is 6 in. Schedule hO pipe’ of 3h7 stainless steel,
which materiel minimizes thermal expension effects with the 316 stainless
 steel end the cupronickel tubes to be tesed. The lower head of the shell
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is en 8 in. 300 psi steel flange and the upper head is & 3 ft length of 8 in.
Schedule 40 carbon steel pipe. Two- pair of l in. -dismeter glass viewports
ere installed in the shell for visual observation of the mode of condensa—
tion. A peir of 1 in. diam. glass viewports is located in the upper head

to observe the brine-vapor discharge ,jet

The upper heed. contains & diagonal baffle to deflect the brine vepor
: discharge Jet. A6 in. depth of York wire mesh above the baffle provides
for separation of entrainment from the vepor which discharges from the top
' of the vapor heed.

The steam enters the shell neer the upper end of the evaporator tube
after. passing through the external entrainment seperator. Wall condensate
is collected in & separate\ annular trough located near the “bottom of the
"shell end is drained through a steam trap separate from the tube condensate.

Shell penetrations are provided. for draining condensate for two vents
(one et top end one at bottom) end for shell temperature sensors.

Brine Heater .

'I'he brine heater is a horizontal shell and tube steam condenser h inches
in diameter end 6 ft long conteining 20 l/ll in. OD tubes with a tdtel heat
transfer surface of 6 ft2. The heater is fabricated of Inconel, including
both shell and tubes. The steam is condensed in the shell of the exchanger

and the condensate is drained through 8 steam trap. _

Lpor Condenser _

» The vepor. condenser consists of an 8 in. diameter carbon steel shell
3 ft long containing four horizontal bayonet coolers. Each, bayonet is a
1 1/2 in. Schedule L0. carbon steel pipe containing e concentric 1 in.
Schedule 1&0 carbon steel pipe extending to 2 in. from the opposite end,
Water is circulated in through the inner pipe end out through the annulus.
Three of the bayonets have 1, 5 ft area ‘and one wes 0.73 ft The bayonets
ere . connected in parallel such that any combinetion can be in service at a
time.' ‘ '

Brine Pump A
The pump is e triplex boiler feed pump consisting of three pistons

in perallel’with seperete’inlet and -discherge ball check: velveg; °
The pump is belt driven'by e 4h0:v,; 3 phese;'3 horsepower motor end
has & normal cepacity of 2.5 GPM.'  The brine flow is
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regulated by varying the frequency to: the. pump motor, using a 25 ‘hp varisble
frequency motor-generator manufactured by Louis Allis Compsny. The M-G:. -
set has an output frequency range.from 12-to TO cycles per second.
Piping A | : |
The materisl for the piping, volum’etric ta.nké end.other equipment is'

carbon steel. All pipe over 2 in. 1s see.mless Schedule 40 with welded or
flanged’ flttlngs. All piping less than 2.in, is Schedule 80 with threaded.
fittings. The steam piping is 1 1/2 a.nd 2 in, dla.meter, the brine vapor )
pipipg is 3 in. end the brine end condensate piping is 1/2 end 1 in.

Adjusta'ble Orifice
A right angle valve was modlfled 'bo provide an adjusta.ble oriflce for

flaehlng the brine entering the evaporator tube. The ,,--modiflcatior;‘ conslsted
of removing the valve seat to provide flow area and Aed_:ding e.vaelve stem
extension with a 30° tapered titanium tip. The tip wes aligned with and.
could pass through the tube inlet -oriﬂce located &t the .valve ,di-scharge

to permit varying the flow area. The renge of asnnular sarea was: chosen

to provide a raenge of pressure drop to prevent flashing upstrea.m of the
valve under ell. operating conditions.

Pulsation Damper
A stending leg with & 2 in. diameter by 6 in. 1ong upper cha.mber is
locaeted immedistely downstream of the pump discharge to demp the pump

pulsations. A viewport in the chamber provides & means of insuring &
gas interface. The chamber gas volume is connected to a I\I2 cylinder for
pressurization. The N2 supply also is used to provide en inert gas blanket

in both brine and steam systems to prevent corrosion during shutdowns .

Instrmnent ation

The brine flow is measured by the pressure drop &across onﬁ.ces. Two
sharp edged orifices with flenge taps are instelled in series -downstream of
the pulsation demper. They are cross-connected to & common 100 in. of-
water d/p cell. The orifices are sized to provide full scale readings of
0,81 gpm and 2.7 gpm so that e.ccurate rea.dings can be obteined over: the
entire expected flow range. * ‘ ‘

The steam condensa.te and va.por condensate flow rates are. mea.sured by
the rise time in calibrated tenks. The time of rise of the fluids in

()
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armored sightglesses is measured by closing the tenk drain velves since in
‘each case .the normal flow oficondensate.is diverted into the bottom of the:
metering tenk. |

Flow rate of coolant to the beyonets of the vapor condenser and of
mekeup water to the coolant system are measured with varisble orifice meters.

The stean 'sndfrépor'pressures are meesured with a 600 pei renge
‘ calibra.ted Heise. ga.ge which hes:1 psi subdivisions, The two phase. fluid
v pressure drop across the evaporator tube .and across the verigble:orifice
is: measured with pneumatic—Operated d/p cells.

Eight calibra.ted stainless steel clad chromel—alumel thermocouples are
loceted in the system 8s - indica.ted in Figure 1. The thermocouples are reed
with en L a.nd N null ba.la.nce potentiometer with en ice 'bath for tempers.ture

compenss.tion. ; .
DATA REDUCTION

A semple data. sheet is shown in Figure 5. The thermocouple emf's
are converted to temperatures using ca.libra.tion charts prepa.red by the
. ORNL .Calibration Laboratory from individual ca.librs.tion date obta.ined for
each thermocouple. The temperatures end: the flow readings are then com'bined-
_in & computer data reduction progrem to- yield the following paremeters:
~&." "Brine flow- (l‘o/hr); _ B S Co
b. - Steam temperature .;;(°F)'_ E_;'
c. ‘Brine outlet temperature (°F) -
~ d." Fleshdown (°F)~
el ‘*Stea.m-'brine -vepor AT (°F) 7
~f. Tube average temperature (?F) -
g U, overall. heat ‘trensfer. coefficient (Btu/hr- ft2 )
B Residual U(Btu/nrist?-oF) - -
1. Condensation: group-* () - -
"+ Ratio of- residua.l U'torcondensation” ‘group
k ‘Heat added by condensing steam, Btu/hr -
1. Heat liberated 'by flashdown of vepor,. Btu/hr
‘m. Hee.t removed . by condenser water, Btu/hr
n. Heat removed from vapor condensete, Btu/hr
o. Celeulated heat loss of vepor-brine separstor,.Btu/hr
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Date Run Ne.
. Tube
Geothermal Brine Loop Datg Sheet Tube _ Length Wall .
Brine Conc. wt %
Spec. Description Reading - Value R v -
Tl Brine into Evaporator nv Temp.
T2 Brine Out of Evap, Tube " "
T3 Vapor Qut of Evap. Tube " "
T4 Bldg. Steam to Shell " "
TS Condensate from Shell " "
T6 Condenser Water In " "
T7 Condenser Water Out " "
T8 Vapor Condensate
Pl Brine Evap. - Inlet psig
P2 Steam,Evap. Shell psig
P3  Brine Vapor, Evap. Out psig
P4 Barometric Press. mm Hg
AP1 Evap. Tube AP FS=14.44 S FS psi
AP2 Feed Pump AP FS=50 in, $FS in Hy0
AP3 Flashdown AP
Fl Brine Flow FS=1500 1b/hr % FS 1b/hr
F2  Shell Condensate .029 ft3/in. in./sec  lb/hr
F3 Cooling Water Flow % Fs 1b/hr
F4 Vapor Condensate in./sec 1b/hr
Al Condenser Sections A+B+C+D f;z
A2 Tube Area ftz
L Var., Orifice Stem Position in.

FIGURE

5. SAMPLE DATA SHEET

()

O
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' The computer program cslculated peremeters to essist in finding
correlations. These calculstions included:
1. Simplifiéd average two phase pressure drop (APTP) using the
Martinelli-Lockhart correlation.
2. The overall HTC based on the mean vapor temperature as derived

from the calculgted tube APTP

3. The reduced oversall HTC (retio of the residusal overall HTC to

the condensation group)

Heat Baleance

The letent heat given up by steam‘condensing on the tube.is ali
utilized as letent heat in evaporating.briné. - Additional vepor is pro-
duced frdm the brine es a result of its fleshdown from the temperature at
the upstream side of the brine orifice to the temperature at the discharge
end of the tube. Thus, except for heat losses, the sum of the steem con-
densate rate plus the brine fleshdown rete will equal the vapor condensate
rate.

Heat losses from the shell result in edditionel steam condenseate form-
ing on the shell wall, which is collected separately from the tube conden-
sate and thus does not affect the gbove heat belance. Heat losses from
the brine chest ebove the tube will result in condensation of & small
portion of the vepor. This condensate will mix with the unevaporated brine
end will not be measured es vapor condensate, nor will it be measured as
temperature rise of the vepor condenser coolant. In order to account for

this loss, the loop heet belance is written:

QC+Qbf=QVC -'."QlOSS

The magnltude of Qloss was estimated from preliminery heat balances
taken et severel loop- operating temperstures. An approximate equation

describing the loss wes derived:

9, = 23 (T, - 80)
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Pl

for use in calculating overall hest balences. For the purpose.of determin- i
ing the precision .of measurement of & .run, the following ratio wes.then ..
calculated:

QSc + Q’bf

ch + Q‘lc :

Celculation of Parsameters

The following equations were used in caleulating run perameters.
1. Eveporator shell heat load -

%e = ws__(hlg * s (Ts - Ts’c))- -

2. Flashdown heat load
YUe = W * P ooy . Ty = Tpo)
3. Vapor condensate he&at load -

ch = Wv,cu,x hlg

., Heet removed by cooling water minus vapor condensate subcooling
Qu, = W, X ¢, (Tcwo - Téw'i), - W, ¢, (Tv - Tvc) ,
5. Overall heet transfer coefficient

Uy = Q./ [Apx (T, - 7))

6. Residuel heat trensfer coefficient do
U2 = l/(l/Ul - RW) where RW = _2K——

7. Calculated tube frictionel pressure drop
AP 2 AP ) | \
—_—= ¢ (%) for isothermal flow
AL‘I‘P' tt ‘AL® . : -

¢4 = exponential (1.478 - (.5403 1n =) + .0519.x (mW

+6.98 x 10~ (In %

2

AP _ 3 fw ]

—AL = _———2 5 5 b4 pL/62.h xv.h332
TP ch
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AP e ulated (aP inlet cond. + AP out;et condition)/2

8. Tube average tempera.ture '

'TTi 18vexp[h61+ 2503(lnP-2686)]+32

P=P_ (absol)+L( )

T

_ T avei'—._ (Tp

T in- f T')/2«‘

9. Overall heat transfer coefficient for tube ave tempera.ture
Up gve = Qgo/lApx (Tg = Tp gye) ]

Nomenclature

Q heat flow, Btu/hr
W mass ‘flow, 1b/hr
T temperature, °F
U Heat trensfer coefficient, Btu/hr—ft2-°
A area, ft2
P . pressure, psi
L length, £t
D diemeter,. ft
hlg heat of vaporization Btu/lb
cp heat capaclty, Btu/lb
k therma.l conductivity, Btu/hr-£t2 °F/ft
f ' Fanning friction factor '
g density, 1b/ft3 ,
ge conversion factor, 32.2:
subseripts - .
Bc steam condensate v brine vepor
s steam e T tube
bf  brine flashdowm tp  two phese
b . brine L liq_uid
b brine .in _ . tt vepor phase turbulent, liquld
‘ bo . biine out phase turbulent
ve: | vapor condensate. ave average
ow cooling water ebsol sbsolute

¢tt function lc. heat.loss, calculated
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HEAT TRANSFER RESULTS

The following tubes were tested:

1. A smooth, 316 ss tube, 3/4 in. OD by 0.035 in. well.

2. A double fluted, 90-10 CuNi tube, 1. 01 in. nominal OD by 0.025 in.
wall. The tube had 36 flutes w1th e depth of esbout 0.01T in. (Tube A .in-
Figure . 6) and was. manufactured by French Tube Division’ of Norande Metal
Industries. : NS :

3. A double-fluted, Al-Brass tubé, 0.875 in. noqinal oD by . 0.0l1 in.
wall. This tube had 20 flutes with & depth of ebout 0.05 in. (Tube B in
Figure 6) and.was manufactured by Phelps-Dodge Copper Products Corporstion.

‘The first two tubes were tested with demineralized water and‘&3%

NaCl solution. The Al-Brass tube was tested with &3% NaCl solution. All
tests were with liquidaflow-in-thé'ﬁpfdirection with the liquid entering
the tube with a 10-30°F total flashdown, _ : o

Teble 2 shows the range of overall heat transfer coefficients (HTC)
obtained at each temperature level. In Figures 7 through 12, the individual
run HTC are plotted versus steam temperature with the liquid flow rate . and
steam exit vapor AT as parameters.

Tebles 3 through T summarizes the heat transfer results for the differ-

ent tests.
DISCUSSION OF RESULTS

Stainless Steel Smooth Tube .

The results of both water and brine tests gave heat transfer coefficients

which increased from 550 (+10%) at 250°F steam temperature to T65 (+10%)
Btu/hr,sq.ft., °F at 350°-390°F. There was no significant difference between
the water and brine tests, and no pronoﬁnced effect of either liquid flow
or steam-vapor AT. =
These results are consistent with upflow observations at the VIE Pilot
Plant with smooth copper tubes evaporating seawater,'where heat transfer
coefficients .of 450-6T5 were reported at 240-250°F evaporating tempera-
ture.(l)
Figure 9 is a graph of the ratio of the reduced overall HTC plotted
vs. AT. This ratio was in the range 0. 13 withdut éignificant trends
as a function of T or AT, TR '

1

()



FIGURE 6.
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TABLE 2

OVERALL HEAT TRANSFER COEFFICIENTS

Maximum
-Steam Temp. HTC Dev. from Ave. No.
Tube Liquid - oF Btu/hr/ft2/°F £ of Runs

3/k in. 31b SS Water 250 Lo8-602 . 9.45 10
Smooth . 300 636-678 . 3.20 10
. 350 693-889 - 12.9 12

© 390 707-838 8.k 9

3% NaCl 250 . 560-610 . b2 2

. 300 . T19-Th8 - 1.6 2

350 762-798 2.0 2

390 T60-765 0.4 2

1 in, CuNi Tube Water® 250 - 1076-1553 16.5 .. 6
Double Fluted " 300 16642212 1.1 6
350 - 1. 1605-2377 19.4 6

390 2126-2673 11.k 5

3% NaCl 250 '1825-2332 12 -2

300 2009-2523 11.3 -5

350 1950-2355 9.4 5

390 - 2266-2967 13.h S

7/8 in. Al Brass 3% NaCl 250 1271-22L6 27.7 5
Double Fluted 300 2282-2386 1.9 5
350 2437-2737 5.8 L

390 .2k46-3109 11.9 5

¥Does not include low value water runs made after the brine runs.

O
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ORNL-DWG 72-6130

I
3/6 SS, SMOOTH TUBE
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FIGURE T. HEAT TRANSFER COEFFICIENT VS STEAM TEMPERATURE FOR WATER RUNS
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ORNL-DWG 72-6131

- 1
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FIGURE 8. HEAT TRANSFER VS TEMPERATURE FOR 3% BRINE RUNS
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ORNL-DWG 72-6129
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TABLE 3
RUN RESULTS FOR 3/4 IN. SS TUBE WATER TESTS

Temperature Heat Load (Btu/hr)
. Liquid AT Steam-Vapor : .
Flow Steam Out ‘Flashdown AT U Overall Stean Vapor Heat Loss Heat Balance
Run No.  1lb/hr o°F oF °F op Btu/hr/°F/ft2 Condensate Flashdown Condensate Calculated Ratio
1 1226 2k9.k  237.4 10.4 1.7 528 9303 13010 1755k 3620 1.05k
2 790 249.8 238 10.1 11.h 519 9381 8166 13218 3634 1.0k
3 TIT - 248.5 233.9 1.4 144 590 12841 9065 16918 3540 1.07T1
b 250 - -2h9.h  236.6 13.4 11.7 602 10632 © 3408 . 105k2 3602 0.993
5 251 "2l9.k  230.4 18.3 18.6 566 15903 . beTT 17588 3459 0.978
6 758 . 2494  229.6 20.h4 19.4 581 17046 ‘15716 2721 34k 1.068
T 1242 249.7  230.9 16.5 18.1 596 . 163h2 20923 . 32812 3471 1.027
8 ' 1251 249.9  220.4 217.5 29 505 22124 35080 5367k 3229 1.005
9 781 - 249k 211.3 k.2 37.7 498 .. 28335 27182 ...51882 3020 1.011
10 780  250.2 216.7 0.6 33.2 532 26665 2h266 45639 i 1.04%
1 257 -~ 251.1 218.h 1.1 2.3 550 - 26874 8139 33652 3183- 0.951
12 246 299.1 268.2 29.4 30.5 669 30881 T4S5T . 33332 4329 1.018
13 TT1  299.5 = 269.2 27.2 30.0 655 29672 21547 44333 4352 1.052
1k 123 297.0 259.3 33.8 37.0 652 ' 36488 42914 66989 o 4133 1.116
15 1231 2908.9 268. 28.7 30.5 6712 31007 . 36268 58234 h32l 1.075
17 256  299.3 . 276.T. 20.5 22.4 669 22578 15965 35902 - 4524 - - - - 0,953
18 1211 . 301.1 287.%4 11.3 13.% 618 . . 12776 . 1k120 21432 Y (] 1.065
- 19 768  297.8 . 285.6 11.7 12 €45 11749 928)4 16217 - WT33 0 . 1,00k
20 258  299.7 278.1 18.7 21.5 636 20635 9Ls8 20612 L4560 1.195
21 251. . '298.6 . 283 -13.4 15.k% 645 © - 1h993 - - 3465 < 12880 - 4673 1.052
22 257 299 285.5 11.8 13.h 638 12951 3120 10257 k29 1,072
23" 239° 353.9  319.h 30.6 344 67 " 39864 7595 bholT 5509 0.958
24 23h 353.4 33 19.9 22,5 M 26221 4855 26269 5771 0.970
26 755  353.7 340 10.8 13.9 805 16915 8497 18213 5975 1.05
271 T65  351.6 330.3 21.6 21.1 889 . . 28376 17157 40133 5760 0.992
28 T61 351.7 . 318.1 - 3.3 33.4 795 40133 24735 59950 SkT9 0.991
29 1186 351.7 323.9 24.8 29.2 811 35763 30539 60110 5578 1.009
30 1208 351.7 33h.2 16.5 17.5 S 869 2303 20738 353718 5845 1.062
N 1190 352.3 330.7 18.7 21.4 . 8Lk 27315 23182 L436Y 5TTL 1.007
33 1187  349.9  3371.8 9.6 11.9 803 kb1 11861 19731 593L 1.025
42 286 349.0 338.7 12,0 10.8 693 11340 3573 T113 5937 1.108
ks 776 299.1 279.7 19.5 19.3 618 117980 15557 30751 k593 0.949
k6 " 1201 391.4  362.1 28.2 28.7 752 32621 35496 63621 6488 0.969
bt 1193 392.2 3Mn.6 19.1 20.3 768 23557 23907 40530 670k 1.005
48 1189 392.6 382.5 8.2 9.6 838 12150 10235 13616 6958 1.088
ko 718 393.1 383.5 T.7 9.2 822 1132L 5807 10776 6980 0.965
50 721 393.2 373.0 18.7 19.8 T45 22280 14143 30770 6739 0.971
51 24 392.2  361.T 29.3 30.0 733 33246 22221 51159 6479 0.962
52 257 393.4  362.7 28.3 30.2 707 32254 7618 36605 6502 0.925
53 260 394,31 372.5 19.1 21.1 733 23398 5205 22890 6728 0.966
54 265  39k.9 380.3 11.k k.2 77 16666 3169 14051 6907 0.946
5T 1197 349.7 329.0 20.6 20.5 811 25126 25648 40865 5727 1.090
58 1189 350.7 340.7 9.1 9.9 836 12510 11264 1635k 5998 1.06h
59 235 350.1 339.9 9.6 10.0 775 11713 2355 8ut2 5982 0.973
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TABLE 4

RUN RESULTS FOR 3/k IN. SS TUBE WITH 3% BRINE

Heat Loa.d‘ (Btu/nr) -

" Temperature _ _
Liquid AT Steam-Vapor ] :
Flow  Steam Out Flashdown AT U Overall Stean Vapor Heat Loss:  Heat Balence
Run No. 1lb/hr op °F °F oF Btu/hr/°F/£t2 Condensate Flashdown Condensate Calculated Ratio
n
300 M 250.4 2u.7 10 9.3 610 85Tk 7598 124712 3703 1.00 1
301 798 2k b 220.6 30.4 28.9 560 24438 23842 L4353 3232 1.015
302 765 300 27.8 29.7 28.6 T9 31094 22553 LTh6Y 4402 1.034
303 7 299.8 290.8 10.5 9.8 ™8 11078 8osh 14504 4830 0.990
30% 51 3¥7.5 340.7. 10.7 8.0 798 9650 8064 12042 5969 0.984
305 Th2 34%9.8  321.7 30.1 29.4 T62 33849 22345 52872 5529 0.962
306 760 387.5 . 359.3 28 29.6 765 34218 21h43% 51460 6392 0.962
307 761 387.5  378.7 10.1 -10.1 T60 11596 7M1 12819 6840

-

0.985
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TABLE 5
RUN RESULTS FOR DOUBLE FLUTED CUNI TUBE WATER TESTS

Temperature Heat Load (Btu/hr)
Liquid AT Steam-Vapor
Flow Stean Out Flashdovm AT U Overall Steam Vapor Heat Loss Heat Balance

Rm Ko. 1b/hr op °p °F °F Btu/hr/°F/££2 Condensate TFlashdown Condensate Calculated Ratio
101 1257  249.5 239.5 10.3 9.7 1296 25578 13213 35335 3675 0.994
102 1267  2hk9.h  222.4 27.2 26.5 1553 83740 35113 116231 3287 0.99%
103 259 2hk7.7 217.8 3.9 29.7. 1439 86985 8154 93769 n7h 0.981
10k 1292 250. 22y - 28.9 29.1 1456 86273 38038 123041 3250 0.984
105 261 250 239.9 11k . 9.9 108k 21834 3034 21628 3682 0.983
*106 261 249.6 2h0 9.9 9.5 1076 ‘20809 2638 20119 3682 - 0.985
107 251  300.4 289.% 10.6 10.9 1664 36905 27k2 35736 4818 0.978
108 252 © 299.9 269.8 30.1 29.9 2130 129586. 7810 135308 4370 0.984
109 254 300 279.4 20.7 20.5 1990 83012 5405 85936 4588 0.9TT
110 1258 300.1 269.7 29.9 3.3 2171 133887 3868L 164601 4365 1.021
111 1220 300.2 289.6 10.5 10.5 1782 38067 13207 NG (] 4823 0.975
112 255 299.8 269 30.5 30.6 2212 137738 8013 143153 4352 0.988
113 239 349.9  320.3 27.3 29.5 2307 138511 7278 140138 5529 1.001
11k 245 349.9 339.2 10.1 10.1 18k0 37826 2576 35911 5975 0.964
1s 1233 '349.8 340 0.4 9.7 1605 3167 12964 - 37507 5982 1.026
116 1244 349.9 321 .. 28.9 28.7 2831 118593 37364 138621 - 5548 1.082
117 12k = 350.1 . 319.h4 30.9 30.6 2377 148009 39835 178162 5508 -1.023
1118 1246 349.7  339.7 10.% 9.9 1926 . 36848 13429 46279 - 597k - 1.000
119 1215 391.h  381.9 9.5 9 2300 k2127 12146 45795 - 695k . .1.029
120 1219 390.5 372.8 18 175 . 2673 95066 23057 114856 6739 0.97T1
121 1191 391.T 361 3.k - 30,4 2254 139397 39196 170943 6469 1.007
122 222 372 361 30.1 .1 2126 134708 T02h4 135670 . 6L61 0.997
123 219 P47  382.1 11.7 12.1 2443 59899 2690 57992 6961 0.96k
200 254 260 239.1 20.3 20.6 1386 58098 5268 61661 3666 0.970
201 253 269.3 249.1 21.1 20 1398 . 56893  5uU57 6098T 3894 0.961
202 250 279.1 260.8 19 18.1 1398 51476 4873 54586 4163 0.959
203 248 289.2 270.7 19.3 18.5 1445 skho2 492k 56522 4386 0.97h
204 251  299.h 280.1 19.2 19.1 1517 58959 4966 60263 k607 0.985
205 2k2 310.3 289.9 20.9 20.3 1600 66109 5225 68754 4830 0.969
206 2k0 319.9 299.9 19.8 20 1650 67134 4oo2 68386 5058 0.981
207 237 3%.1 310.6 19.2 19.5 1700 67478 hnk 67094 5304 0.997
208 233 339.6 319.9 20 19.6 1720 68591 L8k2 68745 5520 0.989
209 233 349.5 330 19.8 19.5 1774 70384 4789 T15k1 5750 0.973
210 22k 360.2 340.3 19.1 19.8 1849 Th501 LL460 73376 5989 0.995
a1 229 369.5 349.3 19.9 20.1 1829 THT92 461 Th983 olyo 0.980
212 226  380.6 360.4 19.4 20 1856 75549 k596 TLB99 6hsh 0.985

Le




TABLE 6 .
RUN RESULTS FOR DOUBLE FLUTED CUNI TUBE 3% BRINE TESTS

Temperature __ Heat Load (Btu/hr)
Liquid AT Steam-Vapor .

Flow Steam Out Flashdown AT U Overall Steam Vapor Heat Loss Heat Balance
1b/hr op op op oF B'l:u/hr/°l'/ﬂ:2 Condensate Flashdown Condensate Calculated Ratio
246 300.3  292.2 9.3 8.8 2508 L4867 227h 42088 4866 1.004
247 299.6 269 33.8 31.0 2000 125975 8126 134421 4339 0.966
1238 299.k 290.5 11.8 9.2 2523 L7346 14498 52294 4834 1.083
1265 299.6  269.9 31.8 30.0 2009 122476 39837 1520L% 4361 1.038
1255 299.9  279.9 22.6 20.3 2h2h 99970 28172 105129 4592 1.168
27k 2497 239.3 1.2 10.5 2332 49738 1hhs5h 60157 - 3661 1.006
1279 249.2 219.7 30.3 29.3 1825 108838 38054 143253 3218 1.003
242 3h9.k  338.L 13.3 12.7 2067 53428 3023 43535 - 5904 1.146
2ho 350.1 339.2 12,5 12.6 2068 53028 3002 49790 5923 1.006
2kl 350.3 - 320.8 31.3 30.% 1950 120660 7505 120k02 . 5518 1.018
1259 349.8 320.2 31.8 29.9 1983 120677 ~ hoolT 148278 5518 . 1.0k5
1247 349.6 340.4 11.6 9.7 2355 46495 14512 54737 5978 1.005
1205 389.8 379.9 11.2 10.8 2573 56550 13626 62334 6877 1.014
1227 387 358.6 29.5 28.7 2262 132127 36404 156766 6k01 1.033
1222 389.2 370.4 21.2 19.6 2289 91287 26119 107822 6661 1.026
228 387.8 377.1 12.4 12 2598 63454 2834 60235 6803 0.989
233 387.h 360.8 . 27.5 29.7

2927 (176884 - 6159 173091 6387 - 1.020

ge



TABLE T

RUN RESULTS FOR T/8 IN. DOUBLE FLUTED AL-BRASS TUBE -~ 3% BRINE TESTS

Temperature : Heat Load (Btu/hr)
. Brine AT Steam-Vapor ] : Tube
Flow Steam Out Flashdown AT U Overall Steam i Vapor Heat Loss Heat Balance = AP
Run No. 1b/hr °F °F °F . °F Btu/hr/°F/£t2 Condensate Flashdown Condensate Calculated Ratio psi
ko0 247 298.6 289 11.8 10.6 214y 40065 2889 © k2067 y78L 0.917 -
ko1 248 350.0. 2T1.1 3.6 29.6 2386 1214533 Th01 . 128155 4379 0.995 -
Loz 1299 300.1 271.8 30.h 28.4 2206 111238 39116 134820 - 1553k 1.080 -
4o3 1309 300.2 281.1 21.h 19.5 2380 81832 27810 98784 4616 1.060 -
hol 1306 299.7 291.3 '10.5 9.1 2022 35655 . 13632 45568 L84, 0.978 —
hos 1287 .. 350.5 ° 3u2.h 10.3 9.k 2437 ko382 13171 38k59 6005 1.20% -
Lo6 1275 . 351 321.h 31.3 29.9 2635 1368900 39868 173704 5545 0.997 -
kot 234 350.8 320.% 30.5 32.8 2737 158268 6856 162787 sh3l 0.981 ©1.656 -
408 227 350.7 . 3h1.k 11.6 10.6 2537 4Th15 2626 L7021 5982 0.944 . 0,792
ko9 22) 3834 373.5 . 10.0 11.5 2547 51647 2252 Y9527 o't 0.958 1.152
k1o 1264 382.3 373.1 10.9 10.3 2903 52727 13906 57096 6716 1.0L4% i 2,52
K1 1286 3844 - 334 '51.0 50.7 2446 218590 65670 268398 5835 1.037 3.6
412 127 250.3 2h1.5 9.2 9.6 1302 22043 11520 25956 3696 1.132 2,232
43 1293 250.5 220.7 0.6 29.6 1271 66345 38872 102234 K215} 0.988 >T.2
1y 293 250.2 241.6 11.5 9.1 2025 32492 331k 33181 3705 0.9 1.656
k15 295 250 221.2 3.0 29.0 2246 11L8L4L 8629 112499 243 1.067 Lo
116 830 250.% 221.9 29.7 28.6 1722 86831 24189 97863 P61 1.098 6.408
it 252 388.3 359.7 29.7 2.8 3109 179772 7224 181291 6337 0.997 3.96
118 1234 387.%  356.6 29.9 1.7 2830 158174 37091 181778 6341 1.038 k.03

L.
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Copper-Nickel Fluted Tube.
The overall heat transfer coefficients are plotted in Figures 10 and
11 for water end.brine, respectively. The following generslizations eppear
justified. '

Water Runs

At each steam temperature, the heat transfer coefficient incressed
with increased liquid flow and also with increased steam-vapor AT; the
only exceptions were the 20°F AT point &t 390°F and the low 10°F point .
at 350°F. |

A series of measurements of HTC at 10°F increments were run with plain
water, following the brine tests. The results of these tests (Figure 10)
indicated.the expected steady increase in HTC with increased temperature.
The éeneral reduction in,ovexall coefficients from values in the earlier
runs indicated fouling of the tube surface. A fouling resistance was cal-
culated for runs at 2.5 gpm and a 20° AT for plain weter tests before’
and after the brine runs. At 300°F the fouling factor wes 0.000157, while at
350°F the fouling factor was .000064. An inspection of the tube after its
removal indicated a thin film on the outside of the tube which gave g dull,
light purplish cast to the metal, and some black streeks in a few of the
external grooves. The inside of the tube had.a generally darker coloring
vhich appeared smooth when a light shined-fhrbugh the tube.

Brine Runs

The plot of overall HTCs for the brine tests versus temperature appears
to reflect the buildup of. fouling noted gbove. At 250°F the HIC was more
than 50% greater than for plain water runs, while at 390°F, there was only a
2% increase, with a drop in the.coefficient,beihg sterved between the 300°F
and the 350°F tests. In -addition, the brine runs showed the opposite effect
of flow and steem-vapor AT compared to the water runs; with lower HTCs as
the AT and/or flow increased for a.given steam tempersture.

The reduced overall HTC varied in the range .29 - .49 reflecting the
flow rate and AT effects. This variation would be expected if the major
heat transfer resistence were the liquid-vepor film, which is the expected
situation in double fluted tubes.

()



TABLE 8

PRESSURE DROP IN T7/8 IN. OD, DOUBLE FLUTED AL-BRASS TUBE

Vapor Vapor Volume AP AT
o Flow Flashed Total Flash Total Measured Calc. AP Steam Temp. Flashed -
Run No.  1b/hr 1b/hr 1b/hr £t3/hr ft3/nr (min. ID) S
k12 1270 12.1 35 195 L84 2.232 1.508 250 9.2
413 1293 4.3 109 933 2521 >T.22 5.867 250 30.6
hak 293 3.5 38 57 . 620 1.656 0.k31 250 11.5
L15 295 8.9 128 207 2959 4.032 2.517 250 30.0
416 830 25.0 115 579 2661 6.408 b.222 250 29.7
ko7 234 7.6 184 39 90k 1.656 0.929 : 351 30.5
408 226 3.0 5T 11 190 0.792 0.209 © 351 11.6
ko9 225 2.6 63.3 T 159 1.152 0.176 383 10.0
h10 124 16.3 . T8.2 Lo 200 2.52 1.100 382 10.9
411 1286 .3 660 303 2703 3.6 5.634 284 51.0
Wit 252 8.3 216 26 667 3.96 0.775 388 29.7
418 123k 42.8 225 132 694 4,032 3.162 387 29.9

1€
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The- HICs' at 250°F appear to be consistent with results reported by
L. G. Alexander and H. W. Hoffman for fluted tube heat transfer surfaces
with liquid flow in the ‘down mode ,('2’3)9.5 well &s :upflow VIE dste of H, H.

Sephton'®) and of the VIE Pilot Plant. )

Aluminum-Brass Fluted Tube

This tube was tested with brine only. The HTC versus steam temperéture'
are shown in Figure 12, The results were consistént with results ,ob'l'fa.ined-
with the CuNi tube. The average HTC at 300°F was a.'boub:thé seme for the
two tubes, whivle at 350°F and 390°F, the HTC for this tube was somewhat
higher than the CuNi tube. This could have been due to the 'buildup; of
fouling on.the latter tube. )

At 250°F the tube showed a large chenge in coefficient with flow rate.
At 0.5 gpm brine flow, the HTC wes &bout.the same as the CulNi tube.
(2025-2246), but it dropped.drasticelly at 2.5 gpm brine .flow, suggesting pro-
found.change in flow cheracteristics. This was not entirely a freSsure drop
effect since the measured pressure drop at high flow and low AT was less
than that for the low flow and high AT case. - ' 4

" Pressure Drop Measurements

Although concentrating on heat transfer messurements, pressure drop
measurements were also obtained for all three tubes using a differential
pressure transmitter which sensed the pressure drop between the entrance of
the tube and the vepor disengagement volume at the discharge of the tube.
The measured. velue thus included the tube friction pressure drop, accelerational
loss end the static head of the two phase system.

Due to instrumentation difficulties, no reliable measurements were
obtained.on the smooth stainless steel tube or on the CuNi .tube. A few
relisble pressure drop measurements were obtained on the deep fluted Al-
Brass tube and these are presented in Teble 8, along with the weight of
liquid flashed and total liquid veporized. Ca.lculated. tube friectional
pressure drop using the minimum inside tube diemeter are elso shown, but
are generally much below the observed total AP, since they do not include

either the static head or the exit head losses.

()
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CONCLUSIONS AND RECOMMENDATIONS

The results obtained from this seriés of experiments.are in general.
agreement with results obtained. for smooth and.double fluted tubes at lower.
temperatures, in both upflow and.downflow. The trend of inbfeasing evapora-
tive heat transfer coefficients with temperature is mainteined.in the tem~
perature range 250-400°F. ' '

" The heat transfer coefficients for the double fluted tubes indicate:
en improvement over the smooth tube by & faétor of 2-2.5, with salt
solutions giving higher velues.than plain water.

More effort than expended in this prélimina:y investigation would be
required to get definitive correlations for the effect of.discrete parameters
such &s brine concentration, AT, feed rate énd'type of nozzle, The pressure
drop dats were also too limited'for correlgtion, although no unusuel response
to sny of.  these varigbles wes observed, »

In the interim, it 1s recommended thet the velues of overall HTC obtainedv
"in this study be used as & basis for designvof pilot plant scale evaporators
operating in the temperature . range 250-400°F.
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