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ABSTRACT

The performance of a thermosiphon evaporator, with a heat transfer area of 0.74 m?, for
the concentration of uranyl nitrate solutions up to 1000 gU £~ is evaluated. The effects of steam
pressure, uranium concentration and liquid submergence on the overall heat transfer coefficient
are reported and a method of designing thermosiphon evaporators handling concentrated uranyl
nitrate solutions is proposed. Pressure drop characteristics of two packings used in the steam
stripping and de-entrainment sections of the evaperator are also given.

Overall heat transfer coefficients in the range 1.4 — 2.5 kW m™2 K were obtained at uranyl
nitrate concentrations up to 1000 gU ¢-* . Heat transfer to uranyl nitrate solutions below a concen-
tration of 100 gU ¢! was satisfactorily predicted by employing conventional heat transfet correla-
tions using physical property data for water. Results for more concentrated solutions were success-
fully correlated using an empirical correction factor which accounts for the change in physicatl
propesties of the boiling solution with concentration.
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1. INTRODUCTION

In uranium refining, dilute solutions must frequently be evaporated before further treatment,
for example, when uranium trioxide is produced by the fluidised bed denitration route. The uranyl
nitrate from solvent extraction purification with tributyl phosphate typically has a concentration in
the range 70120 gU ' and must be evaporated up to 1000 gU ¢~ to produce a suitable feed for
thermal denitration.

The vertical tube, thermosiphon evaporator has been used widely in nuclear service (Long
1967, Stoller and Richards 1961). Its advantages are simplicity of construction, flexibility in
opetation, high overall heat transfer coefficient and small liquid hold-up. Also, this evaporator is
best suited for handling enriched uranium and plutonium streams where criticality considerations
pose severe restrictions on evaporator geometry (Lindley 1963, Klitgaard et al. 1964).

This report gives details of the performance of a vertical tube, thermosiphon evaporator for
producing concentrated uranyl nitrate solutions suitable for denitration. The effects of steam
pressure, uranium concentration and liquid submergence on the heat flux and overall heat transfer
coefficient are reported and a method of designing thermosiphon evaporators handling concentrated
uranyl nitrate solutions is proposed. Pressure drop characteristics of two packings used in the
steam stripping and de-entrainment sections of the evaporator are also given.

2. EQUIPMENT

Figure 1 shows the evaporator unit and an equipment flowsheet is given in Figure 2. The
principal components of the unit are the boiler, disengagement section, return leg, steam stripping
and de-entrainment columns, and the condenser. All parts in contact with uranyl nitrate or nitric
acid solutions are of AISI 304L stainless steel.

The vertical tube boiler is 168 mm in diameter, 1.22 m long and has 7 tubes of one inch
Schedule 10 (28 mm i.d.) pipe giving an inner heat transfer area of 0.74 m>. Uranyl nitrate solution
is heated by steam supplied at a controlled pressure to the shell side of the heat exchanger.

A section of enlarged cross-section (460 mm dia. x 530 mm long) is located immediately
above the boiler to allow for disengagement of the gas-liquid mixture generated by the boiling
action. Boiler glass windows are provided in the disengagement section to observe the operation
and to detect any tendency towards foaming. A return leg of 50 mm diameter beginning at the base
of the disengagement section allows for liquid recirculation to the bottom of the boiler induced by
the difference in densities between the boiling and non-boiling solutions.

Steam from the evaporator passes through a 125 mm dia. x 760 mm long packed column
where it contacts the feed solution countercurrently. The purpose of this steam stripping section
is to preheat the feed and remove any traces of organic solvent before it enters the evaporator. If
the feed liquid passed directly to the evaporator, a possibility exists of an explosion caused by
nitration of the solvent {Colven et al. 1953).

Above the feed point is a further 125 mm dia. packed column, 610 mm long (following the
work of Bell and Grimley 1960). This ‘de-entrainment section’ is designed to knock out any drop-
lets of feed solution that become entrained in the vapour stream. Vapour emerging from the de-
entrainment section is condensed in a double pipe condenser, 50 mm in diameter and 2.20 m long
with an outer heat transfer area of 0.35 m®. The condensate which is a dilute nitric acid solution
is collected in a 0.2 m* drum which is vented through a caustic bubbler to remove any nitrous

fumes.

3. OPERATION AND CONTROL

3.1 Steam and Cooling Water Supply

Steam for the evaporator was supplied at a mains gauge pressure of 800 kPa and was regu-
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lated over the range 0—200 kPa as required. A pressure release valve set to operate at 200 kPa
ensured that mains pressure could never be applied to the boiler. As a further safety measure, a
solenoid valve in the steam supply line was set to shut off the steam if the liquid temperature in
the boiler exceeded 125°C. A valve in the condensate line allowed the shell to be periodically
purged of air.

Cooling water was metered to the condenser from a recirculating supply linked to a cooling
tower. The maximum flow rate obtainable through the condenser was 0.5 ¢ s™'. Except at the
highest evaporation rate, this was sufficient to condense and substantially sub-cool all the vapour
from the evaporator.

3.2 Instrumentation and Control

Figure 2 shows the extent of instrumentation and control. All controls are manual except
the automatic steam shut-off which operates if the boiling liquid temperature exceeds 125°C.

Liquid density was measured in the return leg of the evaporator by measuring the pressure
differential between air purged dip tubes. Two tubes 75 mm apart near the base of the return leg
allowed density to be read directly using a ‘Magnehelic’ differential pressure gauge. Uranyl
nitrate concentration can be determined from the density measurement (see Figure 3). Solution
density is also affected by nitric acid concentration but with the relatively dilute acid feed streams
employed {typically 0.05M HNQ;) no correction for nitric acid concentration was necessary. Uranyl
nitrate concentrations determined by gamma absorptiometry (Yates and May 1970) and from Figure 3
generally agreed within 10-15¢ ¢-* |

Density measurements were most accurately obtained by switching off the steam briefly
before a reading was taken. Pressure drop readings tended to fluctuate periodically during opera-
tion and were generally lower than those obtained under static conditions. The low readings
during operation were attributed to the frictional pressure drop due to liquid recirculation and to
entrainment of steam into the return leg.

Liquid level was determined in the return leg by measuring the differential pressure be-
tween the base of the return leg and the vapour space above the evaporator. This does not give
the level directly, but rather the product of the liquid level and density. From measurements of
the density, the true liquid level can be calculated.

Pressure drops across the steam stripping and de-entrainment columns were measured by
air purged ‘Magnehelic’ gauges with full scale deflections corresponding to 1.2 kPa. Temperature
was measured and recorded by thermocouples inserted at various points in the evaporator and in
the condenser cooling water circuif.

3.3 Safety

Under certain circumstances, tributyl phosphate (TBP) will react explosively with nitric
acid or uranyl nitrate solutions or combinations of both. A violent explosion did, in fact, occur
in an evaporator at Savannah River in 1953 while a UNH-HNO; -TBP mixture was being concen-
trated. Following the incident, experiments were performed to establish the conditions under
which reaction could occur (Colven et al. 1953). It was found that TBP must be present in con-
centrations well above its solubility in water (0.3 g ¢ ™"} for an explosion to occur and then a temp-
erature above 135°C was also required. It was recommended that to ensure safe operation, TBP
in excess of water soluble quantities must not be permitted to enter the evaporator and liquid
temperatures should be maintained below 125°C.

The following measures were taken to ensure that an explosion was not possible in the
evaporator.

(1) Steam gauge pressure was limited by a pressure release valve to 200 kPa. This
corresponds to a maximum temperature on the steam side of the boiler of 135°C.
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(2) A contact thermometer immersed in the boiling liquid was set to close a solenoid
valve on the steam supply line should the temperature rise to 125°C.

(3) The evaporator was designed with a steam stripping section to prevent even
water soluble amounts of TBP from entering the evaporator.

(4) The tank supplying urany! nitrate feed was never completely drained so that TBP
which may have settled on top of the aqueous layer could not be passed into the
evaporator.

3.4 Operational Procedure

The evaporator unit was designed for batch operation producing concentrated uranyl nitrate
solutions from a feed of 70120 %U ¢-. The standard product batch size was 35 ¢ of 570 gU ¢~
although 55 ¢ batches of up to 1000 gU 7 * could be produced if required.

A production run commenced by adding demineralised water to the evaporator approximately
to the 20 { level and adjusting the regulator to deliver steam at a pressure not greater than 170 kPa.
When boiling commenced, cooling water was supplied to the condenser, the feed valve was opened
and dilute uranyl nitrate was metered to the evaporator at a rate of about 40 ¢ h~*. Steam pressure
was then adjusted so that the pressure drop over the stripping column did not exceed 0.9 kPa which
was about 50% of the value at the loading point. The feed rate to the evaporator was adjusted
periodically so that the liquid remained at a required level. As the product concentration was
approached, the evaporation rate decreased. The steam pressure was then increased to maintain
the pressure drop over the stripping section at about 0.9 kPa and to restore the evaporation rate
to its steady value. When the density and level indicators showed that the required concentration
and quantity of uranyl! nitrate had been reached, the steam and cooling water supply valves were
closed and the concentrated liquor was pumped from the evaporator.

4. EXPERIMENT AL

4.1 Heat Transfer Measutements

The usual procedure was to set the desired steam pressure and adjust the liquid level and
density to the required values. In most cases water was fed to the unit af a rate which approxi-
mated that of evaporation so that the original liquid level and concentration was maintained through-
out the run. After steady state conditions had been established, the time required for a specific
quantity, usually 2-10 ¢, of condensate to be collected was measured. The overall heat transfer
rate, (), was calculated from the condensate flow rate V and the liquid rate F.

Q@ = Vi+ Fe (T, - Ty)+L ., (1)

Heat losses L through the insulated sections of the unit were calculated to be approximately
0.6 kW.

Heat transfer coefficients were calculated from the equation,

u Q

tOAT-T) ’ @

where A; is the tubeside surface area (0.74 m?), T is the temperature of the condensing steam
assumed saturated at the supply pressure and T, is the boiling point of solution at the pressure
in the vapour space above the boiler (essentially atmospheric). The boiling point rise for uranyl
nitrate-nitric acid solutions was taken from the data of Lane (1945) which is presented in Figure
4. In accordance with usual practice, the calculated heat transfer coefficient was not corrected
for the effect of static liquid level.
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When water was evaporated at high steam pressures, the capacitj of the condenser was
unable to match that of the boiler and only part of the vapour condensed. In these cases, the
evaporation rate was determined from the change in liquid level in the evaporator.

In all, sixty-six determinations of heat transfer rate were made for gauge steam pressures
ranging from 41-205 kPa and for uranium concentrations from 0—-1000 gU ' . Results are shown
in Tables 1-6.

4.1.1 Effect of steam pressure

Figure 5 shows the variation of the rate of heat transfer with steam pressure. Heat flux
varies approximately linearly with steam pressure for uranyl nitrate solutions, but the results for
water over an extended range show some curvature. Of more fundamental interest is the compari-
son hetween the overall heat transfer coefficient and the temperature differential across the heat
exchanger (Figure 6). For small differential temperatures (< 15 K) the heat transfer coefficient is
markedly dependent on AT, but above 20 K the coefficient is approximately constant.

4.1.2 Effect of uranyl nitrate concentration

As shown in Figure 5, uranyl nitrate concentration has a marked effect on the evaporative
capacity of the boiler. At a steam gauge pressure of 100 kPa, for example, the heat transfer rate
to 750 gU ¢ ~* solution is only about one-fifth of the rate to water. But when allowance is made for
the boiling point elevation of uranyl nitrate solutions, as in Figure 6, the effect of concentration
is not as evident. For a temperature drop across the boiler of 15 K, for example, the overall heat
transfer coefficient for 750 gU ¢ solution is only 20 per cent below the figure for water.

4.1.3 Effect of liquid submergence

The effect of liquid submergence (defined here as the percentage of heat exchanger surface
covered by liquid under static or non-boiling conditions) on evaporation performance was studied
using water. The results, which are shown in Figure 7, indicate only a slight increase in evapor-
ative capacity as submergence is decreased. Below 20 per cent submergence, the heat transfer
rate fell away sharply. This lack of sensitivity of evaporative capacity to submergence is unusual
since heat transfer is generally reported to be affected strongly by submergence and to attain a
maximum at about 50 per cent (Perry 1963). It appears that circulation in the evaporator was not
much affected by submergence except below 20 per cent when circulation was not achieved. Opera-
tion and control were more satisfactory at complete submergence and all production runs were
carried out under these conditions.

4.1.4 Condenser performance

The heat removal capacity of the condenser was 33 kW at a cooling water flow rate of
1.5m*h~* and 39 kW at 2.2 m* h™'. These figures correspond to heat transfer coefficients in the
range 1.5- 1.8 kW m~* K™* and are consistent with published data for similar systems (Kern 1950,
Perry 1963), having regard for the relatively low cooling water velocities obtainable (0.5—0.7 ms™)
in the annular jacket.

For uranium concentrations below 500 g £-*, the condenser capacity now limits the overall
performance of the unit. If it were considered desirable to uprate the duty of the unit, this could
best be achieved by replacing the present double pipe condenser with a shell and tube heat ex-
changer. :

4.2 Pressure Drop Measurements

Two types of packing were tested in the steam stripping and de-entrainment sections of
the evaporator. Initially these sections were packed with 9.5 mm glass Raschig rings but the
pressure drop was so high that flooding occurred at relatively low evaporation rates (30 ¢ h™*).
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These were replaced with 16 mm glass Raschig rings which extended the range of the unit further
but flooding still took place at the highest evaporation rates (45 ¢ h™*). As it is generally recom-
mended that the ratio of column to packing diameter should be greater than 7 (Peters and Timmes-
haus 1968), it was decided to use a wire packing rather than Raschig rings of still larger diameter,

Figure 8 compares the pressure drop characteristics of 16 mm dia. glass Raschig rings
and ‘Springmesh’ PSA/10/W/6, a stainless steel knitted mesh packing with a density of 200 kg m™.
Three of the four curves are for no liquid flow, the fourth shows the pressure drop for a liquid load-
ing of 1.63 kg m™ s7*. In the last case, the water feed was heated almost to the boiling point to
eliminate condensation effects. For the same steam velocity, the pressure drop for the mesh pack-
ing was considerably lower. Because of this, ‘Springmesh’ packing has been installed permanently
in the column.

5. DISCUSSION

5.1 Individual Heat Transfer Coefficients

The overall resistance to heat transfer in an evaporator is the resultant of a number of
resistances in series viz.,

(1) a resistance through a film of condensate on the shell side, r;
(2) resistance through the tube wall, r,, ;
(3) a resistance at the boiling surface, ry,;

(4) any fouling resistances, ry, , ry; arising from scale deposits on either side of the
boiler

R =t + 1, +1, + 1y + 1y . 3
Equation (3) is more commonly expressed in terms of individual heat transfer coefficients, viz.,
1 _ A N 1

E " A,h, Iy t h_b t I * Ig . (4)

The heat transfer coefficient for condensing steam can be calculated accurately from the
theoretical expression for conduction through a falling liquid film,

4 ﬂnlDo)\k:‘p’g]I/ﬁ
Pa 3 [ 3.0 ' ®

The physical properties in equation (5) refer to those of the fiquid at the mean film temperature.

The wall resistance is given by,

2.3D, D,
Im = ka log 5: - (6)

For tubes with thick walls of a low thermal conductivity material, such as stainless steel, this
resistance can be appreciable.

Heat transfer to boiling liquids is a complex phenomenon whose mechanism has not been
clearly established despite extensive research. When the temperature difference between surface
and liquid ‘s very low, heating occurs by natural convection. As the temperature difference is
increased, bubbles form and break away from active sites on the surface and the heat transfer rate
increases significantly. This is the nucleate boiling region in which most industrial evaporators
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and reboilers operate. For very large differential temperatures, a continuous film of vapour is
formed which blankets the surface and the heat transfer rate drops away.

Heat transfer by nucleate boiling is a function of the physical properties of the solution,
the temperature difference between surface and solution and other factors which are less easily
described mathematically viz., the hydrodynamics of two-phase flow and the nature and condition
of the heat transfer surface. In a rigorous analysis of a thermosiphon evaporator, the calculation
of heat transfer rate is combined with the hydrodynamics of the equipment in an iterative calcula-
tion to determine the circulating rate through the reboiler (Kern 1950, McKee 1970, Hughmark 1969).
The local heat transfer coefficient can then be evaluated from equations for forced convection
heat transfer and the average heat transfer coefficient calculated by integration along the tube
length. Such an approach is extremely laborious and is usually not justified when viewed against
the uncertainties in our understanding of the mechanism involved (Lord et al. 1970).

The most widely quoted equation for nucleate boiling is that of Gilmour (1958, 1959);

jL } ‘;b N (l)1 G)—B.S (EPJ:L‘\ —0.6 (p O;)—OAS , (7)
c,G 1L k P?
where
Q Py
o - % (2)

and ¢ = metal type factor (0.001 for copper and steel, 0.00059 for stainless steel), « - surface
condition factor (1.0 for perfectly clean conditions, 1.7 for average tube conditions, 2.5 for worst
tube conditions).

The fouling resistances, 1, and ry; are a function of time, the fluid characteristics and flow
conditions and the type of surface. Recommended values for typical conditions encountered in the
process industry are available (TEMA 1959).

5.2 Prediction of Heat Transfer Rates

Equations (4) to (8) can be used to predict individual and overall heat transfer coefficients.
In applying these equations, the values « = 1.0, ry, = ry; = 0 have been chosen since the
measurements of heat transfer rate were made soon after the unit began operation. Figure 9 shows
the predicted coefficients for water as a function of the heat flux. All three resistances play a
significant role in determining the overall heat transfer coefficient. The resistance at the boiling
surface predominates at the lower heat fluxes, the wall resistance contributes most in the inter-
mediate region while the resistance through the film of condensate on the steam side is most
important at the highest evaporation rates.

Predicted and measured values of the overall coefficient using water are shown in Figure
10. Both follow the same trend; for low values of heat flux, the overall coefficient increases
sharply at first as heat flux is increased but levels off to an almost constant value at the highest
evaporation rates. The average deviation of measured coefficients from those predicted is only
6 per cent.

The same approach could be applied to uranyl nitrate solutions if the relevant physical
property data for use in equation (7) were available. According to equation (7), h, varies with the
physical properties of the boiling liquid as follows,

0.27 ¢.40 1, 0.60
L Cp k

hy, « . (%)
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Unfortunately no data have been reported for the thermal conductivity and surface tension of
uranyl nitrate solutions and the available viscosity data must be extrapolated outside the reported
range (Slansky 1958). Of the other factors, p increases and ¢, decreases (Krigens 1968) as
uranyl nitrate concentration increases. Overall, h, decreases as concentration increases mainly
because of the rise in viscosity.

It is possible to estimate the value of hy, for uranyl nitrate solutions from measured values
of the overall coefficient and equations {4)—(6). When this is done it is found that heat transfer
coefficients for uranyl nitrate solutions can be expressed by the equation,

hy, = f(Clhy, , (10)
where hy, is the value for water under the same conditions and £(C) is a factor which accounts

for the change in physical properties with concentration. Comparing equations (9) and (10) gives,

0.30

(ii} : (11)

0.27 0.40 0.60 0.43
P c k o,

HO) ( L) (_") (‘) (—)

PlLw cpw kw o

Because values for k,o and p were not known with sufficient accuracy, equation (11) cannot be
used to determine f(C).

Figure 11 shows a plot of f(C) against uranyl nitrate concentration derived from the
experimental data with only average values of f(C) shown on the graph. The relationship between
f(C) and concentration C is most simply represented by

fC) = 1-6.2x10"C , (12)
where C is expressed as gU (-'.

5.3 Comparison with Previous Work

Only a few measurements of heat transfer coefficients for boiling uranyl nitrate solutions
have been reported, mostly on a limited scale (Table 7). All reported results cover roughly the
same range. The data of Klitgaard et al. (1964) are the most extensive and are most easily com-
pared with the results reported here. Both Klitgaard’s work and the present results show the
same trend; heat transfer coefficients at first increase as steam pressure is raised but eventually
reach a plateau. Table 8 shows the maximum value in the plateau region as a function of uranium
concentration. Klitgaard’s results are about 10 per cent higher than those of the present work.
The difference in tube wall thickness (2 mm in Klitgaard’s work and 2.8 mm for this work) is
sufficient to account for this discrepancy.

6. DESIGN OF THERMOSIPHON EVAPORATORS FOR CONCENTRATING URANYL
NITRATE SOLUTIONS

The following procedure is recommended for designing vertical thermosiphon evaporators.

(1) Determine the required heat duty.

(2) Set the operating steam pressure. If the feed uranyl nitrate solution arises from sol-
vent extraction with tributyl phosphate, the gauge steam pressure should be limited to 200 kPa
to safeguard against possible explosions.

(3) Estimate an overall coefficient from F igure 6. Calculate the required heat transfer
area from equation (2).

(4) Decide on a tentative tube layout and the length of the tube bundle. Typical tube dia-
meters range from 2540 mm with tube lengths from 1 to 3 m.
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() Calculate the steam side heat transfer coefficient from equation (5).

(6) Having selected the minimum wall thickness consistent with the design pressure and
expected corrosion rate, calculate the wall resistance using equation (6).

(7) Determine the boiling heat transfer coefficient for water from equation (7). Adjust for
the maximum product concentration of uranyl nifrate using equations (10) and (12).

(8) Estimate fouling resistances, ry, and r;. In the absence of any other data the values
e ~ ty - 0.15 m* K kW™ are recommended.

(9 If a packed column is to be employed for steam stripping or de-entrainment purposes,
it should be sized so that the pressure drop does not exceed 1 kPa/m packing. A robust packing
such as Raschig rings is probably preferable to wire mesh for a long service life in a production
evaporator. The required column diameter can then be calculated from Figure 8 or the literature
(Perry 1963). ‘

7. CONCLUSIONS

(1) Overall heat transfer coefficients in the range 1.4 — 2.5 kW m~* K- have been obtained
in a vertical thermosiphon evaporator at uranyl nitrate concentrations of up to 1000 gU ¢-*.

(2) For small differential temperatures across the boiler ( < 15 K), the overall heat transfer
coefficient was markedly dependent on AT, but was approximately constant for temperature differ-
ences above 20K.

(3) Heat transfer to uranyl nitrate solutions below a concentration of 100 gU /' was sat-
isfactorily predicted by employing conventional heat transfer correlations using physical property
data for water. Results for more concentrated solutions were successfully correlated using an
empirical correction factor which accounted for the change in physical properties of the boiling
solution with concentration.

f4) The submergence of liquid in the heat exchanger section had only a minor effect on the
evaporative capacily.
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10. NOMENCLATURE

A - heat transfer area

C - uranyl nitrate concentration

c, = specific heat

D = tube diameter

F = feed rate

G = mass velocity of liquid (see equation (3))
g = acceleration due to gravity

h = individual heat transfer coefficient
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Subscripts

b
f

~10—

thermal conductivity

heat losses through insulation
number of tubes

pressure

heat transfer rate

. overall resistance to heat transfer

individual resistance to heat transfer
inside and outside fouling factors
temperature

overall heat transfer coefficient

= yapour flow rate

n

surface condition factor
latent heat of vaporisation
absolute viscosity

density

surface tension

metal type factor

boiling
feed

inside
liquid
metal
cutside
steam-side
vapour

water



TABLE 1

HEAT TRANSFER COEFFICIENTS

Boiling Liquid — Water Submergence — 100%

 Isteam Gauge | Steam
Run | Pressure Temperature
(kPa) (°C
w-1 41 109.5
W-2 41 109.5
w-3 44 110.2
W—4 54 112.2
W-5 54 112.2
V-6 68 114.9
w-7 68 114.9
W-8 68 . 114.9
W-9 81 117.1
W-10 81 117.1
W~11 95 119.4
W-12| 100 121.6
W—-13 122 123.6
| w-14] 136 125.6
w-15 150 127.5
W-16 ] 163 129.1

_\}apour Flow | Liquid Feed |Heat Flow | AT U

R F(% al:?‘) QW) | (K} |(kW m2K-)
14.8 0 9.9 9.5 1.41
12.5 16 9.9 9.5 1.41
17.0 0 11.2 10.2 1.48
25.4 0 16.5 12.2 1.83
20.0 21 15.1 12.2 1.67
31.4 25 22.6 14.9 2.05
34.0 31 248 14.9 2.25
35.9 0 23.1 149 | 2.09
45.2 0 28.9 17.1 2.28
42.8 39 31.1 17.1 2.46
53.6 0 34.2 19.4 2.38
60.0 0 38.2 21.6 2.39
68.2 0 43.4 23.6 2.49
73.7 0 46.8 25.6 2.47
78.0 0 49.5 27.5 2.43
82.8 0 52.5 2.1 2.44




HEAT TRANSFER COEFFICIENTS

TABLE 2

Boiling Liquid — Uranyl Nitrate 200 gU ¢ -*, Nitric Acid 0.11 M (b.p. - 101.7°C)
Submergence 100%

Steamw(—}-;uge Steam Vapour Flow | Liquid Feed | Heat Flow| AT U ]
Run Pressure Temperature Rate
(kPa) °C) V(¢ h) F(f h™) Q(kW) (K) (kW mr* K™),
U-1 48 111.0 9.7 11.5 7.8 9.3 1.13
U-2 54 112.2 13.0 2.5 11.4 10.5 1.47
U--3 61 113.5 18.7 18.7 i4.1 11.8 1.61
U-4 68 114.9 21.9 21.5 16.3 13.2 1.67
U-5 68 114.9 21.8 36.0 17.6 13.2 1.81
U-6 75 116.1 2.4 26.4 21.4 14.4 2.01
u-7 75 116.1 26.2 20.5 19.0 14.4 1.78
U-8 82 117.2 31.1 42.4 24.1 15.5 2.10
U-9 88 118.3 38.0 - 34.0 27.6 16.6 2.24
U-10 95 119.4 37.2 45.7 28.2 17.7 2.15
U--11 102 120.5 42.2 40.2 30.8 18.8 2.21




Boiling Liquid — Uranyl Nitrate 505 gU £-*, Nitric Acid 0.7 M (b.p. - 106.8°C)

TABLE 3

HEAT TRANSFER COEFFICIENTS

Submergence 100%

l Steam Gauge Steam Vapour Flow | Liquid Feed | Heat Flow | AT U
Run Pressure | Temperature Rate
| (kPa) (°C) V(@ h™) F( h™ Q(kW) (K) (kW m=2 K-

U-13 68 114.9 6.6 10.1 5.8 8.1 0.97
U-14 68 1149 6.9 9.1 5.8 8.1 0.97
U-15 75 116.1 9.4 12.4 7.7 9.3 1.12
U-16 82 117.2 13.6 15.0 10.6 10.4 1.38
U-17 88 118.3 15.1 15.2 11.6 11.5 1.37
U-18 95 119.4 17.5 19.0 13.4 12.6 1.44
U-19 102 120.5 22.3 22.0 16.8 13.7 1.65
U-20 109 121.6 28.9 21.0 20.7 14.8 1.89
U-21 109 121.6 27.2 26.4 20.3 14.8 1.85
U-22 122 123.6 31.3 33.0 23.5 16.8 1.90
U-23 129 124.6 36.5 35.2 270 |17.8| 205
U-24 136 1256 38.8 41.0 20.0 18.8 2.09
U-25 140 126.1 40.2 40.2 297 19.3 2.08
U-26 150 127.5 41.4 49.0 314 20.7 2.06




Boiling Liquid — Urany! Nitrate 750 gU #-*, Nitric Acid 0.35 M (b.p. 110.8"C)

TABLE 4

HEAT TRANSFER COEFFICIENTS

Submergence 100%

E Steam Gé_ﬁ?geﬁ “Steam Vapour Flow Li;‘.]:lid Feed | Heat Flow | AT U

i Run Pressure Temperature Rate

| (kPa) (°C) V{Eh™) FenY Q(kW) (K) |(kWm= K9
U-27 78 116.7 3.1 2.8 2.8 5.9 0.64
U-28 95 119.4 7.7 12.5 6.7 8.6 1.05
U-29 112 122.1 11.6 16.5 9.6 11.3 1.15
U-30 130 124.7 20.2 21.0 15.4 13.9 1.50 .
U--31 130 124.7 20.7 28.0 16.5 13.9; 1l.61
U-32 142 126.3 24.4 26.0 18.6 155} 1.62
U-33 166 129.5 35.8 315 26.3 18,7} 1.90

TABLE 5
HEAT TRANSFER COEFFICIENTS
Boiling Liquid — Urany! Nitrate 1000 gU ¢, Nitric Acid 1.2 M (b.p. = 119.4°C)
Submergence 100%

I Steam Gauge Steam Vapour Flow | Liquid Feed | Heat Flow | AT U

Run Pressure | Temperature Rate
(kPa) (°C) V(¢ h) F(¢ b~ Q(kW) (K) (kW m-? K-*

!
U-34 170 130.0 10.5 14.0 | 8.7 10.6 1.11
U-35 187 132.0 15.0 150 ;117 12.6| 1.25

|
f U-36 205 134.1 21.0 21.0 15.9 14.7 1.46




TABLE 6

HEAT TRANSFER COEFFICIENTS — EFFECT OF SUBMERGENCE

Boiling Liquid — Water

Steam Gaﬁg; Steam Vapour Flow | Liquid Feed |Heat Flow | AT U
Run Pressure | Temperature Rate
(kPa) (°C) Ve h™) F{f h™") Q(lg}V) {K) (kWm=K™)

Submergence — 25%

W-17 41 109.5 17.4 19.5 13.3 9.5 1.89

w-18 65 114.3 31.2 29.5 22.8 14.3 2.16

W-19 88 118.3 43.3 41.7 31.6 18.3 2.33
Submergence — 50%

w-20 41 109.5 13.0 15.0 10.1 9.5 1.44

w-21 65 114.3 28.3 23.0 21.0 14.3 1.99

W-23 88 118.3 42.7 39.6 31.0 18.3 2.29
Submergence —75%

W-24 41 109.5 18.0 17.0 13.4 9.5 1.91

W25 65 114.3 29.1 28.0 204 | 143] 2.0

W-26 88 118.3 40.8 37.2 29.7 18.3 2.19

w-27 88 118.3 39.2 38.0 28.6 18.3 2.11
Submergence — 100%

w-28 41 109.5 11.0 14.5 8.9 9.5 1.27

W-29 65 114.3 279 27.0 20.5 14.3 1.94

w-30 88 118.3 39.2 34.0 28.3 18.3 2.09




TABLE 7

REPORTED VALUES OF OVERALL HEAT TRANSFER COEFFICIENTS FOR

URANYL NITRATE SOLUTIONS IN THERMOSIPHON EVAPORATORS

Cdi{centréfibn Overall Coefficient Reference ]
gU E' 1 kw m-z K" i
0-520 1.08 — 2.66 Klitgaard et al. (1964)

420 0.96 - 2.71 Stoiler and Richards (1961)
100-500 1.08 - 1.84 ~ Lindley (1963)
0-1000 0.64 — 2.49 This work
TABLE 8

MAXIMUM HEAT TRANSFER COEFFICIENTS AS A FUNCTION OF

URANYL NITRATE CONCENTRATION

Concentration Klitgaard et al. (1964) This Work
gl £ kW m™ K™ kW m™ K

0 2.66 2.46

200 2.54 2.26

505 2.45 2.09




FIGURE 1. EVAPORATOR UNIT
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