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ABSTRACT 

Twenty-two high-level waste storage tanks at the Savannah 
River Plant are to be retired in the tank replacement/waste trans
fer program. The salt-removal portion of this projl;ram requires 
dissolution of about 19 million liters of salt cake. Steam circu
lation jets were originally proposed to dissolve the salt cake. 
However, the jets heated the waste tank to 80 to 90·C. This hijl;h 
temperature required a long cooldown period before transfer of the 
supernate by jet, and increased the risk of stress-corrosion crack
ing in these older tanks. A bench-scale investigation at the 
Savannah River Laboratory developed two alternatives to steam-jet 
circulation. One technique was density-driven circulation, which 
in bench tests dissolved salt at the same rate as a simulated steam 
circulation jet but at a lower temperature. The other technique 
was mechanical agitation, which dissolved the salt cake faster and 
required less fresh water than either density-driven circulation or 
the simulated steam circulation jet. Tests in an actual waste tank 
verified bench-scale results and demonstrated the superiority of 
mechanical agitation. 
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REMOVAL OF SALT FROM HIGH-LEVEL WASTE TARI(S BY 
DE,SITY-nRIVEN CIRCULATION OR MECHANICAL AGITATION 

INTRODUCTION 

Twenty-two high-level waste storage tanks at the Savannah 
River Plant (SRP) are to be retired, The older tanks consist of 
three types: Type I, Type II, and Type IV. Type I and Type II 
tanks have cooling coils and columns, whereas Type IV tanks do not 
have coils or columns. l Nine of the Type I and Type II tanks have 
leaked through the primary containment to partia~ secondary con
tainment. The Type IV tanks, which do not have secondary contain
ment, have no known leaks. These tanks contain about 23 million 
liters of salt and about 10 million liters of sludge (insoluble 
solids). These wastes are to be relocated to' new Type III, fully 
stress-relieved tanks that have complete secondary containment. 
About 19 million liters of salt cake are to be dissolved during 
salt removal operations. 

Steam circulation eductors (jets) were originally proposed 
for salt dissolution. They are simple to operate (contain no 
moving parts) and are ideally suited for movement of solutions in 
a radioactive environment. They have been routinely used in the 
SRP Waste Tank Farm and separations areas for over two decades. 

However, use of steam circulation jets would have ~everal 
disadvantages because they raise the temperature in the tank. 
Resultant operational problems include increased risk of tank 
cracking and long cooldown periods before solution transfer. 
Therefore, alternative dissolution techniques were investigated by 
bench-scale tests. These tests showed that the ability of fresh 
water to contact the cake surface is the most significant factOr 
influencing the rate of salt dissolution. Density-driven circula
tion and mechanical agitation teChniques were developed on the 
bench scale and demonstrated in an actual waste tsnk. 

SALT DISSOLUTION BY STEAM CIRCULATIOR JETS 

Previous salt dissolution at SRP was done in Tank 22. The 
best results from Tank 22 became the basis for the conceptual 
process for salt removal. Two steam circulation jets per tank 
were proposed. Initially, the jets were to be mined into the salt 
cake to' a depth of about 2.4 meters. About 340,000 liters of 
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water and steam were to be added to each batch, while each, jet 
circulated the liquid at 284 L/min until eight volume turnovers 
were completed. The objective was to dissolve 113,000 liters of 
salt cake. 

Steam, used to power the jets, added condensa'te to the super
nate and heated the contents of the tank to 80 to 90·C. Conse
quently, a cooldown period was required before the supernate could 
be removed from the tank with a transfer jet. A steam jet will 
out gas , depending on the solution temperature and the suet ion and 
discharge heads. The projected cooldown periods would be as long 
as 10 months for Type I tanks (with cooling coils) and 24 months 
for Type IV tanks (without cooling coils). Tank coo 1 down would 
increase the time required for salt removal' by a factor of five 
for Type I tanks and by a factor of ten for Type IV tanks. Ele
vating the temperature in the old type tanks would greatly 
increase the risk of nitrate stress-corrosion cracking of the 
carbon steel liner. 2 Furthermore, the extra water vapor gener
ated by the higher temperature would require larger ventilation 
systems on each tank for successful use of steam circulation jets. 
To alleviate these problems, a bench-scale development program was 
initiated to evaluate alternative techniques. 

BERCH-SCALE STUDIES 

Preparation of Salt Cake 

Salt cake was prepared for bench-scale studies by mixing 
chemicals in a beaker to form a concentrated synthetic liquid waste 
whose composition (Table 1) was close to the average composition of 
concentrated supernate from the Waste Tank Farm. A 44% sodium 
hydroxide solution was heated to 90·C with stirring. Sodium 
nitrite, sodium chloride, sodium sufate, and sodium carbonate were 
added slowly in that order. The solution was allowed to cool to 80 
to 8S·C. A 60% aluminum nitrate solution was then pumped slowly 
into the beaker to form sodium aluminate and sodium nitrate. The 
temperature was lowered below 100·C to avoid decomposition of 
aluminum nitrate; above 100·C, nitrate decomposition generated a 
brown vapor (N02)' 

Upon completion of the chemical additions, the solution was 
heated to the boiling point (122·C), and boiling was continued 
until 20% of the original volume had evaporated. The solution was 
then placed, in a insulated beaker or jar and cooled slowly to room 
temperature. The concent rated supernate was decanted and reboi led 
(boiling point usually l30·C) until 20% of the original volume was 
evaporated. A third boildown (usually at l39·C) removed most of 
the remaining salt. 
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rABLE I 

Co!Ipo.itiOll of Synthetic W •• te Solution 

Component Molarity 

N03- 3.0 

N02- 2.3 

OH- 9.0 

C032- 0.1 

Nal+ 11.6 

Al3+ 1.0 

Cll- 0.05 

S042- 0.01 
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Factors Affecting the Rate of Salt Dissolution 

Previous bench-scale tests had achieved salt dissolution 
rates in the range of 3.05 to 182.88 cm/hr with the salt cake 
block ionnersed to expose the bottom surface to the dissolving 
water. 3 The dissolut ion rate is the vo lume of cake dissolved 
per cake surface area per unit time. 

Orientation. A review of the Tank 22 salt-dissolution 
data showed that the dissolution rate was much higher for cake in 
a vertical plane (about 3.65 cm/hr for cake on the tank wall) than 
for cake in a horizontal plane (0.06 cm/hrL A bench-scale ex
periment was conducted in a four-liter beaker (14.9-cm diameter) 
to determine separate dissolution rates for horizontal and verti
cal salt surfaces. Figures 1 and 2 show diagrams of the experi
mental apparatus. In Figure 1, salt was crystalized in the bottom 
of the beaker. Tap water was added as a batch for dissolution in 
the horizontal plane. Supernate was continuously pumped from the 
beaker until dry. Then another batch of water was added, and the 
cycle was repeated. In Figure 2, an armular ring of salt was 
formed on the beaker wall. Tap water was added as a batch iust 
filling the center of the salt annulus. Water was then continu
ous ly added and supernate cont inuous ly removed from the bot tom of 
the annulus as the salt cake dissolved. The vertical-plane dis
solution rate was 3.05 cm/hr; the horizontal-plane dissolution 
rate was 0.06 em/hr. 

Temperature. Because the solubilities of sodium nitrate 
and sodium nitrite increase with increasing temperature, a disso
lution experiment was performed in the four-liter beaker with hot 
tap water (inlet temperature 65 to 70·C, average supernate temper
ature in beaker 40·C). A vertical hole was bored in the salt cake 
for supernate removal (Figure 3). Water was continuously added 
and supernate was continuously removed. The dissolution rate at 
40·C was 0.12 cm/hr faster than for an experiment at 20·C. The 
17% increase in dissolution rate for the 20·C temperature increase 
corresponded tQ a similar solubility increase for nitrate or 
nitrite over the same temperature change. Water vapor losses from 
the glass vessel at 40·C were large enough to preclude meaningful 
salt-dissolution experiments at higher temperatures with an open 
system. 

Agitation. The last factor investigated was agitation of 
the dissolution liquid. Tap water was added as a batch to the 
four-liter beaker with salt cake in the bottom, as shown in Fig
ure 1. A laboratory stirrer (a two-blade propeller, 5.1 em in 
diameter> was placed in the center of the beaker just above the 
salt cake surface. The supernate was monitored for specific grav
ity, and agitation was terminated at a specific gravity of 1.3. 
The dissolution rate ranged from 1.22 cm/hr at a stirrer speed of 
425 rpm to 1. 74 cm/hr at 1200 rpm. At 1200 rpm, vortexing and 
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some splashing occurred. When the supernate was removed, a crater 
with ledges was visible under the stirrer. 

The Density-Driven Circulation Technique 

A vertical well was mined into salt cake deposited in the 
bottom of a four-liter beaker. Water at ambient temperature was 
added continuously to the beaker to dissolve the upper layer of 
salt cake. The resulting supernate flowed into the well by 
gravity because of its higher density (about 1.3 g/cm3 ). 
Figure 4 shows the flow pattern. This denser material could be 
removed by pumping or jetting from the bottom of the well. 

In Tank 22, a mined well was a significant factor in reaching 
an acceptable dissolution rate for salt cake not on the tank wall. 
A steam circulation jet dissolved salt cake in Tank 22 at a rate 
of 0.14 cm/hr without a mined well, compared to 0.38 cm/hr with a 
mined well. 

The density-driven technique uses simple equipment and elimi
nates problems associated with elevated temperatures in a salt 
tank. However, this technique has two disadvantages. As the well 
becomes shallow, approaching a cake heel in the tank, the dissolu
tion rate diminishes to the rate in the horizontal plane. And if 
sludge is dispersed to any significant extent (probably several 
percent) in the salt cake, the sludge will settle out as the salt 
dissolves and blanket the cake surface, reducing the dissolution 
rate. 

The Mechanical-Agitation Technique 

Agitation of the liquid above the salt surface by mechanical 
agitators or centrifugal pumps would overcome the disadvantages of 
the density-driven technique. Such agitation would suspend the 
sludge and would minimize salt concentrstion gradients, thereby 
eliminating dissolution inhibition at the cake surface-liquid 
interface. Agitation should be sufficient to accomplish this 
objective, but it should not be so vigorous as to erode salt from 
the cake. Salt cake erosion increases the risk of undercutting 
the cake surface. Undercutting occurs in a heterogeneous cake 
because of the presence of salts with different solubilities. 

Results'of Bench-Scale Teata 

Bench-scale tests showed that density-driven circulation dis
solved a salt cake almost as fast as simulated steam-jet circula
tion but significantly lesa rapidly than circulation by mechanical 
agitation (Table 2),. 
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·TABL! 2 

a.aalt. of Beach-Seale Salt-Dia.olutioa Te.ts 

Rate of Ratio of 
Cake Specific Gravity Supernate Water Added 

Circulation Dissolution of Supernate -Removal, to Salt Cake 
Technique Rate, cm/hr when Removed* mL/min Dissolved, 

Density Driven 0.31 1.30 11** 1.1 

Steam Jet 0.33 1.30 t 1.2 

Mechanical 
Agitation 1.28 1.30 tt 1.1 

Mechanical 
Agitation 0.58 1.40 tt 0.6 

* +0.01. 

** Continuous. 

t Recirculated at 35 mL/min, pumped at termination as a batch. 

tt Pumped as a batch at termination only. 
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Density-Driven Circulation. For this test, salt cake was 
formed in 30.5-cm-diameter jar to a height of 7.6 cm (Figure 5). 
The diameter-to-height ratio of 4: 1 simulated the ratio in an 
actual waste tank. A roll-flex tubing pump removed or circulated 
the liquid. To form the well, a hole waS jetted into the salt cake 
with tap water from a O. 3-cm stainless steel tube attached to the 
plastic tubing from the pump. The removal rate (11 mL/min) scales 
to a density-driven removal rate of 79 liters/min in a 25.9-meter
diameter waste tank, based on the ratio of the squares of the 
vessel diameters. The removal rate is a function of the cake sur
face area (approximated by the vessel cross-sectional area) for a 
constant dissolution rate. 

Circulation by Simulated Steam Jet. To tes t the steam-jet 
circulation technique, the same apparatus was used, but the pump 
discharge from the withdrawal point was proportioned relative to a 
full-scale steam circulation jet. The 35-mL/min recirculation rate 
was scaled from 248 liters/min for a full-scale jet, based on the 
difference in liquid volume of the vessels; the circulation rate 
depends on the circulation area, which is determined by the liquid 
volume of the .vessel. For comparison of dissolution rates, the 
supernate was removed from the jar when its specific gravity 
reached 1.3. This was the highest specific gravity attained during 
dissolution of horizontal planar salt surfaces in Tank 22. Test 
results show that jet circulation does not significantly improve 
the flow pattern of the density-driven technique. A dissolution 
tate of 0.45 cm/hr would be expected for simulated steam-jet circu
lation if the rate were adjusted for the higher temperatures typi
cal of operation with steam jets. The rate waS extrapolated to the 
temperature expected during operation with steam jets, based on the 
experimental evaluation of the temperature effect. 

Circulation by Mechanical Agitation. Three laboratory 
stirrers were placed in the 30.5-cm-diameter jar in a triangular 
pattern at positions scaled to simulate risers in Type IV tanks 
(Figure 5). The two-blade impellers were positioned 0.6 to 1.3 cm 
above the initial surface of the salt cake. The blade diameter was 
2.5 cm. Agitation was terminated when the specific gravity of the 
supernate attained either 1.3 or 1.4. At a supernate specific 
gravity of 1.3, the dissolution rate by mechanical agitation was 
about four times faster than dissolution by density-driven circula
tion. At a specific gravity of 1.4, the dissolution rate by 
mechanical agitation was twice the rate by density-driven circula
tlon. In addition, mechanical agitation with drawoff at a specific 
gravity of 1.4 required only about half as much water as density
driven circulation with drawoff at a specific gravity of 1.3. 
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DEMONSTRATION OF DENSITY-DRIVEN CIRCULATION IN A WASTE TANK 

Tank 10 a 22.9--rneter-diameCer Type I tank with cooling coils 
and columns,! was selected for the plant demonstration (Figure 6). 
An EF-3 steam jet was selected for the transfer-out jet. This jet 
has a capacity of about 76 liters/min, close to the scaled removal 
rate used for the bench-scale investigation. Using an attached 
water-spray ring, the jet was mined int.o the salt cake to about 
2.4 meters from the bot tom of the tank. Figure 7 shows the tank 
demonstration set-up. The salt cake was about 5.2 meters thick. 
The cake volume was about 1.9 million liters. Low-level waste 
water was jetted from Tank 23 to dissolve the salt. 

When about 28% of the salt had been dissolved, the specific 
gravity of the supernate averaged 1. 38; the dissolut ion rate was 
calculated to be 0.43 em/hr. The liquid temperature was 50 to 
55·C, compared to 20·C for the bench-scale experiments. Dissolu
tion water was fed continuously at an average rate of 43 liters/min. 
The dissolved salt supernate and the condensate from the transfer 
jet were removed at an average rate of 69 1 iters/min. 

When about 50% of the salt had been dissolved, the specific 
gravity of the supernate had decreased to about 1.30 and the dis
solution rate had diminished from 0.43 cm/hr to about 0.30 em/hr. 
The liquid level in the tank was then lowered to expose the remain
ing cake. Periscopic inspection of the cake surface revealed 
sludge covering a high mound opposite the location of the transfer 
jet (Figure 7). The mound occupied about one-third of the cake 
surface area. Mechanical agitation will therefore be necessary 
when dissolution by density-driven circulation reaches a point of 
diminishing returns. 

DEMONSTRATION OF CIRCULAT~ON BY 
MECHANICAL AGITATION IN A WASTE TANK 

Tank 19, a 25. 9-meter-diameter Type IV tank without cooling 
coils or columns,l was selected for this plant demonstration. 
Tank 19 contained about 3.8 million liters of salt cake and about 
34,000 liters of spent zeolite resin from a cesium-removal column 
located in one of tbe tank risers. A long-shaft centrifugal pump 
(Bingham Willamette Company) was inserted in a riser and lowered to 
the level of salt, about 7.7 meters thick (Figure 8). The pump was 
13.7 meters long (9 casing sections) and was made of Type 304 
stainless steel. An adjustable-speed drive operated the l50-hp 
motor coupled to the end of the long shaft. The pump, with a 
capacity of 4,540 liters/min, was rotated at about 0.2 rpm by a 
turntable secured to the top of the riser (Figure 8). A steam jet 
in an adjacent riser was used to transfer liquid from the tank. 
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,'. FIGURE" 6. 1'erTscoPfc View of Interior of Waste Tank 10 
Before Demonstration, of Salt Removal by 
Density-Driven Circulation 
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For this batch-dissolution test, 908,000 liters of well water 
with added sodium hydroxide (0. SSM) to inhibit corrosion was pumped 
into the tank. The water submerged the pump discharge nozzles in 
about 1.5 meters of liquid. The pump was started up at the minimum 
speed of 600 rpm and increased to full speed (1,760 rpm) over a 
two-hour period. The tempera ture of the liquid was about 30·C. 
After 90 hours of full-speed operation, the salt solution reached a 
specific gravity of 1.35. Figure 9 shows that when the scale-up 
factor is taken into account) the rate of increase of specific 
gravity during this full-scale demonstration is similar to the rate 
of increase during the bench-scale experiment. The tank demonstra
tion time was 85 times that of the bench-scale experiment (the 
ratio of the diameters of the two vessels); events tend to occur 
85 times more rapidly in the bench-scale jar than in the full-scale 
tank. 

Dissolution of the salt cake in Tank 19 was terminated at a 
specific gravity of 1.40, when an estimated 650,000 liters of salt 
had been dissolved. 

CONCLUSIONS 

The full-scale waste tank demonstrations were in good agree
ment with the bench-scale experiments at 1/85 scale. 

Density-driven circulation utilizes simple 
leaves a cake hee 1 in the tank and is hindered by 
sludge or zeolite in the salt cake. 

equipment, but 
the presence of 

Mechanical agitation overcomes the problems associated with 
both steam-jet circulation and density-driven circulation. Mechan
ical agitation is the best method for future removal of salt from 
was te tanks. 
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