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SUMMARY 

Much attention has been focused on the Hanford Site radioactive waste storage tanks as a 
result of problems that have been envisioned for them. One problem is the potential 
chemical reaction between ferrocyanide precipitate particles and nitrates in the absence of 
water. This report addresses the question of whether dryout of a portion of ferrocyanide 
sludge would render it potentially reactive. 

Various sludge dryout mechanisms were examined to determine if any of them could occur. 
The mechanisms are: 1) bulk heating of the entire sludge inventory to its boiling point; 
2) loss of liquid to the atmosphere via sludge surface evaporation; 3) local drying by boiling 
in a "hot spot" region; 4) sludge drainage through a leak in the tank wall; and 5) local drying 
by evaporation from a warm segment of surface sludge. From the simple analyses presented 
in this report and more detailed published analyses, it is evident that global loss of water 
from bulk heating of the sludge to its boiling point or from surface evaporation and vapor 
transport to the outside air is not credible. Also, from the analyses presented in this report 
and experimental and analytical work presented elsewhere, it is evident that formation of a 
dry local or global region of sludge as a result of tank leakage (draining of interstitial liquid) 
is not possible. Finally, and most importantly, it is concluded that formation of dry local 
regions in the ferrocyanide sludge by local hot spots or warm surface regions is not possible. 

Local dryout cannot occur because a structure of fine (micron-size) precipitate particles 
comprises the sludge; this structure is capable of holding within its pores large quantities of 
water. Much like in natural soils or clays (fine sediment), water in ferrocyanide sludge is 
strongly held by the sludge solids as a result of electrostatic forces. The tenacity with which 
the sludge precipitate particle matrix maintains its "grip" on the sludge water component is 
clearly illustrated by data taken on the response of ferrocyanide simulant sludge to bubble 
growth and sustained local heat sources in test volumes as large as 1.0 m. 

The conclusion that local or global dryout is incredible is consistent with four decades of 
waste storage history, during which sludge temperatures have gradually decreased or 
remained constant and the sludge moisture content has been retained. 
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1.0 INTRODUCTION 

A number of Hanford Site waste tanks contain ferrocyanide compound precipitate particles 
mixed with an aqueous solution containing principally nitrate and nitrite salts. This mixture 
is often referred to as ferrocyanide sludge. Ferrocyanide compounds in the presence of 
oxidizing materials, such as nitrates and nitrites, are known to undergo energetic chemical 
reactions if sufficiently concentrated, dry, and heated to elevated temperatures; thus, the 
ferrocyanide tanks are regarded as potentially hazardous. 

It is important to recognize that, while ferrocyanide and oxidizer salts have been stored 
together in these tanks since the 1950s, the energetic reaction mentioned above has not 
materialized. One may ask the question: Why hasn't the reaction occurred? An obvious 
answer is that it is impossible for the ferrocyanide compound to react with the oxidizer salts 
as long as the aqueous phase (water) is present; that is, the reaction cannot occur in a wet 
environment. In a wet environment, the temperature of the sludge remains well below the 
ignition temperature of about 250 °C for the reactants of interest. 

At present, the ferrocyanide-containing sludges in Hanford Site waste tanks contain ample 
water to prevent chemical reaction. This water has been in the tanks since the introduction 
of ferrocyanide in the 1950s. Although the waste sludge is generating heat via radioactive 
decay of Cs and Sr isotopes, significant water loss has not'occurred during the last 40+ 
years, and unless it occurs in the future, the ferrocyanide sludge will remain dormant. 
Whether there is some mechanism that can ultimately result in significant water loss," and 
perhaps self-heating of the stored ferrocyanide sludge to its ignition temperature, is the 
subject of this report. 

The analysis of potential dryout mechanisms is essentially divided into two parts: one part 
deals with potential global mechanisms of dryout, and the other with hypothetical (postulated) 
mechanisms of local waste drying. Three potential global processes of waste drying have 
been identified: 1) bulk heating of the entire sludge inventory to the boiling point of the 
interstitial aqueous solution; 2) loss of liquid via surface evaporation and vapor transport to 
the atmospheric air that enters and leaves the free board volume of the tank in response to 
atmospheric pressure fluctuations or a density difference between the tank gas and the outside 
air; and 3) drainage of interstitial liquid from a leak in the tank wall. 

Mechanism 1 is readily dismissed by demonstrating that passive heat removal processes can 
keep up with the decay-heat-generation rate within the sludge while the temperature of the 
sludge remains well below the boiling point of the interstitial liquid. Mechanism 2 is 

'Significant water loss results in the sludge becoming uniformly desiccated (unsaturated) 
and forming a solid-like material. Laboratory observations of simulant sludge drying 
indicates that this occurs when the water content falls below about 20 wt% (see Section 5.0). 
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eliminated as a potential mode of waste drying by showing that the rate at which the tank 
exchanges air passively with the outside is much too slow to result in significant water loss 
from the sludge. For convenience, Mechanism 3 is discussed below under the heading of 
local dryout mechanisms. It is noteworthy that the long-term safe history of approximately 
four decades of ferrocyanide waste storage is by itself a significant demonstration of the 
effective natural heat dissipation and minimal moisture loss from the ferrocyanide tanks. 
A discussion on global mechanisms of sludge drying appears in Section 4.0 of this report. 

Three mechanisms of local dryout of sludge material have been postulated: 1) sludge drying 
by boiling of interstitial liquid in a "hot spot" region that has attracted a large concentration 
of heat-generating material; 2) drainage of interstitial liquid from a leak in the tank wall or to 
pumping,b and 3) evaporation of interstitial liquid from a relatively warm segment of surface 
sludge and concomitant vapor transport to cooler regions. All of these mechanisms have one 
feature in common in that their credibility depends on the idea that the liquid component of 
the ferrocyanide sludge can readily separate from the particle component in the presence of 
imposed heat sources or mechanical forces. That is, the physical picture implicitly conveyed 
by these postulated local dryout mechanisms is one in which a drying wave (moving 
liquid-vapor phase front) appears locally beneath or at the surface of the sludge and 
propagates through a medium of sludge particulate. The moving phase boundary thus leaves 
behind a voided (dry) and perhaps uncoolable region of solid, heat-generating material. 
However, recent analytical work and experimental data on the rheological behavior of 
ferrocyanide simulant sludge presented in this report, together with information available in 
the literature on aqueous solutions containing very high concentrations of fine particles 
(clays, soils, etc.), suggests that the liquid and solid components of the sludge are intimately 
bound to one another by electrostatic (ionic) forces. 

Some of the postulated local dryout mechanisms are probably based on observations of local 
dryout in water-saturated sand or other particle systems with grain sizes above approximately 
100 /an. However, the surface and electrostatic forces acting on the 1-jtm scale particles in 
waste tank sludge are much larger than those present in sand and, as shall be seen later in 
this report, give rise to entirely different behavior (rheology). More to the point, it will be 
shown by experiment and first-order analysis that the mutual attraction of water and sludge 
particles is strong and that this mutual attraction neutralizes all the postulated local dryout 
mechanisms as issues of concern. 

bThe draining of interstitial liquid through a break in the tank wall is usually classified as 
a global dryout mechanism. However, it is convenient to postpone the discussion of liquid 
draining until after the information on sludge rheology is presented. For this reason, 
drainage from a tank is placed in both the local and global dryout categories in this report. 
The safety arguments relative to draining are not affected by this dual classification. 
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A large portion of this report (Section 5.0) is devoted to presenting experimental observations 
of ferrocyanide sludge rheology. The report begins in Section 2.0 with a discussion of tank 
moisture content; this sets the stage for the sections that follow on sludge rheology and 
dryout mechanisms. It is also worth noting that even if one insists on postulating the 
appearance of a dry region, the moisture content in the ferrocyanide tanks exceeds what is 
required to prevent a chemical reaction from propagating beyond the boundary of the 
hypothetical dry region. A summary of existing data on the combustion of ferrocyanide in 
the presence of water appears in Section 3.0. Section 4.0 deals with global mechanisms of 
sludge dryout. In Section 6.0, the last "technical" section of the report, the observations of 
sludge rheology (Section 5.0), together with soil consolidation theory, are used to show that 
local dryout is not credible. 

The scope of this report covers all mechanisms by which all or part of the ferrocyanide 
sludge in any waste tank might lose sufficient water to render it capable of undergoing a 
rapid, sustained chemical reaction. It addresses continued long-term storage under a 
continuation of present tank management strategy. Major engineered changes in tank 
condition, such as retrieval or forced ventilation, are outside the scope and should be 
addressed in separate analyses. 

1-3 



WHC-EP-0816 

This page intentionally left blank. 



WHC-EP-0816 

2.0 MOISTURE CONTENT 

The presence of water in ferrocyanide sludge is of key importance in assessing the potential 
for a propagating exothermic reaction. Ferrocyanide sludge, such as that stored in 18 
underground tanks at the Hanford Site, is formed by the precipitation of micron-sized 
particles in aqueous solution. After settling and consolidating into a sludge layer, significant 
moisture is retained, as illustrated by measured weight losses following drying of both waste 
simulants and actual retrieved tank samples. 

2.1 MOISTURE CONTENTS OF WASTE SIMULANTS 

Nonradioactive simulants have been prepared based on process flowsheets used at the 
Hanford Site, including U Plant, T Plant and In Farm flowsheets (Jeppson and Wong 1993). 
U Plant and T Plant flowsheets produced precipitates that contained relatively large 
percentages of inert diluents, and thus produced sludge that contained relatively low 
concentrations of ferrocyanide. Some 74% of the ferrocyanide consumed at the Hanford Site 
was used by these two flowsheets. The In Farm flowsheets contained lower concentrations 
of inert diluents, and therefore resulted in sludge that contained relatively higher 
concentrations of ferrocyanide. Roughly 26% of the total ferrocyanide consumed was used 
in the In Farm flowsheet. 

Preparation of these simulants followed the same procedures used in the original Hanford 
Site waste treatment. Compaction of the tank sludge by gravity during 30 years was 
simulated by centrifuging the settled simulant sludge for about 6 days at 1820 gravities in a 
closed-bottom centrifuge. The sludge reached close to its final volume in less than 10% of 
the centrifuge time, indicating that equilibrium was reached at the end of centrifuging. Tests 
with simulant sludge have shown that the equilibrium water content decreases with increased 
acceleration in the centrifuge (Meacham et al. 1994). Thus, the centrifuged sludge may have 
a lower water content than would be present in gravity-compacted material. 

The water contents of the simulant sludges were measured by weight loss on vacuum drying 
at 60 °C for 24 hours (subsequent work has shown that higher moisture contents are 
measured by heating at atmospheric pressure at 105 °C; thus, these values are low or 
conservative). These data are given in Table 2-1. The moisture content varies from 48% to 
69%, with one exception. The bottom 10% of the T Plant simulant sludge had a water 
content of only 35%. Bismuth phosphate, which was not present in the U Plant and In Farm 
processes, was found to be heavily concentrated in this layer, whereas the concentration of 
Na2NiFe(CN)6 was depleted to 1.08% in this bottom layer, compared to 2.72% in the top 
90% of the sludge height. 

2-1 
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Table 2-1. Moisture Content of Ferrocyanide Simulant Sludges. 

Sludge Type 
Weight Percent Water 

Sludge Type 
Top Bottom 

U Plant 2 67 64 

In Farm 1 51 48 

In Farm 2 52 50 

T Plant 69* 35* 

•Apply to top 90% and bottom 10%, respectively, of total height 
of centrifuged T Plant sludge. 

2.2 MOISTURE CONTENTS OF TANK WASTE SAMPLES 

Measurements of moisture content have been made on several samples removed from five 
ferrocyanide tanks. Moisture was determined by weight loss on heating at 105 °C for 18 
hours. These data are given in Table 2-2. Tanks C-109 and C-112 contain In Farm sludge; 
TY-101, TY-103, and TY-104 received T Plant sludge. Tank C-109 shows low moisture 
(19% and 20%) at the top of two cores (Subsegment B). Cladding waste was added on top 
of the ferrocyanide in this tank, and these low readings may not apply to ferrocyanide 
sludge. 

Samples will be taken from the other ferrocyanide tanks; analyses will include moisture 
content. 

2.3 MOISTURE INVENTORY OF FERROCYANIDE TANKS 
The moisture content of the waste in each ferrocyanide tank has been estimated using 
saltcake and sludge volumes and liquid level data from Grigsby et al. (1992). For tanks that 
have recent core sample results available, the average moisture and density values from the 
samples were used. 

For unsampled tanks, the sludge water content was based on the values given in Table 2-1 
for the appropriate waste type in the tank. For the saltcake below the interstitial liquid level 
(ILL), a conservatively low water content of 280 kg/m3 was used; for saltcake above the 
ILL, a conservative free water content of 20 kg/m3 was used. Both of these water contents 
were suggested by Grigsby et al. (1992). The free water inventories thus estimated for each 
tank are summarized in Table 2-3. From Table 2-3, tank BY-112 is estimated to contain the 
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least water because of the small amount of sludge and the relatively large fraction of saltcake 
above the ILL. 

2.4 DEPENDENCE OF VAPOR PRESSURE OF WATER IN SLUDGE ON ITS 
CONCENTRATION 

As the water content of the ferrocyanide sludge is reduced, its vapor pressure falls off. This 
dependence has been measured (Armstrong et al. 1993) by exposing samples of In Farm 
simulant sludge to constant relative humidity at 25 °C and measuring its water content after 
equilibrium was reached. The results may be summarized as: 

Relative Humidity, % 30 50 75 90 

Water Content, wt% 4.1 10.6 31.3 65.4 

2-3 
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Table 2-2. Measured Moisture Content of Tank Samples. 

Tank Riser Core Subsegment Wt% 
Water Reference 

C-109 6 

7 

2 

47 

48 

49 

B (top) 
C 
D 
C 
D 
B 
C 
D 

19 
28 
39 
53 
52 
20 
38 
40 

Simpson et al. 
1993b 

C-112 2 

7 
8 

34 

35 
36 

ID (top) 
2B 
2C 
2D 

Composite 
1C 
ID 
2A 
2B 
2C 
2D 

45 
53 
58 
52 
34 
49 
58 
57 
41 
64 
56 

Simpson et al. 
1993a 

TY-101 44 Grigsby et al. 1992 

TY-103 52 Grigsby et al. 1992 

TY-104 56 Grigsby et al. 1992 

T-107 50 

51 

52 

1R 
2 
3 
4 
2 

3U 
3L 
4U 
4L 
1 
2 

3U 
3L 
4 

18 
42 
IS 
IS 
60 
55 
53 
55 
50 
17 
48 
51 
54 
IS 

Sasaki and 
Valenzuela 1994 

IS = Insufficient sample for analysis. 
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Table 2-3. Estimated Free Water in Ferrocyanide Waste Tanks 

Tank Number 
Water Content, Mg 

Tank Number 
In Saltcake In Sludge Total 

BY-103 105 740 845 

BY-104 11 908 919 

BY-105 350 335 685 

BY-106 382 796 1178 

BY-107 8 552 560 

BY-108 2 726 728 

BY-110 13 786 799 

BY-111 221 49 270 

BY-112 86 24 110 

C-108 0 178 178 

C-109 0 138 138 

C-111 0 154 154 

C-112 0 236 236 

T-107 0 425 425 

TX-118 144 15 159 

TY-101 0 322 322 

TY-103 0 541 541 

TY-104 0 154 154 

2-5 
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3.0 MOISTURE CONTENT REQUIRED TO PREVENT 
PROPAGATING REACTIONS 

As indicated earlier, a number of Hanford Site waste tanks are known to hold sludge-like 
material containing various quantities of ferrocyanides and nitrates. Li order to reduce 
storage volume, ferrocyanide [NajFeCCN) ,̂ along with NiS04> was added to the liquid waste 
to precipitate 1 3 7Cs out of solution. The forms of insoluble ferrocyanides in the resulting 
sludge include Na2NiFe(CN)6 and NaCsNiFe(CN)6. Sodium nitrate is a major waste 
component as a result of also adding NaOH to the liquid waste in order to neutralize the 
nitric acid (HN03). Given the right conditions, an intimate mixture of such chemicals could 
react, resulting in rapid heat release and gas production. Fortunately, a rather small 
moisture content well below the moisture retention characteristics of ferrocyanide sludge (as 
discussed in Section 2.0) will prevent propagating reactions even with the largest anticipated 
ferrocyanide concentrations; i.e., the In Farm flowsheet simulants. 

Two types of experimental procedures have been used to study the propagation characteristics 
of waste simulants: adiabatic calorimetry and propagation rate tests (Fauske 1992 and 
Fauske 1993a). Waste simulants used in the propagation tests included U Plant, In Farm and 
T Plant flowsheet materials. 

3.1 ADIABATIC CALORIMETRY TESTS 

In these tests, sizeable samples (10 and 70 grams) are externally heated under essentially zero 
heat loss conditions, as provided by the reactive system screening tool (RSST) (Creed and 
Fauske 1990) and the vent sizing package (VSP) (Fauske and Leung 1985). As the sample is 
heated to above the reaction onset temperature, the thermal energy produced by the reaction 
causes the sample to self-heat. Based on these adiabatic calorimetry tests, it was found that: 
1) the onset temperature for a propagating reaction is about 250 °C; and 2) propagating 
reactions were not observed for sodium nickel ferrocyanide concentrations below about 
15 wt% on a zero free water basis (Fauske 1992). This finding is consistent with theoretical 
interpretations (Epstein et al. 1994) and rules out propagating reactions for all Hanford Site 
ferrocyanide flowsheet materials with the exception of the In Farm flowsheets, even if all 
free water is lost. 

3.2 PROPAGATION RATE TESTS 

In these tests, a confined cylinder of simulated waste was ignited at the open upper end, and 
the rate of propagation (if any) was measured by noting the time when the reaction front 
passed imbedded thermocouples. Parameter variations included cylinder size, ambient 
pressure, moisture content, initial temperature, and ferrocyanide concentration. Key results 
included: 1) confirmation that at least a 15 wt% Na2NiFe(CN)6 concentration was required 
in order to sustain propagation in the complete absence of free water; and 2) propagation 
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ceased when the free moisture content was in excess of about 12 wt% for the highest 
concentration of ferrocyanide (~26 wt% In Farm flowsheet material) (Fauske 1992). 

A more conservative requirement of 24 wt% moisture to prevent a propagating reaction in 
In Farm sludge was set as the criterion for classifying a tank containing 26 wt% 
Na2NiFe(CN)6 on a dry basis (the highest ferrocyanide concentration added to any tank) as 
SAFE (Postma et al. 1994). This limit was based on a thermodynamic calculation of the 
conditions necessary to raise the temperature adiabaticaHy to the threshold temperature of 
250 °C. This thermodynamic limit is conservative because kinetic factors are ignored; i.e., 
the reactions are not instantaneous. This conservatism between a 24 wt% water-calculated 
SAFE limit and the 12 wt% water-measured limit represents a safety factor in classifying 
tanks as SAFE. 
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4.0 GLOBAL MECHANISMS OF DRYOUT 

This section discusses two global mechanisms of sludge dryout that have been identified: 
1) dryout by decay heating; and 2) loss of liquid to the atmosphere by evaporation. 
Discussion of a third global mechanism, loss of liquid from a combination of draining and 
tank leakage, is postponed until Section 6.0, because the downflow process of the liquid 
component of the sludge cannot be divorced from the subject of sludge rheology. 

4.1 TANK HEAT LOADS AND THERMAL CONDUCTTvTTY OF SLUDGE 

Some of the mechanisms that might tend to dry out the sludge involve the effects of 
internally generated heat. Estimation of the heat loads in each of the ferrocyanide tanks has 
been the subject of several studies, which used different approaches, as described below. 

• "Historic" heat loads are the estimates that existed before the start of the present 
emphasis on ferrocyanide safety in 1990 and were listed in the monthly Tank Farm 
Surveillance and Waste Status Summary Report prior to 1993. These were rough 
estimates or upper bounds, calculated from tank temperatures and from the rate of 
moisture loss from those tanks with active exhausters during the late 1960s to late 
1970s. These values are high, in that they resulted in overly conservative 
assumptions and were not corrected for recent decay or removal of liquid. The 
values are considered to be less accurate than the recent, more careful estimates. 

• Heat loads calculated (Grigsby et al. 1992) from inventories of 1 3 7Cs and '"Sr, as 
given by track radioactive component (TRAC) records. After 30 years of storage, 
heat generation is almost entirely from these two radionuclides. These estimates 
suffer from the poor accuracy of the TRAC records (Jungfleisch 1984). 

• Heat loads calculated (Grigsby et al. 1992) from the inventories of 1 3 7Cs and '"Sr, 
as estimated by Borsheim and Simpson (1991) for the ferrocyanide tanks. These 
estimates were more carefully obtained than the TRAC values, but do not account for 
nuclides added or removed after 1958. 

• Heat loads calculated by thermal analysis based on measured tank temperatures. 
A heat-transfer model of the tank and the soil above, below, and around it was 
created. The heat load and the conductivity of the tank solids, and in many cases, the 
vertical distribution of the heat load, were adjusted to get the best fit to measured tank 
temperatures. The heat loads calculated in this manner were found to be strongly 
dependent on the thermal conductivity assumed for the soil surrounding the tanks. 
Two sets of thermal analyses have been performed. The first were steady-state 
calculations for selected tanks (McLaren 1991, 1993a). The latter updated thermal 
analysis (McLaren 1993b, 1994a, 1994b) employed a transient calculation starting at 
the time of original tank filling. It also used revised values of thermal conductivity of 
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the soil based on better, more recent data. The updated analyses are, therefore, 
considered more accurate than the older ones. The updated analyses also make 
estimates of upper and lower bounds, based on estimated uncertainties in soil 
conductivity and tank temperature measurements. 

• Crowe et al. (1993) has calculated tank heat loads from the difference between 
the tank airspace temperature and the ambient atmospheric temperature. 
Analysis of the amplitude and phase shift of the annual variation of airspace 
temperature relative to that of the ambient temperature permits calculation of the 
thermal diffusivity of the soil independent of the heat load and thus reduces errors 
caused by uncertainties in values for soil conductivity. 

These various estimates of tank heat loads are compared in Table 4-1. 

The tank heat loads calculated by Crowe are judged to be probably the most accurate 
available. They are being reported in the present monthly Tank Farm Surveillance and 
Waste Status Summary Reports. Crowe's estimates are generally conservative (high) 
compared to others in Table 4-1, if the "historic" and TRAC estimates are discounted as less 
reliable. 

Thermal conductivity of the ferrocyanide sludge is also an important parameter in several 
calculations relevant to sludge dryout. Three sources of data are available: 

1) Measurements of centrifuged In Farm 2 and U Plant 1 simulant sludge give 
conductivities of 1.8 and 2.0 W/m °C at 38 °C and higher values at higher 
temperatures (Jeppson and Wong 1993). 

2) Bouse (1975) reports measurements of thermal conductivity of samples from several 
non-ferrocyanide tanks. Three of these samples (from S-110, SX-104, and SX-105) 
were described as "mud" (as opposed to "crystals" or "lumps") and may thus be 
comparable to the ferrocyanide sludges. Conductivities of the as-received samples at 
24 °C were 0.8, 1.1, and 1.6 W/m °C, respectively. 

3) McLaren's thermal analysis, discussed above, generated estimates of thermal 
conductivity as well as heat loads for tanks deep enough to have several 
thermocouples in the waste. These estimates are shown in Table 4-2. 
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Table 4-1. Comparison of Estimates of Heat Loads (kW) of Ferrocyanide Tanks. 

Tank Historic TRAC 
Borsheim 

and Simpson 
McLaren 

(old) 
McLaren 

(new) 
Crowe 

BY-103 2.5 4.7 2.3 1.2 1.6 

BY-104 5.0 4.1 2.9 2.3 2.3 2.6 

BY-105 11 3.8 1.3 1.2 2.2 2.6 

BY-106 3.6 4.7 3.2 1.6 2.5 3.0 

BY-107 4.2 1.9 2.1 1.8 2.6 

BY-108 6.7 1.6 2.7 1.3 2.0 2.7 

BY-110 7.4 4.7 2.9 1.2 2.1 2.0 

BY-111 10 4.7 0.2 0.7 1.3 1.6 

BY-112 <3 0.9 0.1 1.5 1.8 

C-108 <3 0.2 0.3 1.8 1.8 

C-109 <3 0.02 0.6 1.0 1.9 2.1 

C-111 <3 0.6 0.1 1.6 1.9 

C-112 <3 0.3 0.6 2.1 2.2 

T-107 <3 0.2 0.1 0.7 0.9 

TX-118 1.4 11 - 1.3 1.3 

TY-101 <3 0.1 0.4 0.7 0.9 

TY-103 <3 1.4 0.6 0.5 1.2 

TY-104 <3 0.1 0.2 1.0 0.9 
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Table 4-2. Estimation of Thermal Conductivity in Ferrocyanide Tanks. 

Tank 
Heighf(m) 

Regiond 

(m) 

Thermal Conductivity 
(W/m °C) 

Tank 
Total 
Solids 

FeCN" 
Sludge ILLC 

Regiond 

(m) In 
Region 

Sludge 
Average 

BY-103 3.9 2.1 3.6 y < 3.1 
y > 3.1 

2.2 
0.4 

BY-104 3.9 2.6 2.1 y < 1.22 
1.22 < y 
< 2.56 
y > 2.56 

1.2 

0.7 
0.3 

1.0 

BY-105 4.8 1.1 4.1 y < 3.1 
y > 3.1 

1.1 
0.8 . 

BY-106 6.1 2.3 5.6 y < 2.7 
y > 2.7 

1.7 
0.8 1.7 

BY-107 2.7 1.6 1.6 y < 1.5 
y > 1.5 

1.0 
0.5 1.0 

BY-108 2.3 2.1 y < 0.7 
0.7 < y 

< 1.38 
y > 1.38 

0.8 

0.6 
0.5 

0.7 

BY-110 3.9 2.3 1.9 y < 0.7 
0.7 < y 

< 2.68 
y > 2.68 

1.0 

0.7 
0.4 

0.8 

BY-111 4.4 0.3 2.1 y < 2.7 
y > 2.7 

1.4 
0.9 _ 

* Height from bottom of tank 
b FeCN is an abbreviation for ferrocyanide 
c ILL = Interstitial liquid level 
d y = Distance from bottom of tank, m 

The tanks included in Table 4-2 contain a layer of saltcake on top of the ferrocyanide sludge. 
Table 4-2 gives the total solids height (Grigsby et al. 1992) and the depth of the ferrocyanide 
sludge, as estimated by Borsheim and Simpson (1991). McLaren's thermal analysis divided 
the tank solids arbitrarily into two or three layers, as shown in Table 4-2, and adjusted the 
conductivity of each to fit the measured temperatures. Because several parameters were 
adjusted to fit a limited set of temperature measurements, the results may not be a unique set 
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of parameters that fits the temperature measurements. The data may be best used to obtain a 
generic estimate of the conductivity of ferrocyanide sludge, rather than to characterize given 
regions of specific tanks. The last column of Table 4-2 contains an average for the 
ferrocyanide sludge region when such a calculation was possible. Conductivities range from 
0.7 to 1.7 W/m °C, with an average of 1.0 W/m °C. 

From the above data, a conductivity of 1.0 W/m °C for the ferrocyanide sludge is judged to 
be reasonable for the heat-transfer calculations in this report, and Crowe's values of tank 
heat load are the most appropriate. 

4.2 TANK HEAT BALANCE 

This section considers whether global dryout of the ferrocyanide sludge can occur by heating 
the entire sludge inventory to its boiling point. Because the liquid compound of the 
ferrocyanide sludge is a concentrated solution of NaN03, its boiling point may be 
approximated as the boiling point of a saturated NaN03 solution, or about 120 °C at 
atmospheric pressure. Heating the sludge to such an elevated temperature is shown to be 
impossible by the following considerations: 

1) The peak measured sludge temperatures (54 °C or less) are all well below the 
boiling point (see Table 4-3). 

2) Historic temperature data show that sludge temperatures are slowly decreasing 
with time in a manner consistent with the decay of 1 3 7Cs and ^Sr with 30-year 
half lives (Postma et al. 1994, Appendix D). 

3) The tank decay heat loads are low; the maximum is 3.0 kW in BY-106 (see 
Table 4-3). These heat loads are distributed over a tank 23 m in diameter, so 
the heat fluxes are very low. 

4) Heat removal is entirely by the passive mechanisms of conduction through the 
sludge and soil and natural convection and radiation through the airspace. 
There is no forced coolant flow or any active cooling mechanism that could 
fail and thereby give a rise in temperature. 

5) Evaporation of water is not required to remove the decay heat, and 
evaporation plays only a minor role in heat dissipation. Thermal analyses of 
selected tanks (McLaren 1993a) show good agreement with measured tank 
temperature profiles using an analytical model which neglected cooling by 
evaporation and included only conduction, natural convection and radiation. 
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Table 4-3. Thermal Characteristics of Ferrocyanide Tanks. 

Tank Depth of Solids" 
(m) 

Maximum Temperatureb 

( °Q 
Estimate of Heat Load 

Tank Depth of Solids" 
(m) 

Maximum Temperatureb 

( °Q kW c W/m 3 

BY-103 3.9 28 1.6 1.0 

BY-104 3.9 54 2.6 1.5 

BY-105 4.8 50 2.6 1.2 

BY-106 6.1 54 3.0 1.1 

BY-107 2.7 35 2.6 2.3 

BY-108 2.3 43 2.7 2.8 

BY-110 3.9 48 2.0 1.2 

BY-111 4.4 30 1.6 0.8 

BY-112 2.9 32 1.8 1.5 

C-108 0.8 22 1.8 6.4 

C-109 0.8 26 2.1 7.9 

C-111 0.7 21 1.9 7.9 

C-112 1.2 26 2.2 5.0 

T-107 1.8 18 0.9 1.2 

TX-118 3.4 25 1.3 0.9 

TY-101 1.3 18 0.9 1.8 

TY-103 1.7 16 1.2 1.7 

TY-104 0.6 17 0.9 4.9 

'Grigsby et al. 1992, Table 4-34 
bHanlon 1993 
cCrowe et al. 1993 
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Because the ferrocyanide tanks are not actively ventilated, the net evaporation and 
evaporative cooling are low, as discussed further in Section 4.3. The upper-bound 
evaporation rate for tank BY-106 of 480 kg/yr, calculated in Section 4.3, would 
absorb 35 watts (W) of heat. This is only 1.2% of the total heat load. 

The maximum sludge temperature that could be reached can be estimated by considering a 
simple heat-transfer model in which the bottom of the tank is an adiabatic boundary so that 
all the heat generated in the sludge is conducted upward toward the tank airspace. Because 
the thicknesses of the sludge layer and the soil layer above the tank are small in comparison 
with the tank diameter, heat conduction in the horizontal direction can be ignored. Thus, the 
heat transfer model is concerned with vertical heat flow through four regions in series each 
with its own characteristic thermal properties. In order of increasing vertical height these 
regions are the sludge layer, the tank airspace, the soil above the tank, and the atmosphere. 

The heat transfer coefficient h ^ for natural convection within the tank airspace may be 
determined by representing the space as a layer of gas (air) confined between two horizontal 
surfaces, namely the surface of the sludge and the tank dome. The correlation recommended 
by Turner (1973) for highly turbulent natural convection within this geometry yields 

*W = 0-09 k 
g P(AT), tank 

VO 

1/3 (4-1) 

where k, v, fi are the thermal conductivity, kinematic viscosity, and coefficient of expansion 
of the airspace gas (air), respectively, g is the gravitational constant, and (AT),^ is the 
temperature drop in the vertical direction across the tank airspace. 

The heat transfer coefficient h^ for the heat exchange between the ground and the 
atmosphere in the absence of wind may be taken from Katsaros et al. (1977) for turbulent 
natural convection from a horizontal surface; i.e., 

h„ = 0.15 k g P(AT). 11/3 

va 

(4-2) 

The upward heat flux through each region is the product of sludge volumetric decay-heat 
generation rate Q and the sludge depth H,,. Thus, from the definition of the heat transfer 
coefficient and Equation (4-1), the temperature drop across the tank airspace is 

(ATY* = 6.1 
(QH, \3/4 

si 
^gPj ' 

(4-3) 
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Similarly, the temperature difference between the surface of the soil and the atmosphere is, 
from Equation (4-2), 

(4-4) 
\l/4 

(AT)., =4.1 m SJ 
where for the sake of simplicity the assumption has been made that the physical properties of 
the atmosphere are equal to those of the airspace gas. In addition, there are the two 
statements regarding the temperature decrease through the heat-generating sludge and the soil 

( A T ) ^ 
2 < 4 " 5 ) 

2 ^ 

where k„i and k ^ are the thermal conductivities of the sludge and soil, respectively, and E^, 
is the effective thickness of the soil layer above the tank. In writing Equation (4-5) the 
assumption has been made of a uniform distribution of heat sources throughout the tank 
solids. 

Addition of Equations (4-3) to (4-6) gives the following expression for the maximum sludge 
temperature T,^, which is achieved at the bottom of the tank: 

T ^ = T . + Q H d 

/ H_, H__̂  fQJ^f4 fvaf4 
(4-7) 

p" \L ŝoil 
+ 10.2 

gPj 

Note that heat transported across the tank airspace by thermal radiation and by evaporated 
water has been neglected. One-dimensional vapor (latent heat) transport may be visualized 
as taking place through the airspace gas from the surface of the warm sludge to the cooler 
underside of the tank dome. However, separate analyses have shown that when the sludge 
salt (NaN03) concentration (salt mass/water mass) exceeds about 0.3, the water vapor 
pressure at the sludge surface falls below the vapor pressure exerted by the condensate film 
on the underside of the tank dome, thereby precluding the latent heat transport mechanism. 
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Calculation of the maximum sludge temperature can be made as soon as the appropriate 
physical properties are collected. The physical properties used in the calculation are given in 
Table 4-4. 

The thermal conductivity k,, is taken from the discussion of Section 4.1, while the thermal 
conductivity of the soil k^a is derived from annual temperature cycling of the tank airspace 
(Crowe et al. .1993). The sludge depth and volumetric power level values in Table 4-4 
correspond to those of the hottest tank, BY-106. The effective depth of the soil is the value 
recommended by Crowe et al. (1993). Substituting the values from Table 4-4 into 
Equation (4-7) yields T ^ = 73 °C. It is worth noting that the soil layer above the tank 
represents the primary resistance to upward heat transport as 52% of the total temperature 
drop (T,,^ - To,, = 61 °C) occurs across this layer. 

Table 4-4. Physical Properties Used in Calculation 
of Maximum Sludge Temperature. 

k = 0.026 W nr1 K"1 gas (air) thermal conductivity 

0 = 3.3 x lO"3 K-1 gas coefficient of expansion 

v = 1.6 x lO"5 m2 s"1 gas kinematic viscosity 

a = 2.2 x 10-5 m2 s"1 gas thermal diffusivity 

k,, = LO W m"1 K"1 sludge thermal conductivity 

k,oil = 0.93 W m-1 K"1 

H s l = 6.1 m 

soil thermal conductivity 

sludge depth 

H,oa = 4.0 m 

Q = 1.2 W m'3 

soil depth 

sludge decay heat generation rate 

T., = 12 °C average temperature of Hanford atmosphere 

This conservatively calculated peak sludge temperature is higher than the measured peak of 
54 °C. This calculation confirms that the passive process of conduction is capable of 
removing the decay heat while keeping all sludge temperatures well below the boiling point 
of the sludge liquid. 
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4.3 AIR-EXCHANGE-CONTROLLED SLUDGE EVAPORATION RATE 

The net rate of evaporation of water from the waste surface will be limited by the rate at 
which flow of saturated air out of the tank can remove moisture. 

Each ferrocyanide tank is vented to the atmosphere through a high-efficiency particulate air 
(HEPA) filter to accommodate changing atmospheric pressure. The measured pressure-drop 
through these filters is 1.0 in. of water (249 Pa) at a nominal flow rate of 225 cfm 
(0.106 m3/s). They open 0.6 m above grade and typically are connected to a 4-in. (10.2-cm 
internal diameter [ID]) riser pipe 5.5 m long, although the length depends somewhat on the 
riser location. The waste level in some of the tanks is measured with level gauges that have 
an air purge to reduce water vapor condensation within the instrument. 

Inter-tank cascade connections are above the liquid levels of the stored ferrocyanide waste 
and provide a between-tank air circulation path. These are 3-in. Schedule 80 pipes, 7.4-cm 
ID and 7.6-m long. These pipes have a 4% slope down to the receiver tank. The 
ferrocyanide tanks are isolated to prevent intrusion and liquid entry. Review of typical 
isolation prints shows a careful effort to plug and seal unused tank connections. A possible 
exception is the 2-in.-diameter floor drain in the access pit, which is intentionally left open. 
The pits, however, are closed at the top with steel covers with polyurethane weather seal 
over the concrete shield blocks. 

While a detailed tank-by-tank examination has not been made, the breather filters, cascade 
connections, and the purge air flow are the only defined tank air connections. If leaks are 
detected, they can be located and repaired. 

While the ferrocyanide tanks are not actively ventilated, they can exchange air with the 
outside through the riser pipes by means of atmospheric pressure fluctuations and/or by 
natural convection. The latter mechanism of air exchange occurs even when the pressure 
within the tank is equal to that of the atmosphere. The air in the tank has a temperature and 
water vapor composition different from that of the air outside, and as a result, the density of 
the tank atmosphere is less than that of the air outside. Thus, buoyancy forces may cause a 
flow of air out of the tank and a corresponding flow of air into the tank. The rate of tank 
moisture loss from barometric pressure variations (tank breathing) is estimated first. 

4.3.1 Tank Breathing 

An analysis by Crippen (1993) of hourly barometric pressure measurements recorded at the 
Hanford Site weather station over a period of four years showed the sum of all hourly 
pressure increases (and also of all decreases) to be 1.7 atm/yr. The tanks' 10-cm (4-in.) vent 
pipes are large enough to maintain the tanks at the same pressure as the atmosphere during 
these rather slow changes in atmospheric pressure. Thus, the tank breathing rate P b r is also 
1.7 atm/yr. From the ideal gas law, P b r can be related to the volumetric exchange rate 
Q (in m3 s'1) 
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Q = 
(4-8, 

where V is the volume of the tank airspace and Po, is the ambient pressure. For V = 
1.46 x 103 m3 (tank BY-106) and P w = 1.0 atm, an estimate is made that Q = 
2.5 x 103 m3 yr 1. The temperature of the airspace gas in tank BY-106 is 27.0 °C 
(Crowe et al. 1993), giving a saturated in-tank water-vapor density p v = 0.0261 kg m"3. 
However, the top of this tank contains a layer of saltcake, which is primarily sodium nitrate. 
Therefore, the relative humidity of the air will be that in equilibrium with solid NaNGj or its 
saturated solution, which is 74%. The water vapor density in the tank air space will thus be 
.0261 x 0.74, or p v = 0.0193 kg m"3. The average dry bulb temperature and humidity of the 
air at the Hanford Site are 12 °C and 54%, respectively. The corresponding water vapor 
density in the Hanford Site atmosphere is p v o o = 5.6 x 10"3 kg m"3. Therefore, the net rate 
of moisture loss from the tank is 

(4-9) 
m = Q ( P v - p v ,J = 34 kg yr"1. 

This evaporation rate from tank breathing is of the order of 0.005% of the sludge water 
content per year. 

4.3.2 Natural Convection Exchange flow Through a Single Riser 

As mentioned previously, the airspace of each tank communicates directly with the 
atmosphere through a vertical riser pipe. A plenum region is attached to the top of the riser. 
A HEPA filter occupies the 0.305-m x 0.305-m cross-sectional area of the plenum. Li the 
absence of any additional passages between the airspace and the atmosphere, the density 
difference between the tank airspace and the outside may induce a buoyancy-driven 
countercurrent downflow of the heavier atmospheric air and an upflow of the lighter tank air 
through the riser. Epstein (1988) has provided an empirical correlation for such a 
buoyancy-driven countercurrent exchange flow. The result for the exchange flow rate Q 
versus the length-to-diameter ratio (L/D) of the vertical riser is 

Q = 0.32 ( D 5 g ApV* 
P. 

-3/2 
(4-10) 

where Ap is the density difference between the atmosphere and the gas within the tank, g is 
the gravitational constant, and pa is the density of the atmosphere. 

There are two difficulties connected with the application of Equation (4-10) to the tank riser. 
First, the correlation is based on data with L/D's in the range 3-20. The riser L/D is about 
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50, so the present application requires extrapolation. Secondly, it is not clear how the 
resistance of the HEP A filter to countercurrent flow should be incorporated. It is probably 
best to ignore the filter and assume that there are no "obstacles" to flow within the riser. 

Based on the average dry bulb temperature and the humidity of air at the Hanford Site, 
average outside air density is estimated to be pa = 1.225 kg m"3. The density of water 
saturated air (74% relative humidity [RH]) in tank BY-106 at an average temperature of 
27.0 °C is p = 1.162 kg nr3. Thus 

(4-H) 
Ap = p„ - p = 0.063 kg m" 3 

The remaining parameters required for the problem at hand are: L = 5.5 m, D = 0.102 m. 
Then, according to Equation (4-10), Q = 60.1 m3 yr"1, which is considerably less than the 
tank breathing rate of 2.5 x 103 m3 yr 1 (see previous subsection). Clearly, tank moisture 
loss from natural convection exchange flow within a single riser is negligible. 

4.3.3 Natural Convection Exchange Flow Through Multiple Risers 

The tank airspaces are generally connected in groups of three by near- horizontal pipes, as 
shown schematically in Figure 4-1. This situation may give rise to a number of different 
natural-convection flow patterns, as either upward or downward flow may exist in any one of 
the risers. Of course, continuity demands that the downward flow in one of the risers plus 
the total purge flow must be equal in magnitude but opposite in direction to the upward flows 
in the other two risers. It is relevant to note that, while all the possible flow patterns result 
in essentially numerically similar air exchange rates, the flow pattern illustrated in Figure 4-1 
can be shown to result in the largest inflow of fresh air to a single tank, and hence the 
greatest water removal from a tank. This is the pattern that will be examined here. The 
quantity Qp in Figure 4-1 is the known volumetric instrument purge flow of air 
(2 x 10"* m3 s"1 for tank BY-106) while Q is the to-be-determined volumetric inlet flow. 

For purposes of developing a simple expression for the air exchange rate between the tank 
cluster and the atmosphere, the following justifiable assumptions are introduced: 

1) The major frictional resistance to flow through the tank array is exerted by the 
HEP A filters, and the pressure drop APf versus volumetric flow through each 
filter is well represented by a laminar law. For example, for the middle riser 
in Figure 4-1, 

APf = R Q (4-12) 
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where R is an empirical (filter resistance) coefficient equal to 
2.34 x 103 Pa s m*3. The small pressure drop through the piping is neglected, 
which is conservative. 

2) The density difference between any two tank airspace atmospheres is small 
compared with the density difference between the tank atmospheres and the 
outside air. In other words, the gas density in one tank is assumed to be equal 
to the gas density in an adjacent tank. The natural convection flow pattern is 
present in the system shown in Figure 4-1 owing to the difference in density 
between the light tank gas that enters the peripheral risers and the heavier 
atmospheric air that enters the central riser. 

The steady-state momentum equation is "integrated" around one of the flow loops illustrated 
in Figure 4-1 to eliminate the pressure term: 

Q 3 ( 4 " 1 3 ) 

R y + R Q + | R Q p = p- g L - P g L . 

Thus, the inlet volumetric air flow rate is 

n A T (4-14) 
2 Ap gL 

V 3R V p 

where, again, Ap = pa - p. Inserting the appropriate parameter values R = 
2.34 x 103 Pa s nr3, Ap = 0.063 kg m'3 (see Equation 4-11), L = 5.5 m, and Qp = 
2 x 10"4 m3 s"1 into Equation (4-14) gives Q = 7.67 x lfr4 m3 s*1. The corresponding net rate 
of moisture loss from tank BY-106 is 

m = (Q + Qp)pv - Q p v . , = 450 kg yr - l (4-15) 

since p v = 0.0193 kg nr 3 and p V i 0 0 = 0.0056 kg nr3. Note that the purge flow is dry 
instrument air. This upper bound evaporation rate from natural convection flow through 
multiple risers is only 0.041 % of the sludge water content per year of tank BY-106. 

Calculations of the rate of water loss by breathing and natural convection were made for each 
of the ferrocyanide tanks, similar to those described in the foregoing. The results are 
tabulated in Table 4-5. The purge flow rate is 0.0002 m3 s'1 (25 ft3 hr 1) in the BX, BY, and 
C tanks and 0.0004 m3 s"1 (51 ft3 hr 1) in the T, TX, and TY tanks. The gas temperature and 
gas volume of each tank is shown in Table 4-4. The relative humidity of the airspace was 
taken as 74% for the BY and TX tanks, which are listed (Hanlon 1993) as having saltcake 
present. For the other tanks it was taken as 88%, which is that measured for air in 
equilibrium with In Farm simulant sludge (Armstrong et al. 1993). The evaporation rates 
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range from 160 to 500 kg of water per year, or 0.4 to 1.2 kg m"2 yr"1. The highest rates are 
in tanks BY-108, C-112, BY-106, and BY-107. The fraction of the total water present that 
is evaporated per year ranges from 0.0003 to 0.0033, with the highest rate in C-109. These 
rates of water loss are much lower than the rate of decay of the tank heat generation, which 
is 0.023 per year for 137Cs and 90Sr. Thus the tanks are losing their heat source much faster 
than they are losing water by evaporation. 

It is to be noted that higher air exchange by natural convection (9.9 x 10"3 m3 s"1) has been 
predicted previously (McLaren 1991, repeated in Grigsby et al. 1992), as part of a thermal 
analysis of BY-104. A 1/32-in. gap between the top of the risers and the isolation flange 
was assumed in a calculation to provide an upper bound on heat loss from a tank by 
convective air flow. A recent, more detailed, investigation (undocumented) of tank isolation 
records by J. D. McCormack indicates that such gaps do not exist. Therefore, the earlier 
estimate has been discounted. 

4.3.4 Wind-Induced Exchange Flow Through Multiple Risers 

Another mechanism for vapor removal is air-flow-induced pressure differences caused by 
winds. The atmospheric pressure at the entrance of one riser may be slightly different from 
that of a nearby riser from velocity fluctuations in the atmospheric boundary layer. The 
magnitude of the velocity fluctuations are of the order of the so-called frictional velocity u.. 
The velocity profile in a turbulent boundary layer is well represented by the logarithmic law 

where u is the velocity of the air at a distance z above the surface covered by the boundary 
layer. This law seems to have found wide acceptance in meteorological work (e.g., Seinfeld 
1986). In this application z0 is an empirical ground roughness length and K is an empirical 
constant equal to 0.4. The wind speed u is usually evaluated at the height z = 10 m above 
the ground. Roughness lengths for various surfaces can be found in Seinfeld (1986). 
For a level desert, z0 = 10"3 m, whereas for a tree-covered region, z 0 = 1.0 m. The 
average value of the wind velocity at the Hanford Site is u = 3.6 m s"1 (8 mph, see McLaren 
1993b). Substituting these estimates into Equation (4-16) and solving the result for u. gives a 
velocity fluctuation of u. = 0.16 m s"1 for a level desert and u. = 0.65 m s*1 for a 
tree-covered region. 
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Table 4-5. Rate of Water Loss from Ferrocyanide Tanks. 

Tank 
Gas 

Temperature" 
°C 

Gas Volumeb 

m3 

Rate of Water Loss 
Tank 

Gas 
Temperature" 

°C 
Gas Volumeb 

m3 

kg/yr kg/m2/yr Fraction/yr 
(xlO 4) 

BY-103 21 2420 223 .55 2.6 

BY-104 26 2640 429 1.05 4.7 

BY-105 26 2110 403 .98 5.9 

BY-106 27 1460 483 1.18 4.1 

BY-107 26 2920 460 1.12 8.2 

BY-108 27 3080 496 1.21 6.8 

BY-110 23 2870 305 .74 3.8 

BY-111 21 2290 216 .53 8.0 

BY-112 22 2810 264 .64 24.0 

C-108 23 3050 361 .88 20.3 

C-109 24 3060 453 1.10 32.8 

C-111 23 3080 396 .97 25.7 

C-112 25 2910 490 1.19 20.8 

T-107 18 2610 203 .50 4.8 

TX-118 20 2830 223 .54 14.0 

TY-101 18 3480 218 .53 6.8 

TY-103 19 3320 258 .63 4.8 

TY-104 18 3530 216 .53 14.0 

•Crowe 1993 
bKlem 1991 
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Consider the three risers shown in Figure 4-1. Assume the pressure above one of the risers 
from local wind velocity fluctuations is, on average, P t, while the average atmospheric 
pressure above the other two risers is P2, and P 2 > P x. The pressure difference is, 
approximately, 

*2 - * i - ! p - u - 2 -

(4-17) 

This pressure difference will drive a volumetric flow Q through the clustered tanks in accord 
with the following momentum equation (Equation 4-13 with Q p= 0 and the hydrostatic 
driving pressure replaced by P 2 - P^: 

(4-18) 
P 2 - Pi = f QR-

Figure 4-1. Illustration of Flow Configuration Through Clustered Tanks. 
(Qp is dry instrument air purge flow) 

Q/2 + 3/2 Q 
Breather 

Filter 

Q Q/2 + 3/2 Qr 
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From Equations (4-17) and (4-18), 

3R 

If the tank farm is identified with a tree-covered region in terms of ground roughness, an 
estimate is made that Q = 2.2 x 103 m3 yr 1 , which is almost equal to the tank breathing rate 
of 2.5 x 103 m3 yr 1 . A more realistic rate of exchange is 5.0% of the tank breathing rate 
(Q = 1.33 x 102 m3 yr"1), corresponding to wind over a level desert. Thus, tank moisture 
loss from wind-induced exchange flow is negligible. 

The rates of water loss are low in all tanks, and continuation of such evaporation rates over 
many years would not significantly reduce the water content of the ferrocyanide sludge. 
Therefore, global evaporation of water will not dry out the ferrocyanide sludge and render it 
chemically reactive. As will be shown in Section 5.0, this water loss would generally be 
distributed throughout the sludge rather than locally at the surface. 
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5.0 RHEOLOGY OF WATER-SATURATED FERROCYANIDE SLUDGE 

The purpose of this section is to provide convincing evidence that the liquid-holding capacity 
of sludge is large and quite different from that of a rigid porous medium like packed sand, 
from which water can readily drain or be driven out by exposure to heat. There is, in fact, a 
continuum of behavior where water can be expelled from coarse sand with relative ease to 
the enormous forces that must be applied to expel even small quantities of liquid from the 
matrix of micron-size sludge particles. 

The difference between sand and sludge behavior is mainly the result of the fact that the 
diameters of the sand particles are two orders of magnitude larger than the diameters of 
sludge particles, and different microscopic forces are operative. Sludge is a material similar 
to silty soil, mud, clay, or even toothpaste. These materials are probably best classified as 
concentrated suspensions of fine particles (or colloids). It is now well known that in such 
suspensions enormous physical-electrochemical forces act between fluid and particles to hold 
these materials together. Verway and Overbeek (1948) published the pioneering work on the 
nature of the electrostatic forces between particles and liquids within concentrated 
suspensions. Unfortunately, the theory is not predictive in terms of modeling the 
macroscopic behavior of such suspensions. Accordingly, researchers in the field, particularly 
those concerned with the settling behavior of moist soils, have introduced into the 
hydrodynamic equations empirical stress-strain type relationships that presumably represent 
the effects of the "microscopic forces" that are present within the particle-liquid matrix 
(e.g., Taylor 1948 and Yong 1992). These stress-strain relationships (or "consolidation 
curves") must be obtained by detailed laboratory Theological studies of the particular material 
of interest. Such relationships for ferrocyanide-type sludges have been derived from 
experimental data and are discussed in some detail in Section 6.0. 

This section reviews the available experimental evidence that illustrates the rheology of 
ferrocyanide sludge, not from the point of view of obtaining a stress-strain relationship, but 
to show fairly conclusively that the particles are so intimately tied to the liquid in sludge that 
local dryout is a highly unlikely event. Three different types of experiments are described: 
drainage of interstitial liquid in a gravity field, flow of sludge from gas or vapor bubble 
growth, and sludge behavior in the vicinity of a hot surface. The absence of dryout in the 
vicinity of a heat source is clearly demonstrated in both small- and large-scale experiments. 
All of the experimental observations are understandable in terms of the rheology of 
concentrated suspensions. 

5.1 LIQUID DRAINAGE EXPERIMENT AND INTERPRETATION 

Data on the cumulative drainage of interstitial liquid (water and dissolved salts) from a small 
column of In Farm 2 sludge are being obtained by Crane (1992). The experiment is 
described in Meacham et al. (1994). In this experiment the sludge column rests on a 
substrate filter paper that retains the solids and allows the liquid component to flow from the 
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bottom of the sludge. The experiment has been conducted for over 600 days and the results 
obtained so far are shown in Figure 5-1. An interpretation of this curve on the basis of the 
theory of sludge "consolidation" is presented in Section 6.0. Section 5.0 is limited to a 
qualitative discussion of sludge consolidation and concomitant sludge drainage. 

C. S. Simmons first suggested the possibility that the displaced liquid may be the result of 
sludge consolidation caused by the settling of the particles in the sludge (Meacham et al. 
1994). Indeed, it is now known from recent observations of the column that the loss of 
interstitial liquid is equal to the reduction in column volume and that the column remains 
liquid saturated (void free) as it shrinks. Consolidation is the shrinking of the sludge by 
particle sedimentation or by compression with the application of an external force, and is the 
result of liquid expulsion from sediments (Michaels and Bolger 1962, Glasrud et al. 1993). 
This behavior is in contrast to an essentially rigid porous medium, like packed sand, that 
does not show an appreciable reduction in bulk volume when interstitial water is removed. 

The settling behavior of particles in suspension is rather complex, especially when the 
volume fraction of the particles is high, and the observed settling rate is much less than the 
Stokes' settling rate for a single particle. In such suspensions the solid particulate phase 
appears to "condense" slowly to a smaller volume fraction and to expel interstitial liquid 
while the consolidation process proceeds. 

A number of forces cause the suspension to ultimately approach a steady state in which no 
further settling under gravity occurs. An increase in the concentration of the solid phase in a 
suspension brings about an increase in the effective viscosity of the whole dispersed system. 
Attractive as well as repulsive forces that operate between dispersed particles (Ottewill 1977, 
Overbeek 1977) are responsible for this effective viscosity. These forces are: the 
short-range Bom repulsion force, the long-range van der Waal attractive force, and the 
long-range electrostatic repulsive force. The first two are of electromagnetic origin and the 
last one is a result of the interaction of the electrical double layer surrounding charged 
particles in an electrolytic (aqueous) solution (i.e., an electrostatic force). In aqueous 
solutions the combination of these forces results in the "flocculation" of the particles into 
clusters of particles (or "floes"). The floes are able to resist breakup under the mild forces 
experienced in gravitational settling. The diameter of the floes formed in a suspension of 
1.0-nm particles usually exceeds 100 pm (Tadros 1980). If the size of the floes in the 
In Farm 2 drainage column (Crane 1992) exceed the mesh size of the filter paper, this would 
explain why only liquid passes through the bottom of the column. The final stabilized 
particle volume fraction will depend on the relative magnitudes of the interaction forces and, 
therefore, the floe sizes; it is not a quantity that can be predicted from first principles. 

The experimental drainage data obtained by Crane (1992) and presented in Figure 5-1 can be 
converted to a liquid-mass-fraction-versus-time history. The data indicate that the 
ferrocyanide sludge settling process starts with 53 wt% water, slows and approaches a final 
(asymptotic) water mass fraction of 49 wt%. Thus drainage is now approaching completion 
and only a small quantity of water was lost from the column. This experiment serves as an 
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Figure 5-1. Drainage Weight of Interstitial Liquid versus Time 
from a 0.2-m Column of In Farm 2 Sludge. 
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important example of how strongly water is held by the sludge particles. More experimental 
evidence for the strong attractive forces that hold liquid and particles together within sludge 
is presented in the subsections that follow. 

5.2 EXPERIMENTS ON SIMULANT WASTE TANK SLUDGE RESPONSE TO VOID 
GROWTH 

As mentioned previously, and as will be discussed in more detail later on, a major safety 
issue associated with the ferrocyanide tanks is the possibility of the sludge drying out locally 
from boiling of the interstitial liquid. It is important to note that the boiling-driven dryout 
mechanism is only viable if the waste sludge behaves as a porous medium of stationary solid 
material (such as coarse, saturated sand) and bubble growth results in the expulsion of liquid 
from the solid phase. The experimental work reviewed in this subsection clearly shows that 
this is not the case. Instead, the sludge behaves as a concentrated suspension (or colloid); 
that is, as the bubble grows it displaces both liquid and solid material in the form of a 
homogeneous particle/liquid flow. 

The material presented in this section first appeared in WHC-EP-0713 (Epstein et al. 1993). 
Because of the importance of this material in terms of understanding waste sludge rheology, 
it is presented below in essentially unabridged form. This will relieve the reader of having 
to refer back to the original report for additional information regarding the sludge rheology 
experiments. 

Two different types of experiments were performed at Fauske and Associates, Inc. (FAI) to 
simulate bubble growth within waste sludge. First, observations were made of the growth of 
nitrogen-gas-slug bubbles at an orifice submerged in simulant sludge. Second, a combined 
heating and depressurization. technique was used to generate voids within simulant sludge via 
evaporation of the interstitial liquid. Two types of sludge simulant were used. The 
In Farm 1 flowsheet simulant sludge, as described in Section 2.1, was used to the extent 
possible. However, since supplies of this simulant sludge are limited by a lengthy 
preparation process, a 50/50 wt% mixture of kaolin and water was also used.c From a fluid 
flow point of view, kaolin is found to represent well the behavior of ferrocyanide simulant 
sludge material. The validity of using kaolin as a stand-in for ferrocyanide sludge is 
discussed in Section 5.5. 

5.2.1 Nitrogen Gas Bubble Growth in Waste Tank Simulant Sludge 

A schematic diagram of the apparatus is shown in Figure 5-2 and consists of five main 
elements connected in series: a nitrogen cylinder, a flow meter, a pressure transducer, a 
capillary tube-type orifice, and a plexiglass tube (or bubble column). In all the experiments 

cKaolin is a hydrous aluminum silicate (Al203*2Si02*2H20) that is insoluble in water. 
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except one, the kaolin or flowsheet simulant sludge in which a bubble was formed was 
contained in a vertical plexiglass bubble column of 4.45 cm ID and 45.5 cm length. The 
final nitrogen bubble growth experiment was conducted with the kaolin particle-water 
mixture in a much larger bubble column of 12.7 cm internal diameter. The sludge depths 
were approximately 21.0 cm and 50.0 cm in the small and large bubble columns, 
respectively. The column is mounted with its axis vertical on top of an aluminum plate. 
A gasket is placed between the column and the plate in order to form a seal for the sludge in 
the bubble column. The aluminum plate has a pressure fitting that holds a stainless-steel 
capillary tube whose tip (orifice) is centrally located near the bottom of the bubble column. 
The capillary tube has a nominal 0.254 mm diameter and is 0.1 m in length. 

During an experiment, gas is steadily fed into the bottom of the capillary tube at a known 
volumetric flow rate and passes out the upper tip of the capillary tube as a bubble. The 
volume displaced by the upper surface of the sludge at the end of a selected time interval is 
noted and compared with the volume of gas supplied to the column during the same time 
interval. If the former volume is significantly greater than the latter volume, then 
porous-medium type sludge behavior is inferred. On the other hand, if the two volumes are 
approximately equal to one another, homogeneous (suspension-like) sludge flow is indicated. 

The phenomena visually observed in the course of the experiments were the same for the 
kaolin and In Farm 1 ferrocyanide simulant sludges and for all the nitrogen gas flow rates 
investigated. The steady introduction of gas into the column resulted in a steady increase in 
the height of the sludge column. This behavior suggested that a single bubble was forming 
at the orifice; that is, the bubble did not detach itself from the orifice. It seems reasonable to 
assume that the bubble expanded out to the walls of the bubble column before the buoyancy 
force could act to overcome the viscous forces that tend to hold the bubble in place. 

An unexpected behavior greatly helped to elucidate the bubble growth process. After the gas 
bubble expanded out to the wall of the column, the void space formed by the bubble was 
clearly visible through the plexiglass cylinder. (Apparently, the sludge mixtures do not wet 
the plexiglass surface very well.) The airspace contained no particulate matter. All of the 
sludge material was displaced upward by the expanding slug bubble. Further evidence for 
this homogeneous sludge flow regime was provided by comparing the volume of gas 
introduced to the column with the volume displaced by the upper surface of the moving 
column of sludge. The two measured volumes differed by less than 2%, which is of the 
order of uncertainty of the gas flow metering device. 

A photograph of the bubble and the overlying 4.45-cm-diameter column of In Farm 1 
ferrocyanide simulant sludge at the end of an experiment is presented in Figure 5-3. 
A photograph of the slug bubble in the kaolin-water sludge at the end of the experiment with 
the 12.7-cm-diameter column is shown in Figure 5-4. At the end of each experiment, the 
gasket seal at the bottom of the bubble column was broken, allowing the bubble to 
communicate directly with the atmosphere. The overlying sludge material responded by 
flowing back down the bubble column, demonstrating that the sludge column was supported 
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Figure 5-3. Photograph of Gas Bubble and Overlying 4.45-cm-Diameter 
Column of Ferrocyanide In Farm 1 Flowsheet Simulant Material. 
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Figure 5-4. Photograph of Gas Bubble Showing the Overlying 
50/50 Weight Percent Kaolin Particle-Water in the 12.7-cm-Diameter Column. 
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by a stable gas bubble. This behavior is consistent with the concept of a self-regulating hot 
spot (see Section 6.2.2). 

From the above observations, it may be concluded that at small and large scales, sludge 
bubbles are quite stable for sizes up to at least 12.7 cm in diameter for the time scale studied 
and that the sludge particles are intimately tied to the liquid so that homogeneous 
(suspension-like) sludge flow is the preferred rheology in response to bubble growth. 

5.2.2 Void Growth via Boiling in Simulant Waste Tank Sludge 

The technique employed by FAI (Epstein et al. 1993) to initiate bubble growth by boiling of 
the sludge liquid at physically realistic rates was that of slow depressurization of hot sludge. 
Figure 5-5 illustrates the depressurization facility. The sludge in which void growth was 
achieved was contained in a vertical plexiglass bubble column of 4.45 cm internal diameter 
and 45.5 cm length. The lower portion of the column is wrapped with an 11-cm-long 
heating coil. The rings of the coil are sufficiently spaced to allow an essentially unobstructed 
view of the sludge. The heating coil is enclosed within an outer plexiglass column to reduce 
heat losses to the atmosphere and to help distribute the heat vertically to the regions between 
the rings of the coil. A pressure transducer is mounted at the top of the test section, which 
monitors the pressure in the space above the sludge column throughout the depressurization 
event. Two thermocouples continuously measured the temperature of the sludge along the 
centerline and near the wall of the column at a height that corresponded approximately to the 
middle of the heated zone. By comparing the temperature and pressure measurements, the 
onset of boiling conditions within the heated sludge could be determined. 

An experiment was initiated by filling the column with the simulant sludge material to a 
height of about 23.0 cm. The column was then pressurized with nitrogen gas to about 12.0 
psig and the heating coil was turned on. The portion of the sludge that was surrounded by 
the coil was heated slowly so that the temperature within the sludge was fairly uniform in the 
radial direction. The temperature difference between the two thermocouples was not allowed 
to exceed about 1.0 °C. The pressurization prevented boiling during heatup. When the 
temperature within the heated ("hot spot") zone of the sludge reached the desired value, 
namely 107 °C for kaolin and 128 °C for the flowsheet material, slow depressurization was 
initiated by opening the needle valve. The controlled nitrogen gas flow from the bubble 
column was 30 ml min"1 in all the experiments. Recall that this was the rate of void growth 
in some of the nitrogen bubble-column experiments. From the measured, average sludge 
temperature decay rate over the period of depressurization, namely dT/dt ~ 
-7.4 x 10"3 K s'1, the authors estimate an equivalent sludge power density Q =» -pcpdT/dt = 
3.4 x 104 W/m"3. This is the power density required to initiate boiling in a 0.15-m-diameter 
hot spot (see Section 6.2.1 and Equation 6-10). 

The homogeneous-flow phenomena visually observed in the course of the depressurization 
experiments were identical to the homogeneous-flow phenomena observed in the experiments 
involving nitrogen gas injection to produce bubble growth. The steady, slow 
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depressurization resulted in a monotonically increasing sludge-column height with time. 
A relatively short time after depressurization was initiated, a single vapor bubble was visible 
through the plexiglass cylinder. The vapor bubble did not contain any particulate matter. 
All of the sludge material above the vapor nucleation site was displaced upward by the 
expanding slug bubble. The vapor bubble expansion rate was observed to decrease with time 
late in the experiment, in contrast with the nitrogen gas bubbles, whose growth rates were 
constant in time. The difference in behavior may be ascribed to the continuous exposure of 
cold plexiglass surface above the heating coil upon which vapor was condensed. 

Photographs of the bubbles and the overlying columns of kaolin and In Farm 1 ferrocyanide 
simulant sludge material are presented in Figures 5-6 and 5-7, respectively. Clearly, these 
experiments provide important additional confirmation of the strong adhesional forces 
between the liquid and solid components of the sludge that result in homogeneous sludge 
rheology on a macroscopic scale. 

5.2.3 Bubble Behavior in Water-Saturated Beach Sand 

In order to demonstrate that the phenomena observed with kaolin and ferrocyanide simulants 
are related to the properties of these materials and not to the method or apparatus, nitrogen 
gas bubble growth and depressurization experiments were carried out at FAI (Epstein 
et al. 1993) with water-saturated beach sand. The 4.45-cm-diameter bubble columns used in 
the nitrogen gas bubble facility and in the depressurization facility were filled with a 
20.0-cm-deep layer of fine beach sand. Actually, the bubble columns were first filled with 
water and then sand was gradually poured into the water column. This technique assured a 
gas-free, water-saturated column of sand. 

As with the previously described gas-bubble growth experiments, a vertical stainless-steel 
capillary tube, centrally located near the bottom of the column, was used to introduce 
nitrogen gas into the column. Nitrogen gas flow rates of 30 and 60 ml min-1 in 
water-saturated beach sand were investigated. Recall that these were the flow rates used in 
the previous FAI tests with simulant sludges. The phenomena visually observed during the 
experiments with water-saturated sand were quite different from that observed with kaolin 
and ferrocyanide In Farm 1 simulant sludges. The single void region (bubble) that was 
observed to form within the sludge simulant materials did not form in the water-sand 
mixture. The sand was observed to be stationary. Shortly after the gas was first introduced 
into the column, small bubbles were observed emerging from the top of the sand column. 
The bubbling process continued throughout the duration of the test. There were no signs of 
gas accumulation within the sand column. This behavior, in which the gas is moving relative 
to stationary sand, is consistent with classical two-phase flow behavior in a porous medium 
of stationary solid material. 

The depressurization experiment was also performed with the water-sand mixture. The 
single bubble that was observed to form within the sludge simulants did not materialize. The 
sand was motionless throughout the experiment, yet the temperature and pressure 
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Figure 5-6. Photograph of Vapor Bubble Growing in 
50/50 Weight Percent Kaolin Particle-Water Mixture. 
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Figure 5-7. Photograph of Vapor Bubble Growing in 
Ferrocyanide In Farm 1 Flowsheet Simulant Material. 
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measurements indicated that boiling was occurring within the heated zone of the column. 
Steam was observed to emerge from the top of the sand column; however, most of the vapor 
formed within the heated zone of the sand percolated upward (against downflowing water) to 
the cold surfaces of the plexiglass column and condensed. This is typical of two-phase 
thermal convection in a porous layer of stationary solid. In a separate experiment, the 
permeability of the sand was measured by observing the time it takes for a given height of 
water to drain through a layer of sand of known depth. The results of four experiments 
indicated a sand permeability of 

K = 3.54 x 10" n ± 0.26 x 10" n m2 

and a sand porosity e = 0.4. Using the Kozeny relationship between permeability and 
particle size d, namely 

K = • , 
180 (i - ef 

a mean sand-particle diameter d ~ 180.0 ^m was estimated. This diameter is about two 
orders of magnitude larger than the micron-size precipitate particles that comprise the 
simulant and actual waste tank sludge material. The coupling (hydrodynamic and colloidal) 
between the fine precipitate, sludge particles and their host liquid (water) is so strong that a 
single-medium non-Newtonian rheology is exhibited by the aqueous sludge. Obviously, this 
is not the case with the relatively coarse sand, which remains stationary and exhibits porous 
medium ("uncoupled") behavior when submerged in water. 

5.3 SMALL-SCALE EXPERIMENTAL RESULTS ON DRYOUT IN SIMULANT 
WASTE SLUDGE HEATED LOCALLY 

The experimental work reviewed in the foregoing has shown that waste tank sludge fits the 
definition of a concentrated suspension or colloid within which the forces between particles 
and liquid is so strong that the particles and liquid essentially flow together as a single fluid 
when subjected to an external force. It should be emphasized, however, that the effective 
viscosity of concentrated suspensions, such as ferrocyanide sludge, is very high. Laboratory 
results reported by Epstein et al. (1993) indicate that ferrocyanide sludge is best 
characterized as a Bingham fluid, as some initial yield stress must be exceeded in order to 
move the sludge. 

The observation that the solid particle component of the sludge does not readily separate 
from the interstitial liquid, and the fact that the sludge resists deformation owing to its high 
viscosity, raises some interesting questions regarding sludge behavior in the vicinity of a hot 
rigid surface or a hot free surface where sustained evaporation of the interstitial liquid may 
take place. How is the sludge moisture transported to the hot surface at a rate that is capable 
of keeping up with the interstitial liquid evaporation rate? What is the mechanism of vapor 
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transport away from the hot surface? Do the particles in the vicinity of the hot surface 
undergo consolidation (see Section 5.1) as a result of the loss of liquid material via 
evaporation, thereby resulting in a porous medium rheology ("caking") and local dryout? 

In order to address these questions, which impinge directly on the issue of local dryout in 
waste tanks, small-scale experiments on the thermal response of aqueous ferrocyanide 
simulant waste to a local heat source were performed at FAL The data were obtained by 
immersing cylindrical electrical resistance heaters in kaolin/water mixtures and in 
U Plant simulant sludge. Two different types of experiments were performed. First, a 
series of four experiments was conducted in beakers to see whether waste material dries out 
in a local or global manner when subjected to local heating (Fauske 1993b). A second series 
of experiments was conducted at FAI in a two-dimensional bench-scale test section in an 
attempt to determine the morphology of waste dryout in the vicinity of a hot surface, and the 
results are reported for the first time in this report. The authors note there that in order to 
ensure that the results obtained in the FAI bench-scale tests could be extrapolated to real 
waste tanks, large scale kaolin-water heat transfer experiments were performed by Crippen 
(1994) at Westinghouse Hanford Company. The description and results of Crippen's large 
scale experiments are presented in Section 5.4. A summary of the characteristics of each 
experiment is given in Table 5-1. Note that Crippen's test section represents an increase in 
scale of about 130 times the 3-L vessel employed at FAI (compare first and last entries in 
Table 5-1). 

Table 5-1. Summary of Important Characteristics of Waste-Sludge-Local 
Heating Tests Presented in Sections 5.3 and 5.4. 

Vessel Size Simulant Sludge Heater Area, 
m2 

Heat Flux, 
W/m-2 

Type of 
Experiment 

3-L Beaker Kaolin/Water 4.5 x 10"3 1.5 x 104 Global Water Loss 

30-cc Beaker 
(RSST Test Cell) 

Kaolin/Water 1.5 x 10" 2.7 x 104 Global Water Loss 

40-cc Beaker Kaolin/Salt 
Water 

1.5 x 10-4 2.7 x 104 Global Water Loss 

40-cc Beaker Kaolin/Water 1.5 x 10" 2.7 x 104 Global Water Loss 

450-cc Thin Cavity Kaolin/Water 1.5 x 10" 5.7 x 104 Sludge 
Morphology 

450-cc Thin Cavity Kaolin/Water 1.5 x 10" 6x10* Evaporation in 
Sealed Vessel 

450-cc Thin Cavity Kaolin/Water 1.5 x 10" 5.3 x 103 Evaporation in 
Sealed Vessel 
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Vessel Size Simulant Sludge Heater Area, 
m2 

Heat Flux, 
W/m"2 

Type of 
Experiment 

450-cc Thin Cavity U Plant 
Simulant 

1.5 x 10 4 5.4 x 104 Sludge 
Morphology 

450-cc Thin Cavity Kaolin/Water 1.5 x 10 4 4.5 x 104 Surface 
Evaporation 

450-cc Thin Cavity U Plant 
Simulant 

1.5 x 10 4 5.4 x 104 Surface 
Evaporation 

0.4-m3 Cylindrical 
Tank 

Kaolin/Water 9.7 x 10-2 1.3 x 103 Calibration 

0.4-m3 Cylindrical 
Tank 

Kaolin/Water 9.7 x 10"2 4.1 x 103 Boiling Test 

0.4-m3 Cylindrical 
Tank 

Kaolin/Water 2.4 x 10"2 2.63 x 103 Water Migration 
Test 

5.3.1 Bench Scale Test in 3-Liter Beaker 

The first experiment was run in a 3-L beaker. The beaker was filled with a 2.2-kg 
kaolin/water mixture containing 50 wt% water. A single 9.5-mm-diameter, 28-cm-long 
cylindrical immersion heater was placed vertically in the center of the waste beaker, as 
shown in Figure 5-8. The area of the outside surface of the heater that covers its heated 
length is 4.5 x 10"3 m2. A radial array of four thermocouples was used to define the 
temperature field during the course of the experiment. Thermocouple 1 made contact with 
the surface of the immersion heater. Thermocouples 2 and 3 were placed on opposite sides 
of the heater, midway between the heater and the side of the beaker, and Thermocouple 4 
was placed 0.64 cm in from the side of the beaker. The radial positions of the 
thermocouples are shown in Figure 5-8. Insulating material covered the bottom and side of 
the beaker; the surface of the kaolin/water mixture was exposed to the atmosphere. The 
experiment was initiated by turning the heater on to a constant power of approximately 
67 W. 

The measured temperature-time histories within the 3-L beaker are given in Figure 5-9. The 
late cooling trend exhibited by Thermocouple 4 is a consequence of the gradual shrinkage 
(from water loss) of the kaolin/water mixture, which resulted in exposing this peripheral 
thermocouple to air at six hours into the test. The most important result conveyed by 
Figure 5-9 is that the temperature of the thermocouple in contact with the surface of the 
heater, Thermocouple 1, remains essentially constant at or slightly above the boiling point of 
the water component for about 9 hours. The heat flux emanating from the surface of the 
heater during this time was 1.5 x 104 W/m"2. If the kaolin/water mixture is viewed as a 
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porous medium with stationary kaolin particulate, the drying process is predicted to occur 
once the heat flux exceeds the value given approximately by (e.g., Jones et al. 1984, Hardee 
and Nilson 1977) 

a = —— — 
g 

where h f g is the latent heat of vaporization of interstitial liquid, K is the permeability of the 
medium, g is the gravitational constant, p f - pz is the density difference between the 
interstitial liquid and its vapor phase, and vs is the kinematic viscosity of the vapor phase. 
Substituting the known sludge particle diameter d » 0.75 pm and interstitial liquid volume 
fraction (e * 0.7) into Equation (5-1) yields K = 10"14 m 2 for the permeability of "porous 
medium sludge". Using this value together with the parameters pt- ps=z 103 kg m"3, h f e = 
2.2 x 106 J kg"1, and vz = 2 x 10"5 m 2 s"1 in Equation (5-2) gives q ^ = 10 W/nr 2. Thus 
drying should have been observed immediately after the heater was turned on if the sludge 
behaved as a porous medium of stationary solid. It is worth noting that a steam 
concentration gradient in the vicinity of the heater can give rise to a capillary-driven flow of 
liquid toward the heater and counterflow of steam away from the heater. Using the porous 
medium model of capillary flow developed at FAI, this can result in a p ^ as large as 103 

W/nr 2. While this value is much larger than that predicted with Equation (5-2), it is still 
small compared with heat flux produced by the heater. It is reasonable to conclude that the 
observed sludge behavior does not conform to the porous medium (stationary solid) model. 

It is interesting to calculate the mass of water converted to steam during the 9-hour period 
prior to dryout in the vicinity of the immersion heater. Denoting Q as the heater power (in 
watts), and t as time to dryout, gives 

<Q < 5 " 3 ) 

m = —^ 
K 

as the mass of water evaporated. Substituting the values Q = 67 W and t = 9.0 hour 
(3.24 x 104 s) into Equation (5-13) gives m = 0.99 kg. Thus the waste simulant did not dry 
out until about 94% of the original 1.05 kg of water was lost by evaporation. This 
approximate result implies that a large fraction of the water within the waste beaker was 
actively involved in cooling the heater. 

Clearly, the transport of heat from the heater to the kaolin/water mixture is convective in 
nature. However, visual observations of the surface of the simulant waste revealed no 
motion. Also, it was difficult to detect the presence of steam at the surface. Apparently, if 
convection occurred in the beaker, liquid and vapor migration must have taken place beneath 
the surface and out of view. This issue will be returned to later (Section 6.0), and an 

5-17 



WHC-EP-0816 

Figure 5-8. Schematic of 3-Liter Beaker Test Indicating Locations 
of Cylindrical Immersion Heater and Thermocouples. 
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Figure 5-9. Thermal Response of 50/50 Kaolin/Water Mixture by Mass to 
67-Watt Cylindrical Immersion Heater. 
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explanation, adopted from moist soil behavior theory, will be provided for the surprisingly 
high cooling capacity of the waste material. 

5.3.2 Small Scale Test in Reactive System Screening Tool Spherical Test Cell 

In order to conserve simulant waste material and obtain an accurate measure of the amount 
of water that must be removed from the waste before dryout (overheating) occurs, several 
small-scale experiments were carried out. The first of these small-scale tests made use of the 
reactive system screening tool (RSST)d spherical glass test cell, which is equipped with both 
an external wrap-around heater and an internal, cylindrical immersion heater. As in the 
3.0-L beaker test, a 50/50 kaolin/water mixture by mass was used. The initial mass of the 
mixture was 17.48 g. Two thermocouples were placed in the cell; one was attached directly 
to the immersion heater while the other was placed about 1 cm from the heater. The 
external heater was used to bring the sample up to about 100 °C. Both thermocouples were 
recording the same temperature during the external heating period. 

After a few minutes at 100 °C, the external heater was turned off and the internal immersion 
heater was turned on. The temperature of the sample briefly fell to about 90 °C when the 
heaters were switched; however, the temperature quickly returned to 100 °C. During the 
subsequent period of purely immersion heating, the thermocouple within the material read 
100 °C while the heater thermocouple read about 103 °C. The temperature of the surface of 
the heater remained at this temperature for about 150 minutes and then began to rise rapidly, 
indicating that local dryout had been achieved. A mass balance indicated that 7.09 grams of 
the sample were lost. If all of this mass loss is attributed to water evaporation, then it can 
be concluded that 80% of the initial water component of the simulant waste must be removed 
before local waste overheating can begin. 

Note that the RSST heater delivers about 4 W of power through a cylindrical surface of area 
1.5 x 10"4 m2 (3 mm diameter and 1.5 cm long). Thus, the heat flux off the heater's surface 
was 2.7 x 104 W/m"2, which is well above the dryout heat flux predicted using a porous 
medium model which assumes a rigid kaolin microparticle structure in water (see 
Equation 5-2). 

A post-test examination of the material left in the test cell revealed many void spaces and 
cracks. The material appeared uniformly dry and crumbled easily. Note that the observation 
of uniform dryness is compatible with the observation that a large fraction of the initial water 
inventory must be removed from the mixture before local overheating can occur. 

dThe reader should consult Creed and Fauske (1990) for more information regarding the 
RSST calorimeter system. 
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5.3.3 Small-Scale Test in 40-cc Beaker with Nitrate Salt 

In the second small-scale test, the simulant waste material used was a kaolin/aqueous , 
sodium-nitrate salt-solution mixture. The mixture contained 13.93 grams of kaolin, 
6.97 grams of sodium nitrate salt (NaN03), and 10.05 grams of water. Also, the RSST test 
cell was replaced by a 40-cc beaker and 4 W of power were supplied by the cylindrical 
RSST immersion heater described previously. The heater was placed vertically in the center 
of the simulant waste material. Two thermocouples were employed: one on the surface of 
the heater and one located about 1.5 cm from the heater. The temperature-versus-time 
curves generated by the thermocouple readings are shown in Figure 5-10. The temperature 
of the heater's surface rises relatively rapidly to about 140 °C and then gradually rises 
throughout the test. Similarly, the in-material thermocouple rises rapidly to about 110 °C 
and then continues to rise at a rather gradual rate. The gradually rising temperatures were 
probably a result of the changing boiling point of the aqueous NaN03 solution as the solution 
became more concentrated. The instantaneous boiling point of the salt solution probably lies 
between the flat portions of the two curves in Figure 5-10. Seventy-five percent of the water 
was lost in this test. 

5.3.4 Small-Scale Test in 40-cc Beaker 

The third small-scale test was essentially the same as the second (previously described) 
small-scale test except that salt (NaN03) was not used in the mixture. The simulant waste 
contained 50% water by mass, and its total mass (kaolin + water) was 30.01 grams. The 
temperature-time histories, as recorded by the thermocouple attached to. the heater and the 
thermocouple positioned about 1.0 cm from the heater, are presented in Figure 5-11. Note 
that the dryout (overheat) condition was met at about 220 minutes after the heater was turned 
on. The water mass lost during the test was 10.25 grams, which indicates that overheating 
did not occur until 68% of the total water inventory was removed by evaporation. 

5.3.5 Tests Performed in a Thin Rectangular Cavity 

The implication of the above-reviewed dryout studies with respect to real waste material is 
simple and far-reaching: the rate of transport of heat from a postulated hot region of waste 
to the surrounding cooler waste material is rapid enough to prevent the region from being 
heated beyond the boiling point of the interstitial liquid. It remains to explain the observed 
high cooling capacity of the simulant kaolin/water waste material. 

The second stage of the FAI laboratory program on waste dryout in the vicinity of a hot 
surface involved simulating the bulk waste with a two-dimensional slice of it in the form of 
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Figure 5-10. Thermal Response of Kaolin/Aqueous Sodium Nitrate 
Salt Solution to a 4-Watt Cylindrical Immersion Heater. 
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Figure 5-11. Thermal Response of 50/50 Kaolin/Water Mixture 
to 4-Watt Cylindrical Immersion Heater. 
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a thin rectangular cavity. The test section is shown in Figure 5-12. The slice is bounded by 
two closely spaced, rectangular, parallel plexiglass plates. The height and width of the 
cavity are 10.2 and 17.8 cm, respectively. The narrow lateral dimension is 2.5 cm. 
A cylindrical (RSST) heater is positioned horizontally in the center of the cavity; its heating 
element is 1.5 cm long and 3 mm in diameter and it traverses about 60% of the narrow 
dimension of the test cell. The simulant waste material was at first water-saturated, fine 
kaolin particulate. Since one lateral dimension of the test vessel is small, it was expected 
that the response of kaolin suspension to local heating would be observable. Indeed, this 
turned out to be the case. 

An initial experiment was conducted without temperature measurements in order to minimize 
the possible influence of the thermocouple stems on the behavior of the suspension. 
A photograph of the waste material in the vicinity of the heater for a heater power of 8.6 W 
(surface heat flux 5.7 x 104W/m"2) is shown in Figure 5-13. As heat was supplied to the 
kaolin/water mixture, dissolved gas was released from the water component in the form of 
gas bubbles. The simulant waste material was again observed to behave as a pure liquid in 
that the interiors of the bubbles contained no particulate matter. Recall that this observation 
is in agreement with the earlier FAI studies (Epstein et al. 1993) of slug bubble growth in 
simulant waste (see Section 5.2). The two-dimensional cavity is superior to the bubble 
column apparatus in this regard because it enables one to observe the homogeneous response 
of simulant waste to the appearance and growth of small bubbles in the size range 0.5-10 mm 
(see Figure 5-13). 

Some time after the heater was turned on, cracks appeared in the sludge mixture; the cracks 
can be seen in Figure 5-13. The authors speculate that the cracks resulted from the gradual 
shrinking (consolidation) of the sludge as its water content decreased by evaporation. 
Regardless of the mechanism, the fact that the cracks are particle free attests once again to 
the strong forces holding the particles and liquid together. Interestingly enough, bubble 
formation and cracking may render a seemingly impermeable waste suspension highly 
permeable. 

It was difficult to visualize the flow of liquid and vapor through the side walls of the 
two-dimensional test cavity. However, liquid and vapor were observed to emerge from 
cracks that propagated to the surface, indicating perhaps that water and steam occupy the 
cracks. The authors suggest that liquid evaporated at the surface of the heater is rapidly 
transported to the cooler regions of the waste through an elaborate matrix of bubbles and 
connecting cracks where condensation occurs. Regions close to the heater that become 
partially depleted of liquid because of evaporation are perhaps replenished by a wetting 
process in which the condensate liquid within the cracks penetrates the particulate regions 
between the cracks or flows within the cracks and returns to the evaporation interface. Clear 
experimental evidence for the flow of water and steam within cracks is presented below. 

After the morphology experiment was conducted in the thin rectangular cavity, two relatively 
long-term local heating experiments were carried out in the same test section. Temperature 
measurements were obtained at the lower boundary of the heater's surface and at a vertical 
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distance of about 2 cm below the heater (see Figure 5-12). The outside surfaces of the walls 
and bottom.of the test section were insulated. A thin water layer was added above the 
initially 50 wt% kaolin/water waste simulant, and a metal plate covered the top of the cavity 
to minimize global evaporation losses of interstitial liquid. In the first experiment, the heater 
power was set at 9.0 W (surface heat flux 6 x 104 W/m*2). As in the morphology test, 
bubble formation and crack propagation were observed. About ten minutes into the test the 
thermocouple at the surface of the heater reached 100 °C. This reading remained constant 
for a period of about three days, at which time the experiment was terminated. 

The second experiment began by filling the test section with fresh kaolin/water sludge and 
setting the heater to a much lower power of 0.8 W (surface heat flux 5.3 x 103 W/m"2). The 
experiment was operated at this power level for seven days. The temperature at the surface 
of the heater increased from room temperature to about 35 °C in a few hours and then no 
further increase was observed. A few thin cracks were observed and the waste appeared 
faintly striated in the region above the heater. The absence of local dryo'ut in the vicinity of 
the heater in these long-term experiments clearly shows that a rather effective water return 
mechanism is operative within the sludge, at least on the scale of the two-dimensional test 
section. 

Another experiment was carried out in the two-dimensional test section with ferrocyanide 
U Plant simulant material and a heater power of 8.1 W (surface heat flux 5.4 x 104 W/m"2). 
The temperature at the surface of the heater passed through 100 °C in about 10 minutes and 
then slowly oscillated between 105 °C and 130 °C during the remainder of the experiment. 
The experiment was terminated after approximately five hours of operation. The thermal 
oscillations at the heater were probably caused by the continuously changing sludge boiling 
point from spatial and time variations in the sludge's dissolved salt content. 

Two major cracks, together with numerous small "hairline cracks", were observed through 
the front wall of the test section. For the first time vapor bubbles and vapor slugs were 
noted to migrate through the cracks and away from the heater. Apparently, the dark 
bluish-gray color of the U Plant simulant provided the appropriate contrast for viewing the 
steam voids within the cracks, whereas the milky-white appearance of the liquid within 
cracks formed in kaolin paste is not ideal for this purpose. A photograph of one of the large 
cracks is shown in Figure 5T14. The authors conclude that countercurrent flow of steam and 
water within the cracks is at least partially responsible for the high cooling capacity of the 
sludge material. Later, however, it will be seen that most of the liquid probably returns to 
the surface of the heater by migrating through the particle-rich region between cracks. 

A final set of two experiments was conducted in the two-dimensional test section to examine 
the thermal response of waste material to a heat source placed just beneath the free surface of 
the waste medium. Note that these experiments attempt to address the issue of local dryout 
from evaporation of interstitial liquid from a relatively warm segment of surface sludge (see 

5-25 



WHC-EP-0816 

Figure 5-12. Schematic of "Two-Dimensional Test Section" for 
Observing Simulant Waste Material Response to a Local Heat Source. 
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Figure 5-13. Photograph of Simulant Waste (Kaolin) Morphology 
in Vicinity of 8.6-Watt Cylindrical Heater. 

(White spot etched in plexiglass wall is 13 mm in diameter, indicates location of water cross 
section, and serves as a benchmark for determining bubble and crack dimensions.) 
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Figure 5-14. Photograph of U Plant Simulant in Vicinity of 8.1-Watt Cylindrical Heater. 
(White spot etched in plexiglass wall is 13 mm in diameter, indicates location of water cross 
section, and serves as a benchmark for determining bubble and crack dimensions. Width of 

large crack is approximately 0.5 mm) 
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Section 1.0). The simulant sludge material occupied the lower half of the test section shown 
in Figure 5-12 so that the top of the centrally located, fixed-position heater was buried about 
0.95 cm below the surface of the sludge. The top of the rectangular cavity was left open to 
the atmosphere; therefore, evaporated liquid material was free to leave the test section 
without returning to the sludge. In the first "overheated surface test," the horizontal RSST 
heater delivered about 6.8 W (surface heat flux 4.5 x 104 W/m"2) to kaolin/water sludge. 
Four hours passed before the temperature at the surface of the heater reached the boiling 
point of the interstitial water. Obviously, convective heat transfer off the surface of the 
sludge just above the heater prevented a rapid rate of temperature rise. Recall that in 
previous tests in the rectangular cavity with similar heater output, the heater thermocouple 
reached the boiling point of the liquid component in about 10 minutes. During the remaining 
4-1/2 hours of the test the heater thermocouple remained at 100 °C. The gradual shrinkage 
(consolidation) of the kaolin/water sludge from water loss caused the sludge to separate from 
the 2.5 x 10.2 cm side walls of the test section. There was also a small reduction (~2 mm) 
in the height of the sludge. 

A mass balance indicated that 34% of the water was removed from the waste by evaporation; 
however, a post-test examination-of the kaolin sludge revealed that the material was still 
uniformly wet. Even the sludge material in the region just above the heater was moist. One 
can only conclude from these observations that water initially below and far removed from 
the heater was somehow transported to the heater's surface. Apparently gravity-driven 
countercurrent flow of steam and water through cracks is not the only mechanism responsible 
for preventing local dryout in the vicinity of the heater. An alternative mode of liquid 
transport to the heated zone involves sludge consolidation (shrinkage), and this is the subject 
matter of Section 6.1. 

In the second "overheated surface test," the RSST heater was submerged just below the 
surface of U Plant simulant sludge material and the heater power was set at 5.5 W (surface 
heat flux 3.7 x 104 W/m"2). The experimental results were similar to those conveyed in the 
foregoing for kaolin/water sludge in that the temperature of the heater thermocouple slowly 
increased over a period of eight hours until the boiling point (=120 °C) for the 
U Plant simulant sludge was achieved. During the remainder of the test, the heater 
thermocouple recorded temperatures between 119 and 121 °C. The test was terminated after 
15 hours of operation. Again, water loss resulted in the gradual shrinkage of the sludge 
layer. Salt deposits were observed to form on the surface of the sludge in the vicinity of the 
heater and, as time progressed, at surface locations remote from the heater. The normal 
glassy, bluish-gray color of the sludge turned to gray in the surface region above the heater. 
An examination of this surface region at the end of the test indicated that the sludge material 
was still wet just beneath the surface. Approximately 22% of the water was lost to 
evaporation. 
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5.4 LARGE-SCALE EXPERIMENTAL RESULTS ON DRYOUT IN SIMULANT 
WASTE SLUDGE HEATED LOCALLY 

The purpose of the series of tests reported in this section was to extend the small-scale 
experiments discussed in the foregoing on such a scale as to be more full sized and give 
confidence that the results could form a firm basis upon which to estimate scenarios in actual 
tanks. 

Heaters for this experiment consisted of sheathed resistance units 3 mm in diameter, and a 
heated length of 244 cm for a total heated area of 243 cm2. The heaters were coiled in a 
horizontal plane with about 3 cm between successive coils to a total diameter of 30 cm. The 
non-heated end of the coil was bent at a right angle so that the electrical connections would 
be above the simulant material. Four heaters were used with 13-cm vertical spacing between 
heaters, the bottom one being 6 cm above the tank bottom and the top being 15 cm below the 
simulant surface. Standard Type K sheathed (1.5-mm-diameter) thermocouples were used. 
Calibration with ice water and boiling water showed them to be no more than 1 degree in 
error at 0 and 100 °C as read at the data recorder. 

Three thermocouples were arranged along the vertical centerline of the heater array and three 
others at the mid-plane of the tank at various radii. Figure 5-15 illustrates the arrangement 
and gives critical dimensions of both heaters and thermocouples. A cage was made of 
1/2-in. stock sheet acrylic plastic to retain the heaters and thermocouples in their selected 
geometry while the simulant was being placed around them. The cage also facilitated 
mechanical anchoring of the hardware. Because it was open in design and had no part more 
than 1/2 in. x 1/2 in., it minimized any thermal variations in the simulant. Figure 5-16 is a 
photograph of the cage, heaters, and thermocouples as assembled and just before placement 
of the clay simulant mixture. 

The simulant and heaters were contained in a galvanized steel stock-watering trough 90 cm in 
diameter and 60 cm deep. After the heater cage was placed in the center, the tank was filled 
with 703 kg of a 45% water and 55% kaolin mixture by weight. The mixture can best be 
described as have the consistency of peanut butter; because of this consistency, a concrete 
vibrator was required to help flow the mixture into the tank. A plastic cover was placed 
over the material and taped to the sides so that evaporation water could not escape from the 
top surface. 

After the tank was filled, the cage was about 3 cm off center. However, the relative 
placement of the thermocouples and the heaters was unchanged and the radial thermocouples 
were still on a 46-cm-long radius, so the effect of the off-center cage was ignored. 
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Figure 5-16. Photograph of Heater and Thermocouple Arrangements 
in Large-Scale Kaolin Tank. 
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5.4.1 Calibration Run 

The first large-scale tank experiment was conducted by starting the four heaters at about 
30 to 33 W each for a total 127 W for the array. This energy input was maintained at a 
constant value by the use of variable transformers for a number of days. Figures 5-17 and 
5-18 show the results. The surface heat flux from the heaters was about 1.3 x 103 W/m"2 and 
the power density for the 30 x 61-cm cylindrical region of coiled heaters was 2.85 W/L. 
These values are both noticeably lower than used in the small-scale experiments reported in 
Section 5.3, but are higher than the actual waste tank averages by a factor of 300 to 3,000. 

A computer model of this experiment was constructed using a cylindrical relaxation grid of 
1.3-cm cells in both vertical and radial directions and a time step increment of 1/100 hour. 
The computer program was run to show the temperature history of the tank at any of several 
locations. All of the pertinent constants such as heat capacity, thermal conductivity, density, 
and transfer coefficients were varied to achieve the best match to the measured thermal 
contour lines. A best fit was obtained with reasonable thermophysical sludge property values 
and heat-transfer coefficients, indicating that conduction dominates the heat transfer within 
the sludge. 

A check of actual water content was made at the start of the test. At the mid-plane of the 
array near the heaters, the water content was 44% at about 54 °C, and near the outer wall, 
43.6% at about 35 °C. The water content of a portion of the original test simulant material 
kept in a storage can was 44.4% at 23 °C. It appears that some water loss occurred during 
mixing, but no significant variation occurred within the heated volume. 

5.4.2 Boiling Experiment 

After steady state conditions were reached in the calibration experiment the power level was 
raised to 380 W to determine the system's behavior while boiling was occurring in the heated 
volume. Within a day, it was obvious that boiling was taking place. Faint but distinct 
bumping noises could be heard, similar to those made by a full boiling pan of water on a 
stove. The central thermocouple rapidly rose to about 101 °C and continued at that value. 
Within a few days, vent holes could be seen in the simulant. The pulsing movement and 
high relative temperature of the plastic over these holes indicated that considerable amounts 
of steam were being vented from the sludge. As the temperature history showed (see 
Figures 5-19 and 5-20), the vent paths occasionally changed on an irregular basis. 

A check of the actual water content was made at the start of the test. At the mid-plane of the 
array near the heaters, the water content was 41.54% at about 101 °C, and 43.2% at about 
46 °C near the outer wall. It appears that very limited moisture variation occurred within 
the heated volume. 
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Figure 5-17. Measured Temperature-Time Histories at Various Vertical Locations 
Along Centerline of Large-Scale Tank During Calibration Run. 
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Figure 5-18. Measured Temperature-Time Histories 
at Various Radial Locations in Large-Scale Tank During Calibration Run. 
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Figure 5-19. Measured Temperature-Time Histories at Various Locations 
Along Centerline of Large-Scale Tank During Boiling Experiment. 
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Figure 5-20. Measured Temperature-Time Histories at Various Radial Locations 
in the Large-Scale Tank During Boiling Experiment. 
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5.4.3 Water Migration Experiment 

As mentioned previously in this report, one of the postulated mechanisms of local dryout is 
based on the appearance of a warm spot near the surface of the sludge. If some 
accumulation of radionuclides were to occur at or near the surface, then water could 
evaporate over that area, recondense on the tank ceiling or on the cooler portions of the 
surface and be returned to some other area of the tank. The net result could be a drying out 
of some volume without ever reaching boiling or phase change within the warm area and 
without net removal of water from the tank. This scenario was tested in the small-scale 
laboratory program (see Section 5.3.5) and has been tested in the large-scale tank by 
re-configuring the simulant kaolin sludge. After a modest cooling period, the top several 
inches of simulant were removed, leaving 8 cm of material over the top of the top (#1) 
heater. The other three heaters remained in place but were not operated. Thermocouples 
were moved so that one was at the center of the horizontal plane of the active heater and 
another was 2.5 cm above it. Plastic sheeting was used to make a tent with low spots at the 
outer edge so that condensate would return to the edge and not the center heated area. The 
heater was operated at 63 W (top surface heat flux 860 W/m2) for over 1,000 hours. On a 
weekly basis, samples of the kaolin clay were taken just under the surface over the heater 
and near the edge of the tank. A third sample was usually taken at the edge near the bottom 
of the tank; presumably this sample was at the same temperature as the one above it and 
differed only by the 61 cm of hydraulic head. These samples were oven dried to determine 
moisture content as a function of time and position. Table 5-2 gives the results as weight 
percent water. 

Table 5-2. Sample Results in Water Migration Experiment: 
Weight Percent Water. 

Location 
Elapsed time, hours 

Location 
zero 164 404 500 739 837 1051 1197 

Center 
Surface 

40.9 39.4 39.2 38.0 38.5 39.2 40.1 39.0 

Edge Surface 41.8 41.1 40.7 41.3 41.3 41.7 40.7 42.7 
43.6 

Edge Bottom - 42.3 • 43.7 42.4 42.3 41.6 43.1 41.1 

At 63 W, all the water in a volume extending from 7.6 cm directly above and 7.6 cm 
directly below the heater could be boiled off every 106 hours. This implies that the water 
inventory is turning over rapidly but showing little or no net change. 

5-38 



WHC-EP-0816 

Figures 5-21 and 5-22 show a portion of the temperature history of the test. Inspection 
showed that the heated volume of clay was well below boiling and that the ullage volume of 
captured air was warm enough to promote reasonable vapor transfer. Visual inspection of 
the surface showed drip marks in the clay at the outer perimeter but no significant puddling 
of water, despite some unevenness in the surface. There were a few cracks in the outer 
areas (but no obvious ones over the heater) 0.63 cm (1/4 in.) deep by 0.16 cm (1/16 in.) 
wide totaling 51 to 76 cm (20 to 30 in.) in length. 

Table 5-2 shows the moisture analysis over the course of the test. Within the accuracy of the 
determination (estimated at +0.5%), it is difficult to see any trend. A linear regression 
analysis was performed on the data and showed the slope of the water content vs. time to be 
essentially zero with a low correlation coefficient (r2 < 0.3). The differences between warm 
and cool surfaces never exceed 2%, which is similar to the top-to-bottom difference at the 
edge of the test tank. Whatever the water return mechanism is, it is certainly sufficient to 
match the power density over the heated volume, which is 600 to 6,000 times the average of 
a real waste tank. Crippen's (1994) tests clearly show that it is difficult to achieve dryout on 
a large scale and that water from 0.5 m away is available in a surprisingly short time to cool 
a hot spot. 

Application to the waste tanks of the experiments described in Sections 5.3 and 5.4 is 
discussed in Section 6-4. 

5.5 KHEOLOGICAL PROPERTIES OF FERROCYANIDE WASTE TANK 
SIMULANTS COMPARED WITH PROPERTIES OF WASTE TANK SAMPLES 

The experimental studies presented in the foregoing provide important information on the 
high moisture retention capacity of simulant sludge materials. However, before concluding 
that actual waste tank sludge is just as resistant to local dryout as the simulant sludges, it is 
prudent to compare the relevant physical properties of the simulant sludges used in the 
present study with those of waste tank samples to ensure that their rheologies are the same. 

The ferrocyanide simulant sludges were prepared using the same materials and procedures as 
were used in the treatment of tank waste in order to produce a product as similar as possible 
to the ferrocyanide waste added to the tanks in the 1950s. However, variation from tank 
properties may result from uncertainties as to composition of the originally treated tank 
waste, settling of the tank sludge by gravity over a longer time and at a larger scale, mixing 
of other types of waste added on top of the ferrocyanide layer, and aging reactions. The 
simulants contained nitrite in place of part of the nitrate to model that formed in the tanks by 
radiolysis. The waste simulants contained no uranium or fission products. 
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Figure 5-21. Measured Temperature-Time Histories at Various Vertical Locations 
Along Centerline of Large-Scale Tank During Water Migration Test. 
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Figure 5-22. Measured Temperature-Time Histories at Various Radial Locations 
in Large-Scale Tank During Water Migration Test. 
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Particle size is one of the more important parameters in determining rheological properties. 
The particle size distributions have been measured for the simulant sludges and for tank 
samples using the same methods of measurement. The median particle sizes are given in 
Table 5-3. Tank samples are, as yet, available only for C-109 and C-112, which were filled 
with In Farm sludge, and T-107, which was filled with U Plant sludge. The number median 
diameters are very small, less than 1.0 pm, and are comparable for the simulant sludge and 
tank samples. There is greater variation in the volume median diameters; this may be caused 
by agglomeration during measurements, which was hard to control. 

Table 5-3 also includes data for the kaolin clay used in the FAI tests and in the larger-scale 
tests at the Hanford Site. The kaolin had number median diameters about 1.6 times those of 
the tank samples. The particle sizes given in Table 5-3 are believed not to be true primary 
particle sizes, but to represent some degree of agglomeration. The degree of agglomeration 
will depend on the dispersant liquid used. This is a water-glycerol mixture for the tank 
samples, mother liquor for the In Farm and U Plant simulant sludges, and water for the 
kaolin. 

The water content of a sludge will also effect its rheology. The measured water contents of 
the simulant sludge and of tank samples are given in Tables 2-1 and 2-2, respectively. The 
samples from C-109 average 36% water, those from C-112 average 52% water, and the 
In Farm simulant sludge is 50% water. 

The general characteristics of the C-109 tank samples have been described (Simpson et al. 
1993b) as follows. "The samples had a firm consistency. They were thick cohesive sludges 
that held their shape after extrusion (removal from sampling device). The core materials all 
appeared to be saturated with liquid." The description of the C-112 samples (Simpson 
et al. 1993a) reads, "The samples also ranged in consistency from thin and slurry to very 
thick, chunky sludge. They appeared to be saturated with liquid. The samples slumped 
somewhat, but held their shape relatively well (high viscosity, non-Newtonian fluids)." 

A shear strength of 17,300 dynes/cm2 was measured for a sample of C-109 sludge; 16,000 
dynes/cm2 for C-112. The shear strength of U Plant 1 sludge was > 10,000 dynes/cm2. 

The chemical composition of the sludge liquid may affect rheology through its electrolytic 
properties. The composition of the drainable liquid from samples from C-109 and C-112 is 
compared in Table 5-4 to that of In Farm simulant sludge, because these tanks received 
sludge from the In Farm process. Concentration is shown for the dominant anions; in all 
cases, sodium was the only cation in significant concentration. The tank samples are lower 
in nitrate than the simulant sludge; this may be caused by destruction of nitrate in the tanks 
by radiolysis and slow oxidation of ferrocyanide. Nitrite and sulfate concentrations are 
similar; phosphate is low in the simulant sludge. 
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Table 5-3. Particle Sizes of Tank and Simulant Sludges. 

Sludge 
Median Particle Diameter, pm 

Reference Sludge 
By Number By Volume 

Reference 

C-109, Core 47 
Core 48 
Core 49 

0.85 
0.77 
0.90 

39 
3 

24 

Simpson et al. 1993b 
Simpson et al. 1993b 
Simpson et al. 1993b 

C-112, Core 34 
Core 34 dup. 
Core 36 

0.76 
0.83 
0.84 

6.0 
6.3 
33 

Simpson et al. 1993a 
Simpson et al. 1993a 
Simpson et al. 1993a 

T-107, Core 50 0.85 33 Sasaki and Valenzuela 
1994 

In Farm 1 Simulant 0.76 14 Jeppson and Wong 1993 

In Farm 2 Simulant 0.76 15 Jeppson and Wong 1993 

U Plant 2 Simulant 0.80 4.1 Jeppson and Wong 1993 

Kaolin (FAI Tests) 1.40 24 Bechtold 1994 

Kaolin (WHC Tests) 1.33 6.8 Bechtold 1994 

Table 5-4. Composition of Liquids in Tank and Simulant Sludges (Normality). 
Simulant Sludges Tank Samples 

In Farm 1 In Farm -2 C-109 
Composite 

C-112 
Core 34 

C-112 
Core 35 

N0 3 4.5 3.8 1.3 1.4 1.3 

N 0 2 1.5 1.3 1.8 1.4 1.4 

PO, 0.1 0.1 0.5 0.4 0.6 

SO< 0.2 0.2 0.3 0.3 0.3 

TOTAL 6.3 • 5.4 3.9 3.5 3.6 

pH • 8.7 9.4 12.1 10.3 10.5 

Density, g/mL 1.3 1.3 1.2 1.2 1.4 

Reference a a b c c 

•Jeppson and Wong 1993 
••Simpson et al. 1993b 
'Simpson et al. 1993a 
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Table 5-4 also compares the density and pH of the sludge liquid. The density is comparable, 
but the pH is higher (10 to 12) in the tank samples than in the simulant (9). This may be 
caused by the addition of high-pH cladding waste on top of the ferrocyanide. Since the only 
tank samples are core composites, it is not known how much this high pH penetrated into the 
ferrocyanide. 

The simulant sludges model the ferrocyanide sludge as it originally settled in the waste tanks. 
Because the sludge has been stored for more than 30 years, subjected to radiation and often 
to elevated temperatures, aging reactions may have occurred to change its chemical 
composition. The principal aging reaction identified is destruction of the ferrocyanide by 
radiolysis and hydrolysis. Laboratory studies of simulant sludges have shown that such 
reactions do occur (Lilga et al. 1993). The tank samples from C-109 and C-112 showed 
ferrocyanide concentrations (as calculated from energy release) that were only a small 
fraction of that of the In Farm sludge originally added (Simpson et al. 1993a, 1993b). 
However, dryout of sludge with the low ferrocyanide concentrations found in the C-109 and 
C-112 samples would be of no concern, because it is too dilute to sustain a propagating 
reaction even if completely dry (Postma et al. 1994). The only concern with ferrocyanide 
reactions is for unsampled tanks or regions of tanks in which it is unknown whether aging 
reactions proceeded as far as in the samples taken to date. In this respect, then, the unaged 
simulant sludges are good simulants for the tank waste of greatest concern. 
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6.0 WATER RETENTION CAPABILITY OF SLUDGE AND THE 
UNLIKELIHOOD OF LOCAL DRYOUT 

As mentioned in Section 1.0, three mechanisms that may result in local dryout followed, 
perhaps, by theoverheating of the precipitate, have been postulated: 1) sludge drying by 
boiling of interstitial liquid in a "hot spot" of concentrated heat generating radionuclides; 
2) drainage of interstitial liquid; and 3) dryout of a warm (surface) region by local 
evaporation. Recall that Mechanism 2 is usually considered a global dryout mechanism but 
is more conveniently discussed in this section on local dryout. While the experiments 
reviewed in Section 5.0 clearly illustrate the difficulty of achieving local dryout via draining 
or by evaporation or boiling in small- and large-scale sludges, it is useful to discuss what is 
known on a more fundamental level about the water retention capabilities of ferrocyanide 
sludge. Accordingly, in the next subsection (Section 6.1), the concept of sludge effective 
stress and the related sludge "consolidation curve" is introduced. Once the consolidation 
curve is understood the experimental results described in Section 5.0 can be quantitatively 
explained, at least from a macroscopic point of view, and mechanisms 1 through 3 can 
readily be dismissed as credible modes of waste dryout. 

6.1 CONSOLIDATION PRINCIPLES 

As mentioned previously, sludge may be viewed as a concentrated (aqueous) suspension of 
fine precipitate particles produced from a dilute chemical suspension by gravitational settling. 
Once the settling process is essentially over, such suspensions do not form a rigid porous 
medium like packed sand but, instead, the particles are brought to rest and form a non-rigid 
configuration in that the particles may not touch each other or they may be in point contact 
but still be free to rotate relative to one another. The packed state is prevented because 
when the particles are small and within close proximity of one another, the particle field is 
influenced strongly by electrostatic forces. In an aqueous concentrated suspension there are 
two main opposing forces that act on the particles: an electrostatic repulsion force and the 
van der Waals attractive force. More details regarding the roles played by these forces in 
stabilizing the suspension against gravity can be found in the classic work of Verwey and 
Overbeek (1948) or in the review articles of Tadros (1980) and Russel (1980). 

The fact that there are repulsive forces that hold suspension particles apart means that work 
must be done or forces must be applied in order to reduce the bulk volume of the stabilized 
suspension below that volume reduction already accomplished by gravity. This reduction in 
suspension volume is referred to as consolidation and, of course, is accompanied by liquid 
expulsion from the suspension, assuming that the space between particles is liquid filled 
(saturated).. The shrinking of a concentrated suspension under the influence of gravity 
(self-weight of the suspension) is also a consolidation process. 

The physics of the consolidation of concentrated suspensions is discussed commonly in most 
soil mechanics texts (e.g., Taylor 1948, Yong et al. 1992). Consider the experimental 
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apparatus shown in Figure 6-1, known as a consolidation cell. A concentrated and saturated 
suspension of fine particulate and known bulk volume and liquid content is placed in a 
column and is supported from below by an outflow porous disk through which liquid may 
flow but not the particulate. The upper surface of the suspension is in contact with a piston. 
A pressure transducer penetrates the side of the column and is used to measure the liquid 
(pore) pressure, p, within the suspension. When a downward force is applied to the piston in 
Figure 6-1, the suspension is compressed by the applied load (stress or pressure, P) and the 
interstitial liquid begins to flow through the porous disk. Because the volume change within 
the suspension is initially zero due the inability of water to move rapidly, the pore water 
pressure is initially equal to the applied load; i.e., p = P. The increased difference between 
the pore water pressure and the atmospheric pressure outside the cell causes liquid to be 
expelled through the porous disk. The liquid flows out until the liquid pressure inside the 
suspension becomes equal to the atmospheric pressure outside. During this period of liquid 
expulsion and decreasing pore pressure, the load is being increasingly borne by the repulsive 
forces between particles. Ultimately, the repulsive forces between particles will counter the 
imposed pressure P, liquid will stop flowing out, and an equilibrium bulk volume of the 
suspension is arrived at. The volume of the suspension decreases by an amount equal to the 
volume of the liquid expelled under the compression of the applied load. This process is 
called consolidation. 

The instantaneous difference between the applied pressure P and the pore-liquid pressure p is 
the effective stress a: 

The effective stress is the component of the applied pressure P that acts to force particles 
together; it is often referred to in the literature on concentrated suspensions as the "particle 
pressure". Effective stress a at a location can increase if either the applied pressure 
increases or the pore-liquid pressure decreases. An increase in a causes consolidation 
wherever it occurs, provided the suspension is not already compressed to its maximum 
density. At its maximum density it will form a solid material, no longer able to shrink, but 
still retaining a certain quantity of chemically bound or hydrited water. 

The applied load (pressure) above the suspension may be increased incrementally. At each 
state of increased pressure, the interstitial liquid is expelled until the suspension returns to 
hydrostatic equilibrium with the applied pressure. Again, in the apparatus shown in 
Figure 6-1, pore-liquid pressure equals atmospheric pressure when equilibrium is reached. 
A curve can now be constructed that gives the relationship between the liquid content and the 
effective stress measured at each equilibrium state. This curve is known as the consolidation 
curve. It should be noted that consolidation curves are also obtained in the laboratory by 
placing the sample suspension in a centrifuge and measuring the effective stress and liquid 
expelled at incrementally increased g's. 
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Figure 6-1. Schematic of Consolidation Cell for Measurement 
of Effective Stress a = P - p. 
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Figure 6-2 shows the consolidation curve calculated for In Farm 2 simulant from centrifuge 
measurements at 1, 10, 20, 50, 100, 2000 g's. Analytical curves (linear relationships) are 
fitted through the measured points to estimate values between actual measurements and to 
facilitate interpolation for modeling purposes. Note that the liquid content is expressed in 
terms of a void ratio parameter in Figure 6-2. The void ratio "e" is defined as the volume of 
the interstitial liquid divided by the volume of the particles. Specifically, if V0 is the initial 
volume of the interstitial liquid and V is the sludge bulk volume after consolidation, while 
m,>ejc is the mass of the liquid expelled from the sludge sample, then 

e = 
" y / P i 

(6-2) 

V - V. 

where pt is the density of the liquid. The stress a is expressed in Figure 6-2 in terms of 
water head, which is the height of a column of water that would exert the effective stress at 
the bottom. 

Figure 6-2. Analytical Consolidation Curve for In Farm 2 Simulant 
Based on Centrifuge Measurements. 

(Sludge initial density is 1.39 g/ml, and supernatant specific gravity is 1.27. Water fractions 
are 52 wt% in sludge and 73.6 wt% in supernatant. Sludge density reaches 1.51 g/ml at the 
minimum void ratio (at 2,000 g's), and samples shrink to about 50% of starting length.) 
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The wt% water content in an In Farm 2 sample corresponding to a particular void ratio is 
given in Figure 6-3. Over a void ratio of 3.4 to nearly 1, In Farm simulant changed water 
content from 52 to 34 wt%. 

Figure 6-4 shows the consolidation curve obtained for U Plant 1 simulant. Results are 
presented directly in terms of wt% water instead of void ratio, by using a conversion. These 
curves will later be related to the water content under postulated dryout conditions in waste 
tank sludge. By using the curves in Figures 6-2 and 6-4, the wt% water content can be 
looked up once the effective stress is known or predicted. 

6.2 THE HOT SPOT 

The first of the three local dryout mechanisms considered is the boiling hot spot. This 
mechanism would require that the heat-generating material become highly concentrated in a 
hot spot, sufficient to raise the temperature of some local region above the boiling point of 
the sludge liquid, and that this event actually results in dryout of a significant volume of 
sludge. If these conditions could be met, such a hot spot would be highly significant to 
ferrocyanide tank safety. A hot spot capable of heating some volume above the boiling point 
(120 °C) might also heat the center of the dry volume to the ignition temperature (about 
250 °C). Furthermore, the dry region would be at an elevated temperature (120 to 250 °C) 
and propagation might occur with lower fuel concentrations than were measured in tests with 
initial temperatures of 25 to 60 °C. Chemical reactivity could also be increased by removal 
of bound water at these elevated temperatures. Thus, such a hot spot might act as a 
common-mode initiator of dry fuel, ignition temperature, and reactivity at lower ferrocyanide 
concentrations. Therefore, the reasons for classing such an event as not credible are 
discussed in considerable detail below. A defense-in-depth is used; any one of the following 
three considerations would render dryout of sludge temperatures above boiling to be 
impossible. 

1) Analysis based primarily on conduction heat transfer shows that the concentration of 
heat generators required, or the fraction of the total tank heat load that must be placed 
in the hot spot, to heat even a single point to 120 °C are too large to be credible (see 
Section 6.2.1). This argument is independent of sludge rheology and of data from 
simulants. 

2) Experiments have shown that the rheology of the sludge is such that steam formation 
would push aside the sludge and form a bubble of pure steam without expelling the 
liquid from the solid sludge constituents. Furthermore, the expansion from steam 
formation would move the heat-generating sludge into a more coolable geometry, and 
would thus tend to be self-limiting (see Section 6.2.2). 
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Figure 6-3. Conversion Curve for Translating Void Ratios 
into Weight Percent Water Content of In Farm 2 Simulant Sludge. 

(Covers range of centrifugation test) 
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Figure 6-4. Consolidation Curve for U Plant 1 Simulant Sludge 
Based on Tempe Cell Water Retention Measurements. 

(Based on initial 69 wt% water in sludge and 74 wt% water in supernatant) 
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3) Rheology experiments have shown that when ferrocyanide sludge is heated locally to 
boiling at high heat flux, a network of cracks develops that provides cooling by 
convection of liquid and steam and limits local temperatures to the boiling point. 
There is no local dryout (see Section 6.4.2). 

6.2.1 Concentration of Heat Required for Incipient Boiling 

The difficulty of forming a hot spot can be appreciated by considering the heat-generating 
material-concentration enhancements required to raise the temperature at the center of the hot 
spot to the boiling point of the interstitial liquid (~ 120 °C). For purposes of mathematical 
tractability, a spherical hot spot form is assumed of radius RHS and power density Q. Later, 
it shall be seen that the analysis presented here is also valid for non-spherical hot spot 
regions. The differential equation of heat conduction for the temperature distribution T(r) in 
the hot spot is 

(6-3) 
0 < r < RHS 

where k is the thermal conductivity of the ferrocyanide suspension and r is the radial distance 
measured from the center of the hot spot. Outside the hot spot, in the semi-infinite spherical 
region R^ < r < oo, the power density is very small compared with Q and it can be 
neglected. Thus the differential equation for conduction outside the hot spot is 

r 2 dr { drj ] 

Integration of these two equations gives 

(6-4) 
HS < T < °°' 

O r 2 c i T = - - ^ 1 + c, , 0 < r < R„„ 
6k r 2 m 

T = - — + c 4 , R H S < r < oo 

(6-5) 

(6-6) 

in which the Cj's are integration constants. They are evaluated by means of the boundary 
conditions 
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T(0) =Thp ; k - ^ (0) = 0 

T(R^) = T(R^) ; k ^ (R^) = k ^ (RHS) 
dr or 

T(~) = TK 

(6-9) 

where the signs 4- and - refer to conditions just outside and just inside the hot spot, 
respectively; T^ is the boiling point of the liquid component of the sludge, and T,,, is the 
temperature of the sludge far from the hot spot. Evaluation of the constants of integration 
leads to the following relationship between the power density and the radius of the hot spot at 
the incipient boiling condition: 

(6-10) 
Z.K_I±. — J. I 

Q -
2k(Tbp - T J 

R H S 

Denoting the average waste tank sludge power density by the symbol Q^g, it follows that a 
hot spot of radius RHS must attract a concentration of heat-generating material from the 
surrounding sludge that exceeds the average tank concentration of heat-generating material by 
the ratio 

_Q_ _ a g , , - TJ ( 6 - U > 
V a v g R R S Q a y g 

Taking the sludge thermal conductivity k = 1.0 W/m"1 K"1 (Section 4.1) and Q, v g ~ 
8.0 W/m"3 (maximum from Table 4-2), it is found from Equation (6-11) that a 4.0-cm radius 
hot spot surrounded by sludge at T,,, = 30 °C requires a concentration ratio Q/QaVg = 
14,000 before the interstitial liquid will achieve its boiling point T b p = 120 °C at the center 
of the hot spot. Of course, a larger hot spot would require less heat-generating material to 
be brought to incipient boiling, but even a hot spot as large as 0.5 m requires a concentration 
ratio of about 90 before boiling could be started. 

The conclusion reached above that extreme concentration of heat generation would be 
required to even reach the boiling point of the sludge liquid is confirmed by calculations in 
more complex geometries. Dickinson et al. (1993) calculated the heat generation within a 
cylindrical hot spot of various sizes, shapes and locations required to reach incipient boiling. 
The worst case was found to be a hot spot near the bottom of tank BY-104 having an 
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equidimensiqnal shape. The concentration of decay heat required for the peak temperature of 
such a hot spot to reach boiling is shown in Figure 6-5 as a function of hot spot diameter. 
The required concentration is expressed both as a concentration factor, the ratio of heat 
generation per unit volume in the hot spot to that in the tank as a whole, and as the fraction 
of the total tank heat load that must be concentrated into the hot spot. For example, a hot 
spot of 0.4 m radius would require a concentration factor of 236, compared to a factor of 
360 calculated by Equation (6-9) for the same conditions. A hot spot smaller than 1.25 m 
would require concentrating the radionuclides by a factor of over 100, while a larger hot spot 
would require more than 10% of the total tank heat load. These calculations were made for 
a thermal conductivity of the sludge of 0.47 W/m °C. More recent analysis of available data 
gives an estimate of sludge conductivity of 1.0 W/m °C (Section 4.1); thus, these 
calculations are conservative. The calculations assumed a boiling point of 120 °C, which is 
also conservative in that it takes no credit for increase in the boiling point at the higher 
pressures at the bottom of the tank. The average heating rate in BY-104 was taken as 
1.5 W/m3. 

Figure 6-5. Requirements for Dryout (120 °C). 
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6.2.2 Hot Spot Rheology 

Even if the boiling point is reached within a hot spot, dryout will not occur. As 
demonstrated experimentally (see Section 5.2), the ferrocyanide sludge is a suspension of fine 
particles and responds to bubble growth in a homogeneous manner rather than by 
displacement of water from the pores of a stationary medium of solids. Thus, the interior of 
a growing steam bubble within a hot spot contains only vapor. The particles are pushed 
aside along with the liquid, as illustrated in Figure 6-6. The original spherical hot spot is 
ultimately converted to a thin, thermally stable annular region at the termination of the 
bubble growth process. 

An explanation of the homogeneous sludge rheology observed in the bubble growth 
experiments and illustrated schematically in Figure 6-6 probably requires estimating the 
effective stress a on the sludge side of the vapor bubble/sludge interface. From extrapolating 
the consolidation curves (Figures 6-2 and 6-4) down to, say, 20 wt% water content, it is 
known that the effective stress at this location must exceed at least 10.0 atm (104 cm water) 
before the breakdown of the saturated sludge state occurs and bubble growth into a packed 
bed of precipitate particles becomes possible. A simple force balance suggests that 
a = P b - P,,,, where P b is the bubble pressure (applied pressure) and Pa, is the ambient 
pressure (pore-liquid pressure), from which it is inferred that bubble pressures of about 
10 atm or, equivalently, liquid superheats of 80 °C are required for the separation of 
particles and liquid at the bubble interface. This criterion is consistent with the laboratory 
experiments, but is probably much too simplistic, and its application to bubble growth with 
large driving pressures should be regarded with caution. Other phenomena may play an 
important role when the surface stresses are large; for example, sludge cracking may result 
in stress relief. The experimental observations indicate that the forces holding the liquid and 
particles together are stronger than the effective forces exerted by the bubble vapor (gas) 
trying to penetrate. 

It is useful to consider the quantitative consequences of a homogeneous two-phase sludge 
response to boiling within a hot spot. At the end of its growth period the hot spot bubble is 
surrounded by a spherical shell of concentrated heat-generating material bounded by inner 
radius R^and outer radius Rout(see Figure 6-6). All the sludge material in the original hot 
spot (minus the small quantity of evaporated interstitial liquid) is now contained in the 
spherical shell. Thus, the hot spot power density in the shell is also Q, and the approximate 
condition is 

3 3 3 ^ 1 2 ) 
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Figure 6-6. Sludge Suspension Response to Bubble Growth. 
(Note that for the sake of clarity, the particulate material initially present 

outside the hot spot boundary is not shown) 
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Now the solution for the temperature profile T(r) in the heat-generating spherical shell and 
the liquid region outside the shell is given by the solution of Equation (6-3) in the interval 
Ri, < r < R^, and the solution of Equation (6-4) in the interval R^ < r < oo. The 
appropriate boundary conditions are given by Equations (6-7) to (6-9) with r = 0 replaced by 
r = Rm in Equation (6-7) and RH S replaced by Rout in Equation (6-8). The solution of this 
system yields 

kCTbp - T J 
- - ( R<mt - Rin)-

(6-13) 

Equations (6-12) and (6-13) may be rewritten as 

(x 3 + l) 2 * - x 2 = 
2k(T te - T J 

(6-14) 

QR, HS 
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where 

R f a 3 3 1/3 ( 6 _ 1 5 ) 

X = - ^ ' R o u t = ( R HS + Rin) • 
K H S 

For example, suppose a hot spot of radius RHS = 4.0 cm appears in the tank and is 
surrounded by sludge at T,,, = 30 °C, with a boiling point of T^ = 120 °C. The power 
density required to raise the temperature at the center of the hot spot to T^ is then Q = 
1.12 x 105 W/m'3. Thus, if Q exceeds this value, the hot spot is thermally unstable and 
boiling will ultimately begin at its center. Suppose Q = 1.7 x 105 W/m"3 is chosen. 
According to Equations (6-14) and (6-15) the final, stable hot spot configuration consists of a 
3.3-cm radius bubble surrounded by a rather thin shell of relatively high power density 
sludge and radial thickness R^ - R̂ , = 1 . 3 cm. The shell is now thin enough so that all the 
heat generated in it is conducted outward to the surrounding sludge. The bubble surface no 
longer receives a portion of the heat generated and its growth ceases. 

Perhaps the strongest evidence for discounting the existence of hot spots is that ferrocyanide 
sludge decay heat loads have been dissipated passively during four decades of storage 
history, during which time sludge temperatures have gradually decreased or remained 
constant. 

6.3 DRAINAGE OF INTERSTITIAL LIQUID 

6.3.1 Interpretation of Test Data 

If drainage of interstitial (pore) liquid is to occur in a waste tank because of a leak or 
because of pumping, it can only occur as a consequence of the consolidation of the waste 
suspension. Indeed, the draining process in the 20-cm long column of simulant sludge 
studied by Crane (1992) and mentioned previously is a consolidation process. It is of interest 
to determine whether the water expelled from the sludge by drainage will eventually result in 
sludge dryout. For the sake of simplicity it is assumed that the tank contents are spatially 
homogeneous. It is also assumed that during the drainage (consolidation) process the particle 
component remains fixed in space and that a meaningful sludge permeability K may be 
defined so that liquid flows from higher to lower pore-pressures within the sludge in 
accordance with Darcy's law. 

Let Pr and p B denote the pore-liquid pressures at the top of the sludge (just beneath the upper 
surface) and at the bottom of the sludge, respectively. From a momentum balance applied to 
the pore liquid over the height L of the sludge, 
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_ (6-16) 
/z,vL 

PT " PB + P« &* = 

where fi( and pt are the viscosity and density of the pore liquid, and v is the downward 
superficial velocity of the pore liquid. The last term in the above equation is the Darcy-law 
pressure drop resulting from the flow of liquid past the sludge particles. Because the water 
is freely expelled at the bottom of the sludge from, say, tank leakage, the effective stress 
a = 0, and therefore the pore water pressure is equal to the ambient pressure at this location, 
which will be identified here with the atmospheric pressure P,,,. The effective stress in the 
sludge just below its upper surface is the atmospheric pressure minus the pore pressure, or 

, x « (6-17) 
o(e) = P . - P T

 V 

where e is the void ratio and the relationship a(e) is known and represented by the 
consolidation curve. Recall that in the present problem e is taken to be spatially uniform. 
Thus with pB = P,,, and pr = P B - cr(e), Equation (6-16) becomes 

v = "4; [P. gL - o(e)]. 
(6-18) 

Now the time rate of change of the volume Vr of the liquid component of the sludge is equal 
to the instantaneous draining rate of liquid; that is, 

dVt <"*> 
— i = - Av 
dt 

where A is the cross-sectional area through which the draining of pore liquid occurs and t is 
time. Introducing the definition of the void ratio gives 

AL0 ^ 
1 1 + % 

where the subscript o refers to values of L and e at time t = 0. Combining Equations (6-18) 
to (6-20) yields 

* " ° - * r i. m ( 6"2 1 ) 
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The volume consolidation of initially concentrated suspensions is usually rather small, so that 
L is not very much smaller than L0. It shall also be assumed that a(e) varies over a small 
enough segment of the consolidation curve that the functional relationship a(e) is a linear one 
and given by 

o = o f - — (e - ef). 
(6-22) 

where j8 is a constant coefficient of compressibility (in Pa"1) for the linear segment of the 
consolidation curve. Note that the authors chose to linearize the effective stress with respect 
to the final or equilibrium state (af, e^ of the draining sludge column. Substituting 
Equation (6-22) into Equation (6-21) gives 

de 
dt 

K(1 + e j 
T 2 Pi gLo - CTf + -Q (e " ©f) 

(6-23) 

However, subject to the approximation L = L0, at the end of the drainage process 

°f - Pi gLo 
(6-24) 

Thus Equation (6-23) simplifies to 

de K ( ! + *<) 
(6-25) 

dt th L oP 
(e - ef). 

Finally, by integrating this expression from the initial condition e = e0 at t = 0, the 
following sought expression for the time history of the sludge liquid concentration is 
obtained: 

e o " e f 
= exp 

K(1 + e j 
(6-26) 

In any particular sludge draining application, the final, equilibrium liquid concentration (void 
ratio) can be estimated from Equation (6-24) and the consolidation curve. Referring to 
Crane's (1992) small In Farm 2 drainage column gives L0 = 0.2 m and, from 
Equation (6-24), a = 1.96 x 103 Pa = 19.6 cm of water. From Figure 6-2, a final void 
ratio of ej = 2.6 is predicted. With the information obtained from the experiment on the 
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cumulative drainage weight versus time (see Figure 5-1) and the fact that the In Farm 2 
sample remains saturated as it consolidates, the volumetric liquid content e on the average in 
the column can be calculated, and this is shown in Figure 6-7. The void ratio in this figure 
appears to approach asymptotically a lower limit of ef = 2.7, in excellent agreement with the 
value obtained from the consolidation curve and Equation (6-24). 

Of additional interest is the comparison of Equation (6-26) with the shape of the drainage 
curve given in Figure 5-1 or, equivalently, Figure 6-7. The appropriate physical parameter 
values are n( = 2.8 x 10'3 kg m"1 s"1 (Wong 1992 and Jeppson and Wong 1993), L 0 = 
0.2 m, e 0 = 3.4 and /? = 4.5 x 10"4 Pa"1 for the linearized void ratio versus effective stress 
range of 0 to 1.96 x 103 Pa (20 cm). If the exponential form given by Equation (6-26) fits 
the drainage curve in Figure 5-1 reasonably well, an inverse estimation procedure is provided 
for inferring K. Equation (6-26) with K = 9 x 10"16 m2 is represented by the solid curve in 
Figure 6-7. The exponential function implied by consolidation theory is seen to be consistent 
with the drainage data obtained from the small-scale In Farm 2 sludge column. The time 
scale of consolidation (drainage) may be taken as the time the exponential term in 
Equation (6-26) reaches a value of about 0.1 or when the argument is about 2. Thus 

2 (6-27) 
t _ 2ft L0

2P 
K(1 + e j " 

6.3.2 Application to Waste Tanks 

Given the excellent agreement between Equations (6-24) and (6-26) and the observed 
behavior of a 20-cm deep column of sludge, these equations may now be applied to 
determine the drainage behavior of a typical-size tank containing In Farm 2 type sludge and 
leaking at the bottom. To retain a one-dimensional problem, the authors assume the extreme 
case of a leak covering the entire bottom surface. An initial sludge height of 
L 0 = 4.3 m is assumed, and the sludge is assumed to contain 52 wt% water initially or, 
equivalently, e 0 = 3.4 (see Figure 6-3). The average effective stress at the end of the 
drainage process is, from Equation (6-24), a{ = 4.2 x 104 Pa = 430 cm. From Figure 6-2 
the void ratio at this time is e f = 1.89 and from Figure 6-3 the final water content is 
42 wt%. The time for the tank-water expulsion process can be estimated from 
Equation (6-27) providing that one is willing to accept the following two assumptions: 1) the 
value K = 9 X 10"1<s m2 inferred from the small In Farm 2 drainage test is applicable to the 
waste tank; and 2) a linearized void fraction versus stress ratio relationship is applicable 
during the entire consolidation process. The second assumption results in the coefficient of 
compressibility estimate /3 = - de/do- « 3.6 x 10"5 Pa"1. Substituting these estimates, 
together with y.t = 2.8 x 10'3 kg m"1 s"\ L0 = 4.3 m, and e 0 = 3.4, into Equation (6-27) 
gives t = 30 yrs. 
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Figure 6-7. Comparison of Suspension Settling and Liquid Conduction Models 
for the Drainage from the Small In Farm 2 Sludge Column. 
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Thus, the maximum conceivable leak in a ferrocyanide tank containing material represented 
by the In Farm 2 simulant would undergo a reduction of water content from 52 to 42 wt% at 
equilibrium, and this would occur on a 30-year time scale. 

Similar calculations have been made for a range of sludge heights from 0.6 to 4.4 m. The 
equilibrium water content ranged from 47 to 42 wt% for In Farm 2 simulant (initially 
52 wt%) and 66 to 64 wt% for U Plant 1 simulant (initially 67.7 wt%). The variation of the 
equilibrium water content with vertical position was small, being 0.5 wt% at most for the 
conditions investigated. The lowest water contents were at the bottom, because the 
hydrostatic pressure acting to expel water is highest here. 

Regardless of the accuracy of our estimate of the time scale of the sludge draining process, it 
can be said with considerable confidence from the consolidation curve and Equation (6-24) 
that the sludge will retain a significant quantity of water at the final equilibrium state, 
thereby resisting dryout by drainage. 

The above prediction that the ferrocyanide sludge does not drain as a porous medium of 
stationary solid (non-consolidating medium) and cannot become dried out by drainage is 
consistent with experience with those tanks which have been pumped to remove excess 
water. Liquid was allowed to drain into a vertical, cylindrical saltwell, which extended to 
the bottom of the tank and was surrounded by a porous screen. The liquid was pumped from 
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the bottom of the well until the pumping rate fell below 0.05 gpm. The resulting interstitial 
liquid level is measured by traversing a neutron probe, which detects water content, through 
a Liquid Observation Well (LOW). 

The saltcake layer at the top of the tank was found to drain easily; the ferrocyanide sludge 
layer did not drain. Data are shown in Table 6-1 for the three tanks with a deep 
ferrocyanide layer that were pumped and contain LOWs. For all three tanks, the liquid level 
is well above the bottom of the tank and near the estimated level of the top of the 
ferrocyanide sludge. In view of the uncertainty in estimating the present height of the 
ferrocyanide layer (which may have undergone compaction with time), it is probable that the 
interstitial liquid level has dropped no further than the top of the ferrocyanide sludge. 

Table 6-1. Comparison of Sludge Height and Interstitial Liquid Level." 
Tank BY-104 BY-107 BY-110 

Total Height of Solids, m 3.9 2.7 3.9 

Height of FeCNb Sludge, m 
(Anderson 1990) 

2.4 • 1.8 2.1 

Height of FeCN Sludge, m 
(Borsheim and Simpson 1991) 

2.6 1.6 2.3 

Interstitial Liquid Level, m 2.1 1.6 1.9 

•Data from Grigsby et al. 1992 
bFeCN is an abbreviation for ferrocyanide 

6.4 LOCAL EVAPORATION AND BOILING 

6.4.1 Surface Evaporation 

Evaporation of water from warmer regions of waste surface (e.g., above a hot spot) and 
condensation on cooler portions of the surface is another postulated mechanism of locally 
removing the water content from ferrocyanide sludge. However, the experimental work 
reported in Section 5.3.5 and 5.4.3 shows that waste material suspensions cannot dry out in 
this manner, as the liquid return flow is capable of keeping the evaporation surface wet. 

Evaporation is a process which results in the removal of liquid from the sludge and 
concomitant sludge shrinkage just beneath the evaporating surface. Because the sludge is 
under internal stress produced by atmospheric pressure and sludge self-weight, local 
shrinkage results in a reduced local pore water pressure, so more of the applied load is borne 
by the "particle pressure." This results in a gradient in the pore water pressure, which 
causes the surrounding liquid to flow into the zone of evaporation and shrinkage. Sludge 
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permeability determines whether the incoming flow rate is sufficient to remove the heat 
converted into latent heat of vaporization. 

Suppose that as a result of some local accumulation of heat-generating particulate beneath the 
surface, evaporation takes place from the surface over an area of radius R (see Figure 6-8). 
The vaporization process is assumed to result in a superficial liquid velocity v that is 
perpendicular to the surface and uniform over the surface area subject to evaporation (xR2). 
The liquid velocity v can be related to the sludge decay "evaporation power" QCT that 
converts liquid to vapor via the energy balance 

(6-28) 
Qev " < * 2 \ P,v 

where h fg and pt are, respectively, the latent heat of evaporation and density of the interstitial 
liquid. In writing Equation (6-28), the authors have ignored the fact that the dissolved salt 
does not contribute to the evaporation mass flow of water. This omission will not alter the 
conclusions of the analysis in any significant way. 

Figure 6-8. Physical Model of Water Migration to Surface Region Hot Spot. 
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Let p and p,,, denote the pore-liquid pressures just beneath the evaporating surface and just 
beneath the sludge surface far from the evaporating surface (see Figure 6-8). From Darcy's 
law and potential flow theory one can show that the pore-liquid pressure difference required 
to produce a flow of velocity v through a circular region of radius R in the plane of an 
otherwise impermeable surface of a semi-infinite porous medium is 
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(6-29) Ht vR 
Po = — 

where fit is the viscosity of the liquid component of the sludge and K is the permeability of 
the sludge. Let a be the effective stress just below the evaporating surface. Then 

B (6-30) 
« = P- ~ Po 

where P w is the applied atmospheric pressure. Since no consolidation takes place beneath the 
surface of the sludge far from the evaporation zone, the effective stress at infinity is zero and 
pc = P w . It follows, then from Equations (6-29) and (6-30) that 

(6-31) 

or, from Equation (6-28), 

KRK \ pt 

Equation (6-32) and the consolidation curve are sufficient to determine the water 
concentration at the evaporating interface. Consider the incredible situation in which 50% of 
the typical waste tank heat load, say, QCT = 103 W is concentrated below the sludge surface 
and producing (from estimate in Section 6.3.1) evaporation from a surface area of radius 
R = 1.0 m. Assuming K = 10"15 m2 (from estimate in Section 6.3.1), h fg = 
2.2 x 106 J kg'1, nt = 2.8 x 10"3 kg m"1 s"1, and pt = 103 kg m'3 for the sludge and its liquid 
component, Equation (6-32) yields an effective stress a equal to 4.1 x 105 Pa 
(4.1 x 103 cm water). The consolidation curve in Figure 6-4 for U Plant 1 simulant sludge 
indicates a water concentration, at the evaporation surface of 55 wt%. The predicted water 
content at the surface of In Farm 2 simulant sludge is 30 wt% (see Figures 6-2 and 6-3). 
Thus, in both cases the sludge surface is predicted to remain wet (saturated), even though the 
surface power is incredibly large and higher than the actual waste tank surface power by 
about a factor of 100. 

It should also be noted that the ability of the sludge to retain its moisture at the evaporation 
surface is probably underestimated by Equation (6-32). Recall from the laboratory 
observations discussed in Section 5.0 that surface cracks appear in the evaporation zone as a 
result of sludge shrinkage. The cracks greatly enhance the available surface area for 
evaporation and therefore relieve the effective stress by reducing the superficial liquid 
evaporation velocity v required to match the heat load. While other mechanisms may 
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contribute to moisture transfer at the surface of the sludge, it is clear that water transport 
induced by sludge shrinkage or compression is capable of explaining the experimental results 
discussed in Sections 5.3 and 5.4. 

The discussion above has shown that sludge undergoing strong local surface evaporation will 
provide an ample flow of water to keep the surface wet and avoid local dryout. However, it 
is worth noting that even if this water flow were postulated to be lacking or inadequate, local 
dryout would not proceed to the degree required to permit a propagating chemical reaction. 
As the moisture content of the sludge decreases, its vapor pressure falls, and an equilibrium 
is reached where no further evaporation occurs. This is discussed in more detail below. 

The worst case for this is the In Farm 1 sludge, which has the highest concentration of 
ferrocyanide, 26 wt% Na2NiFe(CN)6, when dry. The In Farm type sludge was added only to 
tanks C-108, C-109, C-lll, and C-112. These tanks contain no saltcake on top of the 
ferrocyanide sludge. Only one of the 29 batches of ferrocyanide sludge added to these tanks 
had this 26 wt% composition; the others contained less ferrocyanide. Furthermore, recent 
sludge samples from C-109 and C-112 showed ferrocyanide concentrations very much less 
than added (<2 wt%), indicating depletion through aging reactions. Nevertheless, the 
maximum value of 26 wt% will be assumed here. 

A concentration of 10 wt% free water has been found to be sufficient to prevent a 
propagating reaction in In Farm sludge containing 26 wt% Na2NiFe(CN)6 (see Section 3.2). 

The moisture content of In Farm simulant sludge in equilibrium air has been measured (see 
Section 2.4). Interpolation of these data gives a relative humidity of 49% in equilibrium 
with sludge containing 10 wt% free water and 85% in equilibrium with wet sludge (51 wt% 
free water). 

Consider tank C-112 as a worst case; it has the highest heat load (2.2 kW) and the highest 
airspace temperature (25 °C) of any of the four tanks with In Farm sludge (Crowe 1993). 
Assume a localized hot spot giving a much higher than average surface heat flux and an 
elevated surface temperature. Because the temperature drop between surface and gas is small 
(< 1 °C) at normal heat flux, the surface temperature away from the hot spot may be taken 
as 25 °C. The requirement for equilibrium (no further evaporation from the hot spot) is that" 
the vapor pressure of water in sludge at its peak surface temperature equals that of the sludge 
away from the hot spot. If the hot spot moisture content is equal to 10%, as required to 
prevent a propagating reaction, then 

P v = .49PT = .85 PJS 

when P v = vapor pressure of water in head space 
P25 = saturation vapor pressure of water at 25 °C = 0.459 psig 
P T = saturation vapor pressure of water at peak surface temperature. 
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Therefore, P T = .796 psig 

T = 34.6 °C. 

Therefore, if the hot spot is not severe enough to produce a surface temperature in excess of 
34 °C (9 °C above normal), local evaporation cannot reduce the sludge moisture content 
sufficiently to permit a propagating reaction. 

Next consider the local concentration of heat flux required to give such an elevation in 
surface temperature. Heat is transferred from the surface to the gas by natural convection 
and by radiation; there is no evaporation at the equilibrium conditions being considered. 
McAdams (1942) gives the following equation in British units for the natural-convection heat 
transfer co-efficient for upward-facing horizontal surfaces in air at ordinary temperatures and 
pressure. 

h, = 0.38 (AT) 1/4 

hc = 0.38 [1.8 (34-25)]1'4 = 0.76 Btu/hr/ft2 °F = 4.3 W/m2 °C. 

The natural convection heat flux is then: 

Qc = (4.3 W/m2 °C) (34-25 °C) = 39 W/m2. 

A small, surface hot spot radiates into a large cavity at 25 °C, which may be considered as a 
black body. For a sludge emissivity of 0.94, the radiant heat transfer (McAdams 1942) is 
then: 

QR = 5.67 x 10-8 W/m2K4 .94 [(307K)4 - (298K)4] = 53 W/m2. 

The total heat flux is thus: 

QT = 39 + 53 = 92 W/m2. 

However, the average surface heat flux in tank C-112, neglecting heat loss out the bottom 
and sides, is 2,200 W/410 m2 = 5.4 W/m2. The heat flux at the hot spot required for a 
dryout of concern is thus 17 times the average heat flux. Since a hot spot within the sludge 
will lose heat radially and downward as well as upward, the areal concentration of heat 
generators would have to be even greater than this, particularly for the smaller hot spots. 
Such a large lateral concentration of heat generation is highly improbable. 

6.4.2 Internal Boiling 

The network of cracks that develops at an evaporation surface probably plays an important 
role in the cooling of hot spots submerged deep within the waste, which is the case discussed 
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in Section 6.2. Cracks emanated from the rigid immersion heaters that were employed in the 
sludge boiling experiments described in Section 5.0. The high cooling capacity of the sludge 
in these tests was undoubtedly from the flow of steam away from the heater within cracks 
and the return flow of sludge water toward the heater through the particle-rich region 
between cracks. The cracks were observed to gradually increase in length and in number as 
the experiments progressed. This ensured that the latent heat removed by steam 
condensation within the cracks had adequate subcooling within the surrounding sludge. If it 
is assumed that the width of the cracks is large enough so that the steam flow away from the 
heater offers no resistance to the water migration process, a simple expression can be arrived 
at for the sludge cooling limit. 

It is reasonable to assume that the flow of liquid through the sludge liquid-particle matrix is 
driven by sludge compression caused by shrinkage, much like the case treated above of liquid 
flow to an evaporating segment of the sludge surface. In fact, it can readily be shown that 
Equation (6-31) for the effective stress at the evaporating surface of the sludge can also be 
used to predict the effective stress at the surface of a submerged spherical heater of radius R. 
The velocity v is now the inward, radial superficial velocity of the sludge interstitial liquid at 
the surface of the heater where liquid is being converted to vapor. The heat flux q at the 
surface is related to v via the energy balance 

« (6-33) 
q = p, hfg v. 

Eliminating v between Equations (6-31) and (6-33) yields the following expression between 
the surface heat flux and the effective stress 

K p, h f a(e) 
q = —^ . 

Referring to the consolidation curve for U Plant simulant sludge in Figure 6-4 it is noted, by 
extrapolation of the curve to very high effective stress a, that the saturated state at the 
evaporating surface cannot be maintained if a exceeds some critical value a„ which is 
approximately 104 cm water (106 Pa). By substituting aa into Equation (6-34), the theoretical 
"critical heat flux" q c r is obtained, which results in sludge dryout at the evaporating (heater) 
surface: 

, (6-35) 
_ K Pi \ CTcr 

The radius of the heater employed in the two-dimensional test section (see Section 5.3.5) was 
R = 1.5 x 10"3 m. Substituting this value into Equation (6-35), together with K = 10"15 m2, 
p, = 103 kg m"3, h fg = 2.2 x 106 J kg"1, and n, = 2.8 x 10"3 kg m"1 s"1, gives 
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q„ = 5.2 x 105 W/m'2. The heat flux in the two-dimensional test with U Plant simulant 
material was q = 5.4 x 104 W/m"2, or one order of magnitude less than qcr. Clearly the 
sludge was capable of removing all the heater power generated by water-migration from the 
pore water pressure gradient caused by evaporation-induced sludge consolidation. 

The model developed above may now be applied to a postulated hot spot in a waste tank. 
Suppose a spherical hot spot forms and raises the temperature of some local region of radius 
RHS above the boiling point of the sludge liquid and, simultaneously, a network of cracks 
develops which provides a path for steam condensation in the surrounding, cooler sludge. In 
this case, the steam-driven expansion illustrated in Figure 6-6 does not materialize and, 
instead, a spherical boiling zone containing a mixture of heat-generating saturated sludge and 
steam appears. Assuming that evaporation within the hot spot only occurs at its spherical 
boundary, Equation (6-35) when multiplied by 3/RHS gives the power density that must be 
exceeded before the return flow of sludge liquid to the hot spot fails to keep pace with the 
flow of steam from the hot spot and local dryout occurs; namely, 

* , (6-36) 
3K p. hfa o„ 

t^t R H S 

Dividing this expression by the average waste tank power QaVg yields the concentration of 
heat-generating material required to achieve local dryout: 

_Qa = 3K P ( \ Oa

 ( 6 _ 3 7 ) 

Qavg IXk R H S Q a v g 

A 4.0-cm-radius hot spot in a sludge with Q„vg = 5.0 W/m'3 requires a concentration ratio of 
3 x 105 before hot spot dryout is predicted. A large hot spot of radius RHS = 0.5 m requires 
a concentration ratio of 1.9 x 103 before dryout can occur. Clearly, the amount of heat 
generating material that must be concentrated in a hot spot to achieve incipient dryout is 
much too large to be credible. 

6.5 POSSIBLE CONCENTRATION OF HEAT GENERATION IN TANKS 

The dryout mechanism discussed in Sections 6.2 and 6.4 would require very large 
concentrations of heat generation. It is appropriate, therefore, to consider how large a 
concentration of heat might be credible. The possibility that the heat-generating 
radionuclides might somehow become highly concentrated in some region of the tank has 
been investigated. Measurements of the distribution of 90Sr and I 3 7Cs, have been obtained for 
three ferrocyanide tanks. This work is summarized below. 
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Concentration by gravitational settling has been considered by Dickinson et al. (1993). The 
ferrocyanide slurries added to the waste tanks were sufficiently mobile that they spread 
rapidly over the tank area before settling occurred. Preferential settling of particles . 
containing radionuclides, especially 90Sr, is possible. However, sludge was added to the 
tanks in several batches that settled before the next addition. Hence, settling would produce 
concentration in several layers distributed over the sludge depth. More important, even 
concentration into a single horizontal layer would not produce temperatures approaching 
boiling; severe lateral concentration is needed. Heat transfer calculations show that the 
extreme case of all heat generation in a thin layer at the bottom of the tank would produce a 
peak temperature well below boiling. 

Liquid waste containing dissolved 137Cs was added on top of the settled ferrocyanide sludge 
in several tanks. Because Na2NiFe(CN)6 has a strong affinity for Cs, this added 1 3 7Cs may 
have been concentrated in a thin layer at the top of the ferrocyanide sludge. However, since 
this would be distributed over the tank area, it would be easily cooled and would give no 
problem. 

Convection currents have been suggested as a possible mechanism for concentrating 
radionuclides. In general, however, convection currents would act to promote mixing and 
reduce high concentrations. Stringent conditions would have to be satisfied for convection 
currents to produce higher concentrations. Any transport of cesium or strontium will be 
limited by their low solubility. Both Cs and Sr in C-109 and C-112 were in insoluble form 
and they could be dissolved only with difficulty (Simpson et al. 1993a, 1993b). 
Because solubility generally increases with temperature, the expectation is for convection 
currents to dissolve radionuclides from warm regions and precipitate them in cooler regions, 
thereby alleviating any hot spots (McGrail 1994). Recent measurements have been made of 
the solubility of Cs2NiFe(CN)6 from 25 to 90 °C at pH of 11 to 14 (Schiefelbein 1994). 
These show an increase of solubility with temperature. 

The magnitude of convection currents that can develop is limited by the low permeability of 
the sludge [on the order of 10"14m2, (Jeppson and Wong 1993)] and by the small driving force 
available from temperatures or concentration gradients. 

A detailed analysis of the possible effects of convection currents in a ferrocyanide tank has 
been performed by McGrail et al. (1993) and McGrail (1994). Computer simulations of 
fluid, heat, and mass transport predict that fluid convection will occur in this waste because 
of density-gradients induced from chemical composition differences and/or thermal gradients. 
The predicted velocities were approximately 3 m/yr for a sludge with 50% porosity, using a 
viscosity of 0.002 Pa • s, permeability of 3.55 x 10"14m2, and assuming a 50% density 
difference between a fluid overlying the waste and the interstitial fluid. Convective velocities 
were much smaller for the case of thermal buoyancy-driven flow, approximately 10"5 to 10"2 

m/yr depending on the assumed heat generation rate and hydraulic conductivity of the waste. 
A model was developed to determine the extent of redistribution of 137Cs as a result of 
diffusion and convection in the waste over a 30-year period. For an increasing solubility for 
Cs2NiFe(CN)6 as a function of increasing temperature, the results show that 1 3 7Cs partially 
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redistributes in a thin layer at the colder top of the tank. The effect of the mass 
redistribution is to lower the predicted centerline tank temperature by about 10 °C over the 
case where the 1 3 7Cs is assumed to be uniformly distributed. 

McGrail (1994) also considered the case of a retrograde dependence of solubility on 
temperature. Even for this case, which recent solubility measurements have shown to be not 
true for Cs2NiFe(CN)6, the buoyancy-driven convective flow gave peak 1 3 7Cs concentrations 
only 10 times tank average and a 5 °C increase in peak temperature. McGrail concludes that 
"redistribution of the 137Cs as a result of aqueous diffusion and natural convection is of no 
concern in terms of generating a localized area or "hot spot" that could lead to a propagating 
exothermic reaction." 

A distinction should be made between hot spots resulting from radionuclide distributions or 
other conditions that have existed for many years and those caused by presently changing 
conditions. The dominant radionuclides that contribute to heating (137Cs and ^Sr) have 
half-lives of about 30 years. The ferrocyanide additions were completed 35 years ago, and 
other additions about 17 years ago. Therefore, any hot spots created by these operations 
would now have only about 45 to 68% of their original heat generation, and would be 
unlikely to cause a problem now if they did not do so in the past. For runaway reactions to 
occur at present or future time, it would be necessary to have a concentration mechanism 
either take place at the present time or become initiated by future changes in tank conditions. 

A measure of the distribution of heat sources in the tanks is obtained from the core samples 
taken from.241-C-109, C-112, and T-107. These provide direct measurements of the 
distribution of ^Sr and 1 3 7Cs. Cores were sampled through three risers in each tank and 
broken into subsegments to measure vertical variation. These data are summarized in 
Tables 6-2 through 6 :4. The high concentrations of 90Sr near the top of C-109 and C-112, is 
believed to result from later additions of strontium-rich waste from the Strontium Semiworks 
plant. These additions were made only to the C Farm ferrocyanide tanks. The bottom 
sample from each core may represent a heel of waste added to the tanks before ferrocyanide. 
Aside from these effects, the variations of 90Sr and 137Cs concentrations are generally modest. 
The vertical profiles of local 137Cs concentrations have been measured in several ferrocyanide 
tanks by spectral gamma scans (Grigsby et al. 1992). These show ratios of peak to average 
concentrations of 1.2 to 3.1. 
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Table 6-2. Analyses of C-112 Core Samples, fiCi/g. 
(Simpson et al. 1993a) 

Segment 
Core 34 Core 35 Core 36 

Segment 
1 3 7 Cs 9 0 Sr 1 3 7 Cs ^Sr 1 3 7 Cs *>ST 

1 C (top) - - - - 560 1,900 

I D 240 1,300 700 3,200 1,200 15 

2 A - - - - 880 20 

2B 610 4,900 - - 530 70 

2 C 800 1,100 - - 100 140 

2 D (bottom) 510 2,500 - - 40 200 

Table 6-3. Analyses of C-109 Core Samples, pcCi/g. 
(Simpson et al. 1993b) 

Segment 
Core 47 Core 48 Core 49 

Segment 
1 3 7 Cs 9 0 Sr 1 3 7 Cs 9 0 Sr 1 3 7 Cs "Sr 

1 B (top) 340 4,600 1,200 150 120 2,400 

1 C 770 470 1,170 120 350 200 

I D 950 200 1,030 190 700 190 

Table 6-4. Analyses of T-107 Core Samples, /xCi/g. 
(Sasaki and Valenzuela 1994) 

Segment 
Core 50 Core 51 Core 52 

Segment 
1 3 7 Cs 9 0 Sr 1 3 7 Cs 9 0 Sr 1 3 7 Cs 9 0 Sr 

1 (top) 7 32 - - 11 165 

2 12 153 100 189 10 88 

3 6 125 16 222 9 57 

4 (bottom) IS IS 16 127 - -
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Some non-uniformities in the distribution of heat-producing radionuclides certainly exist in 
the ferrocyanide tanks. However, it does not appear to be credible that concentrations could 
reach the extreme levels required to heat the sludge locally to boiling. 

The authors note that in the past, some nonferrocyanide Hanford Site waste tanks have 
shown temperatures above boiling. Five tanks have been identified as having had 
temperatures above 350 °F (177 °C), a limit of concern to the concrete, as listed in 
Table 6-5 (Richardson 1992). 

Table 6-5. Historic High Temperatures in Hanford Waste Tanks. 

Tank Peak Temperature, °C Date of Peak Temperature 

A-101 204 June 1961 

A-102 216 August 1962 

A-104 221 February 1963 

A-106 312 May 1963 

SX-107 199 February 1958 

These tanks had exceptionally high heat loads because they were filled, over a period of 
about one year each, with waste only about three months out of the reactor. The heat loads 
of these tanks at these times have been estimated at 5-10 x 106 Btu/hr or 1500 - 3000 kW 
(G. L. Borsheim, unpublished note, 1992). Temperatures in these tanks have since fallen to 
well below boiling. These tanks,, then, had heat loads about 103 times as high as the 
ferrocyanide tanks and contained no ferrocyanide sludge. The high temperatures observed in 
these tanks, therefore, do not contradict what is said above of the impossibility of exceeding 
the boiling point in the present ferrocyanide sludges. 
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7.0 CONCLUDING REMARKS 

Li this report, three possible mechanisms were investigated to determine if any of them could 
dry out a portion of the ferrocyanide sludge and thus render it potentially reactive. These 
mechanisms are: 1) sludge drying by boiling of interstitial liquid in a "hot spot" of 
concentrated heat-generating radionuclides; 2) drainage of interstitial liquid via a tank leak or 
by pumping; and 3) local surface evaporation from higher local heat flux and surface 
temperature. As a result of a rather extensive laboratory program and present knowledge of 
water migration and water retention behavior in sludge-like materials (concentrated 
suspensions of fine particles), it has been concluded that none of these mechanisms are 
credible dryout mechanisms. 

Sludge resists local dryout because the precipitate particles "suspended" in the sludge are 
small (0.1-10.0 (xm) and the microscopic forces, mainly electrostatic, holding the liquid and 
particles together are much stronger than the gravitational force and the interstitial (pore) 
liquid pressures that tend to separate the particles from their host liquid. As a result of the 
strong particle-particle forces, small water concentration gradients give rise to huge 
microscopic forces (stresses) for moving water down the concentration gradient, thereby 
keeping the sludge wet in the presence of an applied local heat source. The so-called 
"consolidation curve" gives the local "effective stress" produced as a function of the local 
water content. Consolidation (sludge shrinkage) curves for ferrocyanide simulant sludges are 
available and have been used in combination with the liquid momentum equation (Darcy's 
law) to explain the laboratory results and to make predictions for dryout phenomena in the 
actual waste tanks. 

Conclusions from the laboratory program and the analyses are listed below for each dryout 
mechanism. 

1) Hot Spot. The heat generated by any credible concentration of radionuclides 
can be removed by conduction without any temperature reaching the boiling 
point. In addition, laboratory observations of growing gas or vapor bubbles in 
simulant sludge show that both the liquid and solids are displaced by the 
growing bubble so that the interior of the bubble contains only vapor. Thus 
the original hot spot is converted to a thin, thermally stable annular region at 
the termination of the bubble growth process. Numerous small-scale 
experiments and one large-scale experiment were performed involving boiling 
of sludge off the surfaces of immersion heaters to simulate hot spots that, 
because of the presence of vent paths (cracks) for steam, may undergo internal 
boiling rather than conversion to a single bubble. 

All of these experiments indicated very little moisture variation within and outside the 
heated volume. The high cooling capacity of the sludge material is found to be 
consistent with sludge consolidation theory. The theory was extended to the 
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ferrocyanide waste tank application and shows that very large local concentrations of 
heat-generating material would be required to reach an incipient dryout condition. 

2) Sludge Drainage. A small column of In Farm 2 simulant sludge with a 
filtered (open) bottom has drained for nearly two years. This experiment 
clearly describes the capability of sludge for retaining water against the pull of 
gravity and thereby resisting dryout by drainage. Starting with 53 wt% water 
the sludge has reached 49 wt% water and the measured drained liquid 
mass-time history indicates that the drainage process is essentially over. The 
drainage history is consistent with consolidation theory. The application of 
this theory to sludge drainage in an actual waste tank predicts that it should not 
be able to dry below about 30 to 40 wt% water at the final equilibrium 
condition, which could take many years to achieve depending on the 
"compressibility" of the sludge. 

3) Sludge Surface Evaporation. Two experiments were performed, one 
small-scale and one large-scale, in which immersion heaters were placed just 
beneath the surface of the sludge. The diameter of the large-scale sludge tank 
was 0.9 m and the tank was covered with a plastic tent arrangement so that 
condensate would return to the edge of the tank and not the center, heated 
area. The experiments showed that surface dryout does not result from a local 
surface region of elevated temperature. The fact that water evaporated from 
the warm surface is easily replenished is explained in terms of consolidation 
theory. The theory is used to show that dryout via localized surface 
evaporation is highly unlikely in an actual waste tank. 

As a result of the experiments reviewed and the analyses presented in this report, the authors 
conclude that the formation of a local dry region in the ferrocyanide sludge which could 
render all or part of the sludge reactive is highly unlikely. From the analyses presented in 
this report and analyses presented elsewhere, it is evident that the formation of a dry, global 
region of sludge is not possible. 
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