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Summary 
This report presents the results derived from operating the ball rheometer and void fraction 

instrument (VFI) in Hanford waste tanks 241-SY-101, SY-103, AW-101, AN-103, AN-104, and 
AN-105 from December 1994 through July 1996. The VFI and ball rheometer were designed late 
in 1993 to show that Tank SY-101 was indeed mitigated by the mixer pump and to determine . 
which of the other tanks on the flammable gas watch list (FGWL) might require similar treatment. 
Evaluating the flammable gas hazard in a particular tank requires an estimate of the volume of gas 
retained, the fraction of the re'tained gas that can be released, and how rapidly it might enter the 
tank headspace in relation to the ventilation rate. The strength and viscosity of the nonconvective 
waste in which the gas is stored must also be known to understand the gas release mechanisms and 
to predict potential release volumes and rates. The ball rheometer and VFI enable us to obtain these 

. 

' datainsitu. 

The ball rheometer consists of a 71-N (16 lb), 9.12-cm-diameter tungsten alloy ball. 
tethered to a steel cable that is let out and retrieved from a spool at precise speeds using a computer- 
controlled drive system. A load cell measures .the tension on the.cable. The rheology and density 
of the waste and the waste layering can be estimated directly from the drag force on the ball as it 
moves through the waste at various speeds. The ball is generally operated before the VFI to 
conf i i  the expected waste layering and to prevent surprises from unanticipated waste conditions 
that would require the VFI test plan to be adjusted. 

The VFI measures the volume fraction of free (undissolved) -gas, or void, at specific loca- 
tions in a tank It does not sense gas composition, and its response is very nearly independent of 
gas composition. The local void fraction is calculated from the initial and final pressures and 
temperatures after compressing waste captured in a leak-tight sample chamber with nitrogen gas 
@om a precisely measured supply volume. The sample'chamber is mounted on arotating arm that 
is inserted vertically into a riser with a crane. Once below the waste surface, the arm is rotated 
90 degrees to a horizontal position and lowered, with the sample chaqber cover open, to the 
desired location in the waste. There the cover is closed to capture and compress a sample, after 
which the cover is opened and the arm lowered to the next sampling location. The VFI can take 
measurements over a radius of 76 cm (30 in.) about the riser center about every 30 t0.60 cm 
(12-24 in.) of elevation. 

' 

The VFI and the ball rheometer have been operated in the six FGWL double-shell tanks 
over the time period from December 1994 to May 1996. The deployment history of both instru- 
ments is given in the following table: 

Ball Rheometer and VFI Deployment History 

I Tank I BallRheometer I VFI i 

AN-104 4/21 4/4/96 ' 

AN-103 5/6,5/10/96 1 5/14,5/16/96 

V 



The viscosity of the supernatant liquid in the convective layer ranged from 6 5 0  CP in all 
tanks except SY-101, where the mixed slurry created by repeated pump operation showed a 
viscosity of about 1,OOO cP. The apparent viscosity derived from ball rheometer in the noncon- 
vective layer ranges from -7 (lo6) to -2 (lo') CP (at a ball speed of 0.1 cds) with increasing depth 
in all tanks. The apparent viscosity decreases each time the ball passes through it, reaching about 
an order of magnitude lower after44 passes. Except for AN-103 and SY-103, the estimated yield 
stress profiies are equivalent within their uncertainty, increasing from 50 Pa to, 250 Pa with depth. 
In AN-103 the yield stress was sufficiently high to support the ball at 200 cm above the bottom; in 
SY7103, the ball was supported at 120 cm. A yield stress of about 900 Pa is required to support 
the ball. 

density ran es from 1.43 to 1.47 g/cm3. AN-103 also has the highest nonconvective layer density 

about 1.6 g/cm3. The combination of liquid and nonconvective layer densities gives AN-1 03 the 
highest neutral buoyancy void fraction of 0.15; the next highest is AN-105 with 0.10, and the 
lowest is 0.06 in SY-103. 

AN-103 has the highest convective layer density at 1.5 g/cm3. In the other tanks, liquid 
at 1.8 g/cm 5 , other tanks show just under 1.6 g/cm3. The density of the mixed slurry in SY-101 is 

. The gas volume is calculated from the average void fraction, which is computed with the 
analysis of variance (ANOVA) statistical procedure using a model that captures the major sources 
of uncertainty. The waste is divided into vertical layers so that the void fraction within each layer 
under a riser can be assumed uniform. The layers are chosen to be consistent with the overall 
waste configuration. The entire convective layer is treated as a single layer extending from the 
estimated base of the crust to the approximatetop of the nonconvective layer. The nonconvective 
layer is split into two or three sublayers with boundaries determined by a visual interpretation of. 
the variation in void fraction to yield a fairly d o r m  vertical void distribution in each riser. The 
gas volume'stored in the crust layer is estimated from the crust thickness and the void fraction 
required to make it float. 

The gas volumes (at 1 atmosphere pressure and 15°C) and other data for each tank are 
sumniarized in the table below. AN-103 contained by far the most gas, comparable to SY-101 
prior to mixing. AW-101 has the least gas in the nonconvective layer (not counting SY-101), but * 

tanks AN-104, AN-105, AW-101, and SY-103 have very similar total gas volumes. 

Gas Volume Summary 

vi 

SY-103 
69 1 
345 
20 

1470 
1570 

' 6.2 



.The gas volumes derived from the VFI measurements are consistent with the void fractions 
estimated for Tank AW-101 with data from the retained gas sampler (RGS). They also match 
calculations using the barometric pressure effect (BPE) method within one standard deviation. 
This consistency among three independent methods serves to validate each of &em. 

The peak headspace pressure resulting from a rangk of flammable gas b&s was computed 
to quantify the potential safety consequences of a tank‘s stored.gas inventory. A probabilistic 

, model was used to estimate the burn pressure with the best estimates of the required input available 
and its associated uncertainty. Plots of the estimated burn pressure versus fraction of gas released 
from the nonconvective layer portray each tank‘s ‘h-d signature.’ The release fractions run the 
entire range from zero (no release) to 1.0 (entire gas volume in the nonconvective layer released). 
The maximum allowable gauge pressure in the dome.is 3.08 atm (45.3 psig, 312 Pa) .  This 
pressure limit prevents structural failure (i.e., dome collapse), although considerable cracking of 
the concrete and yielding of rebar is predicted to occur. 

The hazard signature estimated for SY-101 prior to mixer pump installation showed it was 
the only tank for. which the peak burn pressure could exceed the maximum internal pressure of 
3.08 atm if the larger historical releases were ignited. In contrast, the signatures of SY-103 and 
AW-101 show the, peak pressure will remain below the 3.08 atm limit at 99% confidence, and gas 
concentrations will remain below the lower flammability limit @JX) in the mixed dome, even for a 
100% release. SY-103 has a very large headspace, and AW-101 stores a relatively small gas 
volume. 

The AN tanks do not exhibit such a clear distinction. They all possess enough gas relative 
to their dome volume to exceed the maximum allowable pressure if all the gas stored in the noncon- 
vective layer were burned, however, none of them has ever released enough gas to even approach 
the pressure limit or the LFL. The peak pressure in AN-103 would remain below 3.08 atm at 99% 
confidence for a 70% release. The peak pressure remains below the 3.08-atm limit at 99% confi- 
dence for an 85% release in AN-104 and a 75% release in AN-105. The larger gas volumes in 
AN-103 and AN-104 are balanced by the Smaller head space of AN-105. 

The extrusion photographs available from core sampling reveal some interesting similarities 
and differences. Both AN-103 and.AN-105 tend‘to show a dryer, stiffer looking waste in the 
middle of the nonconvective layer, with wetter, more pourable material at the top and at the bottom. 
The trend for AW-101 is not as obvious. The crust layer samples from AW-101, AN-105 and SY- 
103 appear almost indistinguishable from the upper nonconvective layer material. This is 
consistent with the theory that the crust is fonqed by small bubbles lifting attached particles to the 
waste surface and from ‘gobs’ of buoyant waste that did not release gas and sink after prior 
rollovers. 

The data obtained with the ball rheometer and VFI have allowed us to characterize the 
physical properties of the waste in the six FGWL double-shell tanks in detail. When this 
information is combined with results from the retained gas sampler, core extrusion photos, and 
some of the laboratory analyses, we have all the data required to quantify the flammable gas hazard 
and assess consequences and risk. However, attaining a full understanding of all the,processes 
that make up the gas retention and release personalities of the individual tanks and explaining them 
to the satisfaction of all will require further study. 

The following recommendations are made: 

.vii 



A few double-shell tanks that do not retain or release a significant amount of gas should be 
tested to provide baseline data for tanks that do not present a flammable gas hazard. This 
will improve our understanding of those tanks that do retain and release gas. AN-107 is 
tentatively scheduled for VFI testing in fiscal year 1997. We also recommend that AW-104 
be tested with the ball rheometer, VFI, and retained gas sampler, if possible. 
A revision of this report should be planned for the second quarter of FY 1997 to include 
results from the repeat VFI and ball rheometer tests in AN-105 and any additional tanks, as 
recommended above. RGS data will also be available from tanks AN-103, AN-104, and ' 

AN-105 by that time for CompZirison with VFI results and to supply better waste gas com- 
position data. The GRE histories of several tanks can be reevaluated using gas monitoring 
data. This additional information will provide a much more complete summary of flam- 
mable gas DSTs than is available now. Surface level fluctuations do not adequately 
correlate with gas releases from several tanks, notably AN-103 and AW-101. 
The in situ gas volume calculated with barometric pressure response method should be 
compared with that derived from VFI measurements. Since the BPE method senses all 
stored gas, such a comparison confirms that the VFI data represent the entire tank and 
validate the estimate of gas volume held in the crust layer. 
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1 .O .Introduction 

Since 1943, large underground concrete storage tanks (currently numbering 177) have been 
used at Hanford to store byproducts of uranium and plutonium production. Of these, 151 are 
single-shell tanks (SSTs), and 26 are double-shell tanks (DSTs). The tanks are up to 75 feet 
(23 m) in diameter and 32 feet (10 m) in height and are capable of holding up to one million 
gallons (3,800 m3) of waste. The SSTs have a single steel liner on the bottom and sides; they are 
as much as 50 years old, and some are known to leak. The DSTs were constructed during the late 
1970s and have a full steel inner liner with a second steel shell around the bottom and sides; active 
ventilation and leak detection systems are located in the annulus between the two. The waste in all 
of these tanks is chemically complex and ranges from mostly liquid to thick, sticky sludge to a 
crystalline salt cake. The sludge typically has the consistency of stiff clay to soft mud, and the salt 
cake ranges in consistency from fine wet silt to ‘sno-cone’ slush to rock-like crystalline salt. 

The waste in these tanks will eventually be retrieved or possibly stabilized in situ for 
, permanent storage. Awaiting permanent disposal, the waste must be stored safely, isolated from 

the environment. To this end the pumpable liquid part of the waste in the SSTs is being transferred 
into available space in the DSTs to reduce the possibility of leaks into the groundwater. Core . 
samples are also being obtained on an aggressive schedule to help characterize the waste in support 

. of both retrieval and safe storage. 

1.1 The Flammable Gas Safety Issue 

Discussions of the flammable gas safety issue in Hanford waste tanks are often concemed 
with the Flammable Gas Watch List (FGWL) and the Unreviewed Saftey ‘Question (VSQ). The 
safety issue is the general concern that the flammable gas hazard may lead to unacceptable conse- 
quences. The FGWL is a list of potentially hazardous tanks developed in response to specific 
legislation. The USQ is an administrative construct for issues that are not covered in existing 
operations safety documents. This section gives the background and current status of each of these 
concerns. 

Essentially all radioactive waste slowly generates flammable gas by complex chemical 
reactions and radiolysis of water. In most waste tanks, this gas is released to the head space at 
about the same rate as it is generated. The generation rate is so low compared with passive or 
active ventilation flow rates that the flammable gas is diluted to far below the concentration 
necessary for ignition. However, certain tanks give evidence that they might retain significant 
volumes of flammable gas (mainly hydrogen with smaller amounts of ammonia, methane, and 
other hydrocarbons) in the waste. . 

The flammability hazard associated with these tanks depends on the peak concentration of 
flammable gases that might occur in the tank head space following a sudden release of a significant 
fraction of the retained gas. If the peak concentration remains below the lower flammability limit 
(LFL) the gas cannot be ignited, and there is no flammability hazard. If the concentration exceeds 
the LFL and a source of ignition is present, the mixture could burn. If a sufficiently large gas 
volume is burned in the dome space, the resulting pressure increase might be large enough to fail 
the exhaust filters and even the dome structure, potentially releasing radioactive material to the 
environment. 

The potential for a flammable gas mixture in the dome space and ventilation system of 
ce&n Hanford waste tanks was first proposed forDST 241-SY-101 (SY-101). The waste level 
in this tank began periodically rising and suddenly dropping shortly after it was fiied in 1980, but 
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the amount of gas released was not well quanwied. In January 1990 it was hypothesized that a’ 
burn above, within, or even under the crust layer was possible since the waste generated both fuel 
(hydrogen) and oxidizer (nitrous oxide) (Bab.ad et al. 1992). Some of the releases in SY-101 in 
fact caused the dome space mixture to exceed the LFL. 

. 

Additional SSTs and DSTs were identified in April 1990 as potentially having behavior 
similar to SY-101. This was the genesis of the Flammable Gas Watch List (FGWL). Because the 
process was poorly understood and the hydrogen and nitrous oxide releases were not covered by 
the current facilities safety analysis documents, this was declared to be a USQ in May 1990. 
Twenty-three tanks were included in the USQ based on evaluations of growth of waste level, 
changes in waste level, high total organic carbon content, presence of a floating crust layer, and 
waste received from B Plant. 

In January 1991, the same 23 tanks that had been included in the USQ were formally 
identified on the FG‘WL, in response to Public Law 101-510, Section 3133 (the Wyden ’Amend- 
ment) as having “serious potential for release of high-level waste due to uncontrolled increases in 
temperature or pressure” from a flammable gas burn. Two more DSTs were added to the FGWL 
in 1992 and 1993 for a total of 25, six DSTs and 19 SSTs. Separate watch lists were established 
for other safety issues that could create uncontrolled increases in pressure and temperature, includ- 
ing organics, ferrocyanide, criticality, and high heat. Some FGWL tanks are also on one or two of 
these other watch lists. 

After 1990, relatively high hydrogen concentrations in core sampling equipment, observa- 
tion of large void spaces in core radiographs, and hydrogen and nitrous oxide measured in the 
dome space of various tanks all indicated that a number of other tanks were retaining flammable 
gas in the waste and might present a “serious potential for release.” Accordingly, a goal was set to 
screen all 177 tanks for flammable gas risk and potential addition to the FGWL. 

By early 1995, Pacific Northwest National Laboratory (PNNL) completed a screening of 
all 177 tanks using the barometric pressure response method (Whitney 1995). The results indi- 
cated that 58 tanks retained detectable volumes of gas, but the actual volumes were not estimated. 
Twenty-one of these tanks were already on the FGWL. The Hanford Plant Review Committee 
issued standing orders to place flammable gas work controls on the remaining 37 suspect tanks. 

A more detailed, formal methodology was developed to evaluate tanks for inclusion on the 
FGWL in late 1995 (Hopkins 1995); it used the barometric pressure response method along with 
surface level rise to calculate the volume of gas trapped in the waste. All 177 tanks were evaluated 
in accordance with this methodology by early 1996 (Hodgson et al. 1996). Fifty-three tanks failed 
the evaluation criteria, and 21 of these were already on the FGWL. Three of the original 25 tanks 
passed the evaluation and are therefore candidates for removal from the FGWL. The remaining 32 
tanks (only three of which are DSTs) were placed under the flammable gas USQ in May 1995 and 
recommended for the FGWL. Table 1.1 shows the current status of FGWL and USQ tanks. Note 
that FGWL tanks are also on the USQ. 

The recommendation was withdrawn after the Chemical Reactions SubPanel and DOE-HQ 
raised questions about the assumptions used in the methodology and the data quality on which the 
evaluation was based (Johnson 1996). However, all of the additional tanks remain under the 
USQ. Tank SY-101, the tank that initiated flammable gas concerns in 1989, was removed from 
the USQ in June 1996 after having be& mitigated by mixing. 
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Table 1.1. List of Flammable Gas Tanks 

Watch List Tanks 
A-101 

AN-103 
AN-104 
AN-105 
AW-101 
AX-lOl(”’ . 
AX-103.‘”’ 
s-102 
s-111 
s-112 

sx-101 
* sx-102 

SX-103 sx- 104 (a) 
SX-105 
SX-106 
sx-109 
SY-101 
SY-103 
T-1 10 
U- 103 
U- 1 05 
U-107 
U-108 ’ 
u-109 

Tank Capacities 
SST - 55,000 gal. 
SST - 530,000 gal. 
SST - 758,000 gal. 
SST - 1,000,000 gal. 
DST - 1,160,000 ial. 
(a) Original FGWL tan 

Type 
SST-4 
DST 
DST 
DST 
DST 

SST-4 
SST-4 
SST-3 
SST-3 
SST-3 
SST-4 
SST-4 
SST-4 
SST-4 
SST-4 
SST-4 

DST 
, DST 

SST-4. 

SST-2 
SST-2 
SST-2 
SST-2 
SST-2 
SST-2 

SST-1 
SST-2 
SST-3 
SST-4 
DST 

, that pass 

USQ Tanks 
A-103 

AN-107 
AW-104 
AY-101 
B-201 . 
B-202 

BX-107 (‘I 
BY-101 

BY-103 
BY-105 
BY-106 
BY-109 
c-104 
c- 107 (‘I 
s-101 
S-103 
S-105 (’) 
S-106 
S-107 
s-109 
T-20 1 
T-204 

Tx-102 
Tx-111 (’) 
m-112 (‘1 
Tx-113 (’) 
Tx-115 (‘I 

u-102 
U-106 
u-111 

BY-102 (‘I 

Type 
SST-4. 
DST 
DST 
DST 

55t-1 
55t-1 
55t-2 
55t-3 
55tr3 

, SST-3 
55t-3 
55t-3 
55t-3 
55t-2 
55t-2 
55t-3 
55t-3 
55t-3 
55t-3 
55t-3 
55t-3 
55t-1 
55t-1 
55t-3 

. SST-3 
55t-3 
55t-3 
55t-3 
55t-2 
55t-2 
55t-2 

1 the latest evaluation and are candidates 
for removal from the list. 
(b) Placed on the FGWL because five other FGWL tanks vent into it. 
(c) Tanks whose free liquid was removed by recent salt well pumping. 

1.2 Description of the Ball Rheometer and VFI 

The VFI and ball rheomeRr were identified late in & 1993 as instruments that could be 
used to prove that SY-101 was indeed mitigated by the mixer pump and to determine which of the 
other tanks on the FGWL might require similar treatment. Mitigation by mixing was assumed to 
be required for planning purposes, but its high cost made it imperative to determine which tanks 
really needed it. Thus the VFI and ball rheometer projects were initiated in October 1993. Early 
discussions at Los Alamos National Laboratory (LANL) and PNNL on how to best obtain rheo- 
logical information identified a falling ball concept as the front runner for in situ application. 

The projects teamed key contributors from Westinghouse Hanford Company (WHC), 
PNNL, and LANL to install and operate.full-scale devices in SY-101 in one year.. WHC led the 
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overall project; LANL staff prepared the formal safety ksessment (Sullivan 1995) and assisted 
with the technology development and its application to these two instruments. PNNL staff led 
prototype testing, assisted in the technology development and application, wrote the test plans, and 
performed all data reduction. 

The VFI and ball rheometer have now been used in two risers each in tanks SY-101, SY- 
103, AW-101, AN-105, AN-104, and AN-103. They have performed as designed in all tests and 
had no significant problems. The initial testing program in SY-101 and SY-103 is documented in 
Stewart et al. (1995), Brewster et al. (1995), and Shepard et al. (1995). 

1.2.1 Ball Rheometer 

The ball rheometer concept originated from the need to measure in situ rheological proper- 
ties in Hanford waste tanks in a relatively short period of time. Laboratoxy rotational rheometers 
were impractical, not only because of the difficulty in retrieving and handling the radioactive waste 
samples but also because large particles in the waste affixt the measurements. In addition, pre- 
paring the sample for measurhments in a conventional rotational rheometer often changes its rheo- 
logical characteristics, as can the temperature changes that occur after the sample is removed from 
tank. In contrast, the rheology of the waste material can be estimated directly from the drag force 
on a ball aS it moves through the waste at various speeds. 

The ball rheometer system was designed to measure the properties of waste typical of the 
nonconvective layer in SY-101 prior to mixing. The Ball Rheometer System Design Description, 
WHC-SD-WM-SDD-043, discusses in detail all design information and references all other design 
documents pertaining to the ball rheometer (also see Stewart et al. 1995). The ball rheometer 
system, shown in Figure 1.1, consists of a71-N (16 Ib), 9.12-cm-diameter tungsten alloy ball 
tethered to a steel cable that is wound onto a spool or drum: The cable runs through a guide that 
distributes the line across the width of the spool, so only a single layer of cable is needed on the 
spool. Cable deployment and retrieval are performed with electric motors, clutches, reduction 
gears, and a driveline. The pulley rests on a load cell that measures the tension in the cable plus the 
pulley weight and any friction in the pulley when it is in motion. . - 

Two motors are used to operate the spool, one for high speed (3 to 100 c d s )  and another 
for low speed (0.1 to 3.0 cds). A data acquisition system controls the ball and records the data. 

. The ball position, velocity, and force as measured by th,e load cell are recorded as a function of 
time, typically at a rate of 15 Hz. The ball speed, direction, and distance and the data collection 
rate are all adjustable. In addition to rising- and falling-ball tests, static measurements can also-be 
made. 

The ball rheometer project plan was issued in October 1993, and the project was fully 
under way in November of that year. Acceptance testing of the ball rheometer in the WHC 306E 
facility concluded successfully in August 1994. It was bolted to riser 4A in SY-101 later in the 
month and was first operated in September 1994, although problems with the water lance delayed 
actual testing in waste until March 1995. 
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Figure 1.1. Ball Rheometer System 

The test plan for deploying the ball rheometer ii.1 the various tanks was incrementally modi- 
fied and refined after measurements in SY-101 and SY-103 were completed and the reduced data 
were analyzed (Stewart et al. 1995; Shepard et al. 1995). The ball speed range was increased to 
provide a measurable force in the liquid. It was initially believed that most of the waste had a high 
apparent viscosity (greater than 500 cP), and therefore measurements taken at low ball velocities 
(0.1 to 10 c d s )  would provide a detectable drag force. This assumption holds in the nonconvec- 
tive waste but not in the liquid. Most of the drag data collected in SY-101 at speeds ranging from 1 
to 10 c d s  yielded barely detectable forces in the mixed fluid region. Accordingly, the ball velocity 
range in the liquid layer was increased to 10 to 100 c d s  in SY-103 and subsequent tanks. 

In the nonconvective layer, the ball was programmed to traverse at three different speeds to 
resolve the rheology on the first as well as on subsequent passes. In the first two tanks, SY-101 
and SY-103, the ball was raised and lowered at a constant speed from just below the crust until it 
became supported by the waste or the tank bottom. This ‘Tit pass” test was intended to accur- 
ately determine the layering and to measure the properties of waste undisturbed by ball passage. 
However, we found that a single speed did not provide sufficient data to fully characterize the 
rheology of the material. Therefore, a range ofspeeds was used during the first and subsequent 
passes through AW-101 and the AN tanks. Each speed was held.for 20 cm; then the ball was 
stopped and started again at a different speed. With this method we were able to obtain the 
rheology of the nonconvective layer in both the undisturbed and fully sheared condition. 

. 

’ 

, ’ 1.2.2 VFI Description 

The VFI is designed to measure the volume fraction of free (undissolved) gas, or void, at 
specific locations in a tank. The VFI does not determine gas composition, and its response is very 
nearly independent of gas composition. The measurement is made by compressing the waste 
captured in a sample chamber of known size with nitrogen gas. The sample chamber is mounted 
on a rotating arm that is deployed vertically through a riser by means of a crane. Figure 1.2 is a 
sketch of the VFI deployed in a tank. 

, 

Once below the waste surface and any crust layer, the arm is rotated 90 degrees to become 
horizontal and is lowered to the desired depth in the tank with the cover of the sample chamber ’ 
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Control 
Cabinet 

Pressurizing 
Volume 

Figure 1.2. Void Fraction Instrument Deployed in a Tank 

open. At the measurement location the cover. is closed to capture a sample, and the waste is 
compressed with nitrogen gas by opening a valve between the connecting line and the source 
volunie. Lowering the chamber with the cover open replkes the previous sample with fresh 
waste. The void fraction is calculated from the initial and final pressures and temperatures and 
known system volumes. The WI can make measurements at a radius of 76 cm (30 in.) about the 
riser center about every 30 to 60 cm (12-24 in.) of elevation. 

The project plan for the VFI was issued in December 1993 and was fully under way by 
early February 1994. Initial investigations indicated that a compressibility technique was the 
simplest andquickest way to get direct in situ void measurements. Pressurizing with nitrogen gas 
was finally selected for accomplishing compression. A scale model of the concept was built and 
tested at PNNL, and testing showed that stainless-on-stainless galling was a problem, which 
guided WHC to use hard-chrome plate sliding surfaces. The scale model also helped to refine 
optimal volumes and thermodpamjc equilibration times. 

, Questions about potential errors due to non-ideal behavior of the gases trapped in the 
sample and dissolution of ammonia with increasing pressure were solved by simply compressing 
the gas to a sufficiently small volume to eliminate the effect of these errors. LANL performed tests 
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with waste simulant and neutrally buoyant partiws.of various sizes to discover the fraction o . 
gas present in the undisturbed material that was actuall captured in the sample chamber. The results showed approximately 90% capture efficiency. a 

During acceptance testing of the Vm in the WHC 306E facility, it was a challenge to keep 
the O-ring seals in place while the sample chamber opened under high positive gauge pressure. 
HighLspeed video showed the O-rings were being blown out of their grooves when the cover 
retracted. Additional vent holes were drilled in the sample chamber cover to release the internal 
pressure before the O-rings were uncovered. This modification prevented O-ring loss under 
worst-case conditions of 3.45 MPa (500 psi) at 100% void. Final system testing concluded 
successfully in September 1994 (Stewart et al. 1995). 

1994. A comprehensive engineering document, Void Fraction Instnment System Design 
Description, WHC-SD-WM-SDD4l43, ‘discusses all design information in detail and reference’s all 
other design documents pertaining to the Vm. The VFI was first operated in riser 11B in SY-101 
on December 19,1994, and in riser 4A on January 17,1995. No significant in-tank problems 
occurred, and the VFI has been a very reliable and effective instrument, providing direct 
measurement of retained gas volumes. 

During the early deployments, slightly negative void fractions were calculated in the 
convective layer of each tank. While these negative measurements were very small (less than 1 % 
void), they were disturbing because negative values are not physically possible. Careful analysis 
of the data and reevaluation of the initial system calibration uncovered no errors; however, in an 
attempt to explain these negative void fractions, all of the basic assumptions of the VFI model were 
reexamined. Careful analysis of the assumption of ideal gas khavior of the nitrogen used for 
pressurizing the sample uncovered the discrepancy. 

The ideal gas assumption was adequate to ensure that the accuracy of the VFI was within 
2% void fraction, in compliance with the design requirement, and it gave very good results during 

. calibration in the laboratory. However, nitrogen is not exactly an ideal gas at the -35 atm of the 
pressurization chamber, where its compressibility can vary 1 to 2% from ideal gas behavior. 
Accordingly, real gas effects were included in the VFI model by using the Beattie-Bridgeman 
equation of state. Since the data from the VFI are stored as temperatures and pressures versus 
time, it was possible to calculate new void fractions using the real gas model with the data from the 
original calibration runs and prior tank deployments without collecting any additional data. Imple- 
menting the real gas model for the nitrogen virtually eliminated the negative void fractions. Addi- 
tional changes included adding the slight gravity head of nitrogen in the 18-m (604 connecting 
.line and accounting for the expansion of the sample chamber as it is pressurized. The effect of 
. these changes was small. 

With testing completed, the equipment was shipped to the SY tank farm in November 

. 

The initial tests in SY-101 used double pressurizations extensively under the assumption 
that they provided better data. However, without exception, the void fractions from each pressur- 
ization were essentially identical to within the measurement uncertainty (and the real gas model and 
the other improvements made them even closer), and double pressurizations required so much 
extra time that only one pass was possible in the first riser. Thereafter, double pressurizations 
were performed very sparingly. The value of the additional data from more sample locations is fax 
higher than that originally expected from double pressurizations. 

(a) Abbott, JR, and C Unal. November 16, 1994. “Sampling Ability of the In-Situ Voidmeter 
Instrument.” LANL letter report TSA-6-94-316 (M1 lo), Los Alamos National Laboratory, Los 
Alamos, New Mexico. 
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1.2.3 Role of VFI and Ball Rheometer 

Evaluation of the flammable gas hazard in a particular tank in view of closing the USQ and 
resolving the safety issue requires an estimate of the volume of gas retained, the fraction of the 
retained gas that can be released, and how rapidly it might enter the tank headspace in relation to 
the ventilation rate. Changes in waste level indicate variation in the stored gas volume (in the 
absence of evaporation, leaks, or waste additions). Therefore, knowledge of the gas volume and 
its vertical distribution at a given waste level allows us to use waste level history and future trends 

. to represent the gas volume as it varies over time. It is then possible to calculate the fraction of 
total gas released in a gas release event (GRE). . 

The stored gas'volume can be determined most accurately from local void fraction measure- 
ments. Where it can be used, the VFI resolves the void profile in detail with measurements about . 
every.30 cm (12 in.). The gas volume stored in the nonconvective layer can be calculated from the 
void profiles h two risers to well within 25% uncertainty when confiied by a global barometric 
pressure response calculation. The void fraction .of two or three 48-cm (19-in.) segments in a 
push-mode core can be obtained with the retained gas sampler (RGS); however, the uncertainty in 
the void profile is higher with only two or three measurements. 

The retained gas volume can also be estimated from the correlation of wqte level measure- 
. ments with barometric pressure fluctuations, given sufficiently accurate and frequent level data. 

The accumulated surface level rise also provides an indication of 'trapped gas volume, provided the 
initial gas volume, liquid evaporation, leaks, or additions are known. Both of these indirect 
methods require an estimate of the effective pressure at which the gas is stored, this requires data 
on the vertical distribution of the stored gas, which can be provided by VFI measurements. The ' 

difference between the total gas volume calculated from the barometric pressure method and the 
' total volume from the VFI data is an estimate of the gas stored in the crust layer, if present. 

The potential gas release fraction and rate rely mainly on historical observations ind 
continuous monitoring data in tanks that exhibit spontaneous GREs. Gas release predictions in 
tanks that do not show evidence of GREk, or in those with large stored gas volumes but only small 
and occasional historic GREs, must rely on analytical models based on theory, experimental data, 
and indirect observations. Such models must also account for: potential gas releases resulting from 
external disturbances such as a major seismic event, core sampling, or a waste transfer into or out 
of the tank. 

known in order to understand these gas release mechanisms and to predict potential release 
volumes and rates using empirical or analytical models developed from that understanding. The 
ball rheometer is the only method currently available that can obtain these data in situ. In addition 
to the material strength and viscosity, ball rheometer data also yield convective layer density and 
the precise locations of the free liquid level and the top of the nonconvective layer as wellas 
differences in strength or density within the nonconvective layer. 

All of the details of operation of the ball rheometer and VFI during deployment are given in 
Section 2. The analytical methods for reducing the data and deriving gas volumes and other infor- 
mation are presented in Section 3. The results for each of the six tanks tested are described in 
S&tion.4, and the conclusions drawn from the entire campaign are discussed in Section 5. Sec- 
tion 6 lists all the references cited in the report. Supporting information can be found in the 
appendixes. 

The strength and viscosity of the nonconvective waste where the gas' is stored must be 
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2.0 Data Acquisition . 

This section describes how the raw data are obtained when the instruments are operated in 
the tanks. The test strategy, operating procedure, iind field deployment activities are discussed in 
turn. An assessment of the uncertainty iri the raw data is also given as is a description of how 
various supplemental information is obtained. 

The ball rheometer and the VFI are operated in at least two risers on each tank.' Ideally, the 
two risers are at different radii and separated in azimuth by at least a quadrant. Because each set of 
measurements provides the density, rheology, and void fraction only along an essentially single 
vertical line, measurements at two risers in different parts of the tank help to account for any non- 

I uniformity in the waste. However, riser selection is sometimes quite limited because of previously 
installed equipment, because crane access is limited, or because of other conditions peculiar to a 
specific tank. In SY-101, for example, the two risers were both.at the same azimuth because of 
interest in &xer pump efficacy as a function of radius. Sludge weights have often been removed 
to gain access to specific risers, if they are especially desirable. 

Other factors that influence riser choice are the availability of other instrumentation in the 
vicinity, such as multifunction instrument trees (MlTs), thermocouple trees, and level gauges. It is 
generally considered beneficial to obtain ball rheometer and VFI data near a location where a tem- 
perature profile mekurement is available so that waste temperature, rheology, density, and void 
fraction can be correlated. A core sample from a nearby riser would also be advantageous in 
interpreting the data. 

' 

Other operations must also.& considered. Ball rheometer data under a riser from which a 
recent core sample was taken would be of doubtful value. Likewise, disturbing the waste by 
operating the ball or VFI makes it impossible to obtain a representative core sample in that riser. 
Thus core sampling, ball rheometer, and VFI schedules need to be coordinated carefully. Because 
the VFI extends radially about 76 cm (30 in.) from the riser center line, it is not affected by ball 
operation or core sampling. 

2.1 Ball Rheometer 
The ball rheometer system must accommodate the widely differing properties of each waste 

layer while determining its dimensions and its rheology. Except for SY-101, all of the tanks have 
the same general waste configuration, a crust layer floating on the surface of a convective liquid 
layer. Beneath the liquid.layer is a nonconvective layer of settled solids that extends to the tank 
bottom. The crust is assumed to be strong enough to prevent ball penetration unless a hole is made 
with the water lance. The convective layer has a relatively low apparent viscosity, and high ball 
speeds are necessary to create a measurable drag force. The nonconvective layer has a wide range 
of strengths, and the lower portion may support the ball. 

2.1.1 Test Strategy and Procedure 

The ball rheometer is generally run prior to using the VFI.. The majority of VFI measure- 
ment locations are selected below the top of the nonconvective layer where the gas is stored. The 
ball rheometer confirms the expected elevation of the transition or locates the actual one. It also 
prevents surprises by revealing unanticipated sublayering or waste properties for which the VFI 
test plan may need to be adjusted. 
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The data collection procedure is the same for ail risers, but we treat the convective and 
nonconvective layers differently. The convective layer is expected to have no yield stress and a 
low viscosity. Thus ball speeds in this layer are relatively high, with pull and drop distances of 
several meters to obtain measurable drag on the ball. Tests are completed in the convective layer 
before the ball is lowered into the nonconvective layer. 

In the nonconvectivk layer, the data collected with the falling ball on the frst pass through 
the waste represent the rheology of the undisturbed fluid, while subsequent data collected with the 
ball rising and falling are representative of a disturbed fluid. To get the most detailed rheology 
infomation in this layer, short pull and drop distances (around 20 cm) are used at only tbree 
speeds. Once the fluid no longer changes with continued shearing by the ball, longer distances are 
used to determine the rheology of the fully sheared fluid. . 

When the ball rheometer system is in place on the selected tank riser and ready for deploy- 
ment, the ball is verified to be fully retracted in the “home position” at distance zero, our reference 
position. Then the ball is lowered through the riser to near the waste surface. Static measurements 

, are made along the way at about 100cm intervals to establish the apparent weight of the ball and 
cable at the waste surface, which is important to static density measurements. Starting with the ball 
near the waste surface, we then perform tests in the dome space at all velocities to be used in the 
waste to determine pulley friction as a function of velocity. After completion of pulley friction 
measurements, the ball is prepared for measurements in the waste. 

The free liquid surface elevation is established from the change in apparent ball weight as it 
passes from the dome space and into the liquid. Experiments are performed at ball velocities of 10, 
30,50,70, and 100 c d s  in the convective layer. Relatively high veIocities are required to produce 
a measurable drag force on the ball in this region, and data are acquired with both a rising ball and 
a falling ball. After completing the fallinghising ball experiments, the second series of static ball 
(zero velocity) tests are conducted at about 50-cm intervals to find the convective layer density 
profile. 

During the first tests in the nonconvective region we locate the top of the nonconvective 
layer by slowly dropping the ball from the convective region and observing the apparent weight of 
the ball. At the boundary the apparent weight begins to drop as the ball becomes increasingly 
supported by the fluid. Testing in the nonconvective layer begins just above this boundary. This 
layer must be tested differently than the convective layer, since its apparent rheology changes with 
each pass of the ball through it until several passes have been made. 

The rheology of the undisturbed fluid and of the fully disturbed fluid are important to users 
of these data, and our testing attempts to obtain both. To do this we measure drag at several 
velocities over as small a distance as possible to resolve the waste rheology profde. Experience 
has shown that the rheology of the undisturbed waste can change measurably in less than a meter. 

The first pass is the only opportunity available to determine the rheology of the undisturbed 
waste. The ball is dropped into the nonconvective region at 0.1 c d s  for 20 cm. The ball speed is 
then increased to 1 c d s  for the next 20 cm and to 10 c d s  for the third 20-cm segment. In addi- 
tion, the data rate at 10 c d s  velocity is increased to 100 samples/second. This entire procedure is 
repeated every 60 cm until the ball stops, either reaching the tank bottom or waste with sufficient 
strength to fully support the ball. 

The same procedure is repeated on the second pass as the ball is raised through the 
nonconvective layer. A third and fourth pass are also made through the nonconvective layer 
following the s h e  procedure. Prior testing has shown that in most cases the fluid behavior does 
not change measurably after about four passes. Following these tests, falling and rising ball tests 
are performed over the entire depth of the nonconvective region. These tests are performed at 0.1 , 
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1.0, and 10.0 cds .  Since the fluid is well sheared at this stage, the rheology does not change with 
additional passes, and the results from all velocities can be combined to determine the fluid rheol- 
ogy of the entire layer. Finally, static measurements are obtained at 50-cm intervals to determine 
the fluid density. At this point, testing in the waste is completed and the ball is retrieved back into 
the rheometer enclosure. 

2.1.2 Field Deployment 

Before installing the ball rheometer assembly onto a tank, we water lance a passage through 
the crust for the ball. The thickness and hardness of the crust are difficult to estimate, so the crust 
is lanced in each riser in every tank to ensure that it will not stop the ball from being lowered into 
the waste. The first tank tested with the ball rheometer, SY-101, had a crust that would not allow 
the ball to penetrate. The crust was lanced, but ten days later it had reformed and the ball again 
failed to penetrate. The rheometer is now installed and operated either the same day as lancing or at 
most within 3 4  days. Because lancing is intended only to create a hole through the crust, the 
lance is lowered only to 61-91 cm (2-3 ft) below the crust surface. A collar on the bottom of the 
lance creates a minimum 9-cm (3.5-in.)-diameter hole through the crust. The water lance, shown 
in Figure 2.1, uses an average of less than 378 L (100 gal.) of water. 

Once the crust has been lanced, the ball rheometer assembly, with a decontamination spray 
ring, is mounted directly to the tank riser flange. A crane positions and.lowers the ball rheometer 
assembly (approximately 700 lb) into place. The ball rheometer assembly is then bolted to a 25-cm 
(10-in.) spray ring, which is in turn bolted to the tank riser flange. At this time the rheometer ball 
is still retracted inside of the assembly, and an isolation valve is closed to provide tank contain- 
ment. 

When ball rheometer testing has been approved by WHC Tank Farm Operations, the test 
team runs a series of prerequisite checks to verify that tank conditions, weather conditions, and all 
equipment are acceptable for rheometer operation as defined in the safety analysis (Sullivan 1995). 
The isolation valve is then opened and the ball is lowered through the riser, as shown in Fig- 
ure 2.2. 

Figure 2.1. Water Lance in Dome 
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Figure 2.2. Rheometer Ball in Dome 

Several strain-gauge-type load cells can be installed in the rheometer assembly as needed. 
The largest, 2200-N (500-lb)-capacity load cell is used initially when the ball is lowered through 
the riser to ensure that the ball can be retrieved even if the riser is not true. With the ball through 
the riser into the dome space, the riser straightness can be evaluated visually with the in-tank video 
camera. If the riser is true and contact.negIigible between the cable or ball on the riser wall, the ball 
is withdrawn into the rheometer assembly so a lower-capacity, higher-accuracy load cell can be 
installed. In only one case has the riser not been true enough to allow use of the 445-N (100-lb) 
load cell. Once the isolation valve is opened, all raising and lowering of the ball rheometer is done 
remotely from a control console located close by. All results are also received and recorded at this 
console. 

The in-tank camera is used to monitor all water lance and rheometer activities in the tank. 
The video view of the ball approaching the waste surface is shown in Figure 2.3. The operation 
strategy of the rheometer within the waste is higbly dependent on what is found during its use. 
The rheometer ball is raised and lowered at different speeds over varying distances throughout the 
waste from the surface to as low as the 76-N (17-lb) ball will sink (usually within 61-91 cm of 
tank bottom). When measurements have been completed, a high-pressure hot water pump is 
started to feed the decontamination spray ring while the ball is being retracted. On average, less 
than 38 L (100 gal.) is used for decontamination of the ball and cable. Once retracted back into the 
assembly the isolation valve is closed, restoring tank containment. Water lancing and installation 
of the rheometer assembly takes approximately 6 to 8 hours, and in situ testing takes from 6 to 
10 hours. 

. 

2.1.3 Ball Rheometer Raw Data and Uncertainties 

Four quantities are recorded during the tests: ball position reference to ‘home,’ ball velo- 
city, force at the load cell, and elapsed time since the start of a test. Ball position is determined by 
monitoring an encoder attached to the cable spool; ball velocity is measured with a tachometer 
located on each of the drive’s electric motors but is more accurately derived from the position and 
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Figure 2.3. Rheometer Ball Approaching the Waste Surface in AN-105 

the internal clock. The ball reference elevation, or 'home' position, must also be determined from 
tank drawings. Changes in the cable force also indicate the elevation of the free liquid level and the 
top of the nonconvective layer. 

Virtually all cable force data obtained to date have been with a nominal 445-N. (100-lb) full- 
scale load cell. Because the cable runs over a pulley, the effective load limit is actually 222 N 
(50 Ib), half the load cell value. The advertised error for this load cell is 0.1% of the full-s'cilte 
reading, or 0.2 N, regardless of load. Indeed, our data show that the standard deviation of mea- 
surements made under static and dynamic conditions is, in almost all cases, 0.2 N, and we use this 
meaiurement error for all of our tests. 

The liquid density measurement depends on both ball volume and buoyancy force. The 
uncertainty in buoyancy force is 0.2 N. To determine density a reference measurement of the ball 
in air is required, and this value is subtracted in dl density determinations. The reference measure- 
ment is also uncertain by 0.2 N, but since it is used in all density determinations it represents a 
systematic error. The ball volume is uncertain by 1%, also a systematic error. 

Ball position is determined with a multitum absolute rotary optical encoder that rotates with 
the cable spool. The encoder has 4096 steps per revolution; thus the positional accuracy is within 
0.01 cm, a negligible error, if the cable spool diameter is known exactly. Uncertainty in the cable 
spool diameter is the largest source of error in position. The spool diameter, including the cable, 
was measured to be 16.71 cm and is believed to be accurate to within 0.03 cm; with 1000 cm of 
deployed cable, a positional error of about 2 cm is possible due to this uncertainty. 

Velocity is detemiined by either of two methods. Tachometers are mounted to each drive 
motor for a direct velocity measurement. In addition, velocity can be determined from the change 
in ball position as a function of time. Since data are acquired at a known rate (usually 15 samples 
per second) ahd since positional accuracy is very good, ball velocity is most accurately determined 
by this second method. Errors in velocity are less than 1% and are negligible with regard to their 
effect on the determination of rheological parameters, where force measurement errors and correc- 
tions to the load cell data dominate the uncertainties. 
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Home,position is established when the ball approaches an inductive proximity sensor 
located between the orifice plate and the isolation valve through which the riser is accessed. The 
volume between these two barriers is the designed resting position for the ball when in storage or 
transport. At the beginning of a test the sensor will indicate the presence of the ball, and the 
encoder is zeroed to establish home position. At the completion of a test the ball is retrieved mkil 
the proximity sensor is activated, at which time software controls prevent further ball retrieval. 
Future tests then begin with the ball starting at this location. Home position is believed to be 
repeatable to well within 1 cm. 

Tank 

There is additional uncertainty in the elevation of home position above the tank bottom. 
The elevation of the top of the riser and tank bottom are taken from design drawings that represent 
conditions before the tanks were filled. Attempts have been made to reference the ball position to 
the indicated waste level, but, because the ball buoyancy transition indicates the free liquid level 
and the waste level device senses the top of the crust layer, a difference can be expected. For the 
six tanks tested, the liquid level indicated by the ball averages 2 cm higher than the surface level, 
which is opposite what would be expected for a floating crust. In SY-101 the ball indicated the 
liquid surface to be 2.4 cm below the level measured by the Enraf gauge. Considering all sources, 
we ascribe an uncertainty of k 4.5 cm (1.8 in.), or one ball radius, to elevations indicated by the 
ball. 

Tank &-Built Elevations (ft) 
(home includes sDoo1 Dieces) 

Calculated Home 
Elevation (cm) 

The location of the ball in the tank is measured from its center to the ‘home’ position. To 
convert the indicated ball position to a height above the tank bottom, we subtract indicated position 
from the total distance from ‘home’ to the tank bottom. The height of the ball center above the 
bottom, HBa7 is then found by 

AN-103 

HBALL = (GO,, - %lTOM) - DBALL (2.1) 

where DBa is the indicated distance of the ball below ‘home’, q0,, is the elevation of the home 
position, and GmM is the elevation of the tank bottom. Table 2.1 provides values for these 
elevations for each of the tanks tested. 

. ,  
Bottom Home 
613.07 670.38 1746.8 

I 

The ball rheometer locates the liquid level and the top of the nonconvective layer in each 
riser to within one ball radius (4.6 cm). Passage of the ball through the liquid surface is taken to 
be the midpoint of the decrease in tension due to increising buoyancy as the ball submerges. This 
always occurs at the same elevation in both risers. Figure 2.4 shows the transition occurred in 
AN-105 at 705 k 5 cm (278 k 2 in.) below ‘home’ position. From Equation (2.1) and Table 2.1, 
this equates to an elevation of 1746.8 - 705 = 1041.8 k 5 cm above the tank bottom, which 
compares very closely with the waste level of 1041 & 5 cm (410 k 2 in.) measured by the Emaf 
gauge on that day. 

AN-104 
AN-105 
AW-101 
SY-103 
SY-101 

613.07 670.38 1746.8 
613.07 670.38 1746.8 
632.23 689.38 1741.9 
617.24 674.16 1734.9 
617.24 674.16 1734.9 
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Figure 2.4. Liquid Level Passage in AN-105 

The interface between the convective and nonconvective layers is determined in a way 
similar to determining the liquid level. The tension on the ball decreases when passing downward 
into material with a higher viscosity,'density, and, possibly, yield strength. But the sludge layer 
interface is not as well defined as that of the liquid level. Interface passage, taken as the point 
where tension begins to decrease from the constant value observed in the convective layer, is 
illustrated for AN-105 in Figure 2.5. In this tank, the top of the qonconvective layer is 50 cm 

- 

' (20 in.) higher below riser 16B than below riser 1B. 

2.2 Void Fraction Instrument 

In contrast to the continuous force and velocity data of the ball rheometer, the VFI makes a 
series of point measuremen@. Essentially all of the non-crust-retained gas is stored in the noncon- 
vective layer, so most of test effort is concentrated in that layer. It is important to determine the 
void fraction at the lowest possible elevation, where the gas is most compressed by the hydrostatic 
pressure. In all of the tanks tested, the void fraction in the nonconvective layer increases from near 
zero at the top of the layer to a peak 1-2 meters below, after which it usually decreases slightly. 
The void fraction in the liquid layer generally measures less than 0.5% and contains effectively no 
gq. The VFI cannot be operated in the crust layer. 
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Distance Below Home (cm) 

Figure 25.  Nonconvective Layer Entry in AN-105 

2.2.1 Test Strategy 

A test plan describes the locations where VFI measurements will be taken for each of the 
waste tanks in which the VFI is operated. The test locations are selected based on all available data 
from the tank and prior ball rheometer testhig that indicate the extent of the crust, convective, and 
nonconvective waste layers. The ball rheometer is deployed before the VFI in each riser to 
1) describe the waste configuration so the locations for void measurements can be chosen with 
confidence, and 2) prevent the VFI from disturbing the waste through which the ball moves. 

It is important to lower the VFI far enough below the crust layer (if one exists) to avoid 
damage before extending the lower arm. Therefore, information on waste depth and crust 
thickness are vital. The thickness of the convective layer is also important for planning the 
deployments. This information can be inferred from the temperature profiles, core samples, and 
ball rheometer cable force transitions. 

Sample locations are selected to provide the best possible understanding of the void fraction 
distribution for the available time in the tank. Three parameters describe the sample location in the 
tank: the selected riser, the angular orientation of the lower arm, and its depth. The risers &e 
selected based on availability and spatial distribution, as described earlier. 

Up to four traverses are planned for each riser. In the first traverse the lower ann is 
normally pointed toward the center of the tank. For the second traverse, the lower arm is rotated 
180 degrees to point away from the center. On the third traverse the arm is rotated 90 degrees 
clockwise from the second, and the fourth is 180 degrees from the third. Because of limits on time 
and/or nitrogen gas supply, the fourth and sometimes the third traverses are dropped. The 
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transition measurement locations can be and usually are varied during VFI deployments based on 
what is found during the fist traverse. AU other parameters that can be controlled remain at the 
values previously determined by analysis or practice to give the best results. 

The fmt VFI measurement in each riser is approximately 2 .m (6 ft) below the waste 
surface, which ensures that the lower arm is rotated to the samplhig position well beneath any crust 
and allows the system to come to thermal equilibrium with the waste while above the first test 
location. The minimum distance between VFI measurements is approximately 30 cm (1 ft). For 
the first traverse in each riser, at least four VFI readings are planned for the convective layer. A 
spacing of 30 cm (1 ft) is used for the nonconvective layer. The VFI is deployed as far ihto the 
tank as possible unless the crane load falls below a predetermined value indicating an obstruction. 
In no case should the vFl[ be deployed less than 15 cm (6 in.) from the tank bottom. 

Once testing in the tank begins and void fraction data become available, some tests may be 
dropped from the middle of the matrix in an attempt to maximize the value of each measurement. 
The intent of modifying the test plan is to select measurement locations that best characterize the 
void fraction profile. Preliminary void fraction estimates are made during testing using a simplified 
void fraction model to guide the selection of testing locations. Final void hction calculations are 
made after the testing has been completed for a riser. These calculations use the original data files 
and the complete void fraction model. 

Double pressurizations are used for some VFI test locations. A double pressurization is the 
same as a single pressurization except that a second void hction measurement is made on the 
sample before the cover is opened. For the second pressurization, initial pressures of the sample in 
the sample chamber and connecting line are the final pressures of the first test. The pressurization 
chamber is repressurized to its standard initial pressure and another pressurization cycle completed. 

Double pressurizations were planned in the initial deployment in SY-101 because there was 
some concern that the O-rings might move slightly when the cover was initially closed, which 
would introduce an error into the measurement. The first pressurization would seat the O-rings 
and eliminate this potential error on the second pressurization. It was also thought that double 
pressurization data might be useful in the future in evaluating the composition of the trapped gases, 
particularly ammonia. Since ammonia is highly soluble, two pressurizations might yield some 
information about the amount of ammonia driven back into solution at the higher pressures. 

Almost all measurements in SY-101 used double pressurizations, but increasingly fewer 
have been used as testing progressed to other tanks. Since we have been using the real gas 
formulation for the pressurizing nitrogen, the difference between the fmt and second pressuriza- 
tions has been very small. There is no indication from the testing in the laboratory or in the field 
that seating of the O-rings is a concern. 

is 2% greater than previously measured in the current riser. However, the number of double 
pressurizations is kept to a minimum to make better use of the time available and the nitrogen 
supply in obtaining data at other locations. 

Several double pressurizations are still taken in each tank, normally when the void fraction 

2.2.2 Field Deployment 

The VFI is nonnally installed within one to two weeks after the ball rheometer has been 
installed in that same riser. Although the waste directly below the riser has been altered by multiple 
passes with the rheometer ball, the sample chamber passes through undisturbed waste approxi- 
mately 76 cm (30 in.) away from the mast during operation. Because the VFI weighs about 
1500 lb, it does not require water lancing to penetrate the crust layer. 



After removing the riser flange (or ball rheometer assembly if still in place), we lower a 
plug gauge through the length of the riser to ensure that the sample chamber and mast will pass 
through without interference.' A ball valve is then installed directly onto the riser, and a spray ring 
is installed on top of that. Above the spray ring are two series of impact limiters, a tall set (55 in. 
high) on top of a short set (8 in. high). While the VFI is lying horizontal before installation, a full 
nitrogen bottle is installed in the instrument enclosure at the top of the mast and instrumentation and 
grounding cables are connected. A plastic sleeve for contamination control is slipped around the 
mast and pushed up to the top, where it is compressed as much as possible. . 

Once the is prepared, two cranes lift it to a vertical orientation. One crane is connected 
to the top of the assembly and another to two clamps positioned to distribute the vertical forces 
along the mast. When upright, the crane supporting the lower end is disconnected and the frst 
crane lifts the entire assembly into position over the impact limiters. At this time the ball valve has 
been opened, allowing access to the tank. While the VFI is slowly lowered into the tank, operators 
remove the existing plastic sleeving in which the VFI is stored. 

An in-tank video camera is required for VFI operation to observe the mast entering the tank 
dome space (shown in Figure 2.6) to detect any interference of the mast and riser. The video 
camera is also used to determine the reference height when the arm pivot point (elbow) is at the 
waste surface. The sample chamber is shown approaching the waste surface in Figure 2.7. When 
the elbow is beneath the waste surface, its location is measured with a string potentiometer relative 
to this reference position. With the exception ofthe lifting and lowering performed by the crane, 
the VFI is now operated from a nearby control console using pneukatics to move parts of the 
assembly. All data are received and recorded at this console. 

After passing through the waste surface, the VFI is lowered 1 m (4 ft) and the arm is 
rotated to the horizontal position. Then the sample chamber cover at the end of the arm is opened, 
exposing the chamber to the waste. This position is held for approximately 20 minutes to allow the 
system to come to thermal equilibrium with the waste. To take the sample, the VFI is lowered to 
the desired depth and the chamber is closed. A single measurement operation requires approxi- 
mately 15 minutes. When the test is completed, the sample chamber cover is opened and the VFI 
is lowered to the next location. 

2.10 



The VFI is lowered as far as possible into the tank. When the new sleeving is within 1 ft 
of the tall impact limiters they are removed, leaving only the short impact limiters in place. Attain- 
able depth in the tank can be limited by the physical dimeisions of the mast, the length of the com- 
pressed sleeving, interference with the scaffolding over the riser, and unloading of the crane due to 
the VFI being paxtially supported in the waste. When a traverse through the ta& is completed, the 
VFI is lifted to a level where the arm is well within the convective layer. The entire assembly is 
then rotated to a new orientation andlowered again for testing. By rotating the assembly, several 
locations can be tested on a 150 cm-diameter circle below the riser centerline. 

As with the ball rheometer, test strategy is highly dependent on the results found during 
testing. The first pass through the waste is the most detailed, with many sample locations, to 
determine a good profile of the void distribution through the depth of the tank. Subsequent 
orientations allow for inspection and verification of results in locations several feet away from the 
first pass. 

After testing is completed, the VFI is slowly lifted out of the tank while operators place the 
sleeve around the mast to prevent the spread of contamination. During this removal, the spray ring 
is used to clean the mast with high-pressure water from two pumps. Figure 2.8 shows the sample 
chamber, with its cover open, during this mast decontamination process. When the instrumenta- 
tion enclosure is high enough to allow installation of the tall impact limiters, they are put back into 
place on top of the short limiters. Once the bottom of the mast is clear of the spray ring and impact 
limiters, it is moved away from the riser, and the ball valve is closed torestore tank containment. 
The VFI is again lowered to the horizontal position with two cranes. The entire process of VFI 
testing in a specific riser takes from 12 to 16 hours. 

2.2.3 VFI Raw Data and Uncertainties 

The void measuring system consists of three known volumes: 1) a gas source volume 
initially charged with nitrogen up to 3.5 MPa (500 psia), 2) the volume of the line connecting the 
source volume with the sample chamber, and 3) the sample chamber of known size and optimal 
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Figure 2.8. Open Sample Chamber in Dome During Decontamination 

geometry to capture a waste sample mounted on a moveable arm. Each of these volumes was 
established precisely in the laboratory, including the effects of vessel expansion under pressure. 

The volume of the pressurization chamber is 101.1 & 0.4 cm3. The pressurization chamber 
expands slightly wit@ increasing internal pressure, but the change is insignificant and does not 
affect system accuracy. The connecting line is a 1.6-mm outside diameter, 18-m-long stainless 
steel tube with 0.5-mm-thick walls. The volume of the line and fittings is 27.04 & 1.16 cm3. The 
calculated volumetric compliances of the line and fittings and the measured compliance of the 
pressure transducer show that the volumes of these components do not change significantly over 
their expected pressure ranges. 

The sample chamber, which has a measured volume of 366.7 cm3, is the most compliant 
component in the system. Its volume increases slightly as it is pressurized. While only a minor 
contributor to the overall system error ifneglected, the compliance of the sample chamber has been 
included in the void fraction calculation. 

Temperatures are measured directly in the source volume and at several locations along the 
18-m connecting line. The temperature of the waste in the sample chamber is inferred from 
temperatures measured about 76 cm away horizontally, at the base of the rotating arm. This remote 
temperature measurement is adequate because the void calculation is very insensitive to errors in 
waste temperature. A temperature error of 5°C would change the measurement by about 0.25% 
void (see Stewart et al. 1995 for detailed error analysis). 

Measurements of pressure and temperature are recorded every two seconds starting before 
the sample chamber is closed and continuing until the test is completed and the sample chamber 
opened and ready to move to the next measurement location. W e  only a very limited aniount of 
the recorded data are used in the calculation of the void fraction, the entire data set for each 
measurement can be useful in evaluating unusual or unexpected results. For example, the cover 
did not open quickly enough for one test and an unrealistic void fraction was cdculated. It was 
obvious from the pressure time history of the sample chamber that the cover had not opened. 
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The uncertaipties in the pressure and temperature measurements are based on the calibration 
data for the individual sensors. The uncertainty in the initial pressure is zk 0.02 atm (0.3 psi], and 
the initial pressure of the waste sample has an uncertainty of k 0.07 atm (1 psi). The reason for the 
larger error in the initial waste pressure is that it is taken to be the final pressure from the preceding 
measurement, after the system blows down when the sample chamber is opened. The uncertainty 
in the difference between initial and fmal pressures in each volume is -t- 0.02 atm (0.3 psi). 

The uncertainty in the initial temperature is -t- 0.1"C (0.06"F), except for @e temperature of 
the connecting line, which was assigned an error of k 0.5"C (0.9"F) due to the potential for large 
temperature variations along the connecting line. The uncertainty in the differences between initial 
and final temperatures is -t- 0.1"C (0.06"F). 

The reference for the elevation of the sainple chamber is the waste surface. The reference 
zero position is located by observing the elbow pivot for the lower arm passing into the waste on 
the in-tank video camera. The uncertainty in this observation is estimated as the radius of the 
pivot, which is about 4 cm. The same uncertainty in relating the measured waste level elevation 
and the height of the liquid level penetrated by the VFI is taken to be the same as for the ball 
rheometer, & 2 cm. The total uncertainty in the level, then, is zk 5 cm. 

2.3 Supplemental Information 

To plan ball rheometer and VFI tests and interpret the data they provide, several items of 
information are required from independent sources, including waste temperature, nonconvective 
layer density, and waste layer dimensions, which are discussed below. Riser location, availability, 
and dimensions, and general tank design data are also needed, and gas composition is of interest. 

2.3.1 Waste Temperature 

The waste temperature profde is requked to correct the in situ gas volume to standard 
conditions. The shape of the temperature profile also provides a valuable sounding of the noncon- 
vective layer depth. Changes or lack of changes in the temperature profile sometimes indicate 
where gas release events (GREs) originate. Each of the tanks tested have temperature profiles in 
two locations by means of the recently installed MITs and the original thermocouple trees. Tank 

MITs have 22 thermocouples spaced 30-60 cm (12-24 in.) apart beginning 10 cm (4 in.) 

SY-101 has two MJTs. 

from the tank bottom. These are usually read manually, except in SY-101, where the readings are 
made automatically every 12 seconds. A validation probe that measures temperature every 10 cm 
(4 in.) with a high-precision resistance temperature detector (RTD) is operated occasionally to 
confjrm thermocouple readings. The higher resolution of the validation probe profile gives a very 
accurate reading on the nonconvective layer depth and is essentially the only device that can 
determine the crust thickness. 

Readings from the old thermocouple trees are made manudly. The thermocouples are 
spaced approximately every 125 cm (50 in.), with the first reading near the tank bottom. But, 
since only half to one-third of the 20 thermocouples may be recorded, there is a large uncertainty in 
waste layer dimensions derived from these temperature profiles. 

Temperature is also recorded on the VFI mast as it penetrates the waste; however, this 
reading is of limited use because the motion of the mast mixes cool convective liquid with the 
nonconvective waste and disrupts the temperature profile. In fact, VFI temperature readings show 

{ 
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exactly the same trend as the new MIT in SY-103 did Enmediately after it was installed in Octo- 
ber 1994. Later readings showed that the waste did not 'heal' and recover the true temperature 
profile for at least a month. 

The uncertiinty in the temperature read by a thermocouple, whether on an MLT or thermo- 
couple tree, is estimated at k 13°C (3°F) (Brewster et al. 1995). However, experience with SY- 
101 data (Stewart et al. 1994,1995) has shown that MIT thermocouples are easily able to register 
temperature changes of 0.06"C (0.1"F). The uncertainty in the absolute temperature reading of the 
MIT validation probe is k 02°C (0.3"F). 

The temperature profiles from the MIT and thermocouple trees provide a measurement of 
the height of the nonconvective layer. Since the temperature gradient in a nonconvective, heat- 
generating region is parabolic and that in a convective region is uniform, the boundary is located 
where the uniform and parabolic temperature profiles intersect. This is usually accomplished by 
visually interpreting a graph. The uncertainty is assigned as half the distance between temperature 
measurements. 

For example, consider'the segment of the temperature profile from SY-103 'in Figure 2.9. 
Profiles from the MIT, the original thermocouple tree, and an MIT validation probe run are given. 
The plot is interpreted to give nonconvective layer heights of 360 k 25 cm, 340 k 40 cm, and 
325 k 5 cm, respectively. 
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Figure 2.9. Temperature Profile Segment from SY-103 
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2.3.2 Waste Level 

The elevation of the waste surface above the tank bottom is a key indicator of tank status 
and waste behavior. Tanks with a high waste level are generally more hazardous because they 
store gas at a higher pressure, and less headspace is available to dilute episodic gas releases.' One 
of the primary objectives of VFI operation is to match an accurate estimate of retained gas volume 
with waste level at a point in time so that the past and future level measurements also indicate gas 
volume. The level also serves as a reference for.VFI sample elevation and serves as'a consistency 
check with ball rheometer liquid level passage. 

Waste surface level is typically measured with three different devices: the Food Instrument 
Corporation (mC) contact probe, a manual tape, and the Em& buoyancy gauge.'a) FIC and 
manual tape level readings are available in each DST essentially from the time they started operation 
in the late 1970s. But only the time period since the mid-1980s, from the last fill, is of interest as 
evidence of current and future gas release behavior. Enraf level gauges have been installed only 
since 1995, so their history is limited. Level measurements may be either manual or automatic; 
early data are weekly; daily or once-per-shift readings have been available since the late 1980s. 

the crust surface but also due to peculiarities of the measurement method. The readings of each 
level gauge in SY-101 from January 1,1994, to July 17,1995, are shown in Figure 2.10 to 
illustrate the magnitude of the differences. 

The various instruments report different values and trends, mainly due to the irregularity of 

The FIC and manual tape must be flushed occasionally to remove accumulated deposits 
called 'wastecicles.' In-tank video in SY-101 showed that repeated flushing eroded the crust near 
the FIC, and repeated contact with the waste excavated a distinct cavity several centimeters deep. 
The short-term effect of flushing is not predictable. The flush water is much less dense than the 
waste liquid and tends to pool at a higher level until it mixes with the waste. This level rise may 
exceed the length of the wastecicle that was removed, so the FIC actually reads higher for a week 
or so after the flush than before. The manual tape is also subject to wastecicle buildup but is 
seldom flushed and thus disturbs the crust less. 

The Enraf buoyancy gauge does not depend on electrical contact and merely sits stationary I 
on the waste surface. Thus it is not subject to buildup of waste deposits nor does it disturb the 
surface on which it rests. This makes the Enraf potentially the most reliable level indicator. 

The accuracy of any of the instruments depends on the waste surface irregularity and the 
uncertainty in the reference position which, in combination, could produce a systeIpatic error of 2 
to 10 cm, depending on the tank. Precision in sensing level changes is far more important.than 
absolute accuracy, however. A study of SY-101 data (Brewster et al. 1995) concluded that the 
Enraf correlated most closely with gas releases and was the most precise level instrument. It 
records level in 0.025-cm (0.01-in.) increments and is easily able to resolve level changes to within 
-1- 0.25 cm (0.1 in). The FIC usually responded closely with the Enraf and correlated reasonably 
well with gas release in SY-101. It records level in 0.25 cm (0.1-in.) increments and its sensitivity 
is estimated at -f- 0.6 cm (0.25 in) for nearly consecutive readings, but wastecicle growth and 
periodic flushing adds an uncertainty of k 5 cm (2 in.) in long-term values. 

(a) SY-101 measured level by radar from 1993 to 1995, but the radar gauge was erratic at times, 
especially during gas releases, and it was unclear whether it indicated the actual waste surface or some 
related quantity sensitive to surface moisture. It eventually succumbed to radiation damage. 
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Figure 2.10. SY-101 Waste Level History 

The manual tape is typically read in 0.64 cm (0.25-in.) increments, so it senses changes 
only to within & 2 cm (0.75 in.) at best. Because of this low sensitivity, the manual tape was 
uncorrelated with any of the other instruments or with gas release in the SY-101 study. In screen- 
ing the tanks for trapped gas, Whitney (1995) found that the response of manual tape readings to 
barometric pressure changes was not as valid an indicator of gas retention as the RC and Emaf. 
The manual tape history is generally not used in this study to determine a tank's GRE history. 

2.3.3 Waste Density 

. The waste density is required to compute the hyeostatic pressure at which the gas is 
. stored. In the t&' tested, the hydrostatic pressure ranges from 1.8 to 2.5 atm. This means the 

stored gas volume, expanded to standard pressure, is about twice the volume it. occupies in situ. 
The convective layer density ranges from just over 1.4 to 1.6 g/cm3, while the nonconvective layer 
density ranges from just under 1.6 to 1.8 g/cm3. 

The ball rheometer provides density measurements in the liquid region but does not 
measure density accurately in the nonconvective layer, where the waste strength may partially 
support the ball. An accurate nonconvective layer density would be available from prior core 
sample analysis, if a core was taken recently. If not, density must be estimated based on densities 
measured in other tanks with similar waste. In this report, core sample data were available for 
SY-101, SY-103, AN-103, AN-105 and AW-101. The nonconvective layer density in AN-104 
was assumed to be the same as that in AN-105. 
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2.3.4 Gas Composition . 

mable gas hazard of a specific tank. The gas composition determines both the LFL of the gas 
mixture and the energy it would release if burned. The peak pressure calculations presented to 
compare the potential consequences of the stored gas volumes measured by the VFI require an 
estimate of the gas composition. 

The background headspace concentration of flammable gas species that are not present in 
air give indirect evidence of the waste gas composition. The composition of the headspace 
atmosphere in DSTs on the FGWL is continuously monitored with a variety of instruments 
including gas chromatographs, Fourier transform infrared ("R) spectrometers, and flammable 
gas monitors. Grab samples are periodically collected and analyzed in PNNL's high-resolution 
gas mass spectrometer. But the headspace composition will not correctly reflect the contribution of 
dissolved gas that may evolve during a release. The GREs in SY-101 before the mixer pump was 
installed were large enough to fill the dome and provide a direct measure of the gas release com- 
position, Thankfully, the waste gas composition does not need to be determined this way in any 
other tank. 

The waste gas composition is one of the most important quantities in evaluating the flam- 

A rough estimate of the waste gas composition can be derived from the ratios of the 
' background concentrations of the most prevalent flammable species in the headspace that are not 
present in air. Ratios of hydrogen-to-nitrous oxide and hydrogen-to-methane are typically used. 
This assumes that the same gas concentration ratios exist in the waste as in the head space. The 
concentrations of diluent and soluble gases (e.g., nitrogen, oxygen, ammonia, and water vapor) 
must be estimated to complete 'the composition. Unfortunately, a high degree of scatter typically 
exists in the headspace concentrations, and the assumed concentrations of unmeasured components 
have high uncertainty and may not include all important species present in the waste gas. 

The retained gas sampler (RGS) is the only instrument currently available to actually 
measure the waste gas composition in situ. The RGS is a modified version of the universal core 
sampler designed to be absolutely leak-tight (Cannon and Knight 1995). RGSs are loaded into the 
drill string during a normal push-mode core sampling event. After capturing a waste sample and 
recovering it from the drill string, the sampler is X-rayed to determine .whether a full sample was 
captured and then carried to the 222-S laboratory. In the laboratory, the sample is extruded into an 
extraction vessel, where the waste gas is removed for analysis by a combination of stirring, 
vacuum pumping, and heating. Samples of the gas are taken at each stage of the extraction process 
and sent to PNNL for mass spectrometry. 

Not only does the RGS provide gas composition, but the void fraction can be derived from 
the extraction results. In addition, the X-rays provide surprising details about the size, number, 
and shape of the gas bubbles in the waste. 

. 

The preliminary RGS composition data available for AW-l0lh) and AN-1OSb) were used in 
this report. Though these data are still under review, we believe they are the best available esti- 
mates of the waste gas composition in these tanks. The RGS void fractions from AW-101 are 

(a) ShekarriZ, A, DR Rector, MA Chieda, M White, and JM Bates. 1996. Retained Gas Sampler 
Measurement Results for Hanford Waste Tank 241-AW-IOI. Letter report TWS-MIT-071996, 
Pacific Northwest National Laboratory, Richland, Washington. 
(b) Preliminary data supplied by JM Bates, PNNL, August 1996. 
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also compared with those measured with the VFI in Section 4. The gas composition for SY-101 
and SY-103 are taken from the SY-101 mixer pump safety analysis (Sullivan 1995); those for AN- 
104 are assumed to be the same as measured in AN-105; and the AN-103 composition was 
assumed the same as the RGS results from AW-101 because of their similar low headspace nitrous 
oxide-to-hydrogen ratios. 
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. 3.0 Analytical Methods 

3.1 Rheology 

This section describes how the viscosity, apparent viscosity, and yield stress of the waste 
are derived from the ball rheometer drag data. The data analysis strategy was developed to accom- 
modate variations in rheology between waste layers within the limitations of the ball rheometer 
operation. Each major waste layer’s rheology may differ considerably from its neighbors and may 
consist of sublayers less than a meter thick with distinct rheology of their. own. Since drag 
measurements from at least three speeds are required to derive the layer’s rheology, the precision 
of the ball/cable drive system is pushed to the limit. 

Each major waste layer requires different analysis strategies. The convective layer behaves 
as an essentially Newtonian fluid, and the nonconvective settled solids layer is non-Newtonian. 
The apparent viscosities of the two layers differ by several orders of magnitude, and the noncon- 
vective layer is a stratXed shear-dependent material with yield stress that usually exhibits time- 
dependent behavior. A high traverse speed is necessary to produce a detectable force on the ball 
rheometer when it is moving through the convective layer. Very slow speeds are used in the 
nonconvective layer to resolve its varying properties over as short a distance as possible. Accord- 
ingly, the ball rheometer operates in the turbulent flow regime in the convective layer and in the 
creeping flow regime in the nonconvective layer. An exception is the waste in Tank 241-SY-101, 
where the waste was found to be non-Newtonian throughout due to mixing (Stewart et al. 1995). 

A Newtonian fluid, in which the shear stress is linearly dependent on strain rate, is 
characterized by a fixed viscosity. The viscosity is derived from ball rheometer tension and 
velocity data accounting for the additional drag on the cable. A non-Newtonian fluid is charac- 
terized in terms of the apparent viscosity and yield stress. The apparent viscosity depends on the 
particular rheological model used. The Herschel-Bulkley model is adopted in this study because it 
captures shear-thinninthickening behavior and accommodates a yield stress. The flow field 
around the bWcable system moving through a non-Newtonian fluid is very complicated and 
involves a wide range of strain rates around the ball. Nevertheless, the apparent viscosity and 
yield stress can be derived from ball rheometer data ushg experimental correlations for the drag on 
a sphere in a viscoplastic fluid. 

3.1 .I Convective Layer Viscosity 

The viscosity of the convective layer is calculated from cable tension measurements 
obtained by lowering and raising the ball/cable system at a constant velocity over distances of 1 to 

. 3 m. The contributions to the tension force include the following effects: 

pulley friction 
ball weight 
ball buoyancy 
cable weight 
cable buoyancy 
drag on the ball 
drag on the cable 
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The magnitude of the tension depends on whether the ball/catjle system moves up or down. 
The load cell tensions, Tu and Td, indicate upward and downward motion, respectively, and can be 
expressed in terms of the above components as 

(3.1.1 a) 

(3.1.1 b) 

The combined force increases with depth because of the increasing contribution of the cable. From 
Equation (3.l.la-b), the combined ball and cable drag is 

(3.1.2) 

The time for flow field arQund the cable to reach a steady state is much greater than the ball 
traverse time during a measurement. Therefore, the shear stress on the cable, 2, as a function of. 
time is obtained by solving the equations of motion for an impulsively started cable of infinite 
extent moving along its axis in an unbounded viscous fluid. The momentum equation and the 
initial and boundary conditions are 

v(r,t = 0) = O 

v(r = R,t) = U 

v(r + -,t) = 0 

. 

(3.1.3aj 

(3.1.3b) 

(3.1.3~) 

(3.1.3d) 

where v is the axial velocity in the fluid, t is time, r is the radial coordinate (perpenkcular to the 
cable axis, see Figure 3.1.1), p is the fluid viscosity, p is the fluid density, U is the speed at which 

. the ball and cable system moves, and R is the cable radius. The closed form solution of Equa- 
tion (3.1.3a-d) can be obtained using the Laplace transform method (Carslaw and Jaeger 1973). 
The instantaneous shear stress at the cable surface is found from the derivative of the.velocity with 
respect to r. Thus 

(3.1.4) 

where Joy Yo, J,, Y, are Bessel functions. 

The total cable drag is the'sum of the drag on the cable as it moves through the region 
between the liquid surface and the position of the top of the ball at the time when measurements 
begin and the drag on the section of cable extending downward from the initial position as the 
measurement proceeds. 

. 

3.2 



Figure 3.1.1. Velocity Field Induced by a Cable Moving Along Its Axis 

. If a drag measurement is made from initial position L1 to a final position 
average drag force on the cable due to contributions Dcl and Dc2 are, respectively, 

below the surfah, the 

L2 /u 
Dc1 = 2zm1u jz(t) dt 

L2 0 

(3.1.5) 

(3.1.6) 

A general relationship between cable drag and velocity can be conveniently written as a correlation 
betweencable drag coefficients, CDci, and cable Reynolds number, Re,, defined by 

Dci . i=1,2 
nRLipu2 CDci = 

PUR 
P 

. Rec =- 

3.3 

(3.1.7) 

(3.1.8) . 



Upon substitution of Equation (3.1.4), numerical integration of Equations (3.1.5) and 
(3.1.6) and application of Equations (3.1.7) and (3.1.8) leads to correlations that have the 
functional form 

Range of Rec 
0.05 - 500 

1.0-' - lo" 

- ai 
cDci -- Re!' 

a1 P1 a 2  ' P2 
0.580 0.826 0.315 0.81 1 
0.433 0.940 0.120. 0.984 

(3.1.9) 

where the coefficients 
are based on a time-averaged shear stress. 

and Pi are given in Table 3.1. Note that the cable drag correlations used 

The drag force on the ball can be calculated from correlations between drag coefficient, 
CDb, and ball Reynolds number, Reb, which are .defined by 

and 

(3.1.10) 

(3.1.1 1) 

where d is the ball diameter. The following experimental correlation proposed by Khan ahd 
Richardson (1987) has an uncertainty of no more than 5%. . 

. CDb = (2.25 0.36 Re$%) 3.45 (3.1.12) 

Substituting Equations (3.1.7) and (3.1.10) into (3.1.2), we obtain a nonlinear'equation for the 
viscosity, which must be solved numerically. The functional form is 

F(P) = H (3.1.13a) 

where ' 

and 

Table 3.1. Correlation Coefficients for the Cable Drag Correlations 
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(3.1.13~) 

The value of H is obtained experimentally. For low-viscosity fluids (such as water), there 
is a great deal of scatter in the determination of the tensions, Tu and Td, with the load cells that can 

' be used in the ball rheometer. In addition, high-velocity measurements are needed when the ball 
rheometer is testing low-viscosity fluids so that the forces are detectable with,the load cells. This 
situation produces oscillations in the measurements, which increases the level of uncertainty. In 
this case, Equation (3.1.13a-c) can be used to determine an upper bound for the viscosity rather 
than a precise value. 

3.1.2 Apparent Viscosity of the Nonconvective Layer 

The apparent viscosity is defined for viscometric flows as the ratio of the shear stress . 
function zs(q) divided by the strain rate y(Skelland 1967). For the Herschel-Bulkley constitutive 
equation (Skelland 1967), the apparent viscosity pa(?) in pure shear is 

(3.1.14) 

where T, is the yield stress (in Pa), K is the consistency factor in (Pa-secn), and n is the behavior 
index. This model is adopted here because of its versatility in describing a viscoplastic material. 

The ball and cable velocities are much smaller (0.1-10 cds )  in the nonconvective layer than 
in the convective layer. The high apparent viscosities in the nonconvective layer and the low veloc- 
ities of the ball are indicative of creeping flow. The drag force on a ball traversing in a viscoplastic 
material in the creepingflow regime can be estimated from an experimental correlation for the ball 
drag coefficient, CDb (Atapattu et al. 1995). By d e f e g  a generalized ball Reynolds number for 
viscoplastic fluids, ReGb, 

. .  

,. 

Atapattu's correlation can be written as 

(3.1.15) 

(3.1.16) 

which indicates that the same functional relationship holds in both Newtonian and purely viscous 
non-Newtonian fluids, provided a generalized Reynolds number is introduced (Chhabra 1993). 

The flow field generated when the ball/cable system traverses through the waste is very 
complicated and involves a wide range of strain rates in the fluid around the ball. Therefore we 
defme a strain rate measure, ym , as the ratio of the ball velocity divided by the ball diaiheter 
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U 
(3.1.17) 

The choice of this measure is consistent with the definition of the generalized ball Reynolds 
number. By analogy WithEquation (3.1.14), the apparent viscosity obtained with the ball 
rheometer, pappy is 

(3.1.18) 

A.generalized cable Reynolds number, ReG,, for a Herschel-Bulkley fluid can be defined 
in terms of the apparent viscosity 

(3.1.19) 

It is assumed that the cable drag in a viscoplastic fluid can be calculated from Equation (3.1.9) 
with ReG, instead-of Re,. 

In the case of time-independent fluids, the apparent viscosity for a given value of qrn is 
obtained by solving an equation similar to Equation (3.1.13), in which the appropriate correlations 
(for the ball and the cable) and the generalized Reynolds numbers have been used. In general, the 
nonconvective layer is stratified and its rheological behavior is a function of elevation, z. There- 
fore, the equation for the apparent viscosity has the form 

. 

(3.1.20) 

with F and H defined by Equation (3.1.13a-b). 

When a stratified layer exhibits timedependent behavior (thixotropic or rheopectic), the . 
apparent viscosity is a function of e1evation;strain rate, and strain history. The drag force that the 
ball/cable system experiences is also a function of these three independent variables. In a time- 
dependent fluid, both the measuring and analysis procedutes must be modified to derive the 
apparent viscosity. Because the ball can only traverse along a vertical line, there is only one oppor- 
tunity (within the duration of the tests) to measure drag force in the undisturbed waste. Subse- . 
. quent measurements will reflect the changes in the waste microstructure wrought in previous ,ball 
passes. To obtain a functional relationship of the apparent viscosity as a function of the indepen- 
dent variables, the ball and cable system must be moved at several alternating velocities along each 
upward or downward traverse through the nonconvective layer. A typical multistep velocity 
function with drag force measprements is shown in Figure 3.1.2. 

For each pass, the tension data is sorted out by speed to isolate the variation of tension as a . 
function of position for each pass. After the data from all the passes have been rearranged, the 
locally weighted least squares error method is applied to obtain a fit for the total’ tension as a func- 
tion of the elevation. During each pass in the nonconvective layer, the ball/cable system traverses 
until the ball is fully supported by the material or by the tank floor. Weighted fits are required for 
these data because overshoots, recorded every time the speed changes, are not used in the analysis. 
Fitting theprearranged tension data also allows us to obtain interpolating tension functions of the 
elevation. 
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Figure.3.1.2. Drag Force in Multistep Velocity Function (fourth downward pass in AW-101) 

Having obtained a functional form for the tension curves for each velocity (strain rate meas- 
ure), the ball/cable drag functions can be constructed. The variation of the apparent viscosity with 
position, strain rate, and shear history is calculated for the down and up passes by numerically 
solving for papp from 

(3.1.21) 

where j refers to the pass number, and the subindex x denotes either a pass up (u) or a pass down 
(d). The functions & are given by 

(3.1.22) 

(3.1.23) 

Since the nonconvective material is timedependent fluid, the tension curves for the upward trav- 
erses (up-curves) are not a reflection of the downward traverses (down-curves) about the line 
given by the weight minus the buoyancy of the ball. The weight and buoyancy of the cable are 
much smaller than other contributions to the tension and can be neglected in the analysis. For each 
up and down tension curve, the combined ball and cable drag is obtained from Equation (3.1.1a, 
b) . 
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Regardless of timedependent effects, when the ball/cable system traverses downward 
(upward) through a rheologically stratified nonconvective layer, the combined drag of the system 
increases (decreases) monotonically due to two contributing factors. First, the drag increases . 
(decreases) because the ball encounters fluid with higher (lower) apparent viscosity as it moves 
down (up). Second, the cable experiences an increasingly larger (smaller) force not only because 
the cable is in contact with more (less) fluid but also because the apparent viscosity increases 
(decreases) as the cable moves down (up). 

W e n  multistep velocity measurements are not used in a thixotropic nonconvective layer, 
an integrated measure of the apparent viscosity can be calculated over the range of experimental 
strain rate measures. This average apparent viscosity was used in the characterization of the waste 
in Tank 241-SY-103 (Shepard et al. 1995) when the multistep velocity approach was not available. 
The apparent average viscosity, (p) , is 

N 

@)= i=l 
.. N (3.1.24) 

i=l 

3.1.3 Yield Stress 

Once the apparent viscosities have been calculated, the yield stress of the waste is obtained 
For each as a function of position by solving Equation (3.1.18) for thrw different values of 

pass and at each elevation, the yield stress is given by 

and the behavior index, n, is calculated by solving 

(3.1.25a) 

(3.1,.25b) 

However, an upper bound on the yield stress Gb is easily calculated from the apparent 
viscosity function obtained with data collected during the first pass at the lowest traversing velocity 
(or smallest Ym)y then 

(3.1.26) 

This bound is inferred from the drag measurements for the region where the ball can traverse 
freely. If we were to calculate the “precise” yield stress we would obtain a smaller value than that 
of Equation (3.1.26). The yield stress required to support the ball used in the field measurements 
(900 Pa) should not be confused .with the upper bound on the yield stress in the region in which 
the ball can traverse freely. 
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3.1.4 Density 
The fluid density, pf, is obtained from 

Bb 

vbg 
Pf =- (3.1.27) 

where B, is the buoyancy force on the ball, Vb is the ball volume, and g is the gravitational 
constant. - 

Total tension in the cable is measured with the ball at rest in the fluid; this value is sub- 
tracted from the reference tension measurement with the ball just above the waste surface to obtain 
the buoyancy force, Small corrections are applied to account for the weight of additional cable and 
the buoyancy force acting on this cable. Uncertainty in density values in a liquid is about 3%. The 
ball cannot measure density in material with a yield strength. The strength of the material unpre- 
dictably supports the ball and makes the buoyancy term inaccurate. 

3.2 Void Fraction 
. ,  . .  

The VFI is designed to determine the volume fraction of free gas, or void, at specific loca- 
tions in the waste. The VFI does not determine, and its response is nearly independent of, gas 
composition. The void fraction i s  not measured directly. Once the waste sample is isolated in the 
sample chamber, the chamber is pressurized with nitrogen gas. The void fraction is calculated 
from the initial and final pressures, temperatures, and known system volumes. The void fraction 
model discussed below comprises the assumptions and equations of this procedure. 

3.2.1 Void Fraction Model 

The void fraction is determined using the basic concept that the number of moles of gas in 
the system is conserved during pressurization. The initial amount of gas includes the gas in the 
pressurization chamber and the connecting line plus the free gas existing as bubbles or pockets in 
the waste sample. The total amount of gas in the systemafter a sample has been pressurized 
includes the gas in the pressurization chamber and the connecting line, the free gas remaining'in the 
waste, a small amount that may have condensed or dissolved in the waste, and the nitrogen 
'injected' into the sample chamber during pressurization. 

The pressurizing chamber, connecting line, and sample chamber each have a measured 
temperature and pressure and a known volume. All of the pressure measurements are made inside 
the equipment enclosure, which is outside of the tank, the only instruments inside the tank are 
temperature sensors. The pressure transducers are connected to the pressurizing chamber and to 
the connecting line near its upper end. The initial and final pressures and temperatures of the 
nitrogen gas charge in the pressurizing chamber are measured for each test. The pressures in the 
connecting lines, which extend from inside the equipment enclosures through the support masts to 
the sample chamber, are measured with a pressure transducer in the equipment enclosure. The 
temperature of the gas in the connecting line varies along its length. The gas inside the connecting 
lines and fittings is at essentially the same temperature as the tube walls at equilibrium. Tube wall 
temperatures are measured at several locations along the lines and averaged to calculate the line 
temperature. 
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The temper- of the waste in the sample chamber is measured by an RTD located 76 cm 
from the sample chamber, near the lower arm pivot and at the same elevation as the sample 
chamber. The initial'pressure in.the sample chamber is assumed to be equal to the ambient 
hydrostatic pressure of the waste. At the end of each test, after the sample chamber is opened, the 
gas in the connecting line escapes through the check valve until equilibrium is reached. The line 
pressure, measured by a pressure tmisducer in the equipment enclosure, is'then recorded as the 
initial waste pressure. 

The following nomenclature is used to describe the volumes and properties in the model: . 

T =temperature 
P = pressure 
V = volume 
N = number of moles of gas 

Subscripts: 5 

0 = gas bubbles in the waste 
1 = pressurizationch'amber 
2 = samplechamber 
3 =c~nnectingline 
i = initialconditions 
f = finalconditions 

' The pressurization chamber and the connecting line are rigi& their volumes are essentially 
constant and do not change with pressure. The sample chamber, however, is less rigid; the cover 
undergoes hoop expansion, and the sample chamber length increases because, the side ligaments 
stretch when pressurized. These effects have been included in the model by computing a change in 
sample chamber volume proportional to the pressure change: 

AV2 = P-(P2f-P2i)*V2 (3.2.1) 

where P is the volumetric compliance of the sample chamber. The elevation head is added to the 
line and sample chamber pressures.. At 35 atm, the 18-m height of the VFI mast produced a head 
of about 1/30 atm, or 0.1% of the maximum pressure. 

gas. If the volume, pressure, and temperature of the gas in each volume are all known, the number 
of moles of gas can be calculated using appropi-iate relationships. For real gases it can be shown 
that the number of moles of gas held within a volume is directly proportional to the volume, to very 
good approximation. The relation is given by 

The pressurizing gas in the system is nitrogen and is treated as a real'rather than an ideal 

N = V.f(T,P) 

where 

(3.2.2) 

(3.2.3) 

In Equation (3.2.3), R is the universal gas constant, and Z(T, P) is the compressibility of nitrogen, 
which can be obtained from published gas properties tables. The Beattie-Bridgeman equation of . 
state is used to model the behavior of nitrogen. The Beattie-Bridgeman equation of state is 
expressed as (Moran and Shapiro 1988) 
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A (v+B)-- RT(1- E) P =  
V2 V2 

(3.2.4) 
where A = Ao(l-a/v) 

, B = Bo(l-b/V) 
C &=- 

vT3 

and A,,, a, Bo, b and c are constants, P is the pressure, T is the temperature, v is the molar specific 
volume, and R is the universal gas constant. In application, the standard Beattie-Bridgeman con- 
s e t s  were changed slightly to obtain a more accurate correlation over thepressure range of 1 to 
4OEatm and temperatures of 250 to 350K, the ranges over which the VFI is expected to operate. 
The model is accurate to well within 0.1 % of published gas tables (Keenan and Kaye 1965) over 
this range of operiting conditions. . 

The gas in the waste sample may depart from ideal gas behavior for a number of reasons. 
Some of the species present, specifically ammonia, dissolve in the liquid as pressure increases. 
This effect is included in the calculation by allowing a small fraction of the gas in the sample 
chamber to be removed from the system. 

Equating the initial and final amount of gas in the system results in the following: 

Nlj + N2i + 'N3i = Nlf + N2f + N3f + N, . (3.2.5) 

where N, is the number of moles of gas, originally in the sample chamber, that condenses or 
otherwise disappears. We define N, as a simple fraction, k, of the initial number of moles in the 
sample chamber so that . 

N, = kNzi ' (3.2.6) 

Substituting Equations (3.2.3) and (3.2.6) into Equation (3.2.5) yields 

Now define the volume ratios, K, = V,N2 and K3 = V3/V2, and the void fraction, a = VO,. 
Substituting these definitions for the volume ratios in Equation (3.2.7), applying the definition of 
pressure and temperature differentials, and solving for the void fiaction yields 

05 = ~ l [ f ( ~ l f . ~ l f ) - f ~ ~ l i , ~ l i ) ] +  K 3 [ f ~ 3 f 7 ~ 3 f ) - f ~ ~ 3 i . ~ i 3 ) ]  
(3.2.8) B * (P2f -P2i) * f (T2f9P2f) + 

f P2i) . (1 - k) -. f Cr2f 9P2f 1 
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Equation (3.2.8) can be used to calculate void fraction from the initial and final pressures ' 
and temperatures, system volumes, compliance of the sample chamber, and assumed properties of 
the trapped gas. . 

3.2.2 Void Fraction Model Uncertainty 

Uncertainties in the void fraction measurements are of two types: emrs associated with the . 
uncertainties in the individual parameters used in calculating the void fractions and errors due to 
some of the trapped gases in the sample escaping from the w&e before the sample chamberis 
closed. An analytic evaluation of the uncertainty due to parameter errors was performed, and the 
errors due to the sampling process were examined experimentally. The results of both of these 
investigations are described below. 

The linear combination of uncertainties in the calculated void fraction due to errors in the 
individual parameters of Equation (3.2.8) yields an uncertainty of rf: 0.5% void fraction. The 
estimates of the individual errors are based on sensor calibration data,.calculated values based on 
the physical system, and estimates of the waste properties. The main contributing parameters to 
the overall error were the connecting line volume, the parameter Y that models the real gas 
behavior of the trapped gases in the waste, and the compliance of the sample chamber. 

The pressure inside the bubbles in the waste is slightly greater than the 1.5-2.5 atm ambi- 
ent hydrostatic pressure because of surface tension.' If the surface tension pressure were signifi- 
canq the VFI would under-predict the void fraction; however, calculations show that the pressure 
added by surface tension is significant only for bubbles less than one micron in diameter. Studies 
'of gas release signatures and photomicrographs of core samples from SY-101 (Brewster et al. 
1995) indicate that the volume-average bubble size is on the order of a few hundred microns. 
Tanks that are not forcibly mixed (all except SY-101) would be expected to have larger. bubbles. 

. 

The waste must have a non-zero yield strength to retain'gas bubbles. As the sample is 
compressed, the pressure inside the bubbles may be slightly less than the pressure measured by the 
pressure transducer because the surrounding material supports some of the load. The relatively 
high operating pressure minimizes this effect The ball rheometer indicates yield strengths less 
than loo0 Pa, which is insignificant compared with the 3.5 MPa sample chamber pressurization. 

The temperatures inside the gas bubbles are not necessarily the same as those measured by 
the transducers. The bubble temperature will tend to increase temporarily upon compression until 
heat transfer to the waste reestablishes equilibrium. But bubbles have negligible thermal mass I 

compared with the waste and system hardware, so the transient time is short and the initial and 
final temperatures are essentially equal. Thermal equilibrium of the sample due to gas compression 
is not an issue, even for the largest bubbles. ' 

. 

However, thermal equilibrium between the waste and the VFI structure must be consid- 
ered, particularly for the first void fraction measurement after the VFI enters the waste. Transient 
heat transfer calculations indicate that a 10-minute wait is sufficient to reduce the maximum temper- 
ature difference to below 0.d"C (1°F). A 20-minute wait is used in actual testing to ensure thermal . 
equilibrium. 

There is also a sample capture error that was fmt quantified approximately in experiments 
conducted at LANL with both gassed SY-101 chemical sirnulant and neutrally buoyant spheres to 
investigate capture of bubbles in .non-Newtonian fluids. Although the resemblance of those tests 
and analyses to actual VFI measurements in general tank waste. is questionable, the results showed 
the void of the sample to be less than that of the undisturbed waste by a factor of around 0.1 with 
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an uncertainty of k 0.04.<") Analysis of the Retained Gas Sampler also raised the possibility of 
incomplete capture due to shear stress of the sludge on the container walls.@) However, a zero. 
error is predicted for shear strength below 1,500 Pa (0.2 psi), which is the case in all the tanks 
tested. To account for this very real effect, though its value is unknown, we assume a.10% 
sampling error. That is, the indicated void is multiplied by a factor of 1.1 to give the correct value. 

other than the sampIing error, the other uncertainties in the system are s m d  compared with 
the typical scatter in the measurements of 115 to 1/3 of the void fraction and are neglected in 
computing the average void fraction and gas volume. 

3.2.3 Average Void Fraction 

The average void is computed from the Vm measurements with the ANOVA statistical 
procedure using a model that captures the major sources of uncertainty. The only assumptions 
behind the ANOVA model are 1) the void fraction varies horizontally in the tank with a certain 
standard deviation; and 2) the mean void fractions hi specified vertical layers may be Werent, but 
the void fraction at a riser within each layer is assumed to be uniform. 

The model for applying the ANOVA procedure was based on the void measurement 
process. The model has the form 

(3.2.9) 

where - a = the mean void fraction in the tank 
= deviation of the void fraction at riser i from the mean, 

i = 1 and 2 (representing the two risers tested) 
= deviation of the void fraction of traverse j in riser i 
= the effect of kth layer, k=l, 2, and 3 (s& discussion below) 
= the void fraction deviation at riser i and elevation k from the mean 
= deviation of the void fraction of traverse j and elevation k from the mean 

. 
' 

eijH 
Each term in the model describes a source of variability in the measurement process. All 

= sampling and instrument error. 

terms except the mean void itself and the effect of layer, D, have a zero mean and represent 
deviation from the mean. Deviation due to interaction of traverse and elevation and riser and 
elevation are also included in the terms TD and RD, respectively. 

The layers are chosen to be consistent with the overall wasteconfiguration. The entire 
convective layer is treated as a single layer extending from the estirhated base of the crust to the 

. approximate top of the nonconvective layer. The latter elevation is chosen to be just above any 
significant void fractions (above 0.01) measured on the first pass. Higher void fractions in the 
convective layer from second or third pass measurements are discarded since they are assumed to 
result from gas released from below on the prior pass. The assignment of layers is illustrated by 
those chosen for AN-104 in Figure 3.2.1. 

(a) Abbott, JR, and C Unal. November 16, 1994. Sampling Ability of the In-Situ Voidmeter 
Instrument. LANL letter reporf TSA-6-94-316 ( M l l O ) ,  Los Alamos National Laboratory, Los 
Alamos, New Mexico. 
(b) Shekarriz, A, and JD Norton. September 15, 1995. Retained Gas Sampler System Analysis. 
Letter report PNL-FG-091595, Pacific Northwest Laboratory, Richland, Washington. 
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Void Fraction 

Figure 3.2.1. Layers for Average Void Calculation in AN-104 

The nonconvective layer is split into two or three sublayers with boundaries determined by’ 
a visual interpretation of the variation in void fraction. The number and thickness of the sublayers 
are rather arbitrary, but each is chosen to yield a fairly uniform vertical void distribution. The 
ANOVA model emphasizes predicting the mean void fraction in each layer of a tank. For estimat- 
ing the total gas volume stored in a tank, this is more important than predicting the exact void 

. fractionprofile: . 

With this model, the mean void fraction and its uncertainty estimate can be obtained for 
each of the three layers. The MIXED procedure of SAS, a statistical software package (SAS 
1992), is used to estimate the effects and deviations of the model in Equation (3.2.9) from the void 
data using the layers as defined above. 

Although measurements are made in only two risers, it is legitimate to estimate horizontal 
variation based on the data. There is a potentia for missing important horizontal variation, but if 
the void profile in the two risers is nearly the same, the chance of an unmeasured nonuniformity is 
small. Likewise, if the two risers show a very different void profile, the uncertainty will. be large 
compared with any undetected void variation. This procedure has been used to estimate the hori- 

. zontal variation of tank chemical contents based on core samples from two risers (Hartley et al. 
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1995). Also, the gas volume estimated from the VFI measurements can be confiied by the global 
uolume estimate,from the barometric pressure effect method (see Section 3.3.2 below) which 
accounts for all horizontal nonuniformities. 

3.3 Gas Volume 

The VF'I does not measure gas volume;.it must be computed from the average void frac- 
tions. Another important aspect of the volume calculation is the pressure at which the gas is 
stored. The void fraction represents the space occupied by the gas compressed in situ under the 
local hydrostatic pressure. The total gas volume at standard pressure and temperature that is 
required to compute headspace gas concentrations and combustion energies from a postulated 
ignition event is larger than the in situ volume by a factor equal to the local pressure in 
atmospheres. 

- 

3.3.1 Standard Volume 

Given the void fraction, g, of a given layer, i, the in situ volume, Vi, of the layer is the 
product of the void fraction, layer height, H,, and the tank area, A 

(3.3.1) 

The standard volume of each layer, qi , is the product of the in situ volume and the corrections for 
standard pressure and temperature conditions" 

(3.3.2) 

where Pi is the layer effective pressure, pis the standard atmospheric pressure at sea level 
(101,325 Pa), if. is the skdard temperature (288.15K) and Ti is the layer average temperature 
taken from available temperature profile measurements. The small variations in local ambient 
pressure due to weather and the -200 m (700 ft) elevation of the Hanford tank farms are neglected 
in the pressure correction. 

It is convenient to define an effective pressure ratio that includes both pressure and 
temperature corrections to standard conditions. The defrntion is 

(3.3.3) 

For a uniform void distribution, the pressure in Equations (3.3.2) and (3.3.3) is equal to the local 
pressure at the midpoint of the layer. This is estimated in terms of the average densities of the 
convective and nonconvective layers; pa and pNC, by 

(3.3.4a) 

(a) Standard conditions are taken from "U.S. Standard Atmosphere, 1976" as defined in CRC 
Handbook of Chemistry and Physics,. 71st Edition, DR Lide, editor. CRC Press, Boston. 

3 15 



for sublayers of the nonconvective layer, and 

(3.3.4b) 

for the convective liquid layer, where H, is the elevation of the free liquid level above tank bottom, . HNc is the total height of the top of the nonconvective layer, and y is the height the tops of individ- 
ual layers. The weight of the floating crust is included in the pressure implicitly by using the liquid 
.level. 

The ball rheometer gives a reliable estimate of density in the convective layer but not in the 
nonconvective material. There, densities must be obtained from recent core sample analysis or 
estimated from data from other tanks. The height of the liquid level is indicated by the appropriate 
level gauge. 

The total in situ gas volume in the nonconvective waste is the sum of the gas voIumes in the 
nonconvective sublayers: 

i=l 

The total standard volume is similarly computed, making use of Equation (3.3.3), as 

i=l 

The overall average void fraction forthe entire nonconvective layer can be determined from 

For the nonconvective layer, the average pressure ratio is defined as 

(3.3.5) 

(3.3.6) 

(3.3.7) 

(3.3.8) 

The total in situ and standard gas volumes in the entire waste column are the sum of that in 
the nonconvective layer from Equations (3.3.5) and (3.3.6) plus the gas in the convective layerca> 
and the crust. The in situ and standard volumes are given by 

(3.3.9a) 

(a) The convective layer void fraction was originally assigned to be zero; however, we later chose to 
add this'very small contribution and its relatively large unce&'ty.as a valid feature of the Vm 
measurement.. 

* 

316 



(3.3.9b) 

The in situ and standard volumes in the convective layer are computed using Equations (3.3.1) and 
(3.3.2) with the effective pressure from Equation (3.3.4b). 

The crust volume is estimated by computing the gas necessary to make it buoyant. The 
void required to float the crust in SY-101 was found to be 25 & 8% (Brewster et al. 1995) con- 
sideriqg the estimated porosity and density of the crust material. This void estimate is assumed to 
apply to the crust in other tanks as well. The gas volume in the crust is simply the product of the 
estimated average crpst thickness, waste surface area and the crust void fraction. 

(3.3.10) 

The crust gas volume is assumed to be stored at standard pressure. The cqst thickness can some- 
times be estimated very roughly from the temperature profiles or, more precisely, by a validation 
probe run in an MIT. However, video observation of the ball rheometer and VFI passing into the 

, waste or of water lancing during installation of MITs also can provide some information on crust 
thickness. 

The mean void fraction and average pressure ratio for the entire waste column are calculated 
using individual contributions from the crust, convective, and nonconvective layers. This becomes 

- VW a, =- 
M W  

(3.3.10) 

(3.3.1 1) 

where the subscript ‘w” refers to the entire waste column. V, and ?w are calculated with 
Equations (3.3.9a) and (3.3.9b), respectively. 

3.3.2 Barometric Pressure Effect 

. The total retained gas volume can @so be determined from the waste compressibility. The 
compressibility is derived from the effect on the waste surface level of changes in barometric pres- 
sure. The basic assumption underlying the barometric pressure effect (BPE) method is that the gas 
stored in the waste is free to expand or compress as the hydrostatic pressure changes, and the 
bubble internal pressure is equal to the local hydrostatic pressure. Compression and expansion are 
assumed to be isothermal because of the intimate contact of the bubbles and waste. These are 
basically the same assumptions applied in the void fraction model in Section 3.2. 

pressures under 3 atm) states that 
For isothermal compression, the ideal gas law (which is appropriate for typical waste gas at 

PV = PAL = constant (3.3.12) 

where V is the in situ volume, L is the waste surface level, and A is the tank cross-sectional area. 
Taking the derivative of Equation (3.3.12) with respect to pressure and rearranging yields 
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dL -v 
d P A P  
-.=- (3.3.13) 

The Compressibility of the total waste column is the sum of the compressibilities of the 
individual layers. Hence we have 

(3.3.14) 

‘where Pa and Pi are defined via Equations (3.3.4a) and (3.3.4b), respectively. This value can be 
compared with that obtained by correlating the surface level measurements and barometric 
pressures. 

Notice from Equation (3.3.13) that the effective pressure must be know to determine the 
volume from the pressure-level response. In the absence of a VFI measurement, the effective 
pressure must be estimated from an assumed vertical distribution of retained gas. Knowing the 
distribution of stored gas we can compute the effective pressure for compressibility by combining 
Equations (3.3.13) and (3.3.14) to yield 

(3.3.15) 

where V, is the total waste in situ volume from Equation 9.3.9a). Note that this effective pressure 
is different from the average pressures defined by Equations (3.3.8) and (3.3.11). 

If the compressibility and‘effetive pressure are known, the total in situ retained gas volume 
and standard volume’can be estimated by 

dL 
. d P  

.vw = -AF& - 
and 

A - vw =VwPw 

(3.3.16a) 

(3.3.16b) 

respectively, where the average pressure ratio Fw is defined by Equation (3.3.1 1) from the void 
profile. 

3.3.3. Uncertainty in Volume Calculations 

In general, uncertainties represent one standard deviation and are estimated by linear 
propagation through their defining equations, assuming each parameter was independent. If y is a 
function of N variables,’y = F(x,, xz, ... xN), each with uncertainty, oi, the standard error is 
expressed as 
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(3.3.17) 

The uncertainties in the in-situ and standard gas volume in each layer depend mainly on the 
uncertainty of mean void fraction in that layer. However, the uncertainty of layer height, pressure, 
and temperature are included for completeness. Based on Equations (3.3.1), (3.3.2), and 
(3.3.17), these are expressed as 

. I  

and 

where the uncertainty in the void fraction is provided by the statistical model described in Sec- 
tion 3.2.3. Except for the convective layer, the layer heights are assigned and their uncertainty is 
zero. In the former, the uncertainty of the waste surface level and crust thickness is included. 

The uncertainties of total in situ and standard gas volumes in the nonconvective layer 
include the covariances of the layer void fractions. The covariances exist because the estimates of 
mean void fraction in each layer are not independent. They share a common deviation due to riser 
(horizontal variability). The uncertainties are derived from Equations (3.3.18a) and (3.3.18b) and 
are given by 

and 

(3 -3.1 9a) 

(3.3.19b) 

where cov(a,,ocj> represents the covariance of mean void fraction between layers i and j, calculated 
from the estimate of riser variability and the structure of the ANOVA model. Covariances of the 
layer pressures and temperatures are considered to be negligible and are not included. 

3.4 Gas Release Potential and Consequence 
The ultimate objective of measuring stored gas volume is to assess potential gas release 

volumes and the consequences thereof. All of the FGWL DSTs considered in this report exhibit 
spontaneous gas releases of varying magnitudes. SY-101 might have released over half the gas 

* stored in its nonconvective layer in a few minutes 'during one of its historic rollovers before the 
mixer pump was installed. AN-103, on the other hand, stores the largest volume of the six tanks 
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studied but only releases a smdl fraction of it during any one event. The GRE history, as defined 
by the behavior of each tank over 6-10 years since it was last fiied, indicates the size and 
frkuency of releases that can be expected if the tank continues to behave ‘normally.’ 

However, there are Mo reasons to consider larger releases that depart from the historical 
behavior. First, a very conservative calculation estimates that a large earthquake (0.25g7 -100-year 
return frequency) could impart as much energy to the waste in a DST as was released in one of the 
larger, pre-mixer-pump rollovers in SY-101. This implies that over 50% of the stored gas might 
be released, even if the tank‘s historical behavior showed only much smaller natural releases. 
Second, a tank can be demonstrated as ‘safe’ with regard to catastrophic dome failure if it can be 
shown that the peak dome pressure resulting from a burn of 100% of its stored gas remained under 
the maximum design pressure. 

To address these considerations, the ‘safety state’ of each tank will be quanWied by com- 
puting the peak dome pressure as a function of release fraction from &loo%. This covers the 
consequences of all eventualities. Three of most interesting might be 1) the range of expected 
release from the historical record, 2) a release of up to 50% of the stored gas that might occur 
duiing a severe earthquake, and 3) a release of 100% of the stored gas as a bounding case. We 
begin by discussing how the GRE history of a tank is determined. 

3.4.1 Deriving a Tank’s GRE History . 

The most effective and murate means to characterize gas releases is by headspace gas 
monitoring; however, gas monitoring has only been available in the last couple of years and can 
serve only to guide-the calculation of release volume from level changes. The GRE history for a 
typical tank prior to the mid-1990s must be derived from the waste level history, usually as meas- 
ured by an HC contact probe or Enraf buoyancy gauge (since about 1995). The manual tape or 
other devices are suitable for identifying but not quantifying some of the larger releases. GREs are 
identified by a sudden level drop following a long period of steady level rise. The initial drop is 
usually followed by a slower decline to a minimum level several days or even a couple of weeks 
after the main event. Often there is an accelerated or even abrupt level rise just before the event. 

Gas releases in DSTs occur by the buoyancy-induced rollover mechanism. The accepted 
model for a rollover (Allemann 1993) assumes that a region, or ‘gob,’ of the nonconvective layer 
accumulates gas until it becomes buoyant under the local hydrostatic pressure and rises to the ‘ 

surface. The expansion of the gas during the rise will produce a level rise if it occurs slowly or if 
the gas is not released immediately. At the surface, gas is released until the gob returns just to 
neutral buoyancy at the surface. This causes the sudden level drop that is the signature of a 
rollover. Then the waste sinks slowly back to the bottom, the gas it still contains being com- 
pressed. This final process yields the slower level decline that occurs days or even weeks after the 
actual release. The model predicts that only the initial level drop is accompanied by an actual 
release of gas into the headspace. Thus only the initial level drop should be used to compute the 
release. 

Rollovers proceed at widely varying rates depending on the amount and type of waste 
involved. Large releases that are energetic enough to liquify the rising gobs may take only a few 
minutes; such behavior was typical of SY-101. A thick crust may reduce the rate of releases that 
are not able to break through it as in AW-101. The actual gas release rate can be estimated from the 
hydrogen (or any other waste gas species not present in air) concentration transient in the tank 
headspace. Assuming the gas in the head space is fully mixed and its concentration is accurately. 
represented by the gas monitoring equipment, the mass conservation equation is 
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(3.4.1) 

‘where [H21 is the hydrogen concentration measured by the monitoring system, RH2 is the release 
rate of hydrogen from the waste, VHs is the headspace volume, and Bis the ventilation rate. 
Solving Equation (3.4.1) for the release rate yields 

1 - 
RH2 1 - [H2] 

(3.4.2) 

The ventilation rate can be estimated from the slope of the concentration decay curve or 
determined by trial and error adjustment so that the cumulative release fraction is asymptotic to 1.0. 

headspace. ’ 

total release requires one to several hours. A plot of the release rate and cumulative release fraction 
for a typical rollover in AN-105 is shown in Figure 3.4.1: The total release from this calculation 
is consistent with that calculated from the initial level drop, ignoring the subsequent level decline. 

/This method cannot be used for very small releases or in tanks such as SY-103 with a very large 

Analysis of severh GREs shows that release rates are typically from 1-10 cfm, and the 
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Figure 3.4.1. Gas Release Transient in AN-105, 5/30/96 



Once potential GREs are identified, the waste-level history must be screened to weed out 
false positives resulting from occasional FIC flushes or spurious readings recorded in the opera- 
tions log. There is a good bit of art in this step, Once a GRE is validated, the level drop is 
determined as the difference between the peak level immediately before the drop to the level on the 
next day, even if the level on subsequent days is lower. Then the standard gas release volume is 

where ALGE is the initial level drop, A is the tank area, and &+s the average pressure ratio of the 
gas stored in the nonconvective layer described by Equation (3.3.8). In some tanks, gas releases 
occur with no surface level change, or the releases are so small as to challenge the resolution of the 
level measurement-this is particularly true of AW-101 and AN-103. In these caseswaste level 
fluctuations are simply inadequate to describe gas releases, and gas monitoring data should be used 
to. define the GRE history. 

The fraction of the total retained gas volume that escapes from the waste in a major release . 
event represents the product of the fraction of waste participating and the fraction of gas that is 
released from that volume. This product is estimated from the tank level history as the ratio of pre- 
GRE gas volume to the volume released. The VFI data provide good estimates of the gas content 

~ at the current waste level, the amount of gas stored in the nonconvective layer before each historical 
GRE can be calculated from the corresponding waste level. The release fraction is calculated by 

F, = &,RE 

LGIE .- LNO-GAS 
(3.4.4) 

where AT.,GRE is the level drop, LGm is the pre-GRE waste level, and Lo-GAs is the waste level that 
would exist if all gas in the nonconvective layer were removed. This is calculated by 

(3.4.5) 

where Qc is the average void fraction in the nonconvective layer defined by Equation (3.3.7). 
The gas stored in the crust does not participate heavily in a rollover, as evidenced by the quick re- 

:establishment of the crust layer in SY-101 following large rollovers. The small amount of gas that 
may exist in transit in the convective layer consists of small bubbles that are not subject to release; 
therefore, only the nonconvective layer gas is calculated to participate in the release. No estimate 
of the effective pressure of the stored gas is necessary, because the ratio of gas release toinitial 

' inventory is independent of pressure. 

The models described in this section are used to derive the GRE history in terms of gas 
release in Appendix A and to characterize the releases described in Section 4. 

.3.4.2 Peak Headspace Pressure 

The peak headspace pressure resulting from a postulated deflagration is determined to 
assess the potential safety consequences of a tank's stored gas volume. The hazard is evaluated by 
comparing the predicted peak pressure with the m-um allowable pressure, which is assumed 

3.22 



.tobe 3.08-atm gauge. We don't consider specific gas release mechanisms but vary the release 
fraction from 0 to 1.0 as a parameter to cover d l  possible releases. The combustion model is based 
on LANL's maximum allowable release analysis for SY-103.(a) 

Uncertainties in the gas volumes and compositions and other data are specifically included 
by a probabilistic implementation of the gas release and combustion model. Inputs are described as 
probability distributions. The distribution of the burn pressure over the full range of the input is 
computed by the simulations described below. The probability distributions so derived are condi- 
tional probabilities that assume ignition of the entire gas release. Dilution or other plume effects 
that determine the volume of gas that is actually flammable as a function of time are left to an 
ignition probability calculation. The.inputs modeled as probability distributions are as follows: 

species concentration in the waste gas 
hydrogen 
nitrous oxide 
methane 
carbon monoxide 
ammonia 

0 ratio of volume of dissolved ammonia evaporated to total volume of free gas released 
0 void fraction in each subregion of the nonconvective layer 
0 pressure in each subregion of the nonconvective layer 

waste level. 

The void fraction and pressure distributions in each sublevel are assumed normal with statistics 
based on the actual vFl[ observations as described in Section 3.2. 

Distributions for the major gk components for the equivalent fuel calculation were obtained 

RGS (AW-lOl,@) AN-105(')) - These distributions were input as beta or log-normal 
distributions in species mole fractions a, N20, CO, CH,, NH,) on [O,l]. 

0 Headspace analysis of a large GRE (SY-101) - These distributions were input as log- 
normal distributions based on the mean and standard deviations reported in Sullivan 
(1995) but mddified to convert release gas concentration to waste gas concentration. 

from the following sources: 

,Extrapolations based on observed similarities to another tank (SY-103 = SY-101, 
AN-103 = AN-104 = AN-105). 

Some volume of dissolved ammonia evaporates from the waste surface during a GRE in 
addition to the free gas volume released. If the ratio of dissolved to free gas release volume is 
denoted as FsOv the free gas volume released is multiplied by a factor [ 1 + ES,J to get the total 
release volume. At thebame time, the waste gas concentrations are reduced by the same factor in 
computing equivalent fuel values and flammability in the head space. . 

(a) Pasamehmetoglu, KO. 1996. Maximum Allowable Gas Release Volume Predictions. Letter ' 
report TSA-10-96-329, Los Alamos National Laboratory, Los Alamos, New Mexjco. 
(b) Shekarriz, A, DR Rector, MA Chieda, M White, and JM Bates. 1996. Retained Gas Sampler 
Measurement Results for Hanford Waste Tank 241-AW-IOI. Letter report TWS-ME-071996, 
Pacific Northwest National Laboratory, Richland, Washington. 
(c) Preliminary data supplied by JM Bates, PNNL, August 1996. 
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= Xi 

1 + FSOL 
(3.4.6) 

where xf is the concentration of component i in the releasegas. The k o n i a  concentration in the 
headspace after the release is given by 

When the release gas species concentrations are known, as & SY-101, the waste gas 
concentrations are derived by solving JQ. (3.4.6) for xi. 

Waste level appears in two ways :in the calculation. There was a point level observation at 
the time of the VFI measurement from which the degassed level is calculated which was not ' 

modeled as a distribution. Given the degassed level, the waste level at the time of a gas release 
must be input to define the stored gas volume available. The distribution for the pre-GRE waste 

. level was obtained from actual level data over a long time period; these were processed to produce 
a piece-wise constant distribution. An 'addan' uncertainty modeled as a uniform distribution in [- 
0.025,0.025] meters was applied to the base distribution account for HC flushes and offsets due 
to changes of level instruments. The SY-101 level was input as a normal distribution with mean 
and standard deviation derived from the 'before GRE' column of Table A. 1. 

The peak pressure model begins by calculating the volume-averaged pressure, in atmos- 
pheres, of the undissolved gas in the nonconvective layer: 

(3.4.8) 

where Pi are the layer pressures defined by Equation (3.4.4a). This differs from the average 
pressure ratio defined by Equation (3.3.8) in neglecting the temperature correction factor. 

Next, the fraction of the fuel that is oxidized by nitrous oxide(rather than oxygen) is 
estimated, and the total equivalent fuel value (for all fuels present) is determined. It should 'be 
noted that recent flammability tests at California Institute of Technology(') suggest that nitrous oxide 
is essentially inert in lean conditions close to the LFL. However, it does apparently participate 
actively when the flame temperature exceeds 1300K. Since this is likely to occur in burns of larger 
volumes that might exceed the maximum pressure we consider nitrous oxide to be as effective as 
oxygen, recognizing that this may be over-conservative for small releases. Combustion energies 
with oxygen and nitrous oxide are compared in Table 3.2. 

(3 -4.9) 

(3.4.10) 

(a) Personal communication, August 1996, Dr. M. E. Brewster (PNNL) with Dr. J. Shepard 
(CW. 
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’ 

, .  

1 

Combustion Energy - 
(kJ/mole of fuel) 

Fuel Oxygen Nitrous oxide 
Hydrogen 
Ammonia 

-241 -324 
-3 17 . -442 

Methane -789 -1 132 
Carbonmonoxide * -281 -365 

(3.4.1 1) 

where qu = 
r l D  = 
rlwr I, - 
x ’ = 

s = the stoichiometric ratio for a gas component when burned with N20; . 

Fs,, = 
e, = 
E = 

= 

the frqtion of fuel from undissolved gas that is oxidized by N20 
the fraction of fuel from dissolved gas that is oxidized by N20 
the total fraction of fuel oxidized by N20 
the concentration (niole fraction) of a component in the undissolved gas; the 
subscript H is hydrogen, A is ammonia, M is methane, C is carbon 
monoxide, and N is nitrous oxide 

subscripts are as noted above 
the ratio of gas released from solution to that released from undissolved gas. 
the total equivalent fuel value (in terms of hydrogen) 
the equivalent fuel value of gases other than hydrogen when burned in 
oxygen; subscripts are as noted above. 
the equivalent fuel value of gases when burned in nitrous oxide; subscripts 
are as noted above. 

The total headspace volume available to absorb the burn energy depends on the depth of the 
w&te immediately after a GRE (and immediately preceding the hypothetical burn).. The depth, 
LPst, is given by 

(3.4.13) 

where L = the waste level (m) at some randomly selected observation time 
F,, = the ratio of the volume of undissolved gas released to the 

total undissolved gas present L,,, - -. the waste level (m) after a GRE. 

The standard volume (STP) of gas released is proportiond to the total gas volume before 
the GRE, the release fraction, the fraction of dissolved gas released with the insoluble gas, and the 
pressure at which the gas is stored. This is expressed as 
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(3.4.14) 

where A = the cross-sectional area of the tank (m2) 
TNc = the estimated nonconvective layer temperature. (K) 
f' = the standard temperature (K) 
Gm = the standard volume of gas released (m') 
FsoL = the ratio of dissolved to undissolved gas in the release. 

.The distribution of the ratio of dissolved to undissolved gas in the release was chosen in an 
ad hoc manner that attempted to capture the uncertainty of the current state of knowledge regarding 
this quantity. This quantity contributes greatly to the uncertainty of the result and is dominated. 
only by the uncertainty in the hydrogen concentration. 

Finally, the peak pressure (in atm gauge) that can be achieved by burning the entire release 
'is computed by scaling a very detailed coupled combustion and structural calculation of bum 
pressure perforined for SY-101 (Sullivan 1995). The SY-101 calculation predicted a 2.91 atm 
(2.95 bar) gauge pressure as a result of burning 245 m3 (8,650 SCF) of gas, equivalent to 62.7% 
hydrogen combusted in air, in a head space volume of 1,218 m3 (43,000 fi?). A s s d g  a linear 
dependence, this result is simply scaled by the release volume, headspace volume, and equivalent 

.fuel value of the release gas to estimate the .peak pressure in the tank of interest. The scaling is 
expressed as 

' 

(3.4.15) 

. where 0 =23.09 atm = 2.91 atm 1,218 m3/(245 m3 0.627 HJ; the pressure increase per 
concentration of hydrogen-equivalent fuel burned 

Vao, =the volume (m3) of the dome space above &. 
= the waste level at maximum capacity (m). 

The software Crystal Ball was used to perform the simulations. Five-thousand samples 
were used to ensure that the simulation had converged in the tail of the distribution. The results of 
the simulation were output as percentile (cumulative distribution) in increments of 5%. A sensi- 
tivity analysis was performed to validate the use of point estimates for certain parameters. Results 
are presented for each tank in terms of the peak burri pressure at the 50th, 95th and 99th percentile 
as a function of the release fraction. These results are presented in context in Section 5, 

The results of the Monte Carlo simulation were verified for convergence up to the 99th 
.percentile values, which were the largest values used in the graphs in Section 5. The results are 
deemed accurate to one significant figure at the 99th percentile value. 
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4.0 Tank-By-Tank Test Results 

~ 

SY-103 6901345 

This report focuses on the DSTs that are on the FGWL: SY-101, SY-103, AW-101, 
AN-103, AN-104, and AN-105. Each of these tanks has been assayed with the VFI and ball rheo- 
meter, and the results are presented in this section. No tests have yet been performed in the three 
DSTs recently added to the Flammable Gas USQ: AN-107, AW-104, and AY-101. AU of these 
tanks except SY-103 are relatively full, and all except AN-107 and AY-101 have a significant depth 
of settled solids that could trap gas. 

~ 

Only the tanks on the FGWL actually exhibit episodic GREs. SY-101, prior to the mixer 
pump installation, had by far the most severe GREs, with level drops of over 30 cm. Next in line . 
is AN-105, which has shown level drops as high as 7 cm. Typical level drops in the other tanks 
are only 1-5 cm. AW-104 and AY-101 do not show GREs, but their barometric pressure 
response indicates the presence of some stored gas. AN-107 does not show GRE behavior, has 
only about 2 m of nonconvective material and no measurable barometric pressure response, and its 
waste level has been declining. It was recommended for the FGWL solely on the basis of the 
potential for evaporation to mask level growth due to gas accumulation. Table 4.1 summarizes this 
comparison. 

The VFI and ball rheometer were operated in the six FGW& DSTs from December 1994 to 
May 1996. A second test is currently planned in AN-105 in September 1996, and the W'I may be 
run in AN-107 later. After that, no further action is scheduled, though tests in AW-104 are 
recommended. This report may, therefore, represent essentially the entire history of VFI and ball 
rheometer testing at Hanford. Table 4.2 summarizes the deployment history of both instruments, 
including the lowest elevations r-hed in each tank. The preparatory water lancing through the 
crust is not included in the table. 

Table 4.1. Summary of flammable Gas DSTs . 

Tank . 
(FGWL 
in bold) 
AN-103 
AN-104 
AN0105 
AN-107 
AW-101 
AW-104 
AY-101 
SY-101 

Waste and 
solids LeveFa) 

(cm) 
8 8513 80 
980/4 1 5 
10401450 
975/180") 
1040/280 
1040/266'"' 
870180'') 

10601510'a 

Crust 
Depth 
(cm) 
92 
40 . 
30 

none@) 
64 

none" 
none'') 

100 
20 

b) Trend to increasing period. 
c) From Hodgson et al. (1996). 

GRE Level Drop 
(MeaIl-MaX) 

(cm) 
2-3 
3-7 
3-6 

none 
2-5 

none 
none 

15-22@) 
3-5 

Approx. GRE 
Period@) 
(da 

110 
160" 
NIA 

random 
NIA 
NIA 1 04@d 

random 

+ Compressibility 
(c*a) 

-0.46 
-0.13 
-0.14 
none" 
-0.25 
-0.08'"' 
-0.02'"' 
-0.32'"' 
-0.21 

d) Typical vahes in SY-101 &fore the mixer pump was installed. 
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Table 4.2. Ball Rheometer and VFI Deployment History 

Each subskction that follows summarizes the history, instrumentation, waste configuration, 
rheology, void fraction, gas volume, and gas release behavior of a specific tank. The major 
assuinptions &d calculation procedures were described in Section 3, and the raw data from which 

1 the input is derived were given in Section 2. The GRE history derived from the waste level record 
is detailed in Appendix A. Photographs of the core extrusions for several of the tanks are shown 
in Appendix B. The gas volumes and other values given here may differ from those previously 
published because various corrections and revisions have been made to the data analysis proce- 
dures over the last two years. 

4.1 SY-101 In Situ Rheology and Gas Volume 
' SY-101 initially received about 260 cm (100 in.) of double-shell slurry, the most concen- 

trakd material produced by the evaporators, from the 242-S evaporator between 1977 and 1980. 
. Subsequent additions included complexed concentrate (similar to double-shell slurry but not as 
concentrated) and more doubleishell slurry through 1980; these brought$he level up to its nominal 
reading of 1042 cm (410 in.) (Sullivan 1995). - 

Level and temprature profile data plotted by Antoniak (1993) show that the waste level 
began fluctuating in the typical 'sawtooth' pattern indicative of episodic gas releases shortly after 
the final fill. Level drops were initially on the order of 8 cm (5 'in.) but increased to 15-25 cm by 
1986. The largest GREs, with level drops over 30 cm (12 in.), occurred in 1991-92. After that 
the GRE period, which had'decreased from -100 days to 40-80 days, increased abruptly to -140 
days.' The large GRES ceased after the waste was mixed by the pump from July to Decem- 
ber 1993, and-the waste level dropped to its. current 1019 cm (400 in.). Babad et al. (1992), 
AUemann et al. (1993), Allemann et al. (1994), and Stewart et al. (1994) contain the detailed 
history of the mitigation of Tank SY-101. 

SY-101 is the most heavily monitored tank at Hanford; Brewster et al. (1995) contains a 
complete description of all the instrumentation and typical readings. The locations of the MITs and 
.other important instruments in the tank are shown in Figure 4.1.1, along with the location of the 
mixing pump. Tank conditions can be inferred from temperature profiles and transient themo- 
couple response to pump operation indicated by the two MITs in risers 17B and 17C. 

. 
. 
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SY-101 Instrument Placement 

Figure 4.1.1. SY-101 Instrumentation 

The VFI was first operated in riser 11B in SY-101 on December 21,1994, and in riser 4A ' 

on January 17,1995. Two traverses were accomplished in riser 11B and three in riser 4A. A 
fourth traverse in 4A was canceled because of a low battery in the crane dynamometer. The VFI 
could not penetrate below about 60 cm in 11B due to crane unloading. The ball rheometer was 
deployed three months after the VFI tests due to difficulty in penetrating the crust. The ball was 
lowered through riser 4A on March 27,1995, and through riser 11B on April 5,1995. It found 
the bottom in 4A but became supported by the waste at about. 80 cm in 11B. 

4.1.1 SY-101 Waste Configuration 

Because of the continued mixing since December 1993, SY-101 waste consists of a well- 
mixed slurry with a relatively thick crust floating on the surface and a thin layer of undisturbed ' 

solids on the bottom of the tank. The mixed slurry contains very little gas and has approximately 
uniform properties from just below the crust to near the bottom of the tank. The waste remains in a 
continual flux, however. Solids suspended by each thrice-weekly, 30-minute pump run are 
continually settling out, and small bubbles freed by the jet are continually rising. Both of these 
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processes are at maximum rates immediately after a pump nin and decay exponentially until the 
next one. This leads to a gradation in the density and gas content of the material with depth and 
time. 

Vertical temperature profiles obtained from several MIT validation probe runs in risers 17C 
and 17B are shown in Figures 4.1.2 and 4.1.3. These measurements indicate four distinct waste 
layers: a heat-generating nonconvedtive layer on the bottom (evidenced by a half-parabolic 
temperature profile), two distinct convective layers (indicated by a uniform temperature profde), 
and a solid crust on top (indicated by a linear temperature profile). Based on the transient response . 
of the temperature profile to the pump jet, the nonconvective layer appears to consist of two 
separate layers, settled solids and undisturbed sludge. Table 4.3 lists the five layers from top to 
bottom. 

The crust layer has remained almost totally undisturbed and unchanged, except for appear- 
ing somewhat 'dryer' since early November 1993, when a gas release caused the most recent sur- 
face motion. Comparisons of MIT validation probe temperature profiles from July 1994 through 
April 1995, shown in Figures 4.1.2 and 4.1.3, indicate that the crust thickness of 102 & 10 cm 
(40 & 4 in.) at 17B and 76 k 10 cm (30 k 4 in.) at 17C has not changed measurably. 

1000 
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4 

200 

0 
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320 
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0 
30 32 34 36 38 . 40 42 44 46 48 50 

Temperature (C) 

Figure 4.1.2. Temperature Profile fiom the 17C MIT Validation Probe 
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30 32 34 36 38 40 42 # 46 48 50 
Temperature (C) 

Approx. Thickness 
Layer . 
Crust 100 

supernatant liquid 150 - 0 

Mixed slurry 675 - 875 
Loosely settled solids 75 -0  

Undisturbed sludge 15 - 40 

320 

240 

160 

80 

0 

Character 
Porous solids floating on the liquid. 
No physical changes in over two years. 
Forms only during periods of reduced 

High fraction of suspended solids. 
Well mixed 
Heavier, larger particles settle out of 
slurry. Readily dispersed by jet. 
Eroding slowly, non-uniform depth 

mixing. 

Figure 4.1.3. Temperature Profiles from the 17B MlT Validation Probe 

4.1.2 Rheology and Density 

The viscosity of the mixed slurry was actually lower than the ball rheometer was designed 
to measure. In fact, the cumulative drag on the tether cable was several times greater than the drag 
on the ball, making it difficult to interpret the measurements. Nevertheless, the data seem to 
indicate that the mixed slurry is a non-Newtonian, shear-thinning fluid. The best fit to the data 
gives a viscosity of about lo00 CP with an uncertainty of about a factor of two. These results are 
plotted in Figure 4.1.4. 

' 

Table 4.3. Waste Layering in Tank 241-SY-101 
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10 
1 10 * 100 1000 

Strain Rate (sec-') 

Figure 4.1.4. Apparent Viscosity of SY-101 Mixed Slurry 

. The baIl was able to penetrate to within about 15 cm (approximately 6 in.) of the bottom of 
the tank in riser 4A. The material near the bottom showed shear-thickening behavior, with a very 
small yield stress of about 20 Pa (0.004 psi) and an average viscosity of about 20,000 cP. The 
yield strength profile is plotted in Figure 4.1.5. 

The density of the mixed slurry derived from ball rheometer data is 1.60 f 0.03 g/cm3. 
The profiles of the specific gravity for the runs in 4A and 11B are shown in Figure 4.1.6. The 
data from riser 4A were obtained four days after a pump run; those from riser 1 1B were obtained 
just one day after a pump run. The difference in the profiles is clearly an effect of the different 
amounts of time available for solids to settle out in each case. Prior to mixing, Reynolds (1993) 
recommended a density of 1.57 f 0.04 g/cm3 for the convective layer and 1.70 k 0.04 g/cm3 for 
the nonconvective layer based on core samples following gas release Event E in December 1991 
(Herting et al. 1992). 

4.1.3 Void Fraction and Gas Volume 

All of the void fraction measurements in SY-101 are plotted in Figure 4.1.7 along with the 
. selected layers used to compute the average void fraction. Table 4.4 contains the average void 

fraction and gas volumes. Adding up the stored gas volumes in each of the three layers yields a 
total of 218 k 53 m3 (7,700 f 1,900 SCF) of gas at 1 atm. Given the waste level of 1019 cm 
(401 in.) when the VFI measurements were made, the degassed waste level would be 1010 cm 
(398 in.), not inclu.&g the gas in the crust or in the mixed slurry above 200 cm. The computed 
barometric pressure response of the total in situ gas volume is -0.32 cm/kPa, and the effective 
pressure for compressibility is 1.23 atm. 
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Figure 4.1.5. Yield Stress of the Loosely Settled Solids in SY-101 Riser 4A 
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Figure 4.1.6. Waste Density Profile in SY-101 
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4.1.4 Gas Releases 

The waste level history and observ'ed gas releases in SY-101 prior to mker pump installa- 
tion are given in Appendix A. There have been no large rollovers since November 1993. The 
level drops and release volumes may not match those recorded elsewhere, since we now define the 
level drop as that occurring in a %hour period folIowing the GRE. As stated earlier, this is a 
better measure of the prompt gas release. 

release fraction is 0.34 4 0.13. The maximum recorded release was Event H with aone-day 
release of 203 m3 (7200 SCF), which represented almost 70% of the gas retained in the noncon- 
vective layer. A histogram of the gas release event count is given in Figure 4.1.8. The overall 
GRE period is 104 k 37 days, although the last four ranged from 136 to 152 days. 

The expected gas release volume is 131 k 47 m3 at 1 atm (4600 k 1700 SCF). The average 

' t Mean=131m3 

0 32 64 96 128 160 192 224 
Standard Release Volume (m3) 

Figure 4.1.8. SY-101 GRE Volume Histogram 
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4.2 SY-103 In Situ Rheology and Gas Volume 
From its initial fa in 1977 until 1980, SY-103 received concentrated complexant (CC) 

waste from B Plant that was pumped out to the 242-S evaporator on a regular basis. In the third 
quarter of 1980, the tank was pumped down to a 120 cm (46 in.) heel before receiving double- 
shell slurry, which filled it to a level of 500 cm (200 in.) by December 31,1980. Uranium sludge 
from ion exchange processing was added in 1985 to 550 cm (216 in.). Interstitial liquid and water 
fiom Tank 241-SX-104 (SX-104) was added in 1988, bringing the level up to 660 cm (260 in.), 
and numerous other small additions brought the tank to its current level. SY-103 now contains ' 
about 691 cm (272 in.) of waste, of which 356 cm (140 in.) is su2ernatant li uid lying over a 
335-cm (132-in.) nonconvective layer. The headspace is 2503 m (88,400 ft! ). 

Between 1981 and mid-1985, when no large waste transfers occurred, waste surface level 
measurements with the FIC contact probe show a 1-2-in. level decrease about once a year. Fol- 
lowing the addition .of uranium ion exchange wastes in 1985, the level decreases began to occur 
about three times per year. These level decreases were of rather long duration, not the sudden 
drops typical of a rollover. After the liquid addition from Tank SX-104 in 1988, sudden level. 
drops of 2-3 em (-1 in.), typical of rollover gas releases, began occurring (Shepard et al. 1995). 
Level drops attained 3-5 cm (-2 in.) by 1992. The GRE period in SY-103 varies rahdomly from 
20-200 days. 

Locations of various tank instrumen& are shown in Figure 4.2.1. The waste surface level 
is measured using an Enraf@ 854 ATG (advanced technology gauge) buoyancy gauge located in 
riser 2A. This gauge replaced the FIC contact probe in 1994. A manual tape is located iq riser 
17A. 

A standard hydrogen monitoring system (SHMS) was installed in the vent header in late 
June 1994. Hydrogen in the exhaust gas is detected with two Whittaker@ cells, which rely on the 
reaction of the gas with an electrode in an electrolyte. One cell has a range of &1%, and the other 
0 4 0 %  hydrogen. The cells are tested and calibrated quarterly. Baseline hydrogen concentrations 
are typically 1W200 ppm. The highest hydrogen concentration measured during a GRE was 
2940 ppm on May 2,1995. Grab samples were taken from the SHMS cabinets to provide a 
baseline for the Whittaker cells. These measurements also show baseline nitrous oxide concentra- 
tions of 4 to 39 ppm, with hydrogen-to-nitrous oxide ratios of 0.3 to 5.5. Ammonia baseline 
concentrations of 40-180 ppm were measured in the vent header from mid-December 1994 to mid- 
January 1995. 

Waste temperatures are monitored with a thermocouple tree in riser 4A and an MIT.in riser 
17B. A validation probe run was performed in January 1995 to confirm temperature readings from 
the MFT; profiles from these measurements are shown in Figure 4.2.2. 

The ball,rheometer was operated in riser 17C on July 14,1995, and in riser 22A on Aug- 
ust 8,1995. The ball became supported by the waste about 120 cm and 135 cm above the bottom 
in risers .17C and 22A, respectively. The VFI was first deployed on July 19,1995, in riser 17C, 
and on August 18,1995, in riser 22A. Three traverses were conducted in each riser. 
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SY-103 Instrument Placement 
North 

South 

Figure 4.2.1. SY-103 Instrumentation 

There was no crust in the immediate vicinity of the VFI in either riser, allowing direct 
observation of gas releases caused by the VFI disturbing the waste. Although the releases were 
rather dramatic in appearance, analysis shows that only a very small amount of gas was actually 
released during these measurements, and this could not have significantly affected the void fraction 
measurement (Shepard et al. 1995). Most of.the surface disturbance arose from opening the 
sample chamber and dumping the pressurized nitrogen from the prior test. (A video frame of such 
an event is shown in Figure 4.2.3.) 

4.2.1 Waste , Configuration 

Measurements from five different locations in the northwest and southeast quadrants of the 
tank (see Figure 4.2.1) define the thickness of the nonconvective layer, as summarized in 
Table 4.5. According to the validation probe measurements, the interface between the noncon- 
vective and convective layers, as indicated by the transition from the isothermal region to the 
parabolic profde at the bottom of the tank in Figure 4.2.2, is at about 325 cm (128 in.). This 
interface was determined to be approximately 335 cm (132 in.) from the tank bottom by a core 
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Figure 4.2.2. Temperature Profiles in Risers 17B and 4A 
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Figure 4.23. Typical Surface Disturbance from Sample Chamber Opening 
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Table 4.5. Summary of 'Solids DJpth Observations 

RiserlDate 
17B 7/14/95 
4A 7/9/95 

17B 1/19/95 
22A 8/8/95 . 

14A 9/94 . 
Average 

Depth (cm) Method of Estimate 
. 350k25 MIT temperature profile 

340 k 40 
325 k 5 
326 k 5 Ball rheometer 
335 k 20 Core sample 
335 k 23 

. Thermocouple tree temp. profile 
MIT val. probe temp. profde 

sample taken from riser 14A during August and September 1994. These data imply a fairly uni- 
form sludge layer with an average height of 335 cm and standard deviation of k 23 cm. The ball 
rheometer measurements indicate that there is also a heel layer 120-135 cm (47-53 in.) thick on the 
tank bottom. Photos of the core extrusions from 1986 and 1994 are shown in Appendix B. 

The floating crust layer in SY-103 is much less extensive than that in SY-101. The 17B 
. MIT validation probe temperature profile (see Figure 4.2.2) indicates a 30 zk 10 cm (12 k 4 in,) 

crust layer, but in-tank video shows that the crust does not cover the entire surface. Where crust is 
visible, the sizes of surface features are consistent with the 30-cm.thickness inferred from the 
temperature profde. We estimate that the cnist coverage fraction is 0.7 k 0.1. The average crust 
thickness for gas volume calculations is then taken to be 20 k 10 cm. 

4.2.2 Rheology and Density 

Measurements were obtained with the ball rheometer at traverse speeds of 1.0,3.0,5.0, 
10.0,30.0,50.0, and 100 cds. Very little drag was observed on the ball in the supernatant liquid 
at any speed, indicatiig a relatively low viscosity. The results obtained in the nonconvective layer, 
however, indicate a somewhat more complicated picture. The variation in drag with respect to 
elevation in the sludge indicated a marked stratification. 

' Figure 4.2.4 shows the apparent viscosity as a function-of elevation for risers 17C and 
22A. The first pass values were derived for a ball speed of 3 cds. Both the first pass, represen- 
tative of undisturbed waste, and the strain rate averaged values, indicative of mixed waste, are 
shown. Note that the material under 22A has a much higher apparent viscosity than 17C and that it 
decreases more upon mixing. 

An upper bound on the yield stress in the nonconvective layer was estimated from the drag 
measurements in the first pass of the ball through the fluid at 3 cds. In this case, the maximum 
apparent viscosity is 6.4 x 16 cP, giving an upper bound of 210 Pa for the yield stress. The 
upper bound of yield stress is shown as a function of elevation in Figure 4.2.5. 

measurements with the ball rheometer i nhe r  22A. The density of the nonconvective layer is 
1.57.k 0.05 g/cm3, as determined from analysis of core sainples taken in riser 14A in Septem- 
ber 1994 (Willcins 1995; Bredt and Tingey 1996). The density profdes obtained from the ball 
rheometer measurements for both risers are shown in Figure 4.2.6. The density of 

' The density of the.convective layer is estimated as 1.47 k 0.03 g/cm3 from dynamic density 
. 
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Figure 4.2.6. Density Profiles 

1.40 & 0.2 g/cm3 in riser 17C does not appear to change with depth. The density near the waste 
surface in riser 22A is also about 1.40 g/cm3 but increases nearly linearly with depth to approxi- 
mately 1.54 g/cm3 near the bottom of the convective layer. The two density measurements in the 
two risers are coniistent within measurement error. 

4.2.3 Void Fraction and Gas Volume. 

The void fraction profiles for each traverse in the two risers and the dimensions of the two 
layers defined to compute the average void fraction are shown in Figure 4.2.7. The estimates of 
mean void fraction values, gas volumes, and effective pressure ratios for each layer are given in 
Table 4.6. 

The nonconvective layer is estimated to contain a standard gas volume of 150 f 46 m3 
(5,300 f 1,600 SCF). Using a void fraction of 0.25 & 0.08 for the crust yields a staidard gas 
volume of 20 zk 12 m3 (7000 k 400 SCF). Summing up the gas content in the nonconvective 
layer, supernatant, and crust, the total gas content in SY-103 as of August 1995 was 176 & 79 m3 
(6,200 f 2,800 SCF). The supernatant layer contributes only 5 m3 to the gas volume but f 32 m3 
to its uncertainty. Removing the in situ gas in the nonconvective layer reduces the level by 22 cm, 
making the degassed level 669 f 8 cm. 

The effective pressure ratio in the nonconvective layer is 1.70 atm; it is 1.55 atm for the 
entire tank gas content. The computed barometric pressure effect or compressibility is -0.18 k 
0.08 cm/kPa, and the effective pressure for calculating the gas volume from the barometric 
response correlation is 1.56 f 1.0 atm. 
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Figure 4.2.7. Void Profiles for Each Traverse in 'SY-103 

Table 4.6. Estimates of Mean Void Fraction and Uncertainty 
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4.2.4 G a s  R e l e a s e  

Figure 4.2.8 shows the histogram of SY-103 GRE volumes based on FIC level data from 
December 7,1989 (see Appendix A). For a no-gas level of 669 cm (264 in.) and an effective 
pressure of 1.70 atm, the average release fraction is 0.09 rt: 0.04. The maximum release fraction 
was 0.18 for the November 21,1992, event. The expected release standard volume is 14 rt: 6 m3, 
and the maximum release was just under 30 m3 in November 1992 and March 1990. 

The histogram indicates that most of the releases are smaller than the mean and that the two 
largest ones are not part of the same .distribution. The GRE peeod averages 87 k 67 days with a 
range of 222 to 20 days. This indicates essentially random behavior. 

SY-103 gas releases are quite'rapid initially, but much of the gas is released over the 12-24 
hours after the main event. Elevated ammonia concentrations typically persist at the SY farm 
exhaust stack for many days following a release in SY-103." This indicates that the GRES create 
a significant surfade disturbance and expose fresh liquid to the dome atmosphere. 

0 '3 6 9 12 15 18 21 ' 24 27 30 
Standard Release Volume (m3) 

Figure 4.2.8. SY-103 GRE Histogram 

(a) Wilkins, NE. March 21,1995. Ammonia in SY Fam.. Letter to GD Johnson. 71310-95- 
018, Westinghouse Hanford Company, Richland, Washington. 
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4.3 AW-10% In Situ Rheology and Gas Volume 

Major additions to AW-101 began in late 1981 with transfers from the 242-A evaporator. 
The tank was essentially emptied and reffled several times during evap.orator campaigns until 
1984. From mid-1984 to mid-1986, various process wastes from the PUREX plant were collected 
in AW-101 and periodically transferred to the evaporator. In mid-1986 the tank was pumped out 
to about a 50-cm (20-in.) heel before being filled to its current level .with double-shell slurry feed 
from the 242-A evaporator. The waste level is currently around 1040 cm (410 in.) and consists of 
a nonconvective layer, 250-320 cm (100-125 in.) in depth; 650-730 cm (260-290 in.) of 
Supernatant liquid; and a floatin crust layer about 60 cm (24 in.) thick. The head space volume in 
AW-101 is 1,070 m3 (37,800 8 ). 

Level fluctuations began immediately after the last ffl and reached their current 2-5 cm 
(-2 in.) range by mid-1987. The GRE period in AW-101 is almost random, ranging'fiom 40 to 
750 days. Level drops typically require several days, and the drop is typically less than 5 cm. The 
largest drop, 10.8 cm, was indicated by the manual tape between November 29 and December 27, 
1993; 7 cm occurred in one day.'a) 

The placement of important in-tank instrumentation is shown in Figure 4.3.1. Waste sur- 
face level is currently measured by both a manual tape 0 in riser 1A and an E d  buoyancy 
gauge in riser 2A on the opposite side of the tank. The Enraf gauge replaced a Food Instrument 
Corporation (FIC) contact probe in the same riser on August 18,1995. Vertical temperature pro- 
files are measured in two locations: 1) an MlT installed in riser.15A in 1995 that is currently being 
=ad manually and 2) an older themyouple tree mounted in riser 4A. Six of its thermocouples are 
.recorded manually; readings are spaced approximately every 125 cm (50 in.), with the first near the 
tank bottom. 

. 

. 

An SHMS w k  installed in September 1994 to.measure hydrogen concentration with two 
Whittaker@ cells, one with a range of 0-1s and the other 0-10s. A gas characterization system 
(GCS) was installed in April 1996. A GCS comprises three instruments, two gas chromatographs 
(Gcs)' and a Fourier transform infrared spectrometer (FI'IR). One GC measures hydrogen, the 
other measures nitrous oxide and methane, and the FI'IR measures ammonia concentrations. 
Hydrogen concentrations in AW-101 typically rise to 0.245% (2000-5000 ppm) during GREs. 
In the GRE that occurred during October 1994, the hydrogen concentration peaked at 0.88%. The 
background hydrogen concentration is typically below 10 ppm, nitrous oxide and methane are 
0 ppm, and ammonia is 10-20 ppm. 

The gas monitoring data show small releases every few months, sharply increasing the 
hydrogen concentration to several thousand ppm. But there is no'abrupt waste level drop such as 
would be expected of a gas release in a DST. Instead, AW-101 releases usually show a sharp 
increase in waste level of about 1 cm, after which both level and concentration slowly return to 
their initial values. The waste level history for a one-year period from October 1994 to October 
1995 is shown in Figure 4.3.2. 

Hydrogen concentration spikes can also occur without affecting level, and waste level 
spikes and drops sometimes occur without any corresponding change in hydrogen (as' on 
December 12,1994, and April 23,1995). The recent release, September 15-25,1995, was' 
actually accompanied by a 2-cm (1-in.) level rise. Apparently, gas escapes from a relatively high 

(a) See also Wilkins, NE. October 19,1994. ''Tank 241-AW-101 Data Review." Internal memo 
7E3 10-94-053, Westinghouse Hanford Company, Rkhland, Washington. 
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AW-101 Instrument Placement 
North 

South 

Figure 4.3.1. Tank 241-AW-101 Instrumentation 

pressure near the bottom but is not immediately released. The expansion of the gas as it rises 
causes a level rise, and the release of part .of the gas through the crust allows the level to fall back. 

in 13A on September 18,1995, and in IC on September 20. The VFI was deployed in 13A on 
September 22 and in 1C September 24. Water lancing was pedormed to penetrate the crust layer 
for the ball in 13A on September 15 and in 1C on September 18,1995. 

The hydrogen concentration history during this period is given in Figure 4.3.3. The first release 
occurred immediately after lancing through the crust in riser 13A and must have come from the 
crust since the lqce did not penetrate the nonconvective layer. The ball rheometer did not release 
any more gas in 1 3 4  neither did the subsequent lancing and testing in riser 1C. The VFI also 
released gas. Looking closely at the timing of the gas release and VFI operation in Figure 4.3.4, 
the entire test series was completed in 13A, and the first paSs was completed in 1C before the 
hydrogen concentration began to increase. 

The ball rheometer and VFI were each run in risers 13A and 1C; the ball rheometer was run 

The testing activity apparently disturbed the waste sufficiently to trigger small gas releases. 
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Figure 4.3.3. Hydrogen Concentration History During Deployment 
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Figure .43.4. Sequence of Gas Release Compared with VFI Deployment 

The computed release rate matching the dome concentration transient from September 22 
through September 29 indicated that about 14.3 m3 (503 SCF) of hydrogen was released. 
Assuming 30% hydrogen concentration, the total gas release may have been as high as 47.7 m3 
(1670 SCF). Additional gas may have been stored in the crust layer, as evidenced by the 2.5-cm 
(1-in.) waste level increase over this period. 

AW-101 was the first tank s,ampied with the RGS; segments 8,17,19, and 21 were taken 
from riser 24A and segments 18 and 22 from riser 24B. Segment 8 is in the convective layer, and 
the rest are in the nonmnvective layer. Laboratory analysis showed that the insoluble fraction of 
the stored gas contained about 25% hydrogen and 60% nitrogen, with the remaining 15% com- 
posed of oxygen, nitrous oxide, methane, argon, and small amounts or other hydrocarbons. (a) 

4.3.1 Waste Configuration 

1044 2 5 cm (41 1 k 2 in.) in both risers on September 18 and 20,1995. The Enraf gauge in riser 
2A indicated a level of 1040 k 5 cm (409.5 in) during that same week. 

The crust occupied all of segment 1 and about 1/3 of segment 2 of the core in 24A. Since a 
segment is 48 cm (19 in) in length, the crust thickness is 64 2 10 cm (25 k 4 in.). Video scans 

Passage of the ball through the liquid surface occurred in both risers at an.elevation of 

(a) Shekarriz, R, DR Rector, MA Chieda, M White, and JM Bates. July 1996. Retained Gas 
Sampler Measurewnt Results for Hanford Wmte Tank 241-AW-IOI. Letter Report TWS-MIT- 
071996, PNNL,, Richland, Washington. 
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indicate the crust covers the entire waste surface. The MIT profile in riser 15A indicates a &st 
thickness of 50 k 20 cm; however, the core sample is the most direct measurement. 

The nonconvective layer depth in AW-101 apparently varies considerably over the tank. 
The ball rheometer indicated 259 and 280 cm in risers 1C and 13A, respectively. Temperature 
profiles in risers 4A and 15A imply sludge depths of 280 and 310 cm, as shown in Figure 4.3.5. 

' Table 4.7 summarizes the indications available at four different risers. The average of the four 
yields a depth of 282 k 40 cm (1 11 k 15 in.). 

. 

- 

4.3.2 Rheology and Density 

The average density in the convective layer is 1.42 5 0.03 g/cm3 as determined with the 
ball rheometer. The density profile is shown in Figure 4.3.6. X-ray images calibrated to water 
density indicated a specific gravity of 1.42 k 0.07, which is in close agreement with that indicated 
by the,ball rheometer. The reported density of core segments 18,20, and 22 from riser 24A give 
an average density of 1.57 k 0.03 g/cm3 for the nonconvective layer.(a) 

The average viscosity of the convective layer was calculated at 18 CP from the drag force on 
the ball and cable at speeds varying from 10 to 100 cds .  However, because of load cell sensi- 
tivity and the experimental error, the actual value could range from 7 to 46 cP. The yield strength 
and viscosity of the nonconvective layer increase monotonically with depth. Figure 4.3.6 shows 
upper bounds on the yield stress as a function of elevation for the fxst pass of the ball through the 
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Figure 4.3.5. Temp.erature Profiles on September 25, 1995 

(a) Electronic mail message, C Benar, AW-101 Tank Coordinator, WHC Characterization Project, 
to CW Stewart, PNNL, July 19, 1996. 
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Table 4.7. Summary of Sdids Depth Indications 
~ 

RiserDate Depth (cm) Method of Estimate 
15A 9/25/95 310 f 30 MIT temperature profile 
4A 9/25/95 280 f 60 Thermocouple tree temperature profde 
13A 9/18/95 280 f 7 Ball rheometer . 

* 1C 9120195 259 k 7 Ball rheometer 
I I It Average I 282 3.40 I II 

I1 I I '1 

sludge layer. After the 
cosity and the yield strength decreased considerably. Figure 4.3.7 shows a comparison between 
the apparent viscosities for the first and eighth passes through the sludge layer at 0.1 cds. 

4.3.3 Void Fraction and Gas Volume 

has traversed through the sludge layer eight times, the apparent vis- 

The void measurements for each traverse in each riser are shown in Figure 4.3.9 with the 
selected averaging layers. The estimates of mean void fraction and its uncertainty as well as the 
gas volume calculations for each defined layer are given in Table 4.8. 

1 

Figure 4.3.6. AW-101 Density Profile 
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Figure 4.3.7. Upper Bound on the Yield Stress 

150 

50-, 0 
lo00 io4 io5 lo6 10' 

Apparent Viscosity (cP) 

' Figure 4.3.8. Apparent Viscosities of the First and Last Passes 

. .  .- .,- 1 . _  . . 

4.24 

\ . -  : - .  -i: ". ~ :. . I -I. . 



. .  I 0 13A-1 I 

0 0.02 '0.04 0.06 0.08 0.1 0.12 0.14 0.16 
Void Fraction 

Figure 4.3.9. Void Measurements in AW-101 

The mean void fractions of the &ee layers differ significantly, ranging from 2.2 to 6.2% 
with uncertainties of 0.647%. The void measurements in the convective layer averaged 0.8% 
with an uncertainty of 0.8%. The uncertainty in void due to traverse was estimated to be 0.88%. 
The deviation due to riser and to the interaction of riser and elevation were very close to zero. The 
interaction of traverse and elevation gave a deviation of 0.7%, and the deviation due to sampling 

Table 4.8. Estimates of Mean Void Fraction and Uncertainty 
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and instrument error was 1.35%. This means that the standard deviation of a single void measure- 
ment is on the order of 1.8%; however, the deviation of the average in each layer is much less 
because there are many data points in the average. 

The crust gas standard.volume is estimated to be 63 r f :  22 m3 (2,300 k 800 SCF). Adding 
this to the 115 k 12 m3 (4,000 k 430 SCF) in the nonconvective layer and 32 r f :  34 m3 (1,100 rt: 
1,200 SCF) in the convective layer yields a total standard gas volume in AW-101 of 209 r f :  46 m? 
at 1 atm (7,400 rt: 1,600 SCF). Removing the in situ gas in the nonconvective layer reduces the 
level by 13 cm,.making the degassed level 1027 k 7 cm (404 r f :  3 in). 

gas content. The computed barometric pressure response or compressibility is -0.25 r f :  0.08 
cm/kPa and the effective pressure for calculating the gas volume from the barometric pressure 
effect is 1.37 t 0.5 atm. 

. 

The effective pressure ratio in the nonconvective layer is 2.13 and 1.47 for the entire tank . . 

4.3.4 Gas Release 

release fractions calculated from the hydrogen concentration transient for two events are shown in 
Figures 4.3.10 and 4.3.11. Total release rates, with 30% hydrogen, are 0.8 and 2.7 s c h ,  respec- 
tively. The May event took 10 hours for 80% of the total release, and the June event required six 
hours. The peak release rate occurred 2-3 hours after the s.tart in each case. I 

Gas releases in AW-101 are typically very slow. Hydrogen release rates and cumulative 
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Figure 4.3.10. Gas Release Transient in AW-101 May 14, 1996 
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Figure 4.3.11. Hydrogen Release in AW-101 June 4, 1996 

It must be emphasized that waste level drops are not completely correlated with gas releases 
. in AW-101. The typical level drops are so small as to challenge the sensitivity of the measurement 

aqd, as shown above, some gas releases don't show a level drop at all or show an increase. A 
much more reliable GRE baseline will be available from gas monitoring data in a few more years. 
Nevertheless, the GRE history developed from the observed level drop (see Appendix A) is all 
that we have now, and it yields an expected gas release of 14 rf: 10 m (490 & 350 SCF). The 
average gas release fraction is 0.16 rf: 0.1 1. The maximum release fraction was 0.48 for an event . 
on September 12,1988, that released 45 m3 (1,600 SCF). The distribution of historical gas 
releases is given in Figure 4.3.12 and shows that the large September 1988 release was clearly an 
outlier from the base population. 

period in 1992-93 lasted 750 days. The average is 174, but the standard deviation is 185 days, 
indicating that AW-101 is unpredictable. 

The period between GREs varies randomly from about 40 to 400 days, although one 

4.4 AN-I03 In-Situ Rheology and Gas Volume 
AN-103 hitially received liquid removed from SSTs by salt well pumping with regular 

transfers out to the 242-A evaporator from 1982-86. In February 1986 the tank was pumped out 
to a 224-cm (88-in.) heel before being filled to 835 cm (329 in.) with double-shell slurry feed from 
the 242-A evaporator. The surface level steadily rose 43 cm (17 in.) due to gas ,accumulation by 
late 1989 and has continued to rise another 7 cm to the cbrrent level of 885 cm. The small 
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Figure 4.3.12. AW-101 GRE 'Volume Distribution 

sawtooth leve, fluctuations typical of this tank began in early 1990 with very small GREs a lout 
every 100 days. The GRE period has been up to 270 days, since November 1993. AN-103 has a 
crust nearly 1-m thick, second only to that in SY-101, and a nonconvective layer 380 cm (150 in.) 
deep. 

The waste level is currently about 982 cm (386 in.) and consists of'a 61 cm (24 in.) crust at 
the surface, a convective liquid nonuniform layer of about 500 cm (197 in& and a layer of non- 
convective material about 375 cm (148 in.) in depth. The dome space volume is about 2,129 m3 
(45,662 e). 

The placement of in-tank instrumentation is shown in Figure 4.4.1. A color video camera, 
located in riser 5B, was installed in October 1995 to aid instrument installations and to monitor any 
changes in the waste's crust. Waste surface level is currently measured by a manual tape in riser 
1A and an Enraf@ buoyancy gauge in riser 2A on the opposite side of the tank. The Enraf gauge 
replaced an FIC contact probe in the same riser in August 1995. Tank dome pressure is monitored 
in riser 1OA 

. .. 

Vertical temperature profiles are measured in two locations. An MIT was installed in riser 
15A in November 1995 and is currently being read manually. A validation probe was run in 15A 
in August 1996. An older thermocouple tree is mounted in riser 4A, readings from this tree are 
monitored and recorded with the Tank Monitoring and Control System (TMACS). 

AnSHMS was installed in this tank in September 1994. Hydrogen concentration in $e 
exhaust gas is measured with two Whittaker cells; one has a range of 0-1%, and the other has a 
range of &lo%. The cells are tested and calibrated quarterly. 
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Figure 4.4.1. Tank 241-AN-103 Instrumentation 

The ball rheometerwas deployed in risers 16B and 1B on May 7 and 9,1996, respectively. 
In riser 16B, the ball went to within about 2 m (79 in.) of the tank bottom; in riser lB, it went to 
within about 1.5 m (59 in.) of the bottom. The VFI was operated in riser 16B on May 14,1996, 
and in riser 1B on May 16,1996. Three traverses were accomplished in riser 1B and two in 16B. 
Void measurements were obtained to within about 43 cm (17 in.) of the tank bottom in 16B and 
within 63 cm (25 in.) in riser 1B. No gas releases were evident on the surface or via the SHMS in 
any of the tests. 

. 

4.4.1 Waste Configuration 

The temperature profiles shown by the MIT in 15A for June 10,1995, thevalidation probe 
on August 28,1996, and by the thermocouple tree in 4A on May 15,1996, are shown in Fig- . 
ure 4.4.2. The MJT installation video taken on November 16, 1995, suggests that there is a thick 
crust. The thermocouple tree and the MIT measurements both indicate this crust is 92 L- 10 cm 
thick and covers the entire surface. 

The nonconvective layer depth in AN-103 appears to vary somewhat over the tank but is 
generally more uniform than in the other tanks. The ball rheometer indicated 387 and 375 cm 
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Figure 4.4.2. AN-103 Temperature Profiles 
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(152 to 148 in.) in risers 16B and lB, respectively. Temperature profiles from the thermocouple 
tree and MIT validation probe in risers 4A and 15A show 345 k 40 cm and 375 k 8 cm, respec- 
tively. Table 4.9 summarizes the estimates of 'nonconvective layer depth derived using the differ- 
ent measurement schemes. The sludge depth is assumed to be the average of the four estimates, 
371 k 24 cm (149 k 10 in.). 

4.4.2 Rheology and Density 

The viscosity of the supernatant was calculated from the recorded drag force data on the ball and 
cable at speeds between 50 and 100 cdsec in risers 1B and 16B. The analysis yielded an average 
supernatant2viscosity of 10 cP, bounded above by 60 CP and below by 2 cP. 

Table 4.9. Summary of Sludge Depth Indications 

RiserLDate Depth (a) Method of Estimate 
4ATree 345 k 40 Temperature profiles 

15A M3[T Val. P. 375 k 8 
16B 5/6/1996 387 k 7 ' Ballrheometer 
1B 5/10/1996 375 k 7 Ball rheometer 

Average 371 k 24 
< 
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Figure 4.4.3 shows upper bound on the yield stress as a function of elevation for the first 
pass of the ball through the nonconvective layer in each riser. At all the elevations from which data 
could be obtained, the yield stress in riser 16B is slightly higher than that in riser 1B. The apparent 
viscosities were also higher in riser 16B than in riser 1B. Figure 4.4.4 shows the apparent viscosities 
in 1B as a function of elevation for several values of the strain rate for the first and fourth (last) 
passes. 

The density determined for the convective layer from risers 1B and 16B data is 1.53 g/cm3. 
Figure 4.4.5 shows the density’measurements obtained by the ball rheometer from both risers as a 
function of elevation. The density in boa risers increases with depth. The nonconvective layer . 
density w8s assumed to be the same as that reported for the 1988 core sample, 1.80 f 0.05 g/cm3 
(Reynolds 1994). 

4.4.3 Void Fraction and Gas Volume 

The void measurements from each traverse in each riser and the averaging layer dimensions 
are shown in Figure 4.4.6. AN-103 has thehighest void fraction of the six tanks tested. It also 
shows the least scatter in the void measurements. The data from every traverse also follow a trend 
of almost linear decreasing void with depth below about 250.cm. This is believed to be a combina- 
tion of increasing hydros.tatic pressure and lower temperature. All this is consistent with the tank‘s 
almost nonexistent GRE behavior. The lower layers of the waste might not have been disturbed 
since the last fi. It may be that AN-103 has some aspects of single-shell tank behavior. 

The overall nonconvective layer average void is 12.2 & 0.4%. The ANOVA model indi- 
cates that the deviation due to riser, €2, traverse, T, and the interaction of traverse and elevation, 
TD, were all essentially 0. The deviation due to the interaction of riser and elevation, RD, is 

0 

Yield Stress (Pa) 

Figure 4.4.3. Upper Bound on the Yield Stress 
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Figure 4.4.4. Apparent Viscosities in Riser 1B 

Density @/a) 

Figure 4.4.5. Density .as a Function of Elevati,on 
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Figure 4.4.6. Void Measurements in AN-103 

0.06%, and the sampling and instrument error was 4.3%. This means that the overall uncertainty 
of a single void measurement is on the order of 4.3%. However, the deviation of the average in 
each layer is less than 1%, because there are many data points in the average. 

The total standard gas volume in the nonconvective layer is estimated at 363 f 12 m3 
(12,800 k 300 SCF); the estimated gas volume in the convective layer is 10 f 15 m3 
(350 k 500 SCF), and the crust contains an estimated 91 k 31 m3 (3,200 k 1,100 SCF). This 
yields. a total gas content of 464 f 36 m3 at 1 atm (16,400 k 1,270 SCF) in AN-103. These results 
are summarized in Table 4.10. 

. The effective pressure ratio in the nonconvective layer is 1.92 k 0.02 and 1.6 k 0.08 for 
the entire tank gas content. The computed barometric pressure response or compressibility is 
-0.46 f 0.08 cm/kPa, and the effective pressure for calculating the gas volume from the barometric 
response correlation is 1.52 f 0.3 .am. 
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Table 4.10. Estimates of Mean Void Fraction and Gas Volume 

4.4.4 Gas Release 

The character of GREs in AN-103 is the mildest of the AN tanks (Reynolds 1994). Sur- 
face level drops in the past years are in the 1 to 3 cm (0.4 to 1 in.) range. The total level drop 
.typically occurs over several days, although most occurs on the day of the event, and the typical 
drop is 2 cm (0.8 in.) or less. The largest level drops, 2.8 cm (1.1 in.), occurred in October 1992 
and November 1993. 

Waste level drops are not good indicators of gas release in AN-103. The typical level 
&ops are so small they challenge the sensitivity of the measurement, and gas monitoring data are 
the best measures of GREs in this tank. Unfortunately, gas monitoring has only been available 
since 1994 and is recorded on strip charts. AN-103 GRES are similar in volume to those of AW- 
101 and SY-103. The GRE history developed from the observed level drops (see Appendix A) 
gives an expected gas release of 14 f 5 m3 (500 f 180 SCF). But, because of the very large 
retained gas volume, the average gasrelease fraction is only 0.04 k 0.01. The maximum release 
fraction was 0.07 for the event that released 22 m3 (780 SCF) on October 23,1992. The 
distribution of historical gas releases is given in Figure 4.4.7. 

. 

The period.between GREs varies randomly between about 50 and 300 days. The average 
period is 129 days with a standard deviation of 117 days; thus AN-103 GRES are not very 
predictable. 

. 

4.5 AN-IO4 In Situ Rheology and Gas Volume 

AN-104 and AN-105 were initially used to receive slurry from the 242-A evaporator and 
return the slurry to the evaporator feed tank for further concentration in converting dilute 
nonmmplexed waste into double-shell slurry feed. The tank was initially filled in several steps 
between late 1983 and mid-1984. It was then pumped out to a 218-cm (86-in.) heel in Octo- 
ber 1984 before receiving double-shell slurry in 1985 to about 866 cm (341 in.) (Brager 1994). 
The surface level continued to rise until it reached a level of 870 cm (342.5 in.) in April 1985; 
additional slurry was then added, increasing the surface level to 978 cm (385 in.). 
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Figure 4.4.7. AN-103 Gas Release Distribution 

After its last fill, the waste level grew about 10 cm (4 in.) before incurring a large initial 
drop of almost 20 cm during January and February 1986. The level grew back by early 1988, 
when one more 20-cm drop occurred over about a month. It is not clear whether there were large 
gas releases associated with either of these.drops. The current behavior, small 3-7 cm drops about 
every 100 days, began after the last large drop. 

The waste level is currently about 979 cm (386. in.) and consists of a nonuniform layer of 
nonconvective material 380-415 cm (150-163 in.) in depth and 577-612 cm (227-241 in.) of 
supernatant liquid. There is also a thin crust layer about 40 cm thick. The head.space volume in 
Tank AN-104 is about 1,323 m3 (46,723 e). 

The placement of important in-tank instrumentation is shown in Figure 4.5.1. Waste 
surface level is currently measured by a manual tape in riser 1A and an Emif@ buoyancy gauge in 
riser 2A on the opposite side of the tank. The Emaf gauge replaced FIC contact probe in the same 
riser in August 1995. 

chromatograph as well as two Whittaker cells. The largest gas release since monitoring began 
peaked at 0.5% hydrogen. The b a s e ~ e  hydrogen concentration is about 100 ppm and reached 
5000 ppm during the GRE of October 8, 1995.<a) 

An SHMS was installed in this tank in October 1994. Hydrogen is measured with a gas 

(a) Memo, NE Wilkins to GD Johnson. April 25,1996; Tanks 241-AN-103, -104, and -105 
Data Review Update. Internal memo 74A10-96-063, Westinghouse Hanford Company, 
Richland, Washington. 
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Figure 4.5.1. Tank 241-AN-104 Instrumentation 

Temperature profiles are measured with an MIT, which was installed in riser 15A in 
November 1995, and a thermocouple tree in riser 4A. The MIT is currently being read manually. 
A validation probe run was performed in the MIT August 27,1996. The temperature profiles 
shown by the MJT in 15A for June 10,1496, the validation probe run, and by the thermocouple 
tree in 4A on April 2,1996, are shown in Figure 4.5.2. . 

The VFI was operated in riser' 16B on April 2,1996, and in riser 1B on April 4,1996. 
Two traverses were accomplished in riser 1B and wee in 16B. Interference with the scaffolding 
around the riser prevented VFI measurements below about 100 cm in 16B and below about 80 cm 
in 1B. Since this test, scaffold height checks were made part of the pre-test review. The ball 
rheometer was deployed in riser 16B on March 27,1996, and in riser 1B on April 1,1996. The ' 

ball sank to within about 65 cm(25 in.) of tank bottom in 16B and sank all the way to the tank 
bottom in 1B. 
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Figure 4.5.2. AN-104 Temperature Profiles 

4.5.1 Waste Configuration 

The ball rheometer passed through surface of the waste at 981 cm (391 in.). The ball 
found the nonconvective layer boundary at 422 cm (166 in.) in riser 16B. In riser lB, which is 
somewhat closer to the tank center, the boundary was 372 cm (146 in.) from tank bottom. Though 
subject to some interpretation, the temperature profiles at the 4A and 15A validation probes (Fig- 
ure 4.5.2) indicate the boundary to be 400 and 450 cm, respectively. Table 4.1 1 summarizes 

’ these observations. The tank overall average nonconvective layer height is estimated to be . 
41 1 & 19 cm (162 in.) above the tank bottom. 

MIT insertion video indicates the crust is very thin. Clear liquid w& visible around the ball rheo- 
meter and the Vm. The validation probe temperature profile indicates a crust thickness of 
40 r410 cm.(16 k 4 in). This value is used in gas volume calculations. 

4.5.2 Rheology and Density 

is 1.44 k 0.03 g/cm3. Figure 4.5.3 shows the density profile ,of the convective layer in both 
risers. The density of the nonconvective layer is assumed to be the same as that found in the 
AN-105 core sample, 1.59 k 0.04 g/cm3. 

In-w video shows the shows a crust layer covering the entire waste surface; however, 

The density in the convective layer determined from ball rheometer force data in riser 16B 
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. RiserDate 
4A 4/2/96 

15A 6/10/96 
16B 4/1/1996 
1B 3/27/1996 

Average 

The avemge viscosity of the convective layer was calculated to be 6 cP, bounded above by 10 CP 
and below by 1 cP, from the drag force data on the ball and cable at the speed of 50 c d s  in risers 1B and 
16B. At this speed, the standard deviation of the drag on the ball and cable was approximately half the 

' mean. Data at other speeds (10,30, and 100 c d s )  were not analyzed, because the standard deviation of 
the drag force was about the same as the average.value. 

Depth (cm) Method of Estimate 
400 k 30 
450 & 8 
422 f 7 Ball rheometer 
372 rt 7 Ball rheometer 
411 f 19 

Thermocouple tree temp. profile 
MIT val. probe Temp. profile 

Figure 4.5.4 shows upper bounds on the yield stress as a function of elevation for the first pass 
of the ball through the sludge layer in both risers. Figure 4.5.5 shows the apparent viscosities as a 
function of elevation for several values of the strain rate measure (ratio of traversing ball velocity and 
ball diameter) for the first and fourth (last) passes, respectively. The rheological characteristics of the 
sludge in Tank AN-104 are very similar to those found in Tank AN-105. The material in both tanks 
exhibits yield-thixotropic behavior. 

. 1 .o 1.2 1.4 1.6 1.8 2.0 
Density (g/cc) 

Figure 4.5.3. AN-104 Density Profile 
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Figure 4.5.4. Upper Bound on the Yield Stress \ 
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Figure 4.5.5. Apparent Viscosities at Three Strain Rates 



4.5.3 Void Fraction and Gas Volume 

The void measurements from each traverse in each riser and the dimensions of the averag- 
ing layers are shown in Figure 4.5.6. The average void fraction in the nonconvective layer is 
5.9 & 0.4%. The measurements in layer #2 are assumed to represent elevations below 80-100 cm 
that could not be reached because of scaffold interference. The deviation due to riser, R, traverse, 
T, and the interaction of traverse and elevation, TD, were essentially zero. The uncertainty due to 
the interaction of riser and elevation, RD, is 0.32%, and the sampling and instrument error was 
1.39%. Thus the standard deviation of a single void measurement is on the order of 1.43%. 
However, the deviation of the average in each layer is less than 1%, because there are many data 
points in the average. 

The crust gas standard volume is estimated to be 39 f 16 m3 (1,500 f 600 SCF). Added to 
the 197f 12 m3 (6,900 & 440 SCF) in the nonconvective layer and 11 zk 17 m3 (390 2 600 SCF) in 
the convective layer, this yields a total standard gas volume in AN-104 of 250 & 26 m3 at 1 atm 
(8,700 f 900 S O .  Removing the in situ gas in the nonconvective layer makes the degassed 
level 955 & 4 cm. . 
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Figure 4.5.6. Void Measurements in AN-104 
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The effective pressure is 1.99 k 0.02 atm in the nonconvective layer and 1.7 k 0.1 atm for 
sthe entire tank gas content. The computed barometric pressure response or compressibility is 
-0.22 & 0.05 cmkPa, and the effective pressure for calculating the gas volume from the barometric 
response correlation is 1.6 k 0.4 atm. Table 4.12 summarizes these estimates. 

4.5.4 Gas Release 

Gas releases in AN-104 are quite abrupt, and the higher release rates persist for about two 
hours. Rates ranged from 6-10 scfm, assuming 50% hydrogen. The events on May 4,1996, and 
October 2, 1995, are shown in Figures 4.5.7 and 4.5.8, respectively. The May 4 GRF! had almost 
no 'tail.' The release essentially ceased after the first two hours. According to the gas chromato- 
graph monitoring the tank, on May 4,1996, the hydrogen concentration went from 35 ppm to 
4850 ppm within ten minutes (the sampling time of the gas chromatograph). The peak reached 
was 6109 ppm (0.61 ~01%). me concentration was down to 307 ppm by the evening of May 5.(a) 

The waste surface level fell 0.8 1 cm (0.32 in.) between May 3 and 4, and it continued to. 
fall over the next two days, reaching a 1.42 cm (0.56 in.) total drop on May 6. Temperature 
profiles at the thermocouple tree in riser 4A show a 4°C (7.7"F) drop at the 250 cm (100-in.) 
elevation and a 5°C (8.6"F) drop at the 315 cm (124-in.) elevation, which indicates that some 
waste movement may have occurred near there. 

Appendix A). Larger drops occurred in 1987-88 just after the initial fill, as mentioned in Sec- 
tion 1. The expected release is 23 k 16 m3 (800 k 550 SCF); the average release fraction is 
0.10 k 0.07. The maximum release fraction in recent history was 0.16 for the June 18, 1992, 
event, which released 33.5m3 (1,200 SCF). A histogram of the GRE volume distribution is given 
in Figure 4.5.9. Note that the three large events are from the early 1987-88 period and do not 
represent the present situation. . 

more double events in which two significant GREs occur only a day or two apart. Not counting 
these; the mean time between GREs over the last five years is about 110 k 75 days. 

Level drops for GREs in AN-104 typically range from 1.2-4 cm (0.5-1.5 in) (see 

The GRE period in AN-104 ranges from 30 to 300 days, although this tank appears to have 

Table 4.12. Estimates of Mean Void Fraction and Gas Volume 

(a) Electronic mail message from NE Wilkins, WHC. May 9,1996. Subject: Gas release in tank 
104-AN. 
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Figure 4.5.7. AN-104 GRE Release Rate May 3, 1996 
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Figure 4.5.8. AN-104 GRE October 2, 1995 
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Figure 4.5.9. AN-104 GRE Volume Distribution 

4.6 AN405 In Situ Rheology and Gas Volume 

AN-105 was initially used to receive slurry from the 242-A evaporator and return it to the 
evaporator feed tank for further concentration in converting.dilute noncomplexed waste into 
double-shell slurry feed. AN-105 was pumped to a 81-cm (32-inch) heel in March 1985 and 
received double-shell slurry feed to the current level of 1036 cm (408 in.). After the last fill, AN- 
105's level grew about 15 cm before a 20-cm drop at the end of 1987. It is not known whether 
any large rapid gas release was associated with this drop. Following the large initial drop, there 
were no significant level drops for about3-1/2 years, The current cycle of 4-7-cm drops ensued in 
mid-1991. The GRE period in AN-105 has increased to about 270 days since January 1993. 

400-460 cm (160-180 in.) in depth, 580-640 cm (230-250 in.) of convective liquid, and a 
noncontinuous floating crust layer that may be up to 30 cm (12 in.) thick. The head space volume 
in Tank AN-105 is about 1,047 m3 (37,000 e). The placement of important in-tank instrumenta- 
tion is shown in Figure 4.6.1. 

Ah SHMS was installed in this tank in.October 1994 that monitors hydrogen with two 
Whittaker cells. A gas characterization system (GCS) was installed in April 1996. A GCS 
comprises three instruments: two gas chromatographs (GC) and a Fourier transform infrFd 
spectrometer (FIZZ). One GC measures hydrogen, the other measures nitrous oxide and methane. 

. .  
The current waste level is about 1041 cm (410 k.) and consists of a nonconvective layer 
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Figure 4.6.1. Tank 241-AN-105 Instrumentation 

The FTR measures ammonia concentrations. The maximum hylrogen concentration measured 
since the SHMS was installed was 1.6% on August 21,1995. Concentration reached 1.5% on' 
May 30,1996. Background hydrogen concentration in AN-105 is typically below 100 ppm, 
nitrous oxide about 20 ppm, ammonia at about 10 ppm and methane registers 0 ppm. 

Waste surface level is currently measured by a manual tape in riser 1A and an Enral? 
buoyancy gauge in riser 2A on the opposite side of the tank. The Enraf gauge replaced a FIC 
contact probe in the same riser in August 1995. 

Vertical temperature profiles are measured with an MIT in riser 15A, installed in October 
1995, and amolder thermocouple tree in riser 4A. The MIT is currently being read manually. A 
validation probe run was performed August 20,1996. The temperature profiles shown by the MIT 
in 15A June 10,1996, the validation probe, and by the thermocouple tree in 4A on December 18, 
1995, are shown in Figure 4.6.2. 

The ball rheometer and VFI were run in AN-105 in riser 1B on December 15 and 18,1995, 
and in 16B on December 20 and 22,1995, respectively. Two traverses were accomplished with 
the VFI hi riser 1B and three in 16B. The ball sank to within about 110 cm (43 in.) of the tank 
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Figure 4.6.2. AN-105 Temperature Profiles 
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bottom in riser 1B and to within about 20 cm of the bottom in 16B. No significant gas releases 
were observed on the waste surface or on the gas monitoring equipment during VFI operation. 

No measurements could be taken below about 150 cm because of interference by a plastic 
sleeve required for contamination control. The sleeve used in AN-105 was made of thicker 
material than those encountered in previous tests. Therefore, to estimate the average void fraction 
and total gas volume, we assumed that void fraction in the unsampled lower 150 cm of the waste 
was represented by the available measurements below 215 cm, which is consistent with trends 
observed in AW-101 and SY-103. A second-VFI deployment is scheduled for September 1996 to 
measure the void in the lower region. 

'4.6.1 Waste Configuration 

The crust thickness in AN-105 is estimated from the MI" validation probe temperature 
profile in riser 15A as 30 -L 5 cm (12 sf: 2 in.). However, video observation of the ball rheometer 
and VFI passing into the waste indicated that there was essentially no crust present directly under 
the two risers. 

The depth of the nonconvective layer in AN-105 apparently varies somewhat over the tank. 
The thermocoupletree and the MlT validation probe show the top of the nonconvective layer to be 
470 sf: 20 cm and 500 sf: 8 cm (185 to 197 in.), respectively. The ball rheometer passed into the 
nonconvective layer at 453 sf: 9 cm and 404 -L 9 cm (178-159 in.) in risers 16B and lB, respec- 
tively. Table 4.13 summarizes these observations. The best estimate from this evidence is a 
nonconvective layer depth of 457 sf: 14 cm (180 sf: 6 in.). 
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RiserLDate 
. 4A 9/25/95 . 

15A 8/20/96 
16B 12/20/95 
1B 12/15/95 

Average 

4.6.2 Rheology and Density 

Depth (cm) Method of Estimate 
470 k 20 
500 k 8 
453 t 9 Ball rheometer 
4 0 4 t 9  Ball rheometer 
457 k 14 

Thermocouple tree temp. profge 
. hit"' validation probe temp. profile 

The average density in the convective layer was found from ball rheometer data to be 1.43 
k 0.03 g/cm3. The density profile is given in Figure 4.6.3. The nonconvective layer density is 
1.59 k 0.04 g/cm3 based on the recent core samples." 

and below. by 15 cP, from the ball drag force data at speeds of 30 and 50 c d s  in risers 1B and 
16B. Figure 4.6.4 shows upper bounds on the yield strength as a function of elevation. 

The viscosity of the convective layer was calculatedto be 36 cP, bounded above by 55 CP . I 

. , 

+ 

400 Ball - 16B 
Core 152 

1 .o 1.2 . 1.4 1.6 1.8 2.0 
Density (g/cc) 

Figure 4.6.3. ANy105 Density Profile 

(a) Personal communication with R. F. Eggers, WHC Characterization Technology, August 14, 
1996. . 
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Figure 4.6.4. Upper Bound on the Yield Stress 

Figure 4.6.5 shows the apparent viscosity at strain rates of 0.01,O.l and 1.0 sec-' on the first and 
last passes. After the ball has traversed through the layer four times, the'apparent viscosity 
decreases considerably. 

4.6.3. Void Fraction and Gas Volume 

nonconvective layer was split into three sublayers with boundaries (in cm) of (0,215), (215,330), 
and (330,450), respectively, by a visual interpretation of the void profile. The overall average 
void is 3.8 f 0.6%. Recall that the unsampled lower 150 cm is assumed to be represented by the 
void measurements below 215 cm: If the void below 150 cm is actually higher by 25% (6.5% 
void instead of 5.2%), the total standard gas volume in the nonconvective layer increases by 18 
m3, well within the standard deviation of 44 m3. 

The void measurements from each traverse in each riser are shown in Figure 4.6.6. The 

The ANOVA model of the AN-105 data showed that the deviation due to riser R is 1.05%, 
and that due to the interaction of riser and elevation RD is 0.43%. The deviation due to sampling 
and instrument error was 1.16%. The deviation due to traverse, T, and the interaction of traverse 
and elevation, TD, were both essentially zero; meaning that the standard deviation of a single void 
measurement is on the order of 1.2%. However, the deviation of the average in each layer is less 
than 1%. 

The crust gas standard volume is estimated to be 30 k 14 m3 (1,100 k 500 SCF). Adding 
this to the 148 f 24 m3 (5,200 f 830 SCF) in the nonconvective layer and 7 k 26 m3 (250 f 900 
SCF) in the convective layer yields a total standard gas volume in AN-105 of 184 f 44 m3 at 1 atm 
(6,500 f 1,500 SCF). Gas volumes are summarized in Table 4.14. Removing the in situ gas in 
the nonconvective layer makes the degassed level 1024 f 8 cm (403 f 3 in.). 

. 
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P'igure 4.6.5. Apparent Viscosities on the First and Last Passes 

The effective pressure ratio in the nonconvective layer i s  2.08 Ifr 0.03 atm and 1.7 k 0.13 
atm for the entire tank gas content. The computed baiometric pressure response or compressibility 
is -0.16 k 0.06 cm/kPa, and the effective pressure for calculating the gas volume from the 
barometric response correlation.is 1.6 k 0.7 atm. 

4.6.4 Gas Release 

The character of GREs in AN-105 shares some of the features of both SY-103 (Shepard et 
al. 1995) and AW-101. The initial level drop is quite rapid, aS is the gas release, although the total 
level drop typically requires several days. The typical drop is 4 cm or less. The largest recent, 
level drop, 5.9 cm, occurred November 15,1991. The maximum one-day drop was 6.1 cm on 
August 11,1986. As mentioned in the introduction to this section, AN-105 experienced a 3-112 
year hiatus in gas releases between January 1988 and July 1991. 

(1 170 SCF) total release volume. Recently installed monitorinF showed the hydrogen concentra- 
tion peaked at just over 1.6%. This implies that about 16.8 m (592 SCF) of hydrogen was 
released into the 1066-m3 (38,000-ft3) dome space, assuming instantaneous mixing without 
ventilation. The 3.6-cm (1.4-in.) level drop indicates a tota release of 30.8 m3 (1,090 SCF) if the 

. gas is held at an effective pressure ratio of 2.08. Dividing the estimated hydrogen release by the 
total release volume implies that the gas contains about 54% hydrogen, which is consistent with 
recent preliminary data from the RGS.(a) No significant temperature changes were observed in the 

A relatively large release occurred August 1995. The 3.6-cm drop indicates a 33.2 m3 
' 

(a) Personal communication. of preliminary data by JM Bates, PNNL, August 1.996. 
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Figure 4.6.6. Void Measurements in AN-105 

Table 4.14. Estimates of Void Fraction, Gas Volumes, and Effective Pressure 
.. 
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nonconvective layer as measured by the thermocouple tree in 4A, but temperatures rose about 1 “F 
in the convective layer, indicating that the event was a local one that did not originate in the vicinity 
of ‘riser 4A,(a) 

Another significant release occurred May 31,1996, creating a peak hydrogen concentration 
of 1.3% with a level drop of 1.7 cm.@) This release was apparently somewhat more abrupt than 
the prior one in August 1995. The release rate and cumulative fraction is plotted in Figure 4.6.7. 
Release rates may have exceeded 20 cfm (assuming 50% hydrogen) and the major portion of the 
event was completed in about 1.5 hours. There was relatively little long-term secondary release 
flow. 

A histogram illustrating the GRE history for AN-105 is shown in Figure 4.6.8 (see also 
Appendix A). The expected release volume is 26 & 11 m3 (920 & 390 SCF)  and the maximum 
release since the 3 1/2 year hiatus was 50 m3 on November 15,1991. The average release fraction 
is 0.16 k 0.07 with a recent maximum of 0.25 on July 6, 1992. 

10 

8 

2 

0 
4 5 6 7 8 9 10 

Elapsed Time (hr) 

Figure 4.6.7. AN-105 Gas Release, May 30, 1996 

(a) -WHC Internal memo 74A10-95-058, “Gas Release Event in Tank 241-AN-105.” NE 

(b) Electronic mail message from WB Barton, WHC, May 31,1996, ‘‘AN1105 Gas Release.”. 
Wilkins, August 31,1995. WHC, Richland, Washington. 
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Figure 4.6.8. AN-105 GRE Volume Distribution 
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5.0 Summary ‘and Conclusions 

AN-104 AN-105 

9795 4 104127 
410f 25 450f 18 
1323 f 18 1066 f 21 
40f 10 30f 10 

1440 f 30 1430 f 30 
1590 f 40 1590 f 40 

5.9 f 0.4 3.8 f 0.6 
99f 6 71 f 12 

1.99 f 0.02 2.08 f 0.03 

: 148f 22 107f30 
1.67f 0.10 1.722 0.13 

1.60f 0.41. 1.61 f 0.67 
955f 4 1024 f 8 

-0.22 f 0.05 -0.16 f 0.06 

39f 16 30 f 14 
iif 17 7f26 
197f 12 148f24 
247f 26 184f44 

This section sums up the data developed for each tank discussed in Section 4, comparing 
the estimated retained gas volumes, assessing the potential consequences ofthose volumes, and 
attempting to explain why the different tanks behave.as they do. These subjects make up Sections 
5.1,5.2, and 5.3, respectively. Section 5.4 states the ‘bottom line’ and gives a recommendation. 

5.1 Gas Volumes 

AW-101 SY-101 

104Of7 1019f5 
280f 39 d a  
1070f 30 1159 f 22 
64f 10 . 102 f 10 

1430f 30 1600 f 30 
1570f 30 1700 f 43 

4.7f 0.5 d a  
54f 6 da 

2.13f 0.02 d a  

142-1-36 164f 43 
1.47f 0.10 1.32 f 0.11 

1.37 0.51 1.23 f 0.47 
1027f 7 1010 f 5 

-0.25 5 0.08 -0.32 k -0.10 

63f22 1OOf 34 
32f34 33 f 31 
115f12 84f 12 
209f47 218 f 52 

A summary of all the void fractions, gas volumes, and other quantities relating to gas 
volume are listed for each of the six tanks in Table 5.1. The fnst section tallies the input data 
derived from other sources that directly impact the volume calculation; the second section of the 
table summarizes the mean void fraction, in situ volume, and effective pressure in the non- . 
convective layer. The next portion shows quantities that apply to the entire tank, including the 
compressibility, effective pressure for compressibility (see Section 3.3), and degassed level. 
The last pad of the table summarizes the standard volume (at 1 atm and 15°C) in each of the three 
mjor waste layers and for the entire tank. In all cases, the values are assumed to follow a normal 
distribution, and uncertainties represent , .  one . .  standard deviation. 

SY-103 

691 f 3 
345 f 23 
2503 f 13 
20 f 10 

1470 f 30. 
1570 f 50 . 

6.2 f 2.0 
88 f 28 

1.70 f 0.03 

114 f 57 
1.55 f 0.10 

1.56 f 1.0 
669 f 8 

-0.18 & 0.08 

20 f 12 
6 f 33 

150 f 46 
176 f 79 

Table 5.1. Void Fraction and Volume Summary 

hput Data 
Waste Level (cm) 
Solids Level (cm) 
Dome Volume (m’) 
Crust Thickness (cm) 
Conv. Density (kg/m3) 
Nonconv. Dens. (kg/m3) 

Mean Void (%) 
In-situ Volume (m’) 
Eff. Pressure Ratio 

In-situ Volume (m’) 
Eff. Pressure Ratio 

Comp. P-eff. (am) 

Nonconvective Layer 

Whole Tank 

d u d p  (Cmflcpg) 

Degassed Level (cm) 

Crust 

Nonconvective Layer 
Whole Tank 

Std. Volume (m’) 

Convective Layer 

AN-103 

884 f 5 
378 f 29 
1712 f 20 
92f 10 

1530 f 50 
1800 f 50 

12.2 f 0.4 
189 f 6 
1.92 f 0.02 

291 f 34 
1.59 f 0.08 

1.52 f 0.32 
-0.46 f 0.08 

.838 f 5 

91 f 31 

363 f 12 
464 f 36 

io f 15 
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5.1.1 Gas Volume Distribution 
' The gas stored in the.nonconvective layer is the most important because it initiates rollovers 

and releases its gas content in the process. Based on the observed behavior of SY-101, relatively 
little of the gas in the crust is released in a GRE, and, since it is already buoyant, it cannot initiate a 
rollover. The small gas volume computed for the supernatant layer has a high uncertainty and 
would exist as tiny bubbles that would not be released during a rollover. 

It is clear from Table 5.1 that AN-103 .has the largest total gas volume and the largest 
nonconvective layer volume. In fact, AN-103 stores almost as much gas as SY-101 did prior to 
mixing. SY-101 rates second in total gas content because of the large volume still held in its crust. 
But very little gas is left in what remains of its nonconvective layer. AN-104 has about a third 
more nonconvective layer gas volume than AN-105, whose volume equals that of SY-103. AW- 
101 has the smallest nonconvective layer volume (besides SY-101). 

periodically release it between (SY-101 releases 1.4 to 2.8 m3 of gas each mixer pump run). The 
gas volume at any time can .be estimated from the current waste level and the degassed level (see 
Section 3.4). Therefore, the probability distribution of gas volume can be computed directly from 
the waste level history, assuming the past behavior is representative of the current state. The 
cumulative probability distributions of retained gas volume in the nonconvktive layer of each tank, 
including all the uncertainties, are shown in Figure 5.1. 

The gas volumes actually vary over time, because all of these tanks accumulate gas and 

1 
0.9 
0.8 

€ 
B 

0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0 

0 50 100 150 200 250 300 . 350 400 
Nonconvective Layer Gas Volume (Std. m3) 

. Figure 5.1. Expected Stored Gas Volume by Tank 
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5J .2 Comparison with Barometric Pressure Effect Method 

AN-103 
VFI In Situ Vol. (m') 

EffectivePressure. (am) 1.52 f 0.32 
Meas. dudp (cm/kPa) I -0.52 f 0.02 

VFI - BPE (m3) -36 

291 f 34 
Est. WdP (cm/kPa) -0.46 f 0.08 

BPE In Situ Vol. (m') 328 f 70 

The Vm provides an accurate assay of the void fraction profile in the liquid and nonconvec- 
tive layers but cannot penetrate the crust; this very significant gas volume can only be imperfectly 
estimated. Also, the VFI is only operated under two risers per tank and therefore potentidly 
misses major maldistributions in gas content. However, all the gas in the tank, regardless of 
location or distribution, responds to changes in barometric pressure-so the barometric pressure 
effect (BPE) method is potentially able to measure the total gas content, 

The BPE method, however, is subject to the assumption that waste level responds uni- 
formly to pressure changes over the entire tank. It is also believed that the barometric pressure 
change must exceed the waste yield strength before the waste level responds correctly. Thus the 
BPE calculation tends to underestimate gas volume with small barometric pressure variation or 
strong waste. The effective pressure of the retained gas also must be known to compute its volume 
accurately. 

. 

AN-104 AN-105 
148 f 22 107 f 30 

1.60 f 0.41 1.61 f 0.67 
-0.20 f 0.04 -0.14 f 0.02 
133 f 43 . 94 f 39 

15 13 

-0.22 f 0.05 -0.16 f 0.06 

The'BPE method and VFI measurements are synergistic; the VFI data provide a very 
accurate effective pressure for the BPE volume calculation, and the BPE volume calculation 
provides a check as to whether the local VFI measurements might have missed a large amount of 
gas, particularly in the crust. Table 5.2 shows the volume, compressibility, and effective pressure 
for barometric response computed from the VFI measurements along with the compressibility . 
derived directly from waste level response and the total gas volume computed from this and the 
effective pressure.(a) 

AW-101 
142f36 

1.37 0.51 

102f44 
40 

-0.25 f 0.08 

-0.18 f 0.04 

In all cases, the two gas volume calculations overlap within one standard deviation. The 
largest relative differences are in AW-101 and SY-103. The discrepancy may be due to a hori- 
zontally nonunifoh void distribution that the VFI missed. In SY-103 there is a large uncertainty 
in both the BPE and VFI calcul@ons. The VFI data are uncertain because of the large difference in 
void,between the two eers.. The uncertainty, i s  high,in the BPE calculation because the time period 

* when the response was calculated had no Iqge barometric pressure swings. 

SY-101 SY-103 
164f 43 114 f 57 

1.23 f 0.47 1.56 f 1.0 

154f 69 91 f 63 
11 23 

-0.32 f 0.10 -0.18 & 1.22 

-0.30 f 0.07 -0.14 f 0.04 

Table 5.2. Barometric Response Comparison 

(a) Reid, HC, ME Brewster, TR Shippert, and PD Whitney. 1996. Comparison of Retained Gas 
Estimutes from Void Fraction Instnunent Measurements and Correlations Between Level and 
Pressure in Several Hanford Double Shell Waste Tanks. Letter report TWSm.08 1996, 
Pacific Northwest National Laboratory, Richland, Washington. 
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5.2 Potential Consequences of Stored Gas Volume 
The.question remaining after the retained gas volumes and their uncertainties are computed 

and compared is, “So what?”. That is, what does a reasonably accurate estimate of stored gas 
volume tell us about the potential hazards of a tank? 

The standard method for assessing the hazard due to a flammable gas burn has been to 
estimate the percent of the LFL caused by the gas release assuming a fully mixed dome. This 
measure is not directly connected to any consequence other than the probability of a burn and is not 
an accurate indicator of the flammable gas hazard apart from a full risk calculation. For DSTs a gas 
release of a significantly larger volume than that required to achieve LFL is necessary to produce 
structural failure of the tank (not including failure of the HEPA filters). In fact, the burn 
probability in a release that just reaches LFL is zero, because the time period of flammability is 
zero. The mixture will immediately drop below LFL by ventilation. On the other hand, because of 
stratification, a significant volume may exceed LFL during a release even though the head space 
would not be flammable if fully mixed. 

measure of the potential safety consequences of a tank‘s stored gas volume. If the peak pressure 
from burning all or a given fraction of the stored gas would not exceed the maximum allowable 
pressure within an acceptable confidence intend, there is no major hazard from any potential gas 
release of lower magnitude. 

The peak headspace pressure resulting from a postulated deflagration is a better quantitative 

A probabilistic model provides the best method for determining and comparing the potential 
consequences of gas releases. A bounding deterministic calculation, in which all inputs are conser- 
vative or bounding point values, compounds the consewatism of each step in the calculation so that 
the end result often passes beyond believability (Johnson 1996). Another flaw of a bounding 
calculation is that the actual degree of conservatism is never known. Though it may demonstrate a 
condition is ‘safe,’ it can’t answer ‘how safe,’ or ‘how much safer’ than some other condition. 

The procedure for estimating the burn pressure described in Section 3.4 uses the best 
estimates available for the required input and the associated uncertainty, including the uncertainty in 
the gas volume itself, its composition, and the variation in the gaS volume with time. It follows the 
method used by LANL to compute the maximum allowable release in SY-103 for the recent USQ 
closure submittal.@ . 

Gas compositions are the best current estimates available. Preliminary RGS data are used 
for gas compositions in AN-1OSb) and AW-lOl>) although they are still under review. The SY- 
101 compositions are derived from the ‘best estimates’ of the release gas composition taken from ’ 
Appendix B of the mixer pump safety assessment (Sullivan 1995). AN-104 compositions are 
assumed equal to those in AN-105 because their wastes are similar. The compositions in AN-103 
are also assumed equal to those in AN-105, although about a fourth of its waste is dissimilar (see 
Sections 4.4 and 4.6). SY-103 compositions are assumed equal to SY-101 as per the USQ closure 
analysis. 

(a) Pasamehmetoglu, KO. 1996. Maximum Allowable Gas Release Volume Predictions. Letter 
report TSA-10-96-329, Los Alamos National Laboratory, Los Alamos, New Mexico. 

(b) Preliminary RGS data supplied by JM Bates, PNNL, August 1996. 
(c) Shekarriz, A, DR Rector, MA Chieda, M White and JM Bates. 1996. Retained Gas Sampler 

Measurement Results for Hanford Waste Tank 241-AW-IOI. Letter report TWSMIT.071996, 
Pacific Northwest National Laboratory, Richland, Washington. 

5.4 



We derive the fraction of dissolved gas release fraction for SY-101 by comparing the best 
estimate of the ammonia concentration of 0.06 in the waste gas (Palmer et al. 1996) with the best 
estimate of 0.1 1 in the release gas (Sullivan 1995). Solving Eq. (3.4.7) for FsoL and applying 
these values yields FsoL = 0.06. A value of about 0.03 can be calculated from the estimates of 
diffusive ammonia release during SY-101 Event I and the August 27,1993, release.” Hodgson et 
al. (1996) use 0.22, which they acknowledge to be very conservative, for all tanks. 

proportional to the dissolved .ammonia concentration. in the liquid. The dissolved ammonia . 
concentrations in SY-101 and SY-103 are approximately equal so both are assigned the same 
release fraction of 0.06. AW-.101, however, has from one-sixth to one-fortieth the ammonia of 
SY-101 and is therefore assigned a dissolved gas release fraction of 0.01. We have no direct 
measurement of the dissolved ammonia concentrations in the AN tanks but preliminary RGS 
results indicate they may be relatively,high. Hence we also assign AN-103, AN-104, and AN-105 
each a dissolved gas release friction of 0.06. 

b 

The k o n i a  evaporation rate, and hence the dissolved gas release fraction, is roughly 

The concentration of each gas component and the’dissolved gas release fraction are input as 
distributions. For reference, the distributions of the gas composition used in the Monte Carlo 
simulation are given in Table 5.3. If point values were used instead of distributions, the distribu- 
tion is referred to as “constant,” and the value.of that constant is entered in the table. Otherwise, 
distributions of two types were used, beta or lognor&l. 

The probability density. of the beta distribution is defined as - 

Beta(r,s) = CX‘-’(I - x)‘-’, o e x e 1. (5.1) 

where r and s are the distribution parameters. The constant, Cy is chosen for normalization of the 
density to 1. The Lognormal distribution is a normal distribution for the logarithm of the 
argument. The parameters are the mean and standard deviations of the normal distribution. Thus 
the density is given by 

The constant, C, is chosen to normalize the density to 1. For comparison purposes, the values of 
the gas composition distributions corresponding to the 5,50, and 95 percentile values are given in 
Table 5.4. For computational purposes, the full distributions given in Table 5.3 should be used 
rather than specific numerical values. 

Plots of the estimated peak burn pressure versus fraction of retained gas released are shown 
for each tank in Figures 5.2 through 5.9. These plots are intended to portray a tank‘s ‘hazard 
signature.’ Three curves are shown: the,median (50th percentile), or best estimate burn pressure; 
the 95th percentile; and the 99th percentile. The values are developed directly from the simula- 
tions. Five thousand simulations were performed, so the pressure at the 95th percentile was 
greater than that predicted in 4750 (95%) of the 5000 results. This also means that the probability 
of a pressye less than the 95th percentile value is 0.95, or.that the pressure is less than the 95th 
percentile value at a 95% confidence limit. 

, 

(a) Diffusive release was estimated in Calculation of Ammonia Release by Dij%sionfiom Waste 
SurJa,ce of Tank 241-SY-101, by BJ Palmer, 1995. Letter report PNLMlT012595, Pacific 
Northwest National Laboratory, Richland, Washington. 

e .  
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Tab 
I I AN-103 AN-104 

-0.625 
Lognormal 

0.125 
Lognormal 
-2.02 
0.26 

AN-105 

-0.625 
Lognormal 

0.125 
Lognormal 
. -2.02 
0.26 

sition Distributions 
AW-101 SY-101 SY-103 

Beta Lognormal Lognormal 

8 0.128 0.128 
3' -1.187 -1.187 

Lognormal Lognormal Lognormal 
-2.75 -1.351 -1.351 
0.25 0.13 0.13 

Lognormal Constant Constant 
-4.29 0.0034 0.0034 
0.125 

Lognormal Constant Constant 
-4.83 0.0027 0.0027 
0.15 

Constant Lognormal Lognormal 
0.001 -2.8 13 -2.813 

1 
Lognormal 

L o g n O I I I l a l  

Lognormal 

L o g n O ~ a l  

-0.625 
0.125 

-2.02 
0.26 

H2 

NP 

CH4 -5.13 
0.165 

co -4.95 

Lognormal 

0.165 
Lognormal 
-4.95 
0.4 

Lognormal 

Lognormal 

-5.13 

-2.95 
0.55 

-2.813 
1 0.42 

-2.95 

Lognomal 

0.165 
Lognormal 
-4.95 
0.4 

Lognormal 

0.55 
Lognormal 

-5.13 

-2.95 

-2.813 
0.42 

L o g n O r m a l  
-2.8 13 

AN-103 AN-104 AN-105 AW-101 
0.436 . 0.436 0.436 0.087 
0.535 0.535 0.535 0.259 
0.657 0.657 0.657 0.507 
0.086 0.086 0.086 0.042 
0.133 0.133 0.133 0.064 
0.203 0.203 0.203 0.096 
0.005 . 0.005 0.005 0.01 1 
0.006 0.006 0.006 0.14 
0.008 0.008 0.008 0.017 
0.004 0.004 0.004 0.006 
0.007 0.007 0.007 0.008 

SY-101 SY-103 
0.247 0.247 
0.305 0.305 
0.377 '0.377 
0.209 0.209 
0.259 . 0.259 
0.321 0.321 

0.0034 0.0034 

0.0027 0.0027 

.0.844 

0.0 14 
0.021 

co 50 
0.014 0.014 0.010 
0.021 0.021 0.027 0.027 

NH, I 50 
95 

0.052 
0.129 
0.03 
0.06 

~ 0.12 

.~ 

I 5 

0.052 0.052 0.001 0.060 0.060 
0.129 0.129 0.133 0.133 
0.03 0.03 0.0025 0.03 0.03 
0.06 0.06 0.010 0.06 0.06 
0.12 0.12 0.040 0.12 0.12 

. Table 5.4. Waste Gas Composition Comparison 
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The hazard signatures compare the predicted peak pressures with the limiting dome 
pressure difference of 3.08 atm (3 12 kPa, 45.3 psig). This pressure was determined in the SY- 
101 mixer pump safety assessment (Sullivan 1995) to maintain confinement of radioactive waste 
within the primary liner. Though the analysis predicts extensive concrete cracking and rebar 
yielding throughout the dome structure at this pressure, gross structural deformations are 
prevented. The peak dome apex velocity is also predicted to be under the limiting value at which 
the overlying soil would separate and re-impact the dome, potentially causing it to collapse. 

The solid and dashed vertical lines on each ‘hazard signature’ represent the mean and 
maximum release fraction observed in the tank‘s GRE history (see Appendix A). This shows the 
range of potential consequences resulting from what the tank has been known to do. Higher 

, release fractions might result from a severe seismic event, for example. 

‘ 

’ The release fraction required to bring the entire mixed head space to the LFX, is also shown 
, on each hazard signature by the vertical line marked ‘ZEL.” The mixture LFL is computed via 

LeChatalier’s linear combination rule based on the 50th percentile values for the concentrations 
given in Table 5.4, including the additional ammonia assumed to evaporate from exposed surface 
during a GREY FsoL, as described in Section 3.4. The fraction of waste gas (including evaporated 
ammonia) in the head space at LFL, Fm, is computed by 

The release fraction required to bring the entire head space to LFL is then estimated by’ ‘ 

where VHs is the head space volume, and the standard gas volume in the nonconvective layer, 
?NC, is determined from Eq. (3.3.8). 

The LFL and release fractions required to achieve it are summarized in Table 5.5. As stated 
at the beginning of this section, the mixed headspace LFL is an artificial quantity that assumes 
instantaneous mixing and ignores ventilation. Releases smaller than those predicted by Eq. (5.4) 
will almost certainly exceed the L;FL in a portion of the head space. Recall that the burn 
calculations assume the entire release i s  burned without dilution in the head space. 

The peak burn pressure predictions are not risk calculations in the true sense because there 
is no frequency in view. We make no attempt to compute flammzibility times or to assess spark 
frequency; however, the results are valid input to a full risk calculation and serve to compare the 
safety state of the six tanks studied. It is possible to assign an approximate frequency to the 
spectrum of release fractions to put the results in the proper perspective. The mean release fiaction 
from the GRE history will have a frequency on the order of l-Yyear, and the maximum release 
fraction will occur at about O.l/year (one in ten years). A 50% release fraction might be anticipated 
in a 100-year earthquake so would have a frequency of 0.01 (unless 50% is already covered by 
historic releases, as it is in SY-101). The frequency of releases larger than about 75% is more 
problematic, because they have never been observed and no’feasible mechanism predicts them. A 
100% release is technically impossible. 
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Table 5.5. Release Fractions to Achieve LFL I 

The hazard signature estimated for SY-101 prior to mixer pump installation is given in 
Figure 5.2. Since the gas volume was measured with a waste configuration different than what 
existed when the tank was ‘burping,’ this signature should only be taken as an example for 
comparisons with the other tanks. The best estimate peak bum pressure is predicted to exceed the 
3.08 atm maximum at the maximum historical release. Releases cannot be much larger than the 
median to remain below the maximum pressure at a 99% confidence limit. Even the expected 
release exceeds the LFL. It is clear that this tank presented a significant hazard. 

In contrast, consider the signatures of SY-103 and AW-101 in Figures 5.3 and 5.4. SY- 
103 has such ,a large headspace that, even for a 100% release, the peak bum pressure would 
remain well below the 3.08 atm limit at 99% confidence, and the fully mixed headspace would 
remain well below the LFL. This conclusion was also reached in the SY-103 USQ closure 
,analysis discussed earlier. AW-101 has less than half the head space volume as SY-103 and stores 
30% less gas. Thus it also cannot exceed the maximum allowable pressure or reach the LFL, even 
if all the gas in the nonconvective layer were released. Both of these tanks are clear candidates for 
removal from the FGWL and USQ. 

5 L- 

0.2 . 0.4 0.6 0:s i 
Release Fraction 

Figure 5.2. Peak Burn Pressure in SY-101 
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The three AN tanks do not show such a clear distinction. AN-103 is the most hazardous 
but is still far less so than SY-101. The hazard signatures for AN-103, AN-104, and AN-I05 are 
shown in Figures 5.5,5.6, and 5.7, respectively. .None of them has ever released enough gas in 
historical GREs to even approach the maximum allowable pressure or the LFL. In AN-103, the 
best estimate of peak burn pressure just reaches the maximum allowable pressure in a 100% release 
and will remain below it in a 70% release at 99% confidence. The best estimates of peak pressure 
in AN-104 and AN-105 are well below the maximum allowable pressure and remain below it at 
99% confidence for a 85% release in AN-104.and a 75% release in AN-105. The release fractions I 

required to achieve LFL in the &xed head space are 34%, 49%, and 52% in AN-103, AN-104, 
and AN-105, respectively. 

The dominqnt sources of uncertainty in the peak pressure calculation vary from tank to 
tank. In SY-IO1 the waste level, which defines the stored gas volume available, dominates 
strongly. It was kput as a normal distribution with average and standard deviations derived from 
the historical level readings just before each GRE, which vary considerably. In the other tanks, the 
level is input as an empirical distribution created simply by binning all the waste level readings, 
ignoring how the readings relate to GREs. The only other tank whose largest uncertainty was due 
to level is AN-104. The dominant uncertainty for the AN-103 and AW-101 calculations was in the 
hydrogen concentration. The nonconvective layer void fiaction uncertainty dominated in AN-105 

' 

and SY-103. The void fraction uncertainty is high in AN-105 because no measurements were 
made below about'l50 cm, and in SY-103 it is simply due to the wide scatter in the measurements. 

0 0.2 0.4 0.6 0.8 1 
Release Fraction 

.Figure 5.5. Peak Burn Pressure in AN-103 
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Figure 5.6. Peak Bum Pressure in AN-104 
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Figure 5.7. Peak Bum Pressure in AN-105 



5.3. Rheology and Waste Configuration 

In the two preceding sections we presented the results of the gas volume calculations and 
attempted to describe the implications and answer the "so what?" question. The last question that 
eventually must be answered is, 'Why?". Why was the GRE behavior of SY-101 so much more 
severe than in the other tanks? Why does AN-103 store so much gas with hardly detectable 
GREs? Generally, how can we explain the gas retention and release behavior of each tank? As yet 
there is no satisfactory answers to these questions, but there are a few clues in the rheology and the 
physical condition of the waste. 

The waste yield stress affects the way bubbles grow and how much is stored (Gauglitz et 
al. 1996). The apparent viscosity should also have some effect on the dynamics of a GRE. How- 
ever, the apparent viscosity profiles presented in Section 4 are all very similar (note that first pass 
apparent viscosity for SY-103 was obtained at 3 cds). There are as many variations among risers 
in a tank as there are among different tanks. Except for AN-103, the estimated yield stress profiles 
are equivalent within their uncertainty. The yield strength profiles are shown in Figure 5.8. 

Waste density is another indicator of GRE behavior. The ratio of supernatant to noncon- 
vective layer densities determines .the void fraction at neutral buoyancy where a rollover is pos- 
sible. Density profiles of the convective layer and the nonconvective layer density are shown for 
all tanks.in Figure 5.9 (SY-101 values are pre-mixer pump recommendations ofReynolds 1993). 
SY-101 and AN-103 have higher convective layer densities and much higher nonconvective layer 
densities than the others. 

. 

- 

, 

. 

-e- A W  101 
+AN 103 
*AN104 
-il- AN 105 

I . SY 103 

Yield Stress (Pa) 

Figure 5.8. Yield Stress for Five Tanks 
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Figure 5.9. Density Profile Comparison 

Though interesting, density does not appear to be a very good indicator of GRE behavior 
or gas retention. Based on density alone, one would expect SY-101 and AN-103 to behave 
similarly, yet their GRE history is at opposite ends of the spectrum. The neutral buoyancy void 
fractions for the six tanks are listed in descending order in Table 5.6 along with the mean and 
maximum of their measured void fractions. ‘While AN-103 has both the highest neutral buoyancy 
void and measured void fraction, the other tanks appear to follow the opposite trend (recall that the 
VFI made no measurements in the lower 150 cm of AN-105). Also the local maximum void tends 
to trend exactly opposite to the neutral buoyancy for the last four tanks. Neither historical GREs 
nor their frequency appears to correlate with neutral buoyancy. 

The waste temperature profiles are compared in Figure 5.10. The waste temperatures are 
similar, except that SY-103 is much cooler. The SY-103, AN-104, and AN-105 profiles show the 
pronounced parabolic bulge typical of a DST nonconvective layer. The profile of AN-103 is ’ 
remarkable for the absence of a ‘knee.’ The uniform convective layer profile joins the parabolic 
nonconvective layer profile near its peak. AW-101 shows a similar weak knee. AN-104 and AN- 
105 tend to release almost twice as much gas per event as AW-101 and AN-103 and do so more 
abruptly. SY-103 releases are small like the latter two tanks but abrupt like the former. However, 
the size of release probably depends more on nonconvective layer depth and abruptness on the 
crust thickness than either does on the shape of the temperature profile. Also, the crust thickness 
could explain the temperature profiles based on heat transfer arguments. 
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Table 5.6. Neutral Buoyancy Void Fractions Compared with VFI Measurements 

One other possible source of information is the appearance of the actual waste from the core 
sample extrusions. The extrusion photos in Appendix B reveal some interesting differences and 
similarities in core segments from a 1988 core from AN-103, a 1996 core from AN-105, a 1996 
core from AW-101, and 1986 and 1994 cores from SY-103. The figures in Appendix B were 
created by scanning color-corrected still photographs, except for the 1994 core from SY-103, 
which was constructed from video taken through the hot-cell window. The texture of the waste in 
this case appeared best in black and white. 
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Figure 5.10. Temperature Profiles for Five Tanks 
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All nonconvective layer segments (except the 1986 SY-103 core) show 'pock marks' that 
are evidence of retained gas. This is especially clear in segment 13 of AN-103, segment 18 of AN- 
105 and segment 12 of the 1994 SY-103 core. All the recent cores tend to show a dryer, stiffer 
looking waste in @e region of peak void fraction with more fluid material at the top and the bottom. 
This trend appears most obvious in AN-103 and AN-105. The peak void was measured at about 
200-250 cm in AN-103,200 cm in AN-105,100 cm in AW-101, and 150-200 cm in SY-103. . 

The tanks that show definite 'iollover' behavior appear to have softer, wetter looking waste 
with wider variation in appearance. a dryer appearance may result from lower liquid content, 
larger particles allowing liquid to separate in the extrusion tray, or both. Compare AN-103 and 
AW-101 segments with those of AN-105 and, to some extent, the 1994 SY-103 core. AN-105, 
the best 'burper' has a more fluid waste than AN-103, which hardly burps at all; The strongest 
evidence is the difference between the 1986 and 1994 cores from SY-103. This tank has exhibited 
rollovers only after the last fill in 1988. It was not doing so in 1986 when the very dry, stiff waste 
was sampled. 

The extrusion photos reveals another interesting feature.. The sample from the crust layer in 
AW-101 appears soft and virtually indistinguishable from the upper nonconvective material. SY- 
103 (both 1994 and 1986) and AN-105 are similar, though very little crust was captured. This 
indicates that the crust layer and the upper portion of the nonconvective layer are made of the same 
waste. This is consistent with the theory that the crust is formed by small bubbles lifting attached 
particles to the waste surface. 

. 

Estey and Guthrie (1996) suggested that DST gas retention and release behavior are well 
described and discriminated by plotting the barometric response slope, dL/dP, against the product 
of solids depth (includes both crust and nonconvective layers) and liquid specific gravity. A 
version of this plot is shown as Figure 5.1 1. Estey and Guthrie's original data are plotted with the 
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small open synibol, and the new data derived from the liquid specific gravity and nonconvective 
layer depth from the ball rheometer, with the revised crust thickness and new dudp values, are 
plotted in large, solid squares. The large solid squares plot the same parameter against the standard 
gas volume in the nonconvective layer, which is a more basic quantity than WdP. The new data 
appear to sort the tanks better by potential hazard by grouping AN-104 with AN-105, and AW-101 
with SY-103. AN-103 is closer to the other AN-tanks than to SY-101, which remains entirely 
unique. Using the nonconvective layer volume appears to improve the grouping aesthetically, but not substantially. . .  

Gas retention behavior appears to be reasonably well correlated by the product of solids 
height and liquid specific gravity, and gas release behavior is also roughly sorted. AN-103 
appears to be misplaced if one considers the observed GRE behavior; however, it may be that the 
correlation is predicting large GREs in the future. Recall that AN-105 experienced a 3-1/2 year 
period of slow level growth without GREs in a pattern very similar to the one AN-103 is 
following. 

5.4 The Bottom Line 

The data obtained with the ball rheometer and VFI have allowed us to physically charac- 
krhe waste in the six flammable gas DSTs relatively well. When this information is combined 
with results from the retained gas sampler, core extrusion photos, and some of the laboratpry 
analyses, we have all the data required to quantify the flammable gas hazard and assess its 
consequences and risk. However, a full understanding of all the processes that make up the gas 
retention and release personalities of the individual tanks and explaining them to everyone's . 
satisfaction will require further study. 

By any measure, the flammable gas hazard of the pre-pump GREs in SY-101 was clearly 
in a completely different class than the any of the other DSTs on the flammable gas watch list. It 
was actually possible for a large burp in SY-101 to fail the tank dome, if the gas were ignited. In 
contrast, AN-103, AN-104, and AN-105 present only a potential hazard-an improbably large 
fraction of their retained gas would need to be released to damage the dome. AW-101 and SY-103 
store such a small volume of gas relative to their head space that a'100% release does not approach 
the maximum allowable pressure at 99% confidence or even exceed the LFL. These two tanks are 
good candidates for removal from the FGWL and USQ list. 

Another important conclusion is that there is no important difference in the waste 
configuration of the tanks. The temperature profiles of all six tanks (including SY-101 before 
mixing) show a definite convective layer. This is consistent with the absence of gas measured by 
the VFI and with the low viscosity and absence of yield stress derived from the ball rheometer. 
Likewise, all the tanks exhibit a definite nonconvective layer of similqr properties, consistent.with 
all measurements and observations. This ,is confiied by available core samples from SY-103, 
AW-101, AN-105, and AN-103 (see Appendix B). The crust is the only feature that differs 
widely among the tanks. The most important differences appear to be in the dimensions of the 
waste layers and the total waste volume. 

The waste temperatures (except for SY-103), yield stress, and apparent viscosity are also 
very similar. The only significant difference in properties is a high waste density in AN-103 and 
SY-101 compared with the other tanks. There is, as yet, no explanation for the differences in void 
fraction and gas volume. But there are subtle differences in waste appearance that may correlate 
with GRE behavior. The tanks with wettest waste appear to exhibit the strongest, most abrupt 
rollovers (e.g. AN-105, SY-103); those with dryer, stiffer waste either do not show GRE behavior 
or have slower, smaller ones (e.g., AN-103, AW-101, SY-103 before 1988). We are hopeful that 
extrusion photos from AN-104 and new ones from AN-103 cores will con f i i  this observation. 
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Summing up all  the information available leaves many questions unanswered, but some 
speculations are possible. ,AW-lOl's GRE behavior may be gentle simply by virtue of its shallow 
nonconvective layer. The dense, plastic crust is apparently a fairly effective barrier to gas release 
as evidenced by its long, slow releases preceded by a level rise. 

. 

The high solids density in AN-103 may force the void fraction so high that gas percolates 
out before accumulating to the.point of neutral buoyancy. Hence the this tank's small releases may 
not be buoyancy-driven partial rollovers but percolation relief evenk similar to whal may be 
happening in some SSTs. Similar effects may be o c c ~ n g  in AW-101 if the more crystalline 
appearance of its waste indicates larger particles that favor formation of dendritic bubbles. On the 
other hand, AN-104 and AN-105 waste may be sufficiently weak, with fine particles and a low 
solids density, that bubbles remain spherical and true rollovers can occur. 

To help resolve the issue, we recommend that a few DSTs that do not retain a significant 
amount of gas or periodically release it be sampled with the available instruments. This will 
provide an important comparison baseline for tanks that do not present a flammable gas hazard. 
AN-107 is already tentatively scheduled for VFI testing in FY 1997; we also recommend that AW- 
104 be tested with the ball rheometer, VFI, and RGS, if possible. 

A revision of this report should be planned for the second quarter of FY 1997 to include 
results from the repeat VFI and ball rheometer tests in AN-105 and any additional tanks, as 
recommendea above. RGS data will @so be available from tanks AN-103, AN-104, and AN-105 
by that time for comparison with VFI results and to supply better waste gas composition data. 
Surface level fluctuations do not adequately correlate with gas releases from several tanks, notably 
AN-103 and AW-101. The GRE histories of several tanks can be reevaluated using gas 
monitoring data; this additional information will provide a much more complete summary of flam- 
mable gas DSTs than is available now. 
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Appendix A 

Gas Release Histories 
This appendix describes the historical gas releases in the six tanks studied in this report as 

observed in the waste level history. A gas release is indicated by a sharp drop of over at least 0.75 
cm, which is essentially the limit of detection, or a sharp rise immediately followed by a sudden 
drop. The release volume is computed based on the total level drop over the first 24 hours 
following the initial drop. Even though the level may continue to drop for several days, the total 
gas release correlates best with the fist day's drop. Each subsection to follow contains a plot of 
the waste level history and a table listing each GRE with the level before and after, gas release, 
release fraction and time since the last event. * 

Detecting gas release by level changes is very unsatisfactory in tanks where the gas releases 
are small. This is particularly true of AW-101 and AN-103. In AW-101, comparing gas 
monitoring data to level drops reveals that many GRES occur without a level drop. Many show a 
level rise followed by a slow drop that would not normally identify a release. Since gas 
monitoring equipment has been installed in many tanks since 1994, it will soon be possible to re- 
define these tanks' GRE statistics with actual gas release data. 
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A.1 SY-101 Gas Release History 
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Figure A.l. SY-101 Waste Level History: January 1989 to January 1992 
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Event Before 

A 
B 
C 
D .  
E 
F 
G 
H 
I - 

Fraction Date 

03/25/89 
06/10/89 
09/12/89 
12/30/89 
04/19/90 
08/05/90 
10/24/90 
02/16/9 1 
05/16/9 1 
08/27/9 1 
12/04/91 
04/20/92 
09/03/92 
02/02/93 
06/26/93 

Before 

1074.9 
1062.7 
1063.5 
1057.9 
1057.9 
1056.6 
1050.3 
1039.1 

1049.0 
1057.4 
1051.6 
1043.6 
1044.7 
1048.5 

,1046.5 

Table A.l. SY-101 GRE History 

1054.3' 
1050.0 
1046.2 
1044.7 
1038.9 
1048.0 
1036.1 
1033.3 
1037.9 
1'035.1 
1036.7 
1044.5 
1021.1 
1029.0 
1030.9 

Avg. 
St. Dev. 

- 
Drop 
20.6 
12.7 
17.3 
13.2 
19.0 
8.6 
14.2 
5.8 
8.6 
14.0 
20.7 
7.1 
22.5 
15.7 
17.6 
14.5 
5.2 

- 
- 

! 

Sta 
Release 

186.3 
115.0 

. 156.2 
119.3 
171.7 
78.0 
128.1 
52.5 
77.5 
126.2 
187.0 
63.8 
203.2 
141.8 
159.1 
131.0 
47.3 

'586.4 
476.3 
483.1 
432.7 
432.7 
421.2 
363.9 
262.9 
329.5 
352.4 
428.1 
375.3 
303.4 
313.4 
347.8 
393.9 
83.6 

0.318 
0.242 
0.323 
0.276 
0.397 
0.185 
0.352. 
0.200 
0.235 
0.358 
0.437 

0.670 
0.452 
0.457 . 
0.338 
0.133 

. 0.170 . 

Period 
(days) 

0 
77 
94 
109 
110 
108 
80 
115 
89 
103 
99 
138 
136 
152 
144 
104 
37 
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A.2 SY-103 Gas Release History 
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Figure A.2. SY-103 Waste Level History: October 1989 to October 1995 
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Table A.2. Summary of GREs in SY-103 

Date 

12/8/89 
3/2/90 
6/20/90 
8/2/90 
10/27/90 
2/1/9 1 
5/12/91 
611 1/91 
7/6/91 
111 7/92 
5/27/92 
11/21/92 
7/1/93 
11/22/93 
12/5/93 
2/20/94 
3110194 
4/2/94 
6/16/94 
6/22/94 
1/22/95 
3/2/95 
5/2/95 
9/6/95 

Before 
697.0 
696.5 
696.2 
696.5 
696.5 
692.7 
692.4 
692.4 
690.6 
692.2 
691.9 
693.2 
695.2 
690.4 
686.5 
686.1 

. 687.1 
687.6 
692.2 
690.6 
692.7 
693.0 
690.2 
689.5 

eve1 (cm) 
After 
695.5 
692.2 
694.9 
694.9 
694.9 
689.9 
69 1.4 
690.1 
689.1 
689.6 
689.4 
688.9 
693.9 
687.6 
684.3 
685.0 
685.8 
685.6 
690.4 
689.4 
69 1.2 
690.9 
688.4 
687.3 

Average 
St. Dev. 

Drop 
1.5 
4.3 
1.3 
1.6 
1.6 
2.8 
1 .o 
2.3 
1.5 
2.5 
2.5 
4.3 
1.3 
2.8 
2.2 
1 .o 

' 1.3. 
2.0 
1.8 
1.3 . 
1.5 
2.1 
1.8 
2.2 
2.0 
0.9 

Released 
10.3 
29.8 
9.2 

.11.2 
11.2 
19.2 
7.0 
15.9 
10.7 
17.7 
17.7 
29.8 
8.8 
19.5 
15.4 
7.0 
8.9 
14.2 
12.4 
8.9 
10.5 
14.9 
12.4 
15.3 
14.1 
6.1 

'olume (m' 
Before 

. 195.2 
191.7 
189.9 
191.9 
191.9 
165.1 I 

163.3 
163.3 
150.9 
161.6 
159.8 
168.7 
182.8 
149.1 
122.1 
119.0 
126.1 . 
129.7 
161.6' 
150.9 
165.3 
167.8 . 
148.1 
142.8 
160.8 
22.7 

Fraction 
0.053 
0.155 
0.048 
0.058 
0.058 
0.1 17 
0.043 
0.098 
0.07 1 
0.1 10 
0.1 11 
0.177 
0.048 
0.131 
0.126 
0.059 
195.2 
0.109 
0.077 
0.059 . 
0.063 
0.089 
0.084 
0.107 
0.088 
0.036 

A.5 

Period 

.O 
84 
110 
43 
86 
97 
100 
30 
25 
195 
131 
178 
222 
144 
13 
77. 
18 
23 
75 
6 

214 
39 
61 
127 
87 
67 

(days) 



A.3 AW-101 Gas Release History 
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Figure A.3. Waste Level History (MT and FK), 1986-1995 
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Date 

11/17/86 
4120187 
8/3/87 
9/7/87 
9/12/88 
1/9/89 
3/20/89 
8/4/89 
1/17/90 
2/28/90 
5/3/91 
9/10/9 1 
1 11319 1 
3/21/92 
4/10/94 
1014194 
12/22/94 

I 
Before 
1036.32 
1037.6 
1036.1 
1036.1 
1037.6 
1035.3 
1035.1 
1037.1 
1038.8 
1035.3 
1035.1 
1038.9 
1039.4 
1039.4 
1038.6 
1040.4 
1038.4 

Table A.3. AW-101 GRE History 

:vel (cm) 
Mer .  

1034.5 
1034.5 
1034.8 
1034.3 
1032.5 
1033.8 
1034.3 
1036.3 
1036.6 
1034.0 
1033.3 
1038.1 
1038.6 
1037.3 
1037.8 
1039.0 
1037.8. 

Average 
St. Dev. 

Drop 
1.8 
3.1 
1.3 
1.8 
5.1 
1.5 
0.8 
0.8 
2.3 
1.3 
1.8 
0.8 
0.8 
2.1 
0.8 
1.4 
0.6 
1.7 
1.1 
- 

-Stan 
Released 

15.9 
27.1 
11.4 
15.7 
44.6 
13.1 
7.0 
7.0 
19.8 
11.4 
15.7 
7.0 
7.0 
18.4 
7.0 
12.2 
5.2 
14.4 
9.7 

ud Volumi 
Before 
81.5 
92.7 
79.6 
79.6 

. 92.7 
72.6 
70.8 
88.3 
103.7 
72.6 
70.8 
104.0 
108.4 
108.4 
101.4 
117.2 
99.7 
90.8 

. 15.1 

:m’) 
Fraction 
0.195 
0.292 
0.143 
0.198 
0.48 1 
0.181 
0.099 
0.079 
0.191 
0.157 
0.222 
0.067 
0.065 
0.169 
0.069 
0.104 
0.053 . 
0.163 
0.106 

Period 

0 
154 
105 
35 
371 
119 
70 
137 
166 
42 
429 
130 
54 
139 
750 
177 
79 
174 
185 

(days) 
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A.4 AN-103 Gas Re 
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346 

344 

342 

. Figure A.4. AN-103 Waste Level History: January 1988 to January 1996 
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Table A.4. AN-103 GRE History 

Period 

0 
64 
191 
7 

220 
283 
49 
21 
346 
31 
28 
31 
79 
278 
8 

270 
106 
256 

(days) 

' 

876.3 
875.0 
878.6 
878.8 
878.3 
880.4 
878.8 
878.3 
879.1 
879.6 
881.6 
880.4 
881.4 
882.1 
880.6 
882.9 
883.5 

Date 

6/1/89 
8/4/89 
2/11/90 
2/18/90 
9/26/90 
7/6/91 
8/24/91 
9/14/91 ' 
8/25/92 
9/25/92 
10123192 
11/23/92 
U10193 
11/15/93 
11/23/93 
8/20/94 * 

12/4/94 
8/17/95 
U10/96 

eve1 (cm) 
After 
876.0 
876.3 
874.8 
874.0 
877.1 
877.1 
875.9 
879.1 
876.3 
876.3 
876.3 
878.1 
880.1 
878.3 
878.6 
879.9 

. 878.8 
88 1.7 
881.8 

- 

Before 
877.1 
877.3 

Drop 
1.1 308.1 

309.7 
301.8 
291.6 
319.9 
321.5 
3 17.6 
334.1 
321.5 
3 17.6 
323.9 
327.8 
343.6 
334.1 
342.0 
347.5 
335.7 
353.8 

1 .o 
1.5 
1 .o 
1.5 
1.7 
2.4 
1.3 
2.5 
2.0 
2.8 
1.5 
1.5 
2.1 

~ 2.8 
' 2.2 

1.8 
1.2 

~ 1.7 

0.028 
0.025 
0.039 
0.027 
0.037 
0.042 
0.060 
0.03 1 
0.061 
0.050 
0.068 
0.036 
0.034 
0.050 
0.065 
0.050 
0.042 
0.027 

Average I 1.8 
St. Dev. I 0.6 

Stan 
Released 

8.7 
7.9 
11.8 
7.9 
11.8 
l3.4 
18.9 
10.2 
19.7 
15.8 
22.1 

. 11.8 
11.8 
16.5 
22.1 
17.3 
14.2 
9.5 
13.4 
13.9 
4.5 

lard Volume (m') 
. Before I Fraction 

358.6 0.037 
326.9 0.043 
17.7 0.0 13 



A.5 AN-104 Gas Release History 

I 

I 

Figure A.5. AN-104 Waste Level History: January 1985 to January 1996 
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Table AS. AN-104 GRE History 

Date 

2/27/86 
3/13/86 
10127186 
8/17/87 
611718 8 
411 9/89 
11/1/89 
12/4/89 
113 1/90 
411 6/90 
5/20/90 
1/18/91 
2/17/91 
512019 1 
5/21/91 
1/3/92 
5/12/92 
6/18/92 
4/27/93 
7/9/93 
813 1/93 
10/24/93 
2/1/94 
7/25/94 
9/19/94 
11/7/94 
11/9/94 
2/17/95 
313 1/95 
10/2/95 
1018195 
2/14/96 
5/4/96 

Before 
989.1 
978.9 
979.9 
987.8 
982.7 
979.4 
980.4 
982.0 
983.7 
985.0 
982.7 

. 987.3 
984.8 . 
985.8 

983.0 
983.0 
98 1.5 
979.9 
984.5 
98 1.5 
978.9 
976.9 
980.2 
980.7 
982.5 
979.7 
98 1.5 
979.2 
98 1.5 
98 1 

979.3 
978.7 

98 i .7 

979.9 
97 1.6 
977.4 
984.8 
974.9 
975.4 
979.2 
979.7 
982.5 
982.7 
980.2 
984.3 
983.2 
98 1.7 
979.2 
98 1.7 
98 1.2 
977.4 
977.9 
982.0 
978.9 
976.6 
975.5 
977.9 
978.4 
979.7 ’ 
978.2 
979.9 
976.9 
979.2 
979.6 
978.1 
977.2 

Average 
St. Dev. 

Drop 
9.2 
7.3 
2.5 
3.0 
7.8 
4:O 
1.2 
2.3 
1.2 
2.3 
2.5 
3.0 
1.6 
4.1 
2.5 
1.3 
1.8 
4.1 
2.0 
2.5 
2.6 
2.3 
1.4. 
2.3 
2.3 
2.8 
1.5 
1.6 
2.3 
2.3 
1.4 
1.2 
1.5 
2.8 
1.9 - 

Stan 
Released 

75.1 
59.6 
20.4 
24.5 
63.7 
32.7 
9.8 
18.8 
9.8 
18.8 
20.4 
24.5 
13.1 
33.5. 
20.4 
10.6 
14.7 
33.5 
16.3 
20.4 
21.2 
18.8 
11.4 
18.8 
18.8 
22.9 
12.3 
13.1 

’ 18.8 
18.8 
11.4 
9.8 
12.3 
22.7 
15.5 

A.ll 

rd Volum 
Before 
278.5 
195.2 
203 -4 
267.9 
226.2 
199.3 
207.5 
220.5 
234.4 
245.0 

. 226.2 
263.8 
243.4 
25 1.6 
218.1 
228.7 
228.7 
216.4 
203.4 
240.9 
216.4 
195.2 
178.9 
205.8 
209.9 
224.6 
201.7 
216.4 
197.7 
216.4 

‘212.4 
198.5 
193.6 
220.2 
23 -2 

m‘) 
Fraction 
0.270 
0.305 
0.100 
0.091 
0.282 
0.164 
0.047 
0.085 
0.042 
0.077 
0.090’ 
0.093 
0.054 
0.133 
0.094 
0.046 
0.064 

. 0.155 
0.080 
0.085 
0.098 
0.096 
0.064 . 
0.091 
0.089 
0.102 
0.061 
0.060 
0.095 
0.087 
0.054 
0.049 
D.063 
0.102 
0.065 

.Period 

0 
14 

228 
294 
305 
306 
196 
33 
58 
75 
34 
243 
30 
92 
1 

227 
130 
37 
3 13 
73 
53 
54 
100 
174. 
56 
49 
2 

100 
42 
185 
6 

129 
80 
113 
100 

(days> 
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Figure A.6. AN-105 Waste Level History: January 1987 to January 1996 
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Table A.6. AN-105'GRE History 

Date 
5120185 
12/2/85 
811 1/86 
1/5/87 
2/24/87 
8/17/87 
12t7/87 
1/4/88 
1/8/88 
7/19/91 
9/17/91 
11/15/91 
121619 1 
4/14/92 
7/6/92 
9/27/92 
1/23/93 
9/19/93 
5/17/94 
8/24/95 
513 1/96 

Before 
1036.8 
1036.8 
1041.9 
1040.9 
1041.1 
1042.9 
1045.2 
1042.2 
1038.4 
1047.2 
1045.5 
1049.8 
1046.2 
1044.7 
1042.7 
1043.4 
1046.0 
1046.0 
1045.7 
1045.2 
1044.8 

:vel (cm) 
After 

1034.5 
1033.8 
1035.8 
1038.4 
1038.6 
1041.1 
1041.9 
1038.4 
1034.8 
1043.7 
1043.7 
1043.9 
1044.4 
1042.9 
1038.1 
1040.9 
1043.7 
1042.9 
1042.9 
1041.6 
1043.1 

Average 
St. Dev. 

Drop 
2.3 
3.0 
6.1 
2.5 
2.5 
1.8 
3.3 
3.8 
3.6 
3.5 
1.8 
5.9 
1.8 
1.8 
4.6 
2.5 
2.3 
3.1 
2.8 
3.6 
1.7 
3.1 
1.3 

- - - 

Standard 
Releasec 

19.6 
25.6 
52.1 
21.3 
21.3 
15.4 
28.2 
32.4 
30.8 
29.9 
15.4 
50.4 

' 15.4 
15.4 
39.3 
21.3 
19.6 
26.5 
24.1 
30.8 
14.7 
26.2 
10.7 

A.13 

rolume ( 
Before 
109.3 

152.8 
144.3 
146.0 
161.3 
181.0 
155.4 
122.9 
198.1 
183.5 
220.3 
189.5 
176.7 
159.6 
165.6 
187.8 
187.8 
185.4 
181.1 
177.6 
166.4 
28.6 

109;3 

3, 
Fraction 
0.180 
0.234 
0.341 
0.148 
0.146 
0.095 
0.156 
0.209 
0.250 
0.151 
0.084 
0.229 
0.08 1 
0.087 
0.246 
0.129 
0.105 
0.141 
0.130 
0.170 
0.083 
0.162 
0.069 

Period 

0 
196 
252 
147 
50 
174 
112 
28 
4 

1288 
60 
59 
21 
130 
83 
83 
118 
239 
240 
464 
28 1 
162 
132 

(days) 

- ? ^  . '~-y. . .. - -- ~ . .  ,. . .. , . ,,,. . *  , : , ,., ,.., . I,- .f I , . . "'.. ---- .I . . . I  -,-- .... ' . .7, ~- -r-- -., -- 



Appendix B 

Core Extrusion Photographs 



AN-103 Core, Extruded 1988. 

Segment 11 elevation 338-386 cm (133-152 inches) 

Figure B.l. Core samples from AN-103 

B . l  



AN-105, Core 152, Extruded July 1996 

Segment 1 elevation 1013-1041 cm (399-410 inches). 

Segment 5 elevation 820-869 cm (323-342 inches). 

Segment 16 elevation 290-338 cm (114-133 inches). 

Segment 18 elevation 193-241 cm (76-95 inches). 

Segment 20 elevation 96-145 cm (38-57 inches). 

Segment 22 elevation 0-48 cm (0-19 inches). 

Figure B.2. Core samples from AN-105. 



AW-101, Core 132, Extruded April 1996. 

Segment 1 elevation 1013-1040 cm (399-409 inches). 

Segment 2 elevation 965-1013 cm (380-399 inches). 

Segment 16 elevation 290-338 cm (114-133 inches). 

Segment 18 elevation 193-241 cm (76-95 inches). 
~ p-l -.=& .-- .- 

. .. - 
.d-z..-.:c‘- -. - .. - ” .  

Segment 20 elevation 96-145 cm (38-57 inches). 

Segment 22 elevation 0-48 cm (0-19 inches). 

Figure B.3. Core samples from AW-101. 
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SY-103, Core 1, Extruded 1986. 

Segment 2 elevation 531-579 cm (209-228 inches). 

Segment 10 elevation 145-193 cm (57-76 inches). 

Segment 12 elevation 48-96 cm (19-38 inches). 

Figure B.4. Core samples from SY-103. 
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SY-103, Core 62, Extruded September 1991. 

Segment 4 elevation 531-579 cm (209-228 inches). 

I 

Segment 9 elevation 290-338 cm (114-133 inches). 

L 

Segment 10 elevation 241-289 cm (95-114 inches). 

~ -- - --i 
Segment 11 elevation 193-241 cm (76-95 inches). 

*--*..--. -.4 . *.w A 

Segment 12 elevation 145-193 cm (57-76 inches). 

Segment 13 elevation 96-145 cm (38-57 inches). 

- I 

Segment 14 elevation 48-96 cm (19-38 inches). 

Figure B.5. Core Samples from SY-103, Core 62. 
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