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ABSTRACT 

Large quantities of organic complexants were used in support of the defense mission at the Hanford Site, and 
are currently stored as part of 55 million gallons of radioactive waste. The major organic complexants that are 
believed to have been stored in the tanks are glycolate, citrate hydroxyethylethylenediaminetriacetate (HEDTA), 
and ethylenediameinetetraacetate (EDTA). Estimated quantities are listed here in kilograms and metric tons: 

• Glycolic acid, 8.8x10? kg (880 metric tons) 
• Citric acid, 8.5x10s kg (850 metric tons) 
• Hydroxyethylethylenediaminetriacetic acid, 8.5x10s kg (830 metric tons) 
• Ethylenediaminetetraacetic acid, 2.2x10s kg (220 metric tons). 

In addition to these complexants, lesser amounts of complexants such as nitrilotriacetic (NTA), di(2-ethylhexyl) 
phosphoric, and oxalic acids were used, but amounts of these complexants that actually were stored in the tanks 
are not known. 

Despite demonstrated safe storage in terms of chemical stability of the Hanford high level waste for many 
decades, including decreasing waste temperatures and continuing aging of chemicals to less energetic states, 
concerns continue relative to assurance of long-term safe storage. Review of potential chemical safety hazards 
has been of particular recent interest in response to serious incidents within the Nuclear Weapons Complexes in 
the former Soviet Union (the 1957 Kyshtym and the 1993 Tomsk-7 incidents). 

Based upon an evaluation of the extensive new information and understanding that have developed over the last 
few years, it is concluded that the Hanford waste is stored safely and that concerns related to potential chemical 
safety hazards are not warranted. Spontaneous bulk runaway reactions of the Kyshtym incident type and other 
potential condensed-phase propagating reactions can be ruled out by assuring appropriate tank operating controls 
are in place and by limiting tank intrusive activities. This paper summarizes the technical basis for this 
position. 

CONDENSED-PHASE CHEMICAL REACTIONS 

The presence of organic complexants along with oxidizers like NaNOtj and NaNO s present the potential for 
condensed-phase chemical reactions, including spontaneous runaway reactions of the Arrhenius type and 
propagating reactions1 initiated by a local ignition source. 

'A propagating reaction is a reaction that, if initiated locally by a suitable ignition source, progresses 
beyond this locale into previously unreacted materials. 



SPONTANEOUS RUNAWAY REACTION 

Spontaneous bulk runaway reaction without ignition sources can occur when the chemical heat generation rate 
produced by an Arrhenius type reaction mechanism exceeds the rate of heat dissipation by conduction in some 
volume of waste. The requirements for stability are therefore often expressed in terms of two characteristic 
time constants 

*a > *c CD 

where t, is the characteristic time of adiabatic runaway 

t = T 2 ( 2 ) 

* TEJR 

Here T (K) is the temperature, T (K/s) is the rate of temperature rise corresponding to temperature T due to 
chemical heating, E a is the activation energy (J/mol), R (8.314 J/mol-K) is the gas constant, H(m) is the height 
and a (m2/s) is the thermal diffusivity. 

The characteristic cooling time t e for an infinite slab geometry is approximately2 

H^ (3) 
** 4« 

While values for t c can be reliably estimated for the waste tanks, values for ta are not known and would be 
difficult to obtain from waste sampling and analytical measurements. 

Fortunately, this concern can be addressed by recognizing that the waste has remained safely stored over a 
period of time (the 149 single shell tanks have not received wastes since about 1977). That is well in excess of 
the characteristic cooling times, tc, which range from tens of hours to about 3 years (Fauske 1996). This 
observation provides proof that Inequality (1) is indeed satisfied, and can be made without a knowledge of t, or 
the actual chemical composition, water content and waste uniformity, and will not be altered by waste aging or 
long-term moisture loss. Both shrinkage associated with moisture loss and increasing gaseous porosity both 
have flie effect of decreasing the characteristic cooling times (Fauske 1996). 

CONDENSED-PHASE PROPAGATING REACTIONS 

In addition to satisfying a certain minimum fuel concentration similar to the lower flammability limit (LFL) for 
gases, a significant ( > 10 J) ignition source must be available to assure a propagating reaction. Measured 
combustion characteristics for several non-degraded organic complexants are summarized in Table 1 below 
(Fauske and Epstein 1995). 

Especially noteworthy in Table 1 is the extremely low burn velocities, implying mat if propagating reaction is 
possible, the chemical energy release rate and corresponding gas evolution rates would be small, limiting the 
possibility of tank structural tank damage and the release of significant quantities of radioactive material. 
Furthermore, since the T^ values are much higher than the current waste temperatures, onset of combustion also 
requires the presence of an adequate ignition source. Potential ignition sources are discussed below including 

^equality (1) along with definitions (2) and (3) are consistent with the classical Frank-Kamenetskii 
model, which considers systems with high Biot number, heat transfer being conductive within the reacting mass. 



Place Table I here 

Place Table II here 

sparks, flames, hot objects and lightning for example, refer to Table 1 (Sparks) and Table 2 (Flames). In the 
discussion to follow it is assumed that combustible conditions exist, i.e., the fuel concentration exceeds its LCL 
and that moisture concentrations required to suppress combustion are not available unless otherwise specified. 
The likelihood of satisfying the necessary fuel concentration for a propagating reaction is addressed later. 

SPARKS 

An estimate of the minimum ignition energy (MIE) to initiate combustion can be obtained from 

0 ^ « ! * i i p c ( r % - T o ) ( 4 ) 

where p (kg/m3) is the density of the combustible mixture, c (J/kg-K) is the specific heat of the combustible 
mixture, T^ (K) is the ignition temperature, T„ (K) is the ambient temperature, and r^,, (m) is the critical radius 
which is determined from the following heat balance (heat release equals heat loss) 



I it r 3 pc (Tf - T0) ^ = 4* r*k J - 4* r k (T, - T0) < 5 ) 

where T f (K) is the flame temperature and k (w/m-K) is the thermal conductivity, and results in 

_ 3a (6) 

where a (m2/s) is the thermal diffusivity. 

First, we will demonstrate that the above ignition theory can be used to predict the MIE of a combustible 
stoichiometric gas mixture. Considering the following property values for a typical hydrocarbon gas mixture 
such as methane-air evaluated at T^ = 810 K; p * 0.45 kg/m3, c = 1000 K, a = 9 • 10 - 5 m 2/s, U b = 0.45 
m/s and T 0 = 300 K, we estimate ( J ^ = 0.21 mJ, which is in excellent agreement with the measured spark 
energy value of 0.29 mJ (Stull 1977). The suggested strong sensitivity to the burn velocity (Q ~ Ub"3) is also 
consistent with experimental observation. 

Verification of the strong burn velocity dependence is significant to the application of condensed-phase 
combustion involving organic complexants such as included in Table 1 where the burn velocities are noted to be 
quite low. Application of the above ignition theory using the following property values evaluated at T^ = 520 
K; p = 1500 kg/m3, c = 1500 J/kg-K, a = 2 • 10"7 m 2/s, U b = 5 • 10"4 m/s and T 0 = 320 K, lead to Q ^ « 
3.3 J, i.e., about four orders of magnitude larger than for flammable hydro-carbon mixtures. This energy is 
well in excess of the maximum spark energies expected from discharge of various types of electrically 
conducting objects that could be present in the Hanford waste tanks. Typical maximum theoretical spark 
energies associated with various objects are illustrated in Table 2 (Eckhoff 1991). 

>The above assessment of the MIE value for condensed-phase: combustion in case of short duration sparks is 
considered quite conservative. In contrast to a combustible gaseous mixture, the energy from the spark must be 
delivered to the condensed phase material. While the power density of the spark is extremely high, the short 
duration (/i-second time scale) prevents a sufficient thermal boundary layer build-up required for sustained 
combustion prior to the dissipation of the spark energy. 

Considering the previously established ignition theory, the critical ignition thickness for plane geometries is 

ctit 
_«_ (7) 

The corresponding ignition time, t^, can be obtained by equating the thermal boundary layer thickness 

6 « /« t (g) 
with the critical ignition front thickness resulting in 

f _ « (9) 

Setting a — 1 • 10"7 m2/s and U b = 5 • 10"4 m/s, the critical ignition time is of the order of Is. The 
significance of this value is that potential ignition sources, such as sparks, which have extremely high power 
densities but are also extremely short-lived (/is range), are not capable of initiating condensed-phase propagating 
reactions in materials of interest. The thermal boundary layer resulting from such ignition sources are much too 
small to satisfy the requirement for sustained combustion. 



FLAMES 

In view of the relative ease of igniting a combustible gas mixture, it is of interest to evaluate its potential for 
subsequently initiating a condensed-phase propagating reaction. The maximum condensed-phase material 
temperature, T ^ , following a postulated burn can be estimated from (Epstein 1990) 

max - T * 0.35 * € P&o C v * T &o « . V 

k,2 A 

1/2 (10) 

where a is the Boltzman constant, e is the emissivity, p f e 0 (kg/m3) is the initial gas density, Q,tl (J/kg-K) is the 
gas specific heat, T f o 0 (K) is the initial flame temperature, a, (m2/s) is the thermal diffusivity of the solid phase, 
V (m3) is the volume of the bum, A (m2) is the corresponding surface area of the burn or the surrounding 
condensed-phase material and k, (w/m-K) is the conductivity of the condensed-phase material. Tabulated values 
of ( T ^ - T„) and T f o 0 are provided in Table 3 based on 6 = 1, Q,,,, = 1,000 J/kg-K, V/A = 1, a, = 2 . 10"7 

m 2/s, K, = 0.5 w/m-K and p s o = 1.1 kg/m3. 

Place Table III here 

Considering that transient burning (if at all credible) would be limited to temperatures of about 1000 K, this 
type of ignition source would not appear to be a threat to initiating condensed-phase propagating reactions. 

The above observation is consistent with the considerable length of time the condensed-phase material must be 
exposed to a constant burning flame or fire prior to experiencing sustained combustion. For this case, the time 
to reach the ignition temperature can be estimated from 

t « 
k ^ - T c ) J, 

a 

( i i ) 

where q (w/m2) is the flame heat flux and is usually taken to be of the order of 10s w/m 2 (corresponding to the 
flame temperature of about 1100 K). As such we calculate the time to ignition to be of the order of 10 seconds. 
It is of interest to note that a burning wooden match develops about 100 W. When subjecting a stoichiometric 
mixture of NajCitrate • 2H 2 0 and NaN0 3 initially at an ambient temperature of 30° C to a burning wooden 
match, a propagating reaction was noticed after about 10 seconds (Fauske 1995). 



HOT OBJECTS 

The necessary minimum temperature of a hot object to initiate a propagating reaction if brought in direct contact 
with condensed-phase combustible material can be estimated from the Contact Temperature Ignition (CTT) 
criterion (Fauske and Epstein 1995) 

T H = ^ f l » - T

0 ) + T l g ^ 

where T H (K) is the temperature of the hot object and a is given by 

(k Pc)H ( ' 3 ) 

(kpc)0 

where subscript o refers to the combustible condensed-phase material. 

In the case of a hot steel object, the value of a is about 8, requiring T H to be only about 10% higher than T^, 
i.e., about 250°C for combustible materials of interest (see Table 1). Furthermore, recalling the critical ignition 
time of the order of 1 second, a minimum steel thickness (considering plane geometry) 

also needs to be satisfied. Setting a = 5 • 10* m 2/s, we estimate the value of x,^ of the order of 2 mm. It is 
therefore not surprising that a small hot steel ball (diameter of about 1.6 mm, and T H « 1300°C and energy 
content of 10 J) is capable of producing sustained combustion when brought into contact with combustible 
mixtures, such as those summarized in Table I (Fauske 1995). Such ignition sources, however, can be ruled 
out by limiting tank intrusive activities. 

For completeness, we note that for such ignition sources to be effective requires essentially the absence of free 
water. Small quantities of water will prevent the contact temperature from reaching the ignition temperature 
(Fauske and Epstein 1995). 

LIGHTNING 

The frequency of lightning striking a Hanford SST is estimated to be about 5 • 10"4 per year (MacFarlane et al. 
1994). However, as discussed below, ignition of condensed-phase waste materials, including organic solvents, 
from such a scenario is not considered a credible event. It is important to recognize that the Hanford tanks are 
buried and the extensive amount of rebar in the SST concrete domes provide significant overall shielding 
properties, so that there is a high tendency for lightning produced current fields to be excluded from the interior 
of the tanks. However, there may be electrically discontinuous paths short that could result in arcing. These 
paths include arcing between equipment extending through risers, and (he risers, arcing at bolted flanges, arcing 
between the riser or equipment and the rebar in the concrete dome. Lightning will, if the rebar is not well 
connected and connected to the tank walls in the SSTs3 (which it is apparently not) arc to rebar and from rebar 
to the tank walls. As such, it would be difficult to rule out generation of sparks that would be capable of 

^This is not the case for DSTs, where the inner complete steel shell provides essentially a perfect 
Faraday cage. 



igniting the presence of a flammable gas mixture in the tank head space. However, considering the limiting 
durations such flammable gas mixtures could exist in connection with gas release events, these are considered 
negligible risk scenarios (MacFarlane et al. 1994). 

The above arcing phenomena are much more likely than arcing to the waste surface inside the tanks, as the 
various tank structures represent much better targets for the lightning current(s). If there is a gap in the 
conductors carrying a lightning current, the current may arc across the gap. Quoting Uman (Uman 1994), "The 
arc energy appears as heated gas, in the tens of thousands of °C range, and as heated and melted electrode 
material, much as in the case of purposeful arc welding. Typical lightning transfers 25 coulombs of charge, and 
thus an arc due to lightning between metal electrodes could liberate 250 joules of energy at the arc spot, in a 
volume certainly less than a cubic centimeter, perhaps as small a cubic millimeter." However, further quoting 
Uman (Uman 1994). "It is not likely that the total lightning current would flow across one interior gap in a 
SST or DST because of the many parallel paths available to the lightning current. On the other hand, sparks in 
the millijoule range are generally thought to be capable of igniting flammable gas." It follows mat significant 
steel melting in connection with such arcing phenomena mat subsequently could fall down onto the waste surface 
would appear very remote. Approximately 250 joules alone would be required to produce a molten steel droplet 
of about 4 mm diameter, which is less than the capillary size of about 6 mm, i.e., the melted material would 
quickly refreeze in place. 

Furthermore, we have evaluated the likelihood of arcing directly to the waste relative to the above metal arcing 
dissipation mechanisms for the lightning current energy using the similarity between the arcing caused by a 
lightning current and purposeful arc welding (Uman 1994). 

To conservatively test the effect or relationship between waste material electrical conductivity and arcing 
potential, small samples of simulated wastes were placed in a highly electrical conductive environment, i.e., in a 
small steel crucible (a pipe end cap of about 1.5 inch diameter and 1.5 inch height) clamped to a well-grounded 
welding table (see Figure 1). The tungsten electrode was positioned above the waste surface, in direct contact 
with, as well as below the waste surface. Various types of wastes including organic solvent consisting of 
dodecane (la), a stoichiometric mixture of NaCitrate • 2H 20-NaN0 3 soaked with dodecane (lb), dry 
stoichiometric mixture of NaCitrate • 2H 20-NaN0 3 (lc), and stoichiometric NaCitrate • 2H 2 0-NaN0 3 mixtures 
with increasing free water inventories of 5 and 10 wt% H 2 0 (Id and le) were placed in the steel crucibles and 
subjected to arc welding currents of approximately 200 amperes for about one-second intervals. 

No sign of arcing were observed with waste mixtures a, b, and c, including variations in the electrode position 
relative to the waste material surface. With increasing water inventory, limiting arcing and "crackling" were 
observed, but in no cases was sustained ignition noticed. While the increasing presence of moisture or water 
clearly increases the electrical conductivity allowing current to flow, its presence also prevents ignition from 
occurring by dissipating the arc energy by latent heat of vaporization, keeping the waste temperature well below 
the ignition temperature. The above observations suggest that if lightning should strike an SST (a very unlikely 
event), the lightning current and its energy would be largely dissipated before entering the interior of the tank. 
Multiple paths, including arcing between equipment extending through risers, and the risers, arcing at bolted 
flanges, arcing between the riser or equipment and the rebar in the concrete dome, arcing from rebar to rebar 
and from rebar to the tank walls, are much better targets for lightning current energy dissipation than arcing 
deep into the interior of the tank, such as to the waste surface or below the waste surface. Furthermore, arcing 
to the waste, if at all likely, would appear to require the presence of moisture to improve its electrical 
properties, but this moisture would also prevent ignition. A lightning strike is, therefore, not considered a 
significant risk scenario in terms of presenting an ignition potential for organic solvents or solid wastes. 

SUMMARY 

Potential chemical safety hazards associated with condensed-phase propagating organic complexant-nitrite/nitrate 
reactions have been assessed for the Hanford Tank Farm leading to the following observations: 



• Condensed-phase spontaneous (no ignition source required) bulk runaway reactions are not 
possible, and 

• Credible ignition sources, including lightning, that could initiate a condensed-phase propagating 
reaction can be ruled out by assuring appropriate tank operating controls are in place and by 
limiting tank intrusive activities. 

These observations can be made wimout requiring a detailed knowledge of the wastes including fuel content, 
water content, and heterogeneity, and will not be altered by waste aging or long term moisture loss.. 
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Table I. LCL 1 Ignition Temperature, T^, and Burn Velocity U b 

Fuel LCL, wt% 2 T * ° C TJb, m s 1 

NaAcetate ~ 20.5 (6) ~ 300 ~ 3.3 • 10"4 

NaAcetate . 3Bp — - — 

NajCitrate . 2rL0 ~ 33 (8) 230 ~ 3 . lO 4 

NajHEDTA . 2H 2 0 ~ 19 (6) 220 ~ 2.5 • 10"4 

'Lower combustibility limit (LCL) - similar to the lower flammability limit (LFL) for gases. 
Measured at T 0 = 30 °C. Numbers in parentheses represents wt% total organic carbon (TOC). 



Table II. Maximum Theoretical Spark Energies From Discharge 
of Various Types of Electrically Conducting Objects 

Object Energy, mJ 

Single Screw 0.2 
Flange 2 
Shovel 4 
Small Container (bucket, 50 £ drum) 2-20 
Funnel 2-20 
Drum (200 £) 20-60 
Person 20-60 
Major Plant Items (reaction vessels) 20-200 
Road Tanker 200 



Table HI. Initial Flame Temperatures and 
Maximum Condensed-Phase Temperatures 

T f eo,K Tnax " TQ, K 

1500 219 

1400 184 

1300 153 

1200 125 

1100 101 

1000 79 



N o Arc ing Inc reas ing A r c i n g Bu t N o Ign i t ion 

2 ^ 

< N .Cllr^fo 2 H 2 0 

^ ^ ^ 

•^ M 1.Cilri.ro-2H 20 

•S 5 wt •/. H 0 0 

^ S^^b 
NaCilraTo2H 2< 

N a N O a 

10 wt -A HgO 

^ S <^3r<fe 
Grounded 

Steel Table 

(a) (b) (c ) (d ) ( e ) 

MFg61QCU.CDR 1-2*96 

F i g u r e 1 . D e m o n s t r a t i o n o f A r c i n g a n d I gn i t i on P o t e n t i a l s u s i n g t h e a r c w e l d i n g t e c h n i q u e . 


