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1.0 INTRODUCTION AND SUMMARY

The assessment of chemical safety vulnerabilities in connection with Hanford site waste
includes concerns related to potential uncontrolled condensed-phase chemical reactions
involving ferrocyanide and various organic substances. The waste forms of concern include
sludges and salt cakes which contain ample amounts of sodium nitrate and sodium nitrite
(NaNO3/NaNO2) oxidizer material and various quantities of water.

Ferrocyanide-bearing sludge waste resulted from the need to reduce storage volume;
ferrocyanide [Na4Fe(CN)<j] along with nickle sulfate (NiSO4) were added to the liquid waste
to precipitate 137Cs out of solution. Sodium nitrate is a major waste component, resulting
from the addition of sodium hydroxide (NaOH), added to the liquid waste to neutralize the
nitric acid (HN03). Given the right conditions, an intimate mixture of such chemicals could
react, resulting in heat release and gas production.

Organic-bearing sludge and salt cake waste resulted from the need to remove 137Cs and other
fission products from the various waste streams. Organics added to the high level wastes
included non-salt volatile organic substances such as tributyl phosphate, normal paraffin
hydrocarbon, and the non-volatile salt organic complexants such as tetra-sodium
ethylenediamine tetra acetate (EDTA), tri-sodium hydroxyethylenediamine triacetate
(HEDTA), sodium citrate, and sodium hydroxyacetate. Degradation of some of these
compounds has occurred over time to produce substances like dibutyl phosphate (DBP) and
sodium oxalate. Again, these organic-bearing wastes contain large amounts of oxidizer
material (NaNO3/NaNO2) and various quantities of water.

In order to assure the continued absence of uncontrolled condensed-phase chemical reactions
in connection with the Hanford waste materials, efforts have been underway including both
theoretical and experimental investigations to clarify the requirements for such reactions. We
begin by defining the differences and requirements for homogeneous runaway and
propagating chemical reactions including a discussion of a general contact-temperature
ignition (CTI) condition for propagating reactions which includes the effect of moisture
(Section 2.0). The CTI condition implies that the contact temperature or interface
temperature between reacted and unreacted materials must exceed the ignition temperature
and is compared to experimental data including both synthetic ferrocyanide and surrogate
organic substances in Section 3.0. These include measured ignition temperatures obtained
with the Reactive System Screening Tool (RSST), (Creed and Fauske 1993)1 and measured
combustion temperatures obtained with dedicated tube propagation tests (Fauske 1992). In
all cases, the occurrences of ignition accompanied by self-propagating reactions are consistent

'The RSST is a widely-used industry tool implementing the AlChE-DIERS (Design Institute for Emergency
Relief Systems) methods to quantify runaway reactions to support safe design and operation in the commercial
chemical industry.

1-1
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with the theoretical anticipations of the CTT condition. Finally, in Section 4, preliminary
propagation envelopes are suggested that are applicable to ferrocyanide and organic-bearing
waste, and include the effect of moisture.

The suggested lower bound theoretical fuel concentration value (xf) for Na2NiFe(CN)6 based
upon satisfying the CTI condition is

> 0.10 + 0.47 xw ; xw s 0.2 (1-1)

where xw is the moisture weight fraction. In the absence of free moisture, xf = 0.10 as
compared to the measured value of approximately 0.15 required for sustained combustion at
ambient waste temperature.

Since total organic carbon (TOC) values are commonly measured for tank waste and are
available for many tanks, the envelope for the organic bearing waste is also discussed in
terms of TOC content. The early selection of sodium acetate as a safe surrogate material
(Babad and Turner 1993) is confirmed by the extensive additional surrogate data summarized
in Section 3 and further discussed in Section 4. As such, using the relevant data for this
system and satisfying the CTI condition, the suggested lower bound theoretical TOC
envelope is

% TOC > 4.5 + 17 xw * 0.2 (1-2)

In the absence of free moisture, the TOC value is 4.5 wt% as compared to the lowest
measured value of about 6 wt% required for sustained combustion at ambient temperature for
the non-volatile salt organic complexants tested to date including Na3HEDTA. While their
theoretical heat of reaction values are higher, the volatile organic substances, including their
salts such as sodium and aluminum DBPs, were found not to exhibit propagating
characteristics. The proposed safety criteria [Inequality (1-2)] represents a safety margin of
at least 30%, which is well in excess of measurement uncertainties ( < 5%).

Consistent with the above observations, the following lower bound theoretical chemical
energy release ( A H ^ envelope is suggested

(MJ/kg) > 1.2 + 4.5 (1-3)

In the absence of free moisture, the threshold value is about 1200 J/gm (—290 cal/gm) as
compared to the value of 1600 J/gm (—380 cal/gm) derived from the measured combustion
threshold temperature of approximately 800 CC. Again the margin of safety is about 30%.

Finally, both theoretical and experimental considerations show that the presence of about
20 wt% moisture is sufficient to eliminate the potential for sustained combustion altogether,
including stoichiometric fuel-oxidizer mixtures. As such, since typical ferrocyanide-bearing
sludge has been shown to be inherently capable of retaining moisture in excess of 20 wt%,

1-2
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including after interim stabilization (Epstein et al. 1994), propagating reactions in this waste
form can be ruled out as being independent of the fuel types and concentration levels. In the
case of salt cakes, on the other hand, draining in connection with interim stabilization may
result in moisture levels well below 2O'wt%. However, the non-volatile sodium salt organic
complexants of concern appear to be highly soluble in saturated NaNO3/NaNO2 - water
solutions (Barney 1994), implying that drained salt cakes are also largely lacking such fuels -
the exception being the possibility of sodium oxalate. This salt is essentially insoluble, but
according to the CIT condition and experimental observations, its heat of reaction is also too
low to support combustion, even for stoichiometric conditions in the complete absence of
moisture.

1-3
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2.0 CHEMICAL REACTION TYPES AND THEORETICAL REQUIREMENTS
INCLUDING MOISTURE CONSIDERATIONS

In terms of a chemical safety vulnerability assessment, it is essential to differentiate between
so-called homogeneous thermal runaway reactions and propagating reactions. These are
discussed below, including specific minimum requirements for such reactions and the
important role of moisture in preventing propagating reactions.

2.1 THERMAL RUNAWAY

This type of reaction is generally a bulk phenomenon and the reaction rates normally have an
Arrhenius type dependence on temperature (such as doubling for every 10 °C temperature
rise). The potential for runaway is generally assessed by comparing adiabatic runaway and
characteristic cooling response times to the storage or exposure time.

If the following inequality is satisfied:

(2-1)

.where t, is the characteristic time of adiabatic runaway and t, is the storage time, the
situation can immediately be judged to be safe, i.e., a thermal runaway reaction cannot take
place. Unfortunately, since the value of t, is not known for the materials in the Hanford
waste tanks and t, is very large (tens of years), Inequality (2-1) is of little use.

However, thermal runaway can also be ruled out if the following inequality is satisfied

(2-2)

where tc is the characteristic passive cooling response time of the system. In case of the
waste tanks, % can be estimated from

(2-3)

a

where L can be set equal to the total nonconvective waste height in the tank and a is the
thermal diffusivity of the waste material. The values of t̂  for the Hanford waste tanks are
generally less than a year (small compared with the time that has already elapsed without
runaway having occurred), providing proof that Inequality (2-2) is indeed satisfied at the
present time. This conclusion can be made without requiring a knowledge ofta or the actual
chemical composition and water content. For the passively cooled tanks2 (decay and

note that a Kyshtym type explosion (Fisher 1990) can be ruled out for passively cooled waste tanks.

2-1
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reaction heat are removed by natural phenomena such as conduction and free convection)
which are clearly cooling down, if a thermal chemical runaway reaction could take place, it
would have occurred many years ago when the tanks were at higher temperatures.

2.2 PROPAGATING REACTION

Since homogeneous runaway reaction scenarios can be ruled out for the existing Hanford
waste conditions, the necessary conditions for a propagating reaction through cold waste
material becomes of principal interest. In contrast to homogeneous runaway reactions, a
propagating reaction occurs as a reaction zone traveling through the solid or liquid phase
(similar to a flame propagating through a flammable vapor cloud), and the rate shows no
simple dependence on temperature.

Given the presence of an adequate amount of oxidizer (NaNO3/NaNO2) and an ignition
source such as a hot spot or flame to locally bring the temperature up to the required ignition
temperature T^, sustained deflagration or propagation depends on the fuel concentration and
the presence of diluents such as water. It is important to note that the ignition temperature
Tfe is entirely different from the temperature sought in the theory of thermal runaway
reactions, which is based on an imbalance between chemical heat produced by an Arrhenius
type reaction mechanism and the heat removal by conduction [reflected by Inequality (2-2)].
Tjg is essentially a temperature threshold separating two entirely different condensed phase
reaction-mechanism regimes. For (T > T^) the reactant consumption rate and the
concomitant temperature rise rate can be extremely high.

Suppose a region of the reactive material exceeds its ignition temperature and is essentially
instantaneously and uniformly chemically heated to its adiabatic reaction temperature Tad.
The lower bound value of the necessary chemical energy release or adiabatic reaction
temperature T,d that will initiate a propagating reaction through the surrounding cold reactive
material of temperature To can be related to the basic requirement that the contact or
interface temperature T; between the reacted hot material and unreacted cold material must be
greater than the ignition temperature Tfe

T, > T, (2-4)

If Inequality (2-4) is not satisfied, the reaction will slow down and be quenched by the much
colder unreacted material.

The conduction problem that arises immediately following the local, instantaneous chemical
heating of the reactive medium resembles the classical thermal contact problem that results
from suddenly bringing together two semi-infinite slabs with different initial temperatures,
namely To and T,d. The temperature T{ at the plane of separation of the reacted and
unreacted regions is

2-2
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(2-5)

(2-6)

where k is the thermal conductivity, a is the thermal diffusivity and subscripts r and u
represent reacted and unreacted materials, respectively. (For further details see Appendix
A.) The value of T; is reached instantaneously, or as soon as the two regions contact one
another. If the products of the physical properties are assumed to be the same for both
regions (pck), where p is the density and c is the specific heat, the contact temperature is
simply the arithmetic mean of the adiabatic reaction temperature and the initial temperature,
Ti = (Tad + TJ/2.

In writing Equation (2-5), it is assumed that no heat is transmitted from the reacting region
to the surrounding unreacted region before the reacted region is chemically heated to T,d. In
most applications of interest, some heat will "leak" from the reacting region to the
surroundings before the reaction is complete. The energy supplied to locally raise the
reactive material temperature to its ignition temperature will also result in a
reacted-region-peak temperature that exceeds Ttd. If these departures from the ideal situation
of an adiabatically and purely chemically heated region up to Tad are treated in full detail,
then the conduction theory for the prediction of Tj becomes complicated and the CTI
condition would be difficult to apply. Separate computer solutions would be needed for each
case considered and the CTT condition would not result in a useful rule for ignition and
reaction propagation. To avoid this complexity, Equation (2-5) is selected for calculating T,.
The fidelity of this approximation must be judged by comparison of the CTI criterion with
experimental results.

The problem of predicting the onset of ignition or, equivalently, the existence of a '
self-propagating reaction front from the reaction free state can now be approached. If
thermal conditions for the reactive material are such that Equation (2-5) predicts a contact
temperature Ti that is below the ignition temperature T^, then according to Inequality (2-4)
ignition or reaction propagation is thermally impossible. Thus, assuming the physical
properties are the same for both regions, a necessary condition for propagating reactions in
dried reactive powder is simply that the adiabatic combustion temperature must be high
enough to satisfy the inequality

- To (2-7)

A more general contact-temperature ignition condition for reaction propagation accounting
for moisture can now be obtained by subtracting away from the contact temperature T; the

2-3
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effective temperature difference taken up by evaporation of the water, namely x^ \/cw, to
arrive at

- Tc

(2-8)

where xw is the water mass fraction, A is the latent heat of evaporation and cv is the water
specific heat3. (For further details on equation development see Appendix B.)

A lower bound theoretical value for the chemical energy release AH^ to sustain a
propagating reaction can now be obtained by assessing the reaction enthalpy required to raise
the temperature of a unit mass of reacting mixture from To to T,d

3 + x , (2-9)

where ~ is an effective average specific heat value of the reacting mixture and its products
over the temperature range of interest that also accounts for heat of melting and sensible
heats of water and its vapor. Applying the CXT condition together with Equation (2-9), the
following is obtained:

T, - T +
ig xo

The corresponding lower bound theoretical fuel fraction x{ can be obtained from

(2-10)

(2-11)

where AHR is the ideal heat of reaction based on a unit mass of fuel. Again applying the
CTI condition and solving for xf) Inequality (2-12) is obtained:

T, - T +
(2-12)

AH,

It can be noted that for typical values of Tk (-250 °C), To ( -30 °C) and 3 (-2000 J kg'1

K'1), Inequalities (2-8), (2-10) and (2-12) can be simplified to

3Supportive detailed theoretical discussions including a numerical analysis of combustion front propagation
from a dried hot spot region into a wet region and comparisons with Inequality (2-8) are provided in Appendices
CandD.

2-4
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T >
(2-13)

> 2 c + X] (2-14)

c + (2-15)

AHR

with little loss of accuracy. The claim of lower bound values is still well justified by
comparisons to experimental data provided in Section 3.0.

Finally, it can be noted that the above Inequalities become non-physical for values of Xw
greater than about 0.2 since the liquid phase now becomes the continuous phase as illustrated
below. For such conditions the contact temperature Ti will not exceed the boiling point of
the salt solution (~ 120 °C) which is well below Tk values of interest (-250 °C).

Considering that randomly packed spheres occupy about 60 volume %, liquid volume
fractions in excess of 40% imply that the particles need not be in contact, i.e., the liquid
phase is continuous. In estimating the moisture concentration that will result in the liquid
being the continuous phase, it is important to also consider that the interstitial liquid contains
dissolved salts; this has the effect of adding additional solution volume. As such, the liquid
fraction, ctti can be estimated from

(2-16)

a, =
q -

Pw Ps Pitt

where pw is the water density, p, is the density of the soluble salt, pm is the density of
insoluble material, and x, is the weight fraction of soluble salts. Using the following
property values of pw ~ 1 g/cm3, pt~ pia = 2.2 g/cm3 and setting x*, = 0.2 and x, = 0.1
(this is about half the solubility value of NaNO3/NaNO2 in water at typical waste
temperatures), at = 0.435 > 0.4 is obtained, suggesting that for a moisture concentration of
approximately 20 wt%, the interstitial liquid solution is the continuous phase. Note that for
a saturated interstitial liquid solution (x, » 0.2), the value of at is 0.52 which clearly
implies that the sludge or salt cake liquid phase is continuous.

The results of ongoing experiments to study the propagation of combustion waves through
dry and wet synthetic ferrocyanide/salt and organic surrogate/salt powders are summarized in

2-5
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Section 3. The occurrences of ignition accompanied by self-propagating reactions are found
to be consistent with the theoretical anticipation of the CTT condition [e.g. inequality (2-8)].

2-6
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3.0 COMPARISON WITH EXPERIMENTAL DATA

In this section, the CTI condition is compared to measurements obtained to date with various
organic waste surrogate and synthetic ferrocyanide materials4. Measured quantities of key
interest include ignition and combustion temperatures, the fuel concentration required to
support propagating reactions, and the moisture concentration that will inhibit such reactions.
A summary of key data are provided below; further details, including all data obtained to
date will be provided in (Fauske 1995a) and (Fauske 1995b).

3.1 IGNITION TEMPERATURE

The Reactive System Screening Tool (RSST) is being used to measure the ignition
temperature. The RSST (Figure 3-1) consists of a spherical glass reaction vessel, its
surrounding jacket heater and insulation, a thermocouple (imbedded in sample), a pressure
transducer, a stainless steel containment vessel, and, not shown, a magnetic stirrer base, a
control box containing the heater power supply, temperature/pressure amplifiers, and a data
acquisition and control panel. The sample cell volume is 10 mi and the containment volume
is 350 ml. A key feature of the apparatus is its low effective heat capacity relative to that of
the sample whose value, expressed as the capacity ratio, is —1.04 (i.e., quite adiabatic).

Typically, a sample (~ 10 gm) is heated at a constant rate of approximately 1 °C per minute
and the sample self-heat rate dT/dt is found as a function of sample temperature under an
essentially zero heat loss condition. Figure 3-2 is an example of reaction kinetics for an
initially solid waste surrogate of sodium acetate, sodium nitrate, and sodium hydroxide, with
a sodium acetate concentration of 24 wt% (or 7 wt% TOC content). Significant exothermic
activity is noted at about 200 °C which leads to a runaway reaction exhibiting an Arrhenius
type dependence on temperature up to approximately 300 °C; at this temperature, a dramatic
step change in the rate of temperature rise is observed. This is interpreted as a threshold for
rapid wave-like reaction propagation, and the temperature of 300 °C is referred to as the
ignition temperature. Another example of the dramatic change in the rate of temperature rise
is illustrated in Figure 3-3 for the synthetic In Farm flow sheet material with a ferrocyanide
concentration of about 26 wt% (dry basis).

*In lieu of precise knowledge of chemical forms and variety of possible mixtures of organic fuels actually in
the single shell tanks, surrogate materials of known composition are sought that exhibit similar chemical reaction
characteristics and similar or greater reaction energies. Surrogate materials considered to date include sodium
oxalate and sodium HEDTA which are believed to represent lower and upper bound reaction energies for the
non-volatile salt organic complexants, and sodium and aluminum dibutyl phosphate which are believed to
represent upper bound reaction energies for the volatile organic compounds.

3-1
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Figure 3-1. Reactive System Screening Tool Containment and Test Cell.
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Figure 3-2. Transition From a Homogeneous Runaway Reaction
to a Self-propagating Reaction Occurring at About 300 °C.
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It is important to note that the onset of propagating reactions in the RSST tests occur when
the entire sample has essentially reached the ignition temperature. This is in contrast to the
dedicated tube propagation tests discussed below in which propagation can occur at ambient
waste temperature given an adequate ignition source. Measured ignition temperatures for
synthetic ferrocyanide simulant and relevant organic surrogate compounds are summarized in
Table 3-1. The organic surrogate tests included a 4:1 mass ratio of NaNO3 and NaNO2.
Table 3-1 shows that the lowest ignition temperature of about 220 °C is about 200 °C higher
than typical waste temperatures. It may also be noted from Table 3-1 that the onset of
propagating reactions were not observed with any of the non-salt volatile organic compounds
like dibutyl and tributyl phosphates or their salts such as aluminum and sodium DBPs. This
behavior can be related to early decomposition of these compounds (in the 150-200 °C
temperature range) both with and without the presence of the nitrate-nitrite oxidizer. The
absence of propagating reaction with the sodium oxalate system is also worth noting, and is
consistent with the CTI criterion as discussed later.

Table 3-1. Measured Ignition Temperatures (RSST), Lower Propagation Limit (LPL)
at 30 °C (Tube Propagation Tests) and Combustion Temperatures

(Tube Propagation Tests) and Comparison with CTT Condition.

Fuel

Na Acetate

Na Oxalate

Na Citrate

Na Stearate

Na3HEDTA

Dibutyl
Phosphate

Tributyl
Phosphate

Al Dibutyl
Phosphate

Na Dibutyl
Phosphate

Na Ferrocyanide

Formula

NaC2H3O2

Na2C2O4

Na3C£ls07

NaC18H35O2

Na3C10H15O7N2

(C«WHPO4

(QH9)3PO4

A1[(C4H,)2PO4J3

Na(C4H9)2PO4

Na2NiFe(CN)6

M

82

134

258

306

344

210

266

654

232

316

T-
°C

300

No

230

260

220

No

No

No

No

250

LPL
wt%

-20.5 (-6)

-

-28.9 (-8)

> 12.75 (> 9)

-17.2 (-6)

- •

- -

-

-

-15.5 (-3.5)

T
°c

- 8 0 0

-

- 8 0 0

-

- 8 0 0

—

-

-

-

- 8 0 0

> 2 T-
°C

> 600

-

> 460

-

> 440

-

-

-

-

> 500

Note: Total carbon content reported in parentheses
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3.2 COMBUSTION TEMPERATURE

Dedicated tube propagation tests are being carried out that provide measurements of reaction
or combustion temperatures in connection with sustained propagation through cold waste
surrogate material. In these tests (see Figure 3-4), a confined low heat capacity stainless
steel cylinder containing simulated waste (50-70 gm) is ignited at the open upper end and the
rate of propagation (if any) is measured by noting the time when the reaction front passes
imbedded thermocouples. The ignition energy is about 20 watts and the igniter is left on
until sustained propagation is observed (~ 15-20 seconds). In case of no propagation, the
igniter is usually left on for at least 1 minute. A heavy 4-liter steel containment vessel and
various instrumentation and data acquisition equipment, are not shown, in Figure 3-4. These
data also provide the necessary fuel concentration to sustain propagating reactions, namely
the lower propagation limit (LPL) in absence of free water, and the moisture content that will
inhibit propagations including stoichiometric fuel-oxidizer mixtures at ambient waste
temperature.

An example of the relevant temperature data for a successful propagation test is illustrated in
Figure 3-5. The sample included about 35 wt% sodium acetate (dry basis) and 15%
moisture (wet basis)5. Another example is illustrated in Figure 3-6; this sample included
about 35 wt% Na2NiFe(CN)6 (dry basis) and 15 wt% moisture (wet basis).

Measured LPL values and corresponding combustion temperatures in the absence of free
moisture are listed in Table 3-1. It is of particular interest to note that while the ignition
temperature T^ appears to decrease with increasing molecular weight (Table 3-1), the
measured combustion temperature corresponding to measured LPL values appears to remain
constant at about 800 °C. For temperatures below this value, which also is the approximate
low temperature limit of most hydrocarbon flames (Beitel 1976a), sustained combustion is
not possible. Using the theoretical values for heat of reaction (Burger 1993) the measured
LPL fuel concentration values suggest an approximate chemical energy release threshold for
sustained combustion of approximately 1600 J/gm (380 cal/gm).

The effect of moisture on propagation is illustrated in Table 3-2, including both successful
and unsuccessful propagation events. In all cases of sustained propagation, the measured
combustion temperatures exceed the lower bound values required by the CTI condition
[Inequality (2-13)]. The effect of moisture is further illustrated in Figure 3-7 where the
ingnition temperature [Inequality (2-14)] for sodium acetate (T^ = 300 °C and Q = xLPL

^HR/Tmco = 0.205 • 7.9 • 10V800 « 2000 J leg4 K"1) is compared to the experimental
observations (measured fuel concentration times the theoretical heat of reaction). The
sodium acetate surrogate is seen to provide a safe but not overly conservative envelope of the
data. Especially noteworthy and also consistent with Equation (2-16) and the related
discussion is the absence of sustained combustion for moisture a concentration of 20 wt%

moisture in this case may actually be bound rather than free water, as NaAc*3H20 is known to be
stable below about 15O°C.
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including stoichiometric fuel-oxidizer mixtures. This observation is also consistent with
similar findings related to combustion potential of charcoal and black powder (Beitel 1976b).

Table 3-2. Effect of Moisture Concentration Upon Propagation at 30 °C
(Tube Propagation Tests)

Fuel

Na Acetate
(NaC2H3O2)

Na Acetate

Na Acetate

Na Acetate

Na Acetate

Na Acetate

Na Acetate

Na Acetate

Na HEDTA
(NaAoHjjO^a)

Na HEDTA

Na HEDTA

Na HEDTA

Na HEDTA

Na Ferrocyanide
(Na2NiFe(CN)6)

Na Ferrocyanide

Na Ferrocyanide

Na Ferrocyanide

Fuel Cone.
wt%

(Dry Basis)

18.8

20.5

25.5

22.5

35.0

28.0

37.5
Stoichiometric

37.5

15.5

17.2

28.0

31.5
Stoichiometric

31.5

26

26

35

35

Water Cone.
wt%

(Wet Basis)

0

0

10

10

15

15

17

20

0

0

10

13

15

8

12

15

20

T
°c

- 3 0

-800

-900

- 3 0

-900

- 3 0

-900

- 3 0

- 3 0

-800

-850

-800

- 3 0

-850

- 3 0

-950

- 3 0

> 2

°c
-

> 600

> 704

-

> 757

-

> 778

-

-

> 440

> 545

> 576

-

> 584

-

> 657

-
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Figure 3-5. Illustration of Combustion Temperatures for a
28 wt% NaAc (dry basis) with 15% Moisture (wet basis).
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Figure 3-6. Illustration of Combustion Temperatures for 35 wt%
Na2NiFe(CN)fi (dry basis) and 15 wt% Moisture (wet basis).
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Figure 3-7. Comparison Between Surrogate Data (Measured Fuel Concentration Times
Theoretical Heat of Reaction) Including the Effect of Moisture and

Inequality (2-14) Evaluated for Sodium Acetate.
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Note that the moisture content in case of sodium acetate may actually be bound rather
than free water, as NaAc»3H20 is known to be stable below 150 °C.
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4.0 APPLICATION OF DATA AND CTT CONDITION

In this section, the data obtained to date with the use of the CTI condition are presented in
formats that readily allow the assessment of chemical safety vulnerability of Hanford wastes.
The presentation includes both ferrocyanide and organic bearing waste as well as a
generalized chemical energy threshold for propagating reactions.

4.1 FEIOtOCYANTOE-NIIlUTE/NITRATE REACTION

The propagation envelope for this system including the effect of moisture is shown in Figure
4-1. The solid part of the envelope represents experimental data which did not result in
sustained propagation, i.e. no burn. The dotted part of the envelope (equivalent to the upper
flammability curve) represents estimates based upon stoichiometric requirements of the
oxidizer and treating the excess fuel as inerts. Compositions corresponding to the In Farm 1,
U Plant 2, and T Plant flow sheet materials and the most energetic sample withdrawn from
tanks C-112 and C-109 (Simpson 1993) are also shown in Figure 4-1. Since significant
global water loss approaching the 20% moisture level as well as local dryout can be ruled out
for the ferrocyanide containing sludges (Epstein et al. 1994) it appears reasonable to
conclude that propagating reactions do not represent a safety issue.

Not shown in Figure 4-1 is the conservative theoretical estimate based upon the CTI
condition and setting T^ = 250 °C, ~ * 2000 J kg4 K"1 and AHR = 9.5 . 106 J kg"1

Xf > O.1O + 0.47 x^ ; ^ i O . 2 (4-1)

It is noted that application of Inequality (4-1) and ignoring the presence of moisture
altogether, would leave only tanks C-108 and C-lll in the Conditionally Safe category; all
other ferrocyanide tanks of concern would fall in the Safe category (see Table 7-1 of Postma
et al. 1994).

4.2 ORGANIC-NTTRITE/NITRATE REACTIONS

Sodium acetate was selected early in the testing campaign to be a representative organic
waste surrogate for estimating the energetics of tank waste relative to potential condensed
phase propagating organic-nitrite/nitrate reactions (Babad and Turner 1993). Preliminary
RSST tests with sodium acetate led to a recommended TOC value of 5 wt% as a reasonable
upper limit for non-propagating fuel-oxidizer mixtures.

The early selection of sodium acetate as a safe surrogate material is confirmed by the
extensive additional surrogate data discussed in Section 3.0. We note that non-salt volatile
organics such as DBP, tributyl phosphate and their salts with higher theoretical
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Figure 4-1. Propagation Envelope for Ferrocyanide and Comparison with Flow Sheet
Materials and the Most Energetic Samples from C-109 and C-112.
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heat of reaction values than sodium acetate were found to not exhibit propagating reactions
(see Table 3-1). As such, inspection of Figure 3-7 clearly supports the selection of sodium
acetate as a reasonable enveloping organic surrogate compound for investigating the
organic-nitrate/nitrite tank waste energetics potential.

It follows that a safe but not overly conservative theoretical TOC envelope including the
effect of moisture is given by the CTI condition [Inequality (2-15)] and using the relevant
information for the sodium acetate system (Tte = 300 °C, j « 2000 J/kg-K and AHC =
27.1 MJ/kg is the corresponding theoretical carbon reaction energy value).

% TOC > 4.5 + 17 xw ; 0.2

Inequality (4-2) is compared to measured % TOC values in Figure 4-2.

(4-2)

For zero free moisture (x^ = 0), Inequality (4-2) predicts a lower bound value of 4.5% TOC
for sustained propagation - this compares to the lowest measured value of about 6% TOC,
i.e., the use of 4.5% TOC represents a margin of safety of about 33% which is well in
excess of experimental measurement uncertainties ( < 5%). A further illustration of the
margin of safety provided by Inequality (4-2) is provided in Table 4-1.

Table 4-1. Margin of Safety Provided By the Proposed Safety Criteria; % TOC > 4.5

Fuel

Acetic Acid
Formic Acid
Oxalic Acid
Citric Acid1

Hydroxyacetic Acid1

EDTA1

HEDTA1

Tributyl Phosphate
Dibutyl Phosphate
Na Dibutyl Phosphate
At Dibutyl Phosphate

Formula

NaC2H3O2
NaCH02
N a 2 C A

Na3C6H5O7
NaC2H3O3

Na4C10H12OgN2
Na3C10H15O7N2

(C4H9)3PO4
( Q H ^ H P O ,
Na(C4H0)2PO4

A*[(C4H9)2PO4]3

% TOC, LPL

6 (Measured)
11 (380 cal/gm)

230 cal/gm < 290 cal/gm
8 (Measured)

7.7 (380 cal/gm)
6 (380 cal/gm)
6 (Measured)

Decompose
Decompose
Decompose
Decompose

% Margin
of Safety

- 3 3
- 1 4 4

No burn
- 7 8
- 7 1
- 3 3
- 3 3

No burn
No burn
No burn
No burn

Note: 'Disposed non-volatile organic chemicals in Hanford waste.
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Figure 4-2. Comparison Between Measured TOC Values and the
Proposed Safety Criteria, Inequality.
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Again, a moisture concentration greater than 20 wt% will prevent combustion for all
fuel-oxidizer concentrations. However, in contrast to the noted sludge behavior, moisture
levels well below 20 wt% may be possible with salt cakes as a result of draining. As such,
it is important to note that the non-volatile sodium salt organic complexants of concern
appear to be highly soluble (Barney 1994) implying that drained salt cakes are therefore also
largely lacking such fuels - the exception being the possibility of sodium oxalate (Na2C2O4).

Since sodium oxalate is largely insoluble in the supernate solution, it could be present in the
salt cake in the form of solids. In the absence of other organic compounds, the worst case
scenario would be a stoichiometric condition (1 M Na2C2O4 and 0.4 M NaNO3). However,
based upon our experiments such a condition would not sustain a propagation even in the
complete absence of water. The theoretical energy release value for the stoichiometric
mixture is 230 cal/gm (Burger 1993), which is well below the suggested energy threshold
value of 380 cal/gm for sustained combustion as well as the recommended lower bound value
of 290 cal/gm (see Table 4-1).

On the other hand, our measured solubilities of sodium citrate and NaHEDTA in initially
saturated salt solutions listed in Table 4-2 are considerably larger than the highest measured
TOC content in the Hanford supernatants of about 40 gm/liter (see Figure 7 of Barney 1994).
It therefore seems reasonable to assume that no solid precipitates exist of these salts given
that the initial interstitial supernate has not been dried out. However, assuming water
removal by evaporation and filling up the porosity space (—40%) with completely dried-out
supernate would clearly represent a rather extreme case. Assuming no other solid
precipitates such as sodium oxalate, this translates to a salt cake TOC value of about 2 wt%.
As indicated in Table 4-2, this value is well below the required TOC content for propagation
for these salts and is also well below the proposed safety criteria value of 4.5% TOC.

Table 4-2. Measured Solubilities of Organic Complexants,
TOC Measurements and Requirements for Propagation

Organic Salt

Na Oxalate

Na Citrate

NaHEDTA

TOC Solubility
gm/liter

- 0 ( 0 )

-52.4 (7)

-66 (8.3)

Highest Supernate
TOC Measurement

gm/liter

-40(5)

-40(5)

-40(5)

Worst Case
Salt Cake
%TOC

Stoichiometric

— 9

— 2

Required for
Propagation

% TOC

Not Possible1

- 8

-6.0

Notes: Wt% dry basis reported in parentheses
'0.96 MJ/kg (maximum energy release) < 1.6 MJ/kg (required for propagation).
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Finally, the information summarized in Table 4-2 can be used to construct the worst case
scenario by considering a completely dried-out salt cake consisting of 2 wt% soluble TOC -
and the remaining part a stoichiometric mixture of sodium oxalate and NaNO3 (Column 4 in
Table 4-2). This results in total available energy releases of approximately 1.2 and 1.3
MJ/kg of dry salt cake for sodium citrate and NaHEDTA, respectively, which are all less
than the required value of about 1.6 MJ/kg for sustained combustion. It should be noted that
the concentration of sodium oxalate in these cases are about 67 and 65 wt% for sodium
citrate and NaHEDTA, respectively. Clearly such concentrations of sodium oxalate in the
salt cakes would not appear to be credible.

In summary, given the solubilities of the various organic compounds discussed above, it
would appear impossible to construct a credible completely dried-out salt cake scenario that
would support combustion given a sufficient ignition source.

4.3 GENERALIZED SAFETY CRITERIA

Based on the CTI condition [Inequality (2-14)] and using the relevant data for sodium acetate
as discussed in Section 3.0, the following theoretical safe energy threshold envelope is
suggested

> 1.2 + 4.5 0.2 (4-3)

where the units of AH^ is MJ/kg of reactant mixture. Inequality (4-3) is compared to the
experimental data in Figure 3-7. It follows that any exothermic activities must exceed
endothermic activities such as water evaporation by an amount at least equal to 1200 J/gm
(~290 cal/gm) actual waste mixture.

Finally, we note that the CTT condition rules out propagation independent of fuel type and
concentration when the moisture value in the sludge or salt cake exceeds a value of about
20%. Moisture values in excess of 20% result in the water/nitrate solution becoming the
continuous phase (volume fraction > 0.4) implying that the contact temperature cannot
exceed the boiling temperature (-130 °C), which is well below the ignition temperature of
about 250 °C. This observation is consistent with the experimental data (see Table 3-2).

An estimate of the lower bound moisture content in organic containing salt cakes can be
related to the relative humidity in the tank head space. For relative humidity values below
75%, our laboratory experiments show that the moisture level can be related to the amount
of NaOH present. Above 75%, the equilibrium moisture can be related to NaNO3/NaNO2,
Equilibrium values are provided in Figure 4-3.

As such, consider a Hanford site seasonal average relative humidity of 55%; the presence of
about 7 wt% NaOH would result in an equilibrium moisture value of about 20%. It is also
noted that a tank head space relative humidity in excess of 75% would assure an equilibrium
moisture level at least equal to the wt% (NaNCVNaNOa) present in the waste. Such a
moisture level would again rule out self-propagation for all fuel-oxidizer combinations.
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Figure 4-3. Relationship Between Water-NaOH and Water-NaNO3

Equilibrium Solutions and Relative Humidities.
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5.0 N O M E N C L A T U R E

A integration constant

B integration constant

C integration constant

c specific heat

Z effective specific heat of reacting mixture and its products

D integration constant

k thermal conductivity of waste material

L nonconvective waste height

m node identification number

N outermost node

q constant and known step function chemical heating rate

QchcoiCD chemical volumetric heating rate

Q • power density in hot spot

r radial coordinate measured from center of hot spot

RHS radius of hot spot

Ro, the outer radial boundary of the spatial domain for numerical calculation

t time

t, characteristic adiabatic runaway time

t,. characteristic cooling time of waste tank

time to adiabatically consume fuel in reacting waste material

waste storage time
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T

T.

?bp

temperature

adiabatic combustion temperature

boiling point of interstitial water

contact or interface temperature between the reacted and unreacted waste

ignition temperature of waste material

initial temperature of cold waste material

distance measured from reacted/unreacted material interface

fuel mass fraction

xt

xw

X

Greek Letters

soluble salt, mass fraction

moisture mass fraction

location of evaporation front

a

3

e

X

P

a

thermal diffusivity of waste material

volume fraction of liquid in waste

evaporation constant

node thickness

lower bound theoretical chemical energy release

heat of reaction per unit mass of fuel

fraction of the total volume of waste material

latent heat of evaporation of water

density

k/ain ratio (see Equation 2-6)

mass fraction of fuel in dry reactive material
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Subscripts

f fuel

in insoluble material

m node number

r

s

u

u,w

w

reacted material

soluble salt

unreacted material

unreacted moist material

pertains to water
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APPENDIX A
CTI CRITERION FOR A DRY REACTIVE POWDER

ooConsider a highly exothermic material that occupies the infinite space -oo < x <
Suppose that somehow the temperature within the region x < 0 is raised uniformly to the
material's ignition temperature T-v, and as a result, the temperature within this region jumps
essentially instantaneously to the adiabatic combustion temperature Tsd and all the reactants
are consumed. The situation is illustrated in Figure A-l. The plane x = 0 now becomes a
"contact plane" that separates the reacted region (x < 0) from the unreacted region (x > 0).
If the combustion process in region x < 0 is not capable of raising the temperature T; of the
contact plane from the initial temperature To to the ignition temperature Tig (see Figure A-l),
the combustion process will not spread beyond x < 0.

The conduction problem that arises immediately following the combustion event within the
domain x < 0 resembles the classical thermal contact problem that results from suddenly
bringing together two semi-infinite slabs with different initial temperatures (Carslaw and
Jaeger 1959). Specifically, the unreacted region x > 0 is one semi-Infinite slab with thermal
conductivity ku, thermal diffusivity aUf and initial temperature To; while the reacted region x
< 0 is the other semi-infinite slab with thermal conductivity kj, thermal diffusivity ar and
initial temperature Tld. The boundary conditions at the plane of separation x = 0 are

Tu(0,t) = Tt(O,t)

6T 5T
- f (0,t) = k, - ^

(A-l)

(A-2)

where the temperature in the unreacted region is denoted by x > 0 by Tu(x,t), and by Tf(x,t)
for the reacted region x < 0. Of course, the temperature profile in each of the two regions
obeys a partial differential equation of the form

ar (A-3)

and are subject to the following conditions as |x | goes to infinity:

Tu(",t) = To (A-4)

(A-5)
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Figure A-l. Temperature Profile Some Time After Combustion Event in
Domain x < 0. Temperature T; at "Contact" Plane x = 0 Falls Below Tfe

T
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Unreacted Medium (u)
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The quantity a is the thermal diffusivity of the unreacted or reacted region (see below). As
is usual in the solution of heat-conduction problems in semi-infinite regions, solutions are
sought in the form of error functions:

Tu(x,t) = Aerfc
2(«t)1'2

(A-6)

Tr(x,t) = T u + Berfc
2(art)

J/2

(A-7)

where A and B are constants to be determined by imposing the boundary conditions. These
functional forms already satisfy the differential equations of heat conduction [Equation (A-3)]
and the boundary conditions [Equations (A-4) and (A-5)].

The symbols au and <xt in Equations (A-6) and (A-7) stand for the thermal diffusivity of the
unreacted and reacted powder, respectively. If the heat capacity and mass of vapor or gas
(void) present in the interstities of the solid component of the waste is ignored, we have

k. (A-8)

Pu 6 u Cu

and

(A-9)

Pi e r Cr

where pu and pt are the densities of the unreacted and reacted solid materials, respectively, cu

and cr are the specific heats of the unreacted and reacted solid, respectively, and eu and er are
the fractions of the total volume (solid + void) occupied by the solid unreacted and reacted
materials, respectively.

Substitution of the functions defined by Equations (A-6) and (A-7) in Equation (A-1) and
(A-2), leads to two algebraic equations for the unknown constants A and B; namely,

.w
A - -

1/2
B

(A-10)

+ B (A-ll)
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Solving these equations for A and B and substituting the results into Equation (A-6) and
(A-7) gives the desired temperature profiles

Tu(x,t) = To +
l+O"

erfc
,1/2

(A-12)

where

1 + a
erfc

2(«tt)
1/2

(A-13)

(A-14)

Evaluating Equations (A-12) or (A-13) at x = 0 yields the temperature T; at the plane of
separation of the reacted and unreacted regions, which is

1 (A-15)

1 + a

The temperature at x = 0 reaches this value instantaneously, that is, as soon as the two
regions contact one another. The quantity Tj is referred to here as the contact temperature.
If the physical properties are the same for both regions (Iq, = k,, <xu = <xr), the contact
temperature is simply the arithmetic mean of the adiabatic combustion temperature and the
initial temperature, Ti = (T^ +

Armed with Equation (A-15), the problem can now be approached of predicting the onset of
ignition or, equivalently, the existence of self-propagating reaction fronts from the
reaction-free state. If thermal conditions for the reactive material are such that
Equation (A-15) predicts a contact temperature T; that is below the ignition temperature T^
then ignition or reaction propagation is thermally impossible. This situation is illustrated in
Figure A-l . Thus, a necessary condition for propagation reactions in dried reactive material
is ^ ^ Tfe, or from Equation (A-15),

— T (A-16)
iff o *
s 1 + a

An alternative way of expressing this condition for a given Tfe is that the adiabatic
combustion temperature must be high enough to satisfy the inequality

(1
«

+ To (A-17)
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A similar contact temperature condition for reaction propagation in a wet reactive waste can
now be obtained by deriving the expression for the contact temperature at a plane separating
a hot reacted region from a wet unreacted region.
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APPENDIX B
CTI CRITERION FOR A MOIST REACTIVE POWDER

Consider the infinite composite region in which unreacted material u in the half-space x > 0
is initially cold, wet with water, and at temperature To; and reacted material r in the
half-space x < 0 is initially hot at the adiabatic combustion temperature Tad. At time zero, a
water evaporation front appears at the plane of separation x — 0 and moves in the positive
x-direction into material u. The instantaneous thickness of the dry unreacted region (or,
equivalently, the location of the evaporation front) is represented by X(t), where t is time.
We desire to calculate the interface (contact) temperature T ; that is established early in time
at x = 0. For the short-time problem under consideration, it is permissible to ignore the
influence of steam and water flow on the temperature profiles within the reacted and
unreacted regions. In addition, all physical properties are assumed constant and known.

The temperature profile in each of the three regions must obey a partial differential equation
given by Equation (A-3), where T(x,t) = TUiW(x,t) in the cold unreacted wet region X(t) < x
< oo, T(x,t) = Tu(x,t) in the cold unreacted dry region 0 < x < X(t), and T(x,t) = Tr(x,t)
in the hot reacted region - oo < x < 0. At the evaporation front x = X(t), the following
boundary conditions apply:

- Tu(X,t) »

K. dx ^ dx
6 w

dX
dt

at x - X(t)

(B-1)

(B-2)

Equation (B-1) demands that the temperature of the evaporation front is maintained at the
boiling point temperature (Tbp) of water, while Equation (B-2) represents the absorption of
latent heat X at this front. In Equation (B-2), k^w is the thermal conductivity of the wet
region, pw is the density of liquid water, and ew is the volume fraction of water in the
unreacted wet region. The boundary conditions to be satisfied at x = 0 are represented by
Equations (A-l) and (A-2). The boundary condition at x — - oo is given by Equation (A-5)
and that at x = oo is

Tu.w(«,t) = T
u,w

Again, solutions are sought in the form of error functions:

Tu(x,t) = A + Berf
2(«nD I /2

= To + Cerfc

(B-3)

(B-4)

(B-5)
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D e r f c
(B-6)

and, as usual in the solution of heat-conduction limited phase change problems, a square-root
evaporation front versus time law is assumed:

X = 2p(aut)"2 (B-7)

where A, B, C, D and (2 are constants to be determined by satisfying the boundary
conditions. Clearly, Equations (A-3), (A-5), and (B-3) are already satisfied. The thermal
diffusivity of the unreacted wet region aUiW that appears in Equation (B-5) is

(B-8)

Pw e w Cw

where cw is the specific heat of liquid water.

Substitution of Equations (B-4) to (B-6) in Equations (A-l), (A-2), (B-l), and (B-2) leads to
a set of five algebraic equations for the unknown constants. These are

Cerfc

A + Berf(P) =

6 A

(B-9)

(B-10)

(B-ll)

A - T. D

•?* 1/2
• B

(B-12)

(B-13)
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By suitable algebraic manipulation, this set of equations is reduced to the following
transcendental equation for the "evaporation constant" 0:

o + erf(P) k̂  [a^j ,/«./«,» erfc [ p ^ ^ ]

€w * o ( B " 1 4 )
= .̂1/2

SiPu C-

where Cu is the specific heat of the unreacted material and a is defined by Equation (A-14).
When Equation (B-14) has been solved for /3, the temperature profiles can be obtained from
Equations (B-4) to (B-6). For example, the temperature profile in the reacted region is

o (T , -
erfc

(B-15)

o + erf(P)

From this equation, the temperature T; at the plane of separation x = 0 is given by

Ttd -

It can readily be shown that Equations (B-14) and (B-16) reduce to Equation (A-15) in the
zero moisture limit ew -> 0.

As discussed previously, T; must be greater than or equal to T4 in order to sustain a
propagating reaction, and from Equation (B-16), the necessary condition for reaction
propagation is

T * T + erf(P> ff - T ) (B"17)

ig ** erf(p) + o ^ Tbp)

where, again, j8 is determined by solving Equation (B-14). Note from Equation (B-14) that (3
is a function of T^ and To.

o.
Equation (B-17) is not easy to use because Equation (B-14) must first be solved numerically
for |8. An approximate but much simpler contact-temperature criterion can be developed
from Equation (A-15) in the practical limit a « 1.0. This is accomplished by subtracting the
effective temperature difference taken up by evaporation of the water, namely, xw X/cw, from
the contact temperature T(, to arrive at
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\ To -
(B-18)

In the above equation x^ is the water mass fraction (water mass divided by total mass); it is
related to the water volume fraction e* in the unreacted zone by the expression

p ,« (B-19)

Pu €u + Pf €w

From the contact-temperature criterion Tt ^ T^, the following approximate, necessary
condition for reaction propagation in the presence of moisture is obtained:

- Tc

(B-20)

The above approximate solution is compared to the detailed numerical solutions in
Appendix D and results in good agreement for moisture levels of interest ( ^ < 0.2).
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WAVE IN MOIST REACTIVE WASTE
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APPENDIX C
MODEL OF HOT SPOT INITIATED REACTION

WAVE IN MOIST REACTIVE WASTE

The purpose of the analytical work reported in this section is to compare the CTT criterion,
the most basic form of which is given by Equation (B-20), with detailed numerical
predictions of the conditions for ignition in moist reactive porous media (cake or powder).
To accomplish this comparison, a specific igniter/reactor material configuration must be
chosen. A postulated ignition mechanism that has generated considerable attention is the
"hot spot mechanism". This mechanism requires that heat-generating material become
highly-concentrated, and thereby sufficient to raise the temperature of some local region
above the ignition temperature of the reactive waste material. While strong evidence has
been presented for discounting the existence of hot spots (Epstein et al. 1994), the hot spot
will be treated here as a means of evaluating the CTI criterion.

For purposes of mathematical tractability, a spherical hot spot form is assumed of radius RHS
and power density Q (in W m"3). A spatial coordinator is introduced that is the radial
distance measured from the center of the hot spot. Outside the hot spot, in the semi-infinite
spherical region RHS < r < oo, 'the power density is very small compared with Q and it is
neglected. Initially, moisture partially fills the interstices of the porous reactive waste and
the initial water mass fraction is denoted by the symbol x̂ ,. The initial temperature of the
reactive waste is To. At time t = 0, the decay heat power density is turned on and the
temperature of the medium begins to increase. The temperature at the center of the hot spot
ultimately exceeds the boiling point Tbp of the interstitial water and an evaporation front
appears at this location and begins to propagate outward. Figure C-\ illustrates the hot spot
at a time when the temperature at the center is between the boiling point Tbp and the ignition
temperature T^ of the reactive medium. A central spherical region of dry reactive material
is now apparent. If the hot spot power density Q is high enough to increase its center
temperature to Tig, a combustion front may be established within the dried zone and begin to
propagate toward the spherical boundary of the surrounding moist region. An extinction of
the combustion wave may occur once the wave reaches the wet zone. In the process of
preheating and vaporizing the moisture, the temperature of the leading edge of the
combustion front may drop below the ignition temperature so that the propagating reaction
can no longer be sustained. It is worth mentioning here that the gradually heated hot spot
problem represents a most stringent test of the CTI criterion; once combustion begins at the
center of the hot spot, the initial temperature in the surrounding unreacted region is higher
than the initial temperature To as assumed in the derivation of the criterion.

The analysis of the rate of propagation of the evaporation and combustion fronts is made
with the assumption that the thermophysical properties of the materials involved in the
reaction are independent of temperature. Note that the contact-temperature ignition criteria
discussed in the previous sections are also based on the assumption of constant
thermophysical properties. The thermal conductivities of the unreacted dry region 1 ,̂ the
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Figure C-l. Model of Spherical Hot Spot in Initially Moist
Reactive Medium illustrating Temperature Profile and Location of
Evaporation Front Before Ignition Occurs at Center of Hot Spot.
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unreacted wet region, k^w, and the reacted region, k ,̂ are taken to be equal to one another
(& — ku,w = k, = k). The equality k̂ tW = 1^ is based on the assumption that the moisture
content within the wet region is sufficiently small so that it exerts little influence on the
conductivity of the porous waste material. Finally, radiative and convective-heat losses from
the combustion zone are ignored.

The numerical simulation of the moving evaporation and combustion fronts is carried out
with the simplest of spatial finite difference procedures. The spatial domain 0 < r < Rw

for numerical calculations is divided into concentric spherical shells (or "nodes") of thickness
S. These shells are considered to be perfect conductors. A contact thermal resistance k/5 is
assigned to the spherical boundaries between shells.

Let N equal the total number of nodes so that N5 = R«. The temperature Tm of arbitrary
node m is determined by the ordinary differential equation

dT.
m 1

dt Pw - C
"w,m w

- m 2 (T -

m 3 - (m - 1)- I ) 3

(C-l)

for 1 < m ^ N - 1. Note that in writing Equation (C-l) it was assumed that the volumetric
heat capacity of the unreacted solid pu eu c,, is constant and equal to that of the reacted solid
pT er cr. Also note that for nodes outside the hot spot (m > R^s/d), the hot spot power
density Q is set equal to zero.

The quantity qChon(TJ in Equation (C-l) is the chemical heat source (in W m"3) in the
reactive solid mixture. When the adiabatic combustion temperature exceeds about 800 °C,
we assume a step function kinetic rate of the form

0

'

T m < T ig

T_ & T:_

(C-2)

In the above equation, q is a constant and known chemical heating rate per unit spatial
volume. Measurements obtained via adiabatic RSST calorimetry (Fauske 1992) indicate that
the self-heat rate histories of highly exothermic powder mixtures are reasonably well
represented by Equation (C-2). At this stage, it is emphasized that Equation (C-2) is only
valid for highly exothermic, reactive waste materials. During the course of the numerical
calculation of Tm in each node, the total time that Tm remains above T^ is tracked. When
this accumulated reaction time exceeds the "combustion" time (t^n*) required for the reaction
to consume all the fuel in node m, the chemical heat source is cut off. The combustion time
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multiplied by the chemical heating rate equals the energy required to chemically and
adiabatically heat the dry. reactive medium from its initial temperature To to its adiabatic
temperature Tad. Thus,

Po (C-3)
''comb

Equation (C-3) may be regarded as our definition of the adiabatic combustion temperature for
highly exothermic mixtures.

When the fuel concentration falls below a threshold value which corresponds to an adiabatic
combustion temperature of about 800 °C, a reaction regime transition from step function
kinetics [Equation (C-2)] to Arrhenius behavior takes place (Fauske 1992). The following
zero-order kinetic law appears to be appropriate for this regime (Fauske 1992 or Epstein and
Fauske 1993):

A m' ""

0 T <
m

(C-4)

8.6 x 106 pucu6uexp - 10" T.

where pucueu is in units of J m"3 s"1 and T is in degrees Kelvin. In each node, the fuel
fraction <f>m obeys the equation

dfe (C-5)

and the chemical heat source is turned off at the instant <f>m is reduced to zero.

Equation (C-l) is solved when the temperature of node m is less than the boiling point of
water (T^ < T^. When the boiling point of water is achieved, the temperature of the node
is held constant at Tm = Tbp, and the rate at which water is evaporated is determined by the
energy balance

de

~dt

(m- rm_j - r

m3 - (m

- m2 rr - T t)
(C-6)

where eW(m is the instantaneous volume fraction of water in node m. When the evaporation
process is complete, as denoted by the condition eWim = 0, the final stage of the node's
self-heat process is calculated using Equation (C-l) where eW)m = 0.
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While the reactive medium is regarded as infinite, there is a physical limit to the number of
nodes that can be used to represent the region. In all numerical simulations, the outermost
node N was always sufficiently for from the center of the hot spot so that it remained
unaffected by the thermal effects of the approaching evaporation or combustion fronts before
the calculation was terminated. The initial conditions for Equations (C-l), (C-5) and (C-6)
are

T m = T o , <6m = 0 , €w>m = €w a t t = 0 {C-l)

where ew is the initial moisture volume fraction in the unreacted wet material. The wet
material's moisture content is normally expressed in terms of mass fraction x*, rather than
volume fraction ew [see Equation (B-19)].

In order to ensure an accurate numerical solution, the node size 5 must be smaller than the
thickness 5C of a combustion wave. The combustion wave thickness can now be represented
by the expression 5C « otjuct where uc is the velocity of the combustion wave. Since ot^ »
10"7 m2 s'1 and uc « 10'3 m s'1 for highly exothermic mixtures, the node size should be less
than 5C » 104 m. The node thickness in all the calculations for highly exothermic mixtures
(Tad > 800 °C) did not exceed 5 x 10"5 m. As shown in Appendix D, the Arrhenius reaction
given by Equation (C-4) can "break away" from large hot spots and spread through the
surrounding waste. The reaction spreading velocity uc is approximately 10"4 m s'1, and
accordingly, the node size used was less than the approximate combustion wave thickness (5C

» 10'3 m) when Tad < 800 °C. The numerical approach employed here is not a pure
numerical analysis in that the time derivatives in the system of N equations were not
replaced, as represented in Equations (C-l) and (C-6) by differences. Instead, the system of
ordinary differential equations was solved by an available subroutine. Specifically, numerical
integration in the time "direction" was performed using a forward integration procedure
based on the Gear (1971) method (see also Hindmarsh 1972).
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NUMERICAL EXAMPLE AND COMPARISON WITH
CTI CRITERION FOR REACTION PROPAGATION
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APPENDIX D
NUMERICAL EXAMPLE AND COMPARISON WITH
CTI CRITERION FOR REACTION PROPAGATION

As mentioned at the beginning of the previous section, the governing equations describe the
spherically symmetric propagation of a drying front, and perhaps a reaction front, in an
infinite medium composed of a moist, potentially reactive, porous solid mixture (fuel and
oxidizer salt). The reaction, if it occurs, is initiated at the center of a postulated hot spot (at
r = 0), where the temperature is gradually raised from the initial temperature To to the
ignition temperature Tfe. Since the ignition temperature is higher than the boiling point of
water, a dry, inner, spherical region will be created before chemical reaction begins. This
region is surrounded by a semi-infinite region of moist reactive powder (see Figure C-l).
According to the contact-temperature criterion, a traveling reaction front may appear in the
dry part of the spherical composite dry/wet system if the ignition temperature T^ of the
reactive medium obeys Equation (A-16) or Equation (B-17) in the limit ew = 0. The
traveling wave will penetrate the boundary of the surrounding moist region and propagate in
the wet part of the system if Tfe satisfies Equation (B-17). A self-propagating reaction is
predicted not to exist in the dry or wet region if the contact-temperature criterion is not
satisfied in the limit ew = 0. Wave extinction in the wet region is inferred if the
contact-temperature condition is violated for the moisture content ew of interest. The
predictions of the CTI criterion by comparison with numerically predicted reaction wave
behavior can now be tested.

Values for the various physical parameters used in the calculations are given in Table D-l.
We note from the table that the specific heat, density, and porosity of the unreacted material
are assumed to be identical to those properties of the reacted material. The thermal
conductivity of the dry reactive medium is taken to be similar to that of sodium chloride
(NaCl) powder and interstitial air. The estimate in Table D-l is based on a solid NaCl
thermal conductivity of 3.2 W m*1 K"1 (International Critical Tables) and the correlation of
Dietz (1979) for the effective thermal conductivity of packed beds. The thermal conductivity
ku(W of a moist reactive medium is assumed to be equal to the dry medium value for reasons
mentioned previously. The density of the solid component is based on the room temperature
value for sodium nitrate salt, which is a major solid component of reactive sludge mixtures.
The specific heat of the solid component corresponds to the sodium nitrate salt at its melting
temperature. The volume fraction of the dry reactive medium is based on a porosity value of
0.7 reported for ferrocyanide sludge (Jeppson and Wong 1993). The ignition temperature
and step function heating rate are inferred from the results of adiabatic calorimetry
experiments with In-Farm synthetic waste materials (Fauske 1992).
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Table D-l. Parameter Values Used in the Numerical Reaction Wave Simulations

Thermal Conductivity of Reactive Medium

Density of Reactive Medium

Specific Heat of Reactive Medium

Density of Water

Specific Heat of Water

Volume Fraction of Dry Reactive Medium

Ignition Temperature of Reactive Medium

Initial Temperature of Reactive Medium

Boiling Point of Water

Heat of Evaporation of Water

Step Function Chemical Heating Rate

k =

Pu

Cu

Pw

Cw

*u

T *

T

*bp

X =

q =

= K = K = K» - 0.2 W m-1 K'1

= pr = 2.3 x 103 kg m-3

= cr = l . S S x ^ J k g ^ K - 1

= 103 kg m"3

= 4.2 x 103 J kg-1 K"1

= er « 0.3

= 260 °C (533 K)

= 47 °C (320 K)

« 100 °C (373 K)

= 2.2 x 106 J kg'1

= 1.52xlO9Jm"3s-1

Equations (B-14) and (B-17), together with the ignition temperature value T^ = 260 °C,
were used to construct the Tad - ^ locus for incipient reaction zone propagation, with the
results shown by the continuous curve in Figure D-l. The approximate closed form CTI
criterion, Equation (B-20), is also shown in Figure D-l as the dotted line for moisture levels
of practical interest (see below), and it is in excellent agreement with the numerical results
obtained from the more complex algebraic formulation given by Equations (B-14) and
(B-17). According to the contact-temperature criterion, self-sustained reaction wave
propagation is possible only for Ttd, ^ points that lie above these curves. This predicted
boundary for reaction propagation was then tested by performing numerical reaction wave
calculations for several T,d, ^ points. Step function reaction kinetics, represented by
Equation (C-2), was employed when TAd ^ 800 °C, whereas Arrhenius kinetics,
Equation (C-4) was used when T^ < 800 °C. Three different hot spot diameters (2RHS)
were chosen: 2, 10, and 100 mm. The corresponding hot spot power densities Q were 108,
4 x 106, and 4 x 104 W nv3. In the absence of chemical heating, these power densities are
capable of gradually raising the temperature of the center of the hot spot to about 300° C,
which is roughly 40 °C above the ignition temperature.

Figure D-2 displays the temperature profile-time history for Xw = 0.3 and T,d — 1005 °C.
The hot spot power density is Q — 108 W m'3 and the hot spot radius RHS = 1.0 mm. The
combination xw = 0.3 and T^ ~ 1005 °C, when plotted in Figure D-l, lies well above the
CTI criterion curve in Figure D-l and indeed, as can be seen from Figure D-2, the
exothermic reaction generates enough heat to be self-sustaining in both the dry and wet
regions of the reactive medium. Figure D-3 shows different behavior by retaining the
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Figure D-l. Adiabatic Combustion Temperature Versus Water Mass
Fraction Curve Separating the Reaction Extinction Region From
the Reaction Propagation Region as Determined by the Contact-

Temperature Criterion [Equations (B-14) and (B-16)] and T^ = 260 °C.
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Figure D-2. Temperature Profile History Produced by 2.0-mm Diameter Hot Spot
Generating 108 W m"3 s"1, Indicating Ignition and Sustained Wave

Propagation in the Wet Region Containing 30 wt% Water.
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Figure D-3. Temperature Profile History Produced by 2.0-mm Diameter
Hot Spot Generating 108 W m"3 s"1, Indicating Ignition and Reaction

Wave Extinction in the Wet Region Containing 30 wt% Water.
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Moisture Content ^ — 0.3, but decreasing the adiabatic combustion temperature from Tad =
1005 °C to 1000 °C. The x^,, T^ combination still lies well above the reaction propagation
boundary of Figure D-l. In this case, however, a permanent extinction process occurs once
the wave reaches the wet zone, indicating that the contact-temperature criterion for reaction
propagation is a rather conservative criterion for this case. Additional reaction-wave
calculations were performed for xw values in the range 0-0.4 and the results are summarized
in Figure D-l. The dark circles in Figure D-l refer to a sustained propagating reaction
regime and the open circles indicate extinction. The numbers next to the numerical data
points in Figure D-l convey the diameter of the hot spot in millimeters. Note that in the
Arrhenius reaction regime (TJd < 800 °C) only the 100-mm diameter hot spot can initiate a
spreading reaction zone, whereas small hot spots can produce reaction waves in highly
exothermic waste (T,d > 800 °C).

It can be seen from Figure D-l that the CTI criterion represents the lower boundary of the
propagating reaction regime for all but one of the cases investigated. The criterion fails
when the hot spot size is 100 mm in diameter and the moisture concentration is below 5 wt
%. Our concern about this violation of the CTI criterion is tempered by the knowledge that
in low-moisture-content waste (i.e., unsaturated waste) there is no convective mechanism for
concentrating the radionuclides in a hot spot6. Thus, the spreading reaction associated with
the numerical data point xw = 0, Tad = 450 °C in Figure D-l can only be achieved by the
application of a dedicated heat source (igniter) which gradually heats a 100 mm diameter
region of dry waste from its initial temperature of 47 °C to its ignition temperature of
260 °C. Because of heat leakage into the surrounding waste, it takes the assigned power
density of Q = 4 x 104 W m"3 about 1.2 x 10s sec to accomplish this temperature rise. The
corresponding required igniter energy is a rather incredible 2.5 MJ. One may argue that less
energy would be required if the applied heat flux generated by the igniter were large enough
to rapidly heat the waste region to its ignition temperature without incurring significant heat
loss to the surroundings. Recall, however, that the CTI criterion is based on a rapid
waste-heating mode and, indeed, extinction is predicted following the instantaneous heating
of the 100-mm diameter region to its ignition temperature unless the fuel content is such that
Tid > 550 °C or, equivalently, unless the CTI criterion is satisfied (see diamond-shaped data
points along xw = 0 in Figure D-l).

One additional point relative to Figure D-l that is worthy of discussion has to do with the
actual morphology of moist reactive waste (powder). In the calculations summarized in
Figure D-l, the moisture mass fraction was allowed to range between 0 and 0.5. The reason

6Hot spots can not result in local dryout in water saturated waste because of the tenacity with which the
sludge precipitate particles "hold" the water (Epstein et al. 1994).
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for this is that the predicted mass fraction of water required for saturation (no voids) in the
sample problem waste powder is

1 = 0.504
(D-2)

Pf I 1 " €u,

In actual precipitate waste powders, however, the saturated state is achieved at a much lower
value of Xw « 0.2 due to strong electrostatic forces established between the precipitate waste
particles and water. A large portion of the Tad - x,, parameter space in Figure D-l is,
therefore, nonphysical. This means that even the predicted ignition conditions for x^ = 0.25
and 0.3 are not correct even though Ttd > 800 °C. This is because at these moisture
concentration levels, water completely fills the interstices of the waste powder. Much higher
adiabatic combustion temperatures would be required to sustain reaction wave propagation
into the wet region surrounding the hot spot. In order to treat water saturated wastes, the
physical model presented here would have to be revised to account for the flow of interstitial
liquid toward the reaction front through a zone of waste consolidation and through a zone of
capillary flow just ahead of the reaction front. Preliminary theoretical work (Epstein 1995)
suggests that the process of waste consolidation alone would result in adiabatic combustion
temperatures required for reaction propagation that are more than a factor of two higher than
those predicted by assuming an unsaturated reactive waste morphology.

In summary, it may be said that the CTT criterion provides a conservative and simple means
of predicting the conditions for reaction propagation in waste powders under ignition
conditions of practical interest. The criterion underpredicts the adiabatic combustion
temperature required for propagation at low moisture concentration levels (x,, < 0.2) because
of the relatively slow Arrhenius-type reaction kinetics that dominates this regime. The CTI
criterion is very conservative and, perhaps, unnecessary at high moisture contents because of
the tenacity with which water is held within the sludge solid precipitate structure.
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