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Executive Summary 

The vertical ammonia concentration distributions determined by the retained gas sampler 
(RGS) apparatus were modeled for double-shell tanks (DSTs) AW-101, AN-103, AN-104, and 
AN-105 and single-shell tanks (SSTs) A-101, S-106, and U-103.'") One-dimensional models of 
the vertical transport of ammonia in the tanks were used for the modeling. Transport in the non- 
convective settled solids and floating solids layers is assumed to occur primarily via some type of 
diffusion process, while transport in the convective liquid layers is incorporated into the model via 
mass transfer coefficients based on empirical correlations. Mass transfer between the tup of the 
waste and the tank headspace and the effects of ventilation of the headspace are also included in the 
models. The resulting models contain a large number of parameters, but many of them can be 
determined from known properties of the waste configuration or can be estimated within reason- 
able bounds from data on the waste samples themselves. The models are used to extract effective 
diffusion coefficients for transport in the nonconvective layers based on the measured values of 
ammonia from the RGS apparatus. 

The modeling indicates that the higher concentrations of ammonia seen in bubbles trapped 
inside the waste relative to the ammonia concentrations in the tank headspace can be explained by a 
combination of slow transport of ammonia via diffusion in the nonconvective layers and ventilation 
of the tank headspace by either passive or active means. Slow transport by diffusion causes a 
higher concentration of ammonia to build up deep within the waste until the concentration gradients 
between the interior and top of the waste are sufficient to allow ammonia to escape at the same rate 
at which it is being generated in the waste. 

The results for the DSTs present a fairly consistent picture of ammonia transport. The 
DSTs all consist of a bottom layer of nonconvective settled solids over which lies a convective 
layer. A layer of floating solids lies on top of the convective liquid layer and acts as a transport 
barrier to the release of ammonia from the underlying liquid and settled solids layers. Values for 
the effective diffusion coefficient in the floating solids layer are 6-20 times that of ammonia in 
water, while the values in the settled solids nonconvective layer are 2 times that of ammonia in 
water. The only exception is Tank AN-105, where the value of the effective diffusion coefficient 
in the settled solids layer is 16 times that of ammonia in water. Based on the Stokes-Einstein 
relation, the value for the molecular diffusion coefficient for ammonia in a typical liquid waste is 
expected to be 20-30 times lower than the diffusion coefficient of ammonia in water, so the 
effective diffusion coefficients for ammonia in the DSTs appear to be high. This suggests other 
transport mechanisms may be present in the nonconvective layers, thus enhancing the rate of 
ammonia transport. Possible mechanisms are slow creeping flows within the nonconvective layers 
due to the presence of thermal gradients or enhanced diffusion due to bubble motion through the 
waste. 

The SST modeling gave more variable results than the DST modeIing. Unlike the DSTs, 
which could all be described by a single model, the SSTs required three separate models for the 
three tanks examined in this study. The most atypical of the SSTs was Tank A-101, which has a 
floating nonconvective layer on top of a convective liquid layer. The modeling of this tank 

(a) Hanford waste tanks are designated with the prefix 241- plus the tank farm designation and 
tank number. In this report the prefix has been omitted, as it is in common usage. 
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suggests that the transport of amnnonia through the nonconvective layer is very fast and that 
mcchanisms other than molecular diffusion are playing a significant role. The effective diffusivity 
€01: this layer is about a factor of 5; larger than the effective diffusivities seen in any of the settled 
solids layers of the DSTs. Results for Tank S-106 indicate that transport through the nonconvec- 
tive layer (settled solids layer for this tank) could be characterized almost completely by molecular 
diffusion, while results for Tank 1J-103 give an effective diffusivity in the nonconvective layer that 
is comparable to the effective diffusivity in the settled solids layers of the DSTs. 
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1.0 Introduction 

Ammonia is ubiquitous in the tanks storing waste at the Hanford Site. Although the 
concentrations v"ry significantly, ammonia has been found in almost all the single-shell tanks 
(SSTs) and double-shell tanks (DSTs) for which ammonia concentration measurements are avail- 
able. The presence of ammonia in the tanks is a concern because of its toxicity (even at low 
concentrations) and, in extreme cases, its flammability. Because it is difficult to measure 
ammonia, reliable data on ammonia concentrations in the tanks have been scarce and only recently 
have become available. Measurements in the last year with the retained gas sampler (RGS) have 
begun to provide information not only on the ammonia concentration in the tanks but also on the 
vertical distribution of ammonia within individual tanks. This report describes efforts to fit the 
vertical distribution of ammonia in the RGS-sampled tanks using one-dimensional models of 
ammonia generation and transport. These fits are used to obtain information on ammonia transport 
within the tanks (for which there are no experimental data). The models assume that ammonia 
transport occurs by diffusion and convection. The behavior of the effective diffusion coefficients 
derived from the fits can be used as an indicator of the presence of transport mechanisms other than 
buoyancy-driven convection and molecular diffusion. 

In this study, several one-dimensional mathematical models have been developed that 
account for convection and diffusion and provide an overall picture of ammonia transport for 
different configurations of tank waste. The first waste configuration investigated corresponds to 
DSTs in which the waste is stratified, from top to bottom, into three distinct layers: floating solids 
layer, convecting supernatant layer, and motionless settled solids layer. The model developed for 
this configuration is used to fit ammonia distributions in four DSTs: AW-101, AN-103, AN-104, 
and AN-105." Each of these tanks has an actively ventilated dome space. The other waste con- 
figurations studied correspond to the passively ventilated SSTs, which represent three additional 
configurations. The waste in Tank A-101 consists of a saturated saltcake matrix floating on top of 
a liquid layer, while Tank S-106 has a partial floating solids layer overlying a supernatant region 
composed of liquid and salt slurry. Tank U-103 consists of a single layer of saltcake. In addition, 
the waste regions in Tanks S-106 and U-103 are highly irregular (particularly in S-106), making 
the location of the interface difficult to discern. 

Although the models contain many parameters, including source terms for ammonia 
generation and mass transport across the fluid-fluid and fluid-air interfaces, most of these 
parameters are known or can be bounded using currently available tank monitoring data. The 
remaining parameters can be estimated using reasonable engineering assumptions or experimental 
correlations, or by applying a known steady-state solution as a boundary condition on the model 
calculation. A qualitative range of dissolved ammonia concentrations in the waste for the tanks 
listed above has recently been obtained with the RGS apparatus (Shekarriz et al. 1997). There can 
be a variation of a factor of 3-5 between segments in the same tank. RGS ammonia data are highly 
uncertain because the extraction process simply fails to measure all the ammonia in the sampler. 

(a) All underground waste storage tanks at Hanford are designated with the prefix 241- followed 
by the tank farm designation and then the tank number. In this report, only the tank farm and tank 
numbers are used, the prefix is dropped. 

1.1 



There is also information on the zmonia concentration in the dome space for some of the tanks 
under consideration (Wilkins et All this information can be combined to fit the measured 
ammonia profiles and to extract effective transport coefficients for ammonia in the nonconvective 
layers. 

In Section 2, the models used to describe the ammonia concentration distribution in DSTs 
anti SSTs are discussed. In addition, the procedure for calculating the effective diffusion 
coefficients based on RGS data is also discussed. The results obtained from the solution of the 
various model equations are presented in Section 3, and the conclusions are summarized in 
Section 4, References cited are listed in Section 5, and details of the calculations and estimates of 
several parameters are presented in the appendixes. 

- 
(a) PNNL. 1997. TWJNS Vapor Analysis Results, http://twins.pnl.gov:800 l/TCD/main.html. 
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2.0 Mathematical Models 

The models described in this section pertain to different configurations of waste stratifica- 
tion. The first configuration, applicable to all of the DSTs considered in this report, consists of 
three layers. The first of these is a buoyant, nonconvective layer floating on top of the waste. This 
layer is typically referred to as the crust. Beneath the crust is a convective layer consisting almost 
entirely of liquid, and at the bottom of the tank is a nonconvective settled solids layer sometimes 
referred to as the sludge. The second configuration, at present applicable only to SST Tank A- 
101, consists only of a nonconvective layer floating on top of a convective layer. For this 
configuration, there is no bottom layer of settled solids. The third configuration, applicable to SST 
S-106, consists of m upper convective layer overlying a nonconvective layer. The fourth 
configuration, applicable to SST U- 103, consists of a single nonconvective layer. 

The ammonia distribution is modeled by assuming that the transport of ammonia in the 
nonconvective layers occurs only through diffusion. The movement of ammonia in the convective 
layers and in the tank headspace is modeled by using mass transfer coefficients to describe the flux 
of ammonia from the nonconvective layers to the fluid (convective) layers. A complete set of 
equations describing the vertical distribution of ammonia in the tanks can be derived by coupling 
the transport of ammonia with the appropriate ammonia generation and destruction terms. For 
each layer, ammonia generation within each tank is modeled with a source term representing the 
thermal and radiolytic generation of ammonia within the waste. This generation rate is assumed to 
be constant, although in actuality it will most likely decrease gradually over time, particularly if the 
generation rate is tied to the level of radioactivity and the availability of a finite amount of reactants. 
The generation rate is also assumed to be correlated with the fraction of water (by mass) and the 
temperature of the waste. Because of their higher water content, liquid layers are assigned a higher 
generation rate than the floating and settled solids layers. The effect of ammonia degradation has 
also been incorporated into the model, although it is not used in our calculations. 

The mass flux of ammonia between a floating solids layer and the gas in the dome or head- 
space is estimated from penetration theory (Cussler 1984). The mass flux between a liquid layer 
and the settled solids or floating solids layer is estimated from experimental correlations and by 
applying the analogy between heat transfer and mass transfer. Because there is convection in the 
dome space and in the liquid, the ammonia concentration in each of these layers is assumed to be 
uniform. Estimates for the various mass transfer coefficients are derived in Appendix A. Forced 
or natural convection in the dome space and buoyancy-driven convection in the liquid layer con- 
tribute to the turbulent mixing that leads to uniform concentrations within these regions. In addi- 
tion, the dome space is assumed to be ventilated at a constant air flow rate, Q. This provides a sink 
term to balance generation so a steady state ammonia inventory can eventually be reached. In the 
absence of convection in the settled or floating solids layers (see Appendix B) it is assumed that the 
ammonia concentration in these layers is dominated by diffusion; thus the concentration in these 
layers will be nonuniform. The flux of ammonia across each interface is expressed as the product 
of an overall mass transfer coefficient and the concentration difference at each interface. A zero 
mass flux condition at the bottom of the settled solids layer is applied at the bottom of the tank. 

The following is the notation for the parameters used in the model equations (for all waste 
configurations): 
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C = local ammonia concentration (in kg ammonidm3 waste) 
z = vertical coordinate (elevation from the tank floor in m) 
t = time coordiniate (s). 

The subscripts a, c, 1, and 1s refer to quantities in the dome space, floating solids layer, 
supernatant liquid, and settled solids layer (or slurry), respectively. Parameters that can be 
detmnined from the geometry of al given tank include 

L = thickness of each layer (in m) 
A = cross sectional area of the tank (in m2) 
V = total headspace volume (in m'). 

Parameters that must be determined from experimental data or inferred from the physical 
pro~perties of the waste or from a model of physical processes occurring in the tank include 

D = the diffusion coefficient of ammonia in a layer (in m2/s) 
r = the generation raite in a given layer (in kg of ammonia/m3 solution-sec) 
k = the decay rate in a given layer (in sed) 
Q = ventilation flow rate in the dome space (in rn3/s) 
2) = liquid volume fr<action (m3 of liquid/m3 of waste) 
h, = the overall mass transfer coefficient of ammonia at the interface 

between the top of the floating solids layer and the dome space (in m/s) 
h,, = the overall mass transfer coefficient of ammonia at the interface 

between the top (of the supernatant and the dome space (in m/s) 
h,, = the mass transfer coefficient of ammonia at the interface between 

the bottom of the floating solids layer and the supernatant (or liquid) (in d s )  
h,, = the mass transfer coefficient at the interface between the top of the 

settled solids layer and the supematant liquid (in d s ) .  

Details of the model equations are provided in the following subsections. In most of this 
analysis, it is assumed that the concentration distribution of ammonia has reached a steady state 
(Le., the time derivatives in the model equations below are set to zero). Time-dependent 
calculations with the model equations indicate that the ammonia concentration distributions in the 
DSTs reach 70% of their steady-state values within about 10 years. For most of the tanks, 70% is 
withiin the uncertainty in the ammonia concentrations. The effect of not being at steady state can be 
incorporated into the calculations in a crude way by scaling up the measured values of the ammonia 
concentrations. The simulations of the time-dependent model are discussed in more detail in 
Appendix E. 

2.1 Model for DSTs 
As depicted in Figure 2.1, the wastes in Tanks AW-101, AN-103, AN-104, and AN-105 

contain stratified layers of settled solids and supernatant liquid capped by a floating solids layer, 
with gases in the dome space subjected to active ventilation. 

The concentration of ammonia in the floating solids and settled solids layers is described by 
the one-dimensional, time-dependent diffusion equations: 
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Figure 2.1. Schematic Diagram for the Settled Solids-Supernatant-Floating Solids 
Waste Configuration in Tanks AW-101, AN-103, AN-104, and AN-105 

a c, ( Z, t) a 2c, (4 
= Dc 

a t  a z2 
+ rc - k, C,(Z,t) 

These equations assume that ammonia is being generated uniformly in each layer with a generation 
rate r and is being destroyed through a first-order process with a rate constant k. 

The possibility of inserting a convective flow term of the form 

into the equations to account for steady vertical transport of ammonia by bubble motion through the 
waste was considered but rejected. Here U represents the steady vertical velocity of ammonia in 
the waste. Although there may in fact be a steady vertical flux of bubbles through the nonconvec- 
tive layers, they cannot create a net vertical current. The liquid fraction in the nonconvective layers 
is expected to be relatively constant, and there is no net flux of liquid at the surface of any of these 
layers. Therefore, conservation of mass requires that any upward microcurrents of liquid in the 
nonconvective waste caused by bubble motion must be balanced by an equal flux of downward 
microcurrents. The disordered nature of the channels in the waste implies that these microcurrents 
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are only significant on a very small length scale, probably not much more than a factor of 10 larger 
than a typical grain size. These microcurrents might manifest themselves as enhanced diffusion of 
ammonia but would not be present as a steady convective flux. An exception to this argument is 
the possibility that ammonia is being carried up through waste inside bubbles. Unlike what occurs 
in the liquid fraction of the waste, insoluble gas generated throughout the tank does result in a net 
flux of bubbles through the different tank layers. However, the amount of ammonia being released 
into the tank headspace via this mechanism can be estimated using the RGS results for the relative 
amounts of retained gas in the tanks and measurements of the hydrogen and ammonia concentra- 
tions in the tank headspace. Estim,ates of the amount of ammonia released by convective transport 
in blubbles are given for four of the tanks described in this report in Appendix C and indicate that 
the maximum amount of ammonia released by this mechanism is less than 10%. 

The concentration of ammonia in the supernatant liquid layer is given by the expression 

+ rl - kl Cl(t) (2.3) dCl(t) 1 cs( Ls 7 t) CC(LS + L, J) 
- = - { h SI[ 7- - CI (t )I - h IC [ c, (t ) - 

d t  L1 VC 

This equation assumes that ammonia entering and leaving the convective layer from the floating 
solids and settled solids layers can be described by mass transfer coefficients. Ammonia can also 
be generated and destroyed locally within the supernatant layer via processes similar to those in the 
floating solids and settled solids layers. The appearance of the volume fractions in the denominator 
in this equation is to reference concentration only to the liquid. There must be a difference between 
the concentration in the interstitial liquid in the floating solids or settled solids layers in the tank and 
the supernatant liquid before there Is any mass flux. 

The equation for the concentration of ammonia in the tank headspace is similar to the 
equation for the supernatant liquid: 

(2.4) 

The flux of mass into the tank headspace due to evaporation of ammonia from the floating 
solidis layer is described by the mass transfer coefficient, h,,, and the loss of ammonia from the 
headspace is due to the tank ventilation. Unlike the waste layers of the tank, there is no local 
generation or destruction of ammonia in the headspace. 

The remaining equations describing the ammonia concentration in the tank are all obtained 
by requiring that the mass flux be conserved across the different tank layers. At the bottom of the 
tank, the zero flux boundary condition 
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is applied to the concentration. The boundary conditions for the remaining three interfaces all 
follow from the requirement that the mass flux due to diffusion equal the mass flux due to the mass 
transfer relations. This yields 

z=La+L] +L, 

a C, (2, t) 
a Z  

(2.7) 

The mass transfer coefficients h,, hl,, and h,, appearing in equations 2.6-2.8 can be estimated from 
the waste properties (see Appendix A). The coefficients for h,, and h,, are obtained from engineer- 
ing correlations developed for heat transfer between two surfaces and exploit the analogy between 
heat and mass transfer; the coefficient h, is obtained from a simple analytic theory of the transfer 
between the floating solids layer and the gas in the tank headspace. 

2.2 Models for SSTs 
Unlike the DSTs, the waste configuration is not uniform for the SSTs. In some instances, 

there is no clear-cut distinction between a liquid layer and slurry layer or the interfaces between a 
fluid saturated and a partially saturated solid-liquid-gas matrix. In addition, there is clear evidence 
that the waste configuration varies markedly in the radial direction. In the SSTs there are far fewer 
RGS ammonia concentration data points per riser than in the DSTs. 

2.2.1 Tank A-101 

In Tank A-101, the waste consists of a saturated saltcake matrix that overlies a convective 
liquid layer (see Figure 2.2). Applying the same set of assumptions for global transport of 
ammonia and the conservation of mass equation that were used to develop the equations for the 
DSTs to the configuration shown in Figure 2.2 leads to the following one-dimensional, time- 
dependent diffusion equations and boundary conditions to describe the ammonia concentration 
distribution: 

(2.10) 

(2.1 1) 
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Figure 2.2. Schematic Diagram of the Liquid-Floating Solids Waste Configuration 
in Tank A-101 

(2.12) 

(2.13) 

Eq. (2.9) models the flux of ammonia into and out of the dome space; Eq. (2.10) models 
the diffusion, generation, and destruction of ammonia in the floating nonconvective layer; 
Eq. (2.1 1) is the boundary condition between the nonconvective layer and dome space and 
essentially requires that the flux of ammonia out of the nonconvective layer equal the flux of 
ammonia into the dome space; Eq. (2.12) is the boundary condition between the nonconvective 
layer and the liquid layer that requires continuity of the concentration at the interface; and 
Eq. (2.13) is the mass balance equation between internal generation of ammonia and mass flux out 
of tlhe liquid layer. These equations simply assume that the ammonia concentration in the liquid 
fraction is equal across the interface between the nonconvective and liquid layers. 

2.2.2 Tank S-106 

Information on the nature crf the waste distribution obtained from three risers in 
Tank S- 106 indicates a three-dimensional configuration that varies substantially from riser to 
riser.'"' There is a thick floating solids layer on the periphery of the tank, while at the center there 
is none. In addition, there are no horizontal interfaces between the various identified regions such 
as liquid, salt slurry, wet salt, and moist salt (the terminology used to describe gas-solid-liquid 

(a) Mouse1 A. 1997. S-106 PMCS Core Profile. File S106.CRD, Los Alamos Technical 
Associates, Richland, Washington. 
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clusters from core samples is merely qualitative). For modeling purposes, it is assumed that there 
are two layers whose interface is obtained from the average levels of supernatant (liquid and salt 
slurry) in risers 7 and 8 (which are near the center of the tank at the same radial distance but 90" 
apart). Because the upper layer is a mixture of liquid and solids, the ammonia concentration in this 
layer must be scaled by the liquid volume fraction u,. The lower layer is assumed to include wet 
salt, moist salt, and salt slurry. A schematic of the simplified stratification of waste in S-106 used 
for modeling is shown in Figure 2.3. 

The model equations to be used in this case are 

a c, ( Z, t) a c, ( Z, t) 
= Ds + rs - k, c,(z,~) 

a t  a z2 

Q in Q out 

Figure 2.3. Schematic Diagram for the Liquid-Slurry Waste Configuration in 
Tank S-106 
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(2.16) 

(2.17) 

(2.1.8) 



Eq. (2.14) models the flux. of ammonia into and out of the dome space; Eq. (2.15) is the 
mass balance equation between internal generation of ammonia and mass flux into and out of the 
supernatant (drainable liquid and solids); Eq. (2.16) models the diffusion, generation, and destruc- 
tion of ammonia in the slurry layer (salt slurry, wet salt, and moist salt); Eq. (2.17) is the boundary 
condition between the supernatant and the slurry layer that requires continuity of the concentration 
at the interface; and Eq. (2.18) is the zero flux condition for ammonia at the bottom of the tank. As 
in The model for Tank A- 101, it is assumed that the ammonia concentration in the liquid fraction is 
equaI across the interface between the slurry and supernatant layers. Unlike the model for DSTs, 
the incoming mass flux from the slurry to the supernatant layer is not modeled with an overall mass 
transfer coefficient. 

2.2,.3 Tank U-103 

Core sample information fior Tank U-103‘”) indicates the presence of two layers, a bottom 
layer composed of moist salt and a top layer consisting of a liquid-salt slurry. A partial floating 
solids layer has been observed, but the area covered by the floating solids layer is smaller than that 
of the liquid-salt slurry (Brevick et al. 1994). It is assumed that the ammonia transfer occurs 
directly between the liquid-salt slurry and the gas in the dome space. Because there is no evidence 
of it convective layer, the two layers are treated as a single nonconvective layer and the model 
equations for Tank U-103 are based on diffusion within a single layer. A schematic of the 
simplified stratification of waste in U-103 used for modeling is shown in Figure 2.4. 

The model equations to be used in this case are 

{ hsa 

a Z  O= --Ds 

(2.19) 

(2.20) 

(2.21) 

Eq. (2.19) models the flux of ammonia into and out of the dome space; Eq. (2.20) models 
the diffusion, generation, and destruction of ammonia in the nonconvective layer; Eq. (2.21) is the 
boundary condition between the nonconvective layer and dome space and essentially requires that 
the flux of ammonia out of the nonconvective layer equals the flux of ammonia into the dome 
space; and Eq. (2.22) is the zero flux condition for ammonia at the bottom of the tank. 

~~ ~ 

(a) .Mouse1 A. 1997. U-103 PMCS Core Profile. File U103.CRD. Los Alamos Technical 
Associates, Richland, Washington. 
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Q in Q out 

Figure 2.4. Schematic Diagram for the Nonconvective Liquid-Slurry Waste Configuration in 
Tank U-103 

2.3 Model Parameters 
Based on measurements of the conditions in DSTs and SSTs (Stewart et al. 1996; 

Hodgson et al. 1996; Shekarriz et al. 1997; Meyer et al. 1997), most of the input parameters 
required by the one-dimensional models for ammonia transport can be calculated (see Appen- 
dix A). Table 2.1 shows the thickness of each layer (in all cases the cross-sectional area of each 
tank is 410.43 m2). Table 2.2 shows the ventilation flow rates measured in DSTs (a) and SSTs 
(Huckaby et al. 1997) with an assumed value for S-106 @) (the dome space in SSTs is passively 
ventilated, which means the ventilation flow rate is about 1-2 orders of magnitude smaller than that 
in DSTs), the mass water fractions, ox, and liquid volume fractions ux (see Appendix A). 

For Tank A- 101, the liquid volume fraction in the floating solids layer, uc,. was calculated 
following a procedure that does not involve the waste densities.") For the remaining tanks con- 
sidered here, sufficient information was available to calculate the liquid volume fractions based on 
density data. It is assumed for A-101 that all of the ammonia is in the liquid portion of the waste 
and the water in the waste mixture is saturated with salts. The transformation of the ammonia 
concentrations (Shekarriz et al. 1997) from micromoles per liter of waste (MPLW) into micromoles 
of ammonia per liter of liquid (MPLL) is simply MPLL = MPLWh,. 

The water contents for the segments of the cores adjacent to the RGS segments have 
approximately 35% water by weight (Field et al. 1997), so lo00 grams of gas-free waste contain 
350 grams of water (in the liquid state occupies 350 mL at 25°C) and 650 grams of inorganic 

(a) Personal communication, DJ Minteer (DESH) to G Terrones (PNNL), April 25, 1997. 
(b) Personal communication, JL Huckaby (PNNL) to G Terrones (PNNL), September 8, 1997. 
(c) Personal communication, LM Stock (DES) to G Terrones (PNNL), September 9. 1997. 
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T;able 2.1. Physical Dimensions 

U- 103 
4.25 f0.24 

4.97 f0.24 1 .OO +0.2 

L, (m) 2.83f0.22 3.79f0.9 4.15k0.9 4.52k0.11 3.56 f0.7 4.22 k0.48 

V t:m3) I 1065 I 1717 1 1321 1 1024 I 1224 1 2197 1 1448 

AW-101 
0.059 k.02 

0.34 f.05 

0.44 k.02 

0.32 k.05 

0.63 k. 10 

0.71 f.11 

0.99f.004 

Table 2.2. Flow Rates, Water, and Liquid Fractions 

AN-103 AN-104 
0.0472 f . 0  1 0.0472 f.O1 

0.17 f.O1 0.35 k.07 

0.44 f.03 0.53 f.03 

0.15 f.O1 0.33 k.07 

0.37k.02 , 0.65k.13 

0.38 k.02 0.68 f. 14 
0.99 f.006 0.99 k.005 

AN-105 
0.0472 4.01 

0.33f.10 

0.5 1 f.0 1 

0.32 f. 10 
0.63 k0.20 
0.69 f0.22 

0.99f.006 

A-101 
4.75~ 10” 

0.36 f.02 

0.47 f.0 1 

0.63 k.02 

0.99 f.007 

S-106 
9.44~ 10“ 

0.53 4.01 

0.18 k.006 

0.38 f.006 

0.85 k.003 

U- 103 
1.28~ 10” 

0.5 1 f.003 
0.20 k.005 

- 
0.41 fO.O1 

substances distributed among the 1:iquids and solids. In addition, the measured density of the gas- 
free waste is 1700 g/L at 25°C (Field et al. 1997), so lo00 g of waste occupies 588 mL. 

As a first approximation, u, can be calculated on the basis of the water content of the waste 
in the nonconvective layer. In this situation the fraction of liquid is approximately 0.6. As a 
second approximation, u, can be calculated on the basis of the more realistic situation in which the 
water in the waste mixture is saturated with salts. The high concentrations of dissolved salts will 
cause the volume of the aqueous sadt solution to expand beyond 350 mL. Elementary considera- 
tion,s suggest the dissolved salt will1 cause the fraction of the liquid to increase by about 10%. The 
totall volume of lo00 g of waste, which is determined by the density, will not change. This yiefds 
a liquid fraction of approximately 0.65. 

Table 2.3 shows ammonia concentrations in the various regions in each tank (in units of 
pmcUL waste). The concentrations; marked with an asterisk were calculated using an earlier ver- 
sion of the RGS data reduction procedure that may have substantially underestimated the ammonia 
concentrations. A more sophisticated data reduction procedure was applied to Tanks S-106 and U- 
103 and is believed to give more reliable values for the ammonia concentrations. Ammonia 
concentration measurements in the dome space were reported for several tanks by Wilkins et al. 
(1997). For most of the Hanford tanks, information on ammonia dome space concentration can be 
fourid on the internet under Vapor .Analysis Results.‘a’ For the convective and nonconvective 

(a) http://twins.pnl.gov:8001/TCD/main.html. 
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Table 2.3. Ammonia Concentrations in pmoVL Waste 

AW-101 AN-103 AN-104 AN-105 A-101 S-106 U-103 
c a  0.495 < 0.708 < 0.708 1.062 53.053 2.583 52.063 

- 1,260* 6,212* cc 

CS 

Ci 960* 1,980* 1,100* 920* 16,352* 1,000+50% 
' 

2,329* 2,965* 2,406* 1,565* - 3,067 f50% 28,450 f50% 

* These quantities could be up to one-third of the actual values. 

layers, only qualitative estimates on the ammonia concentration are shown in Table 2.3 (from RGS 
data) (Shekarriz et al. 1997)'"b'. To back-calculate the effective diffusion coefficients in the layers 
in which molecular diffusion dominates, a spatial average for the RGS ammonia concentration in 
the floating solids layer and settled solids layerlsluny (whenever data were available) was used as 
input in the models. 

2.4 Modeling Ammonia Profiles 
To model the ammonia distribution, it was postulated that the observed ammonia concen- 

tration in the tanks was produced by generation rates in each layer that were proportional to the 
water mass fraction and some function of the average temperature in each layer in the following 
form: 

r x = K o x  F(T) 

where K is a proportionality constant, ox is the water fraction in the layer, and F(T) is a function 
representing the temperature dependence of ammonia generation. However, based on the experi- 
mental data of Bryan et al. (1996) for Tank SY-103, the changes in the generation rate between the 
different layers within a given tank due to temperature variations amount to less than 6% for the 
tanks studied here, and the function F(T) can be considered more or less constant for a given tank. 
It can therefore be absorbed into the proportionality constant K. It is also assumed that the degra- 
dation of ammonia via first-order processes was negligible, in accord with the findings of Bryan 
and Pederson (1996). Lilga et al. (1996) recently proposed that ammonia is degraded at a signifi- 
cant rate by zero-order processes, but this can be absorbed into the generation rate. A significant 
zero-order destruction rate may have an effect on the assumption that the generation rate is propor- 
tional to the water mass fraction in the waste. The assumption that the specific generation rate in 
each layer is proportional to the mass fraction of water in the layer reduces the three independent 
generation rates to a single proportionality constant. If the water fractions are known for all the 
layers, then the proportionality constant can be found by requiring that the total ammonia genera- 
tion rate in the tank waste match the amount of ammonia leaving the tank by ventilation of the dome 

(a) Mahoney LA, ZI Antoniak, JM Bates, and A Shekarriz. 1997. Preliminary Retained Gas 
Sampler Measurement Results for Hanford Waste Tank 241 -S-106. TWSFG97.47, PNNL, 
Richland, Washington. 
(b) Mahoney LA, 21 Antoniak, JM Bates, and A Shekarriz. 1997. Preliminary Retained Gas 
Sampler Measurement Results for Hanford Waste Tank 241 -U-103. TWSFG97.40, PNNL, 
Richland, Washington. 
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space assuming the waste has reached steady state. The amount of ammonia leaving the tank by 
ventilation can, in turn, be calculated from the measured headspace concentration of ammonia and 
the tank ventilation rate. The only remaining adjustable parameters for the DSTs are the effective 
diffusion coefficients of ammonia1 in the upper and lower nonconvective layers. These two 
unknowns can be solved by requiiring that the equations for the ammonia distribution reproduce the 
average of the measured concentrations of ammonia in the settled solids and supernatant layers. 
This provides two conditions that fix the two unknowns. For the SSTs, each waste configuration 
is different; thus there are several sets of adjustable parameters depending on whether there is 
convection in the liquid layer and on the type of boundary condition (mass flux or concentration 
continuity) imposed between the lliquid and the floating solids layer (or slurry, or settled solids 
layer). Whatever the case, the diffusivities of the one or two nonconvective layers are adjustable 
parameters for which a solution is sought. 

Because estimates on the sunmonia concentration profile are known experimentally from 
measurements at a few locations, the task of determining some of the model parameters in the 
model equations can be treated as an inverse problem (ie., certain input parameters can be back- 
calculated from experimental data). For the DSTs, all parameters except the effective diffusivities 
in the settled solids and floating solids layers are known (within a range of values). These para- 
meters are then determined by matching the average measured ammonia concentration in the settled 
solids and supernatant layers. The most poorly determined parameters in the model for the DSTs 
are probably the mass transfer coefficients between the liquid and the nonconvecting layers. How- 
ever, parameter sensitivity studies with the model for the DSTs have shown that in most cases the 
ammonia concentrations are only weakly dependent on the mass transfer coefficients, h,, and hs,. 
For the SSTs, the calculation procedure is basically the same as that for the DSTs except that there 
might not always be two diffusivities to determine, rather, a diffusivity and another parameter such 
as :I mass transfer coefficient. 

As discussed above, the reported RGS ammonia concentration data are highly uncertain 
(Shiekarriz et al. 1997). The RGS concentrations (for the DSTs and SST Tank A-101) may be 3 to 
5 times lower than the actual value. The tanks may also not be at steady state, which would imply 
that the ammonia concentrations used in the calculations are most likely too low. To account for 
this variability in the data, a concentration correction factor, f, is introduced (1 < f < 5 )  to scale the 
measured concentrations. Values of the concentration inside the tank waste used in the calculations 
are scaled by 

The adjustable parameters calculated from the concentrations are implicitly functions of the 
scale factor, f. Values for the transport coefficients obtained using f = 1 assume that the reported 
RGS values for the concentration are accurate. Values obtained using f = 3 assume that the RGS 
values only represent one-third of the actual concentration. 

Solutions are found for the transport coefficients by matching the average of the experi- 
mental concentration data to the spatial average of the analytically obtained solution for the con- 
centration from the model equations. The spatial average of the concentration for each waste layer 
can be obtained from the analytical solutions of the model by evaluating the integrals: 
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For DSTs the average concentration in the settled solids and supernatant layers are used to 
fix the effective diffusivities in the floating solids and settled solids layers (except for AN-103, 
there are no ammonia data for the floating solids layer). For SSTs, the average concentration in the 
nonconvective layer was used to fix the effective diffisivity in the nonconvective layer. The calcu- 
lated ammonia concentration profiles and the dependence of the adjustable parameters as a function 
of the concentration correction factor for the various tanks are presented below to provide some 
insight on the general trend in which ammonia is distributed and to ascertain whether transport 
mechanisms other than convection and diffusion take place. 

To take into account the uncertainty in the many parameters used as input, several Monte 
Carlo calculations were performed to determine the distribution of diffusivities in the nonconvec- 
tive layers. These calculations were based on the solutions for the diffusivities derived from the 
steady-state model equations. The averages and standard deviations were also calculated. 
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3.0 Results 

Results for Tanks AW-101, AN-103, AN-104, AN-105, A-101, S-106, and U-103 are 
summarized in this section. Ammonia generation rates for each of the tank layers were calculated 
from the headspace ammonia concentrations as described in Section 2. The generation rates were 
combined with the ammonia concentrations measured with the RGS apparatus as were estimates of 
other tank and waste properties to calculate the effective diffusivities for the nonconvective layers 
in each of the tanks. These diffusivities are important for determining how much ammonia can be 
expected to build up in the tanks and can also provide an indication of how fast concentration 
fluctuations of other components can be expected to relax. 

The broad range in uncertainty of some of the parameters used in these calculations, the 
nonlinearity of the effective diffusivities as functions of the input parameters, and the large number 
of parameters made a conventional uncertainty analysis infeasible. To incorporate the uncertainties 
in the input parameters into the calculations and obtain estimates of the uncertainties in the final 
results, we performed Monte Carlo calculations to determine the distribution in the final results 
based on the uncertainties in the input. The results of these calculations are given in Tables 3.1 and 
3.2. The uncertainties in Table 3.1 mean that the average value of the diffusivity can be either 
multiplied or divided by the number in parentheses to get the range of values for the diffusivity. 
Further details of the Monte Carlo calculations, including typical histograms of the probability 
distributions of effective diffusivities and generation rates, are given in Appendix D. 

With the exception of Tank A-101, the generation rates listed in Table 3.2 range from 3 to 
100 g/day. The liquid layer in Tank A-101, however, is generating about 350 g/day, comparable 
to Tank SY-101, which has been estimated to generate ammonia at 600 g/day (Palmer et al. 1996). 
The effective diffusivities for ammonia in the nonconvective layers are reported in Table 3.1. The 
diffusivity of water is used as a scaling measure to provide an indication of how the calculated 
diffusivities compare with the diffusivity of ammonia in pure water. The results suggest that the 
diffusion of ammonia in the settled solids is almost identical to that of ammonia in pure water. 
However, if ammonia in a salt solution behaves according to the Stokes-Einstein relation (Hecht 
1990), the diffusivity should scale according to the inverse of the viscosity. According to Reid et 
al. (1977), the molecular diffusivity of a solute in a nonelectrolytic solution is inversely propor- 
tional to the viscosity of the solvent. Recent nuclear magnetic resonance (NMR) experiments to 
determine the diffusion coefficient of ammonia in concentrated salt solutions indicate that the 
Stokes-Einstein relation also holds when the viscosity of the solution is increased by adding 
electrolyte (Bobroff et al. 1997). Because the viscosity of the supernatant liquid in the DSTs is 
approximately 20 CP (Stewart et al. 1996), one would expect a diffusivity of ammonia in the liquid 
portion of the waste that is 20 times less than that of water, provided the Stokes-Einstein relation 
holds. The effective diffusivities for the tanks would then all need to be multiplied by an additional 
factor of 20, indicating that the transport of ammonia is substantially higher than that expected from 
simple molecular diffusion in the liquid fraction of the waste. 

The ammonia concentration distribution in A-101, S-106, and U-103 can be fit using the 
models described in Section 2. The effective diffusivity in the nonconvective layer of A-101 is 
higher than in any of the other tanks, suggesting that another mechanism, different from pure 
molecular diffusion in the liquid, is contributing to the transport of ammonia through the floating 
solids layer. The effective diffusivity of ammonia in the nonconvective layer in U- 103 is compq- 
able to the values seen in the DSTs. The effective diffusivity in the nonconvective layer in S-106 is 
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Table 3.1. Average Diffusivity Ratios - 
@/DHzo) - 
Floating 

Solids 

Settled 
SolididSlurry - 

AW-101 AN-103 AN-104 AN-105 A-101 S-106 U-103 

17.1(2.5)*' 13.0(3.5 y' 5.7(3.4)'' 2 1.3(2.6)*' 73.8( 1.5)'' 

2.1(2.5)*' 1.8(3.4)" 2q3.2)'' 16.2(2.5)*' 0.5(2.0)*' 4.9(1.5)*' 

considerably smaller than the values seen in either the DSTs or SSTs and is close to the expected 
value for the ammonia diffusivity in a concentrated electrolyte solution with a viscosity of 20 cP. 

- 
Generation 

Ibte (ddaY) AW-101 AN-1.03 - 
Floating 
Solids 2.5k0.9 2.8f1.0 

Liquid 22.5f8.2 12.024.1 

Settled 9.4f3.5 9.823.3 - S,olids/S luny 

The following sections contain a more detailed discussion of the calculations for the DSTs 
and SSTs. The mean values reported in Tables 3.1 and 3.2 were obtained from Monte Carlo simu- 
lations by allowing all parameters to vary in the calculation. As discussed in Appendix D, the 
distiibutions for the effective diffusivities are lognormal. To get a better idea of how the effective 
diffiisivities depend on the individual parameters, single point calculations were performed with all 
inputs set at their mean values. The values of the effective diffusivities calculated in this way are 
reported in Table 3.3 for a value of 1.0 for the concentration scale factor, f. Additional calculations 
were performed to examine the behavior of the diffusivities as functions of selected variables. 
These are also described in the following sections. 

AN-104 AN-105 A-101 S-106 U-103 

l . l f 0 . 5  2.3k0.9 17.4f10 - - 
13.6f6.3 41.2+16 3532260 0.9f0.3 - 
9.9-14.6 30.3+12 - 2.7f0.8 98.1 k36  

I 

( D / D ~ ~ ~ )  AW-101 
I 

Floating 
Solids 33.2 

Settled 4.5 
Solids/Sluny 

3.2 

AN-103 AN-104 AN-105 A-101 S-106 U-103 

26.5 12.6 75.2 606 - - 
4.7 6.9 44.6 - 0.5 4.9 



3.1 Double-Shell Tanks 

In this section, the calculated ammonia concentration distributions for Tanks AW- 101, 
AN-103, AN-104, and AN-105 are presented. In addition, the behavior of the diffusivities in the 
nonconvective layers with respect to the scale factor f and the mass transfer coefficients are 
analyzed. The modeling results for Tank AW-101 are discussed in detail. For the remaining 
tanks, results are similar to those in Tank AW-101 and thus are summarized briefly. Figure 3.1 
compares the calculated ammonia concentration distribution for two different values of the con- 
centration correction factor f and the corresponding RGS values for Tank AW-101. It is important 
to note that the concentrations in the settled and floating solids layers are normalized by the liquid 
volume fraction; i.e., the units of concentration are pmole/L of liquid (pM) and not pmole/L of 
waste. Wilkins et al. (1997) reported an average dome space concentration of 7 ppm ammonia. 
Normalizing the effective diffusivities with that of water (2 x m2/s), when f = 1, the diffusivity 
ratios for the floating solids and nonconvective solids layers are 33 and 5, respectively. If f is 
increased to 3, the effective diffusivity ratios for the floating solids and settled solids layers drop to 
10 and 2. The effective diffusivities appear to scale approximately as the inverse of the scale 
factor, f. 

For the present model, sensitivity studies indicate that if the concentrations in the waste 
increase, the diffusivities must decrease to maintain the same ammonia concentration at the dome 
space. The diffusivities in the nonconvective layers are monotonically decreasing functions of the 
concentration correction factor, as illustrated in Figure 3.2 for Tank AW-101. Similar results were 
obtained for the other DSTs, with the exception of Tank AN-105, which behaves slightly differ- 
ently. The diffusivities shown in Figure 3.2 assume that the generation rates for each of the layers 
remain fixed. 

n 
E 
W 

C 
0 
cd 
.- U 
5 
W 

Figure 3.1. Ammonia Concentration Distribution in Tank AW-101 (model Eq. 2.1-2.8) 
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Figure 3.2. Diffusivity Ratios for Nonconvective Layers as a Function of the Concentration 

Correction Factor in Tank AW-101 

Figure 3.3 shows how the diffusivities vary as a function of the mass transfer coefficients, 
hsl and hl,, over two decades. The figure shows that the diffisivities are relatively insensitive to 
increases in the mass transfer coefficient. The effective diffusivity in the floating solids layer, 
however, appears to be sensitive to decreases in the mass transfer coefficient and significant 
changes in the effective diffusivities may result if the mass transfer coefficients have been over- 
estimated. The insensitivity to increases in the mass transfer coefficient follows from the fact that 
rapid transport of ammonia from the top of the settled solids layer to the bottom of the floating 
solids layer effectively enforces a continuity condition on the ammonia concentration in these two 
layers that are independent of furthier increases in the mass transfer rate. 

A comparison between the RGS data for Tank AN-103 and the model results calculated 
using f = 1 are shown in Figure 3.4. RGS ammonia data for Tank AN-103 were scarce, and no 
specific average value is known for the dome space concentration. Wilkins et al. (1997) provided 
an upper bound of 10 ppm for ammonia in the dome space. For these calculations, an average 
value of 5 ppm was assumed. The model does a good job of matching the measured concentra- 
tions in the supernatant and settled solids layer but appears to significantly underestimate the 
ammonia concentration in the floating solids layer. The diffusivities calculated for AN-103 have 
the same qualitative dependence 011 the scale factor f seen in Tank AW-101. 
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Figure 3.4. Ammonia Concentration Distribution in Tank AN-103 (model Eq. 2.1-2.8) 
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The RGS ammonia data for Tank AN-104 are plotted in Figure 3.5 along with the results 
of fitting the model for f = 1. As .with AN-103, only an upper bound of 10 ppm is reported for the 
ammonia dome space concentration in Tank AN-104 (Wilkins et al. 1997). For the calculations, a 
value of 5 ppm was assumed. Thc behavior of the diffusivities with respect to the scale factor is 
very similar to that seen in Tanks AW-101 and AN-103. 

Tank AN-105 appears more anomalous in its behavior than the other DSTs. The RGS 
ammonia data for Tank AN-105 are plotted in Figure 3.6 along with the model fit for f = 1. The 
average ammonia dome space concentration in Tank AN-105 is 15 ppm (Wilkins et al. 1997). 
Unlike the previous tanks, there is a noticeable discontinuity in the concentration at the supernatant- 
floiiting solids and settled solids-supernatant interfaces. This suggests that the diffusivities for 
Tank AN-105 will be much more sensitive to the values of the mass transfer coefficients. Fig- 
ure 3.7 shows how the diffusivity ratio of the floating solids layer decreases rapidly (from 350 to 
50) over an order of magnitude change in the mass transfer coefficients (hs, = h1J, and finally a 
plateau (at 40) is reached for larger values of the transfer coefficients. For a two order-of- 
ma,gnitude change in the transfer coefficients, the settled solids layer difisivity ratio merely 
decreases by 10%. Figure 3.8 sholws the variation of the difhsivity ratios for the floating and 
settled solids layers as a function of the correction factor f. Notice that the diffusivity of the 
floating solids layer decays rapidly for f larger than unity (at f = 1 , ratios for floating and settled 
solids layers are 75 and 45, respectively). For f = 3, the diffusivity ratios in both the floating and 
settled solids layers drop to 13 and 14, respectively. In addition, for values off greater than 2.5 
the settled solids layer diffusivity ratio (16) is slightly higher than that of the floating solids layer 
(15). If the values for the ammonia concentration are accurate, the transport of ammonia in this 
tanlk appears to be very fast. However, if the RGS values underestimate the values of the ammonia 
concentration, the transport of ammonia in this tank compares with that in the other DSTs. 
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Figure 3.5. Ammonia Concentration Distribution in Tank AN-104 (model Eq. 2.1-2.8) 
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Figure 3.6. Ammonia Concentration Distribution in Tank AN-105 (model Eq. 2.1-2.8) 

400 

350 

300 

250 

200 

150 

100 

50 

0 

- - - - -  Floating Solids 

Settled Solids 

Figure 3.7. 

1 o-6 10-~  
Mass Transfer Coefficient h, = h,c (dsec) 

Diffusivity Ratios for Nonconvective Layers as a Function of the Mass 
Transfer Coefficient in Tank AN- 105 

3.7 



80 7 0 ~ ~  

60 

50 \, 

40 

30 

\ 

n 
0 

\ e 
0 .- 
U 

62 

Figure 

20 

10 

- - - - -  Floating Solids 

Settled Solids 

1 1.5 2 2.5 3 3.5 4 4.5 5 
Concentration Correction Factor 

3.8. Diffusivity Ratios for Nonconvective Layers as a Function of the 
Concentration Correction Factor in Tank AN- 105 

3.2 Single-Shell Tanks 
In this section, results on the modeled ammonia concentration distribution for SSTs A-101, 

S-106, and U-103 are presented. For Tank A-101, the average dome space concentration is 
750 ppm. Figure 3.9 shows that the calculated and measured distributions of ammonia are in 
good agreement. The calculated di,stribution reproduces the average concentrations in each layer, 
which is not surprising since these concentrations were used as inputs to the fit, but it also approx- 
imately reproduces the slope of the concentration gradient in the floating nonconvective layer. 

Figure 3.10 shows the behavior of the effective diffusivity as a function of the concentra- 
tion correction factor. The effective diffbsivity for this tank is an extremely sensitive function of 
the scale factor f for this tank and appears to scale more rapidly than the inverse of f. A factor of 
two increase in the concentrations would result in approximately a seven-fold decrease in the 
effective diffusivity . 

For Tank S- 106, the average ammonia dome space concentration is 36.5 ppm. Figure 3.1 1 
compares the reported RGS data and the model results (Eq. 2.14-2.18) of the ammonia concentra- 
tion distribution. Notwithstanding the simplifying assumptions used in the governing equations 
(i.e., the waste stratification can be modeled with two layers; the presence of a partial floating 
solicls layer and the three-dimensional character of the stratification can be neglected) and the 
limited number of data points, the results show that the simple model approximately accounts for 
the concentration distribution. 
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Figure 3.9. Ammonia Concentration Distribution in Tank A-101 (model Eq. 2.9-2.13) 
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:Figure 3.11. Ammonia Concentration Distribution in Tank S- 106 (model Eq. 2.14-2.18) 

In Tank U-103, the average ammonia dome space concentration is 736 ppm. Figure 3.12 
compares the reported RGS data and the model results for the ammonia concentration distribution. 
The agreement between the model and the measured distribution is reasonable, although the model 
appears to severely overestimate the concentration of ammonia near the top of the tank. 
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Figure 3.12. Ammonia Concentration Distribution in Tank U-103 (model Eq. 2.19-2.22) 
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4.0 Conclusions 

The fits of the DSTs ammonia profiles to a simple one-dimensional model of ammonia 
transport via convection and diffusion indicate that the ammonia profiles in most cases are consis- 
tent with current ideas about ammonia generation and transport within the waste tanks. The 
difference between the ammonia concentration measured in the waste and that which would be 
predicted based on measurements in the dome space of the DSTs can be completely explained by 
the finite ventilation rate of the dome space and the transport barrier to ammonia release repre- 
sented by the floating solids layer. The fits also suggest that transport of ammonia in the DST 
settled solids and floating solids layers is faster than expected for pure diffusion, especially if the 
molecular diffusivity in the liquid portion of the waste is scaling as the inverse of the viscosity. 
These enhanced diffusivities may point to the presence of additional transport mechanisms such as 
bubble-assisted transport or slow motion of the interstitial liquid induced by thermal gradients in 
the nonconvective layers. 

Although the DST model contains many parameters, most of them can be fixed using 
information about the tank geometry and waste configuration. The remaining parameters can be 
estimated using known values from previous waste samples. For these calculations only the 
diffusion coefficients of ammonia in the nonconvective layers were treated as adjustable para- 
meters. This suggests a possible path for estimating ammonia concentrations for tanks in which 
the waste configuration is known but only dome space measurements of the ammonia concentra- 
tion are available. If the diffusion coefficients for ammonia in the nonconvective waste layers and 
the Henry’s Law constants can be estimated for these tanks, then the ammonia profile can be cal- 
culated from the dome space ammonia concentration. The results for the DSTs suggest that a 
generic value for the diffusivity ratio in the floating solids layer is about 620, and a generic value 
for the settled solids layer is about 2. These values could be used as the basis for an estimate of 
the ammonia inventory in the entire tank, provided a headspace ammonia measurement is available 
and the configuration of waste in the tank is known. Information on in-waste ammonia concentra- 
tions could be obtained for additional tanks for which headspace measurements are available. 

Modeling the SSTs gave more variable results than modeling the DSTs, partly because of 
the differences in the waste configurations of the SSTs. Unlike the DSTs, which can all be 
described by a single model, the SSTs required three separate models for the three tanks examined 
in this study. The most atypical of the SSTs was Tank A-101 which has a floating nonconvective 
layer on top of a convective liquid layer. Modeling of this tank suggests that the transport of 
ammonia through the nonconvective layer is very fast and that mechanisms other than molecular 
diffusion are playing a significant role. The effective diffusivity for this layer is about a factor of 
5 larger than the effective diffusivities seen in any of the settled solids layers for the DSTs. 
Results for Tank S-106 indicate that transport through the nonconvective layer settled solids layer 
of this tank could be characterized almost completely by molecular diffusion, while results for 
Tank U-103 give an effective diffusivity in the nonconvective layer that is comparable to the 
effective diffusivity in the settled solids layers of the DSTs. Because results are available for only 
a few SSTs, it is not possible to say whether estimates of in-waste ammonia concentrations based 
on head space ammonia measurements would be feasible. 
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Appendix A 

Estimate of Mass Transfer Coefficients 

To estimate the overall mass transfer coefficients it is necessary to normalize the effective 
Henry’s Law constants in terms of the water content for each layer of waste. These values were 
obtained by converting the Henry’s Law constants from units of moleskg-waste-atm to moleskg- 
30-a tm using the values of the densities for the settled solids layer, the supernatant, and the 
floating solids layer (when available) as well as the appropriate water fractions, and then taking the 
average. The Henry’s Law constants for the DSTs (as reported by Shekarriz et al. [ 1997)) are 
highly uncertain and could vary by a factor of up to nine, whereas for the SSTs they could vary by 
a factor of two. 

The average Ostwald solubility coefficient h (Glasstone 1954) is calculated from the 
normalized effective Henry’s constant KH (in moles/kg-H20-atm) from 

H 
h = -I RPlOI T(z) K, (z)dz 

H 
0 

where 
R = universal gas constant 
H = height of the waste (in m) 
T = absolute temperature (in K) 
p1 = density of the liquid (in kg/m3) 
q = mass fraction of water in the liquid. 

For the settled solids layers in DSTs, the liquid volume fractions v, (x = settled solids (s) or 
floating solids (c)) are given by 

where 
yx = gas volume fraction at the x layer 
ox’ = solids volume fraction on a gasless basis at the x layer (as reported 

by Shekarriz et al. 1997). 

Assuming that the ratio between the solids volume fraction and the liquid volume fraction , 

p (a,/u,) in the settled solids layer is the same as that in the floating solids in DSTs, the liquid 
volume fractions, uc, are approximated by 

I-Y,  u, =- 
I +  P 



The mass fractions of water in the liquid o, were obtained from measurements reported in the Tank 
Characterization Reports (TCR) (Field 1997; Jo 1997; Baldwin 1995) and RGS estimates 
(Shekarriz et al. 1997). The mass fractions of water in the settled solids (x = s) and floating solids 
(x := c) are 

PI 
0, = -01 VX  

P X  

Following the procedure outlined by Palmer et al. (1996), the overall mass transfer 
coe:fficient at the fluid-saturated, flloating solids-gas interface, hca, can be derived by assuming that 
the concentration of ammonia flowing out of the tank headspace due to ventilation is equal to the 
flux of ammonia to the surface of the waste: 

and that the concentration of ammonia at the upper surface of the floating solids is in equilibrium 
witlh the concentration of ammonia in the headspace 

Here L is taken to refer to the top of the waste. These conditions can be recast as mass transfer 
relations having the form 

Equation (A. 1 )  can be recovered from (A.3) and (A.4) by dividing (A.4) by A and eliminating the 
bracketed term from the two equations. An analytic expression for the mass transfer coefficient h, 
can be obtained by solving Equation (A.3) for C,(L)/u, and setting the result equal to hC, using 
Equation (A.2). The resulting expression can then be solved for h,, to get 

The calculation of the gas-liquid mass transfer coefficient h, is accomplished by assuming 
that convection overwhelms diffusion except on a timescale shorter than T,, the timescale for 
convection in the liquid. The concentration in the liquid layer decays from the average value in the 
liquid C, to hC, over a distance $K. Over the short distance and times involved, the 
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concentration in the thin layer at the surface of the liquid can be considered to be diffusing at steady 
state, implying that the concentration profile in the boundary is linear. The linear profile can be 
combined with the boundary conditions at both ends of the diffusion layer to relate C, and C,. 
Following a procedure similar to the calculation of &, and estimating T, by LJU, where L, is the 
thickness of the convective layer and U is the mean fluid velocity in the convective layer, the 
overall mass transfer coefficient, hl,, at the gas-liquid interface is 

-1 
A(A - 1) 

To obtain the mass transfer coefficients for the fluxes between the liquid layers and the 
floating and settled solids layers, the analogy between heat and mass transfer is exploited. A one- 
to-one correspondence between a convective heat transfer and a convective mass transfer problem 
can be established when the flow pattern is the same and the dimensionless equations and 
boundary conditions are mathematically equivalent (White 1988). Therefore, an estimate of the 
overall mass transfer coefficients at the settled solids-liquid interface, h,l, and at the liquid-floating 
solids interface hl,, can be obtained by applying the mass transfer analogy to an experimental 
correlation for the analogous heat transfer problem. Furthermore, assuming that the structures of 
the floating solids and settled solids layers are similar, h,l and hl, can be expected to have the same 
order of magnitude. In the present calculations, it is assumed that both transfer coefficients have 
the same numerical value for the DSTs. 

It is assumed that the transport of ammonia takes place along a flat interface in which the 
characteristic velocity is imposed by buoyancy-driven convection due to a thermal gradient. 
Because the settled solids layer generates ammonia, there is a constant mass flux at the interface. 
Turbulent convective motion in the supernatant transports ammonia throughout this layer. The 
process by which ammonia is transferred through the settled solids-supernatant or supernatant- 
floating solids interfaces can be approximated by a turbulent convective mass transfer process over 
a flat plate with a constant mass flux. Applying the heat and mass transferanalogy to the turbulent 
boundary layer flow with constant heat flux (White 1988) yields the nondimensional relationship, 

ShL = 0.0385Rey Sc 

where 
ShL = Sherwood number (hL/Dl) 

ReL = Reynolds number ( WVI) 
Sc = Schmidt number (vl/Dl). 

The diffusivity of small molecules in aqueous solution ranges from approximately 1 to 2 x 
m2/s for almost all small solutes (Cussler 1984). There is experimental evidence that for 

nonelectrolytic solutions the diffusion coefficient is inversely proportional to the viscosity of the 
solvent, and that for electrolytic solutions the diffusivity decreases with increasing salt concentra- 
tion (Reid et al. 1977; Bobroff et al. 1997). Therefore, the expected value of molecular diffusivity 
for ammonia in the liquid waste will be smaller than in water. To estimate the diffusivity of 
ammonia D, in a liquid waste, the following expression is used: 
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where pHz0 is 1 CP and DH,O is 2 x 10-9m2/s. 

, A characteristic convective velocity U can be obtained by equating the kinetic energy per 
unit volume to the work per unit volume caused by buoyancy (Gebhart et al. 1988): 

2&1 (P top - P bottom 

P bottom 

. 

where 
ptop 
Pbottom = density at the bottom of the supernatant layer 

= density at the top of the supernatant layer, 

Assuming that the thermal ex ansion coefficient of liquid waste behaves the same as that for water, 
the 'density variation (in kg/m ) as ii function of temperature (in "C) is !? 

1000+ 2.846~lO-~ T- 6.33X10F3 T2 - 

where SG, is the specific gravity of the liquid waste, and 5°C 4I' ~70°C.  The above correlation 
was obtained by applying a least squares fit to data provided by Batchelor (1967). 

The parameter v1 (used in the Reynolds number and the Schmidt number) is the kinematic 
viscosity of the liquid (in m2/s). The length of a convection cell (1.17 L,; see Chandrasekhar 1981) 
is u:jed as the length scale L along the horizontal direction for both the Sherwood number and the 
Reynolds number. Therefore, the imass transfer coefficients h,, and h,, are 
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Convection in the Liquid, Floating Solids, and Settled Solids Layers 

Measurements in Tanks AW- 101, AN- 103, AN- 104, and AN- 105 indicate that there is no 
appreciable temperature difference between the settled solids-supernatant interface and the 
supematant-floating solids interface (Meyer et al. 1997; Stewart et al. 1996). In Tank A-101 the 
temperature distribution in the liquid layer (from riser 10) appears to be convectively stable. Tem- 
peratures from the multi-instrument thermocouple trees (MlTs) or old thermocouple trees are not 
sufficiently accurate (* 3 to 4°C). However, these liquid layers are convective because there are 
regions with convectively unstable temperature gradients. Therefore, we assign an equivalent 
unstable temperature difference of 1 to 5°C as the driving component of convection in these layers. 
When a fluid layer is heated from below, buoyancy-driven convection will occur if the Rayleigh 
number for the layer exceeds 1 100 (Chandrasekhar 198 I). The Rayleigh number Ra is defined as 

where 
= thermal expansion coefficient (in U0C) 

AT = temperature difference between the bottom and the top of the 
fluid layer (in "C) 

p1 = density (in kg/m3) 

~1 
pl = viscosity (in Pa-sec). 

= thermal diffusivity (in m2/s) 

* Using the respective densities, viscosities, and depths of the liquid layer for the tanks in question 
and the thermophysical properties of water for p1 and KI, the Rayleigh numbers are greater than 
10l2 for the assumed temperature differences range. This means that for these conditions, the 
buoyancy-driven flow in the liquid layers of each tank will be in the turbulent regime. 

The floating solids layer consists of a combination of settled solids, supernatant fluid, and a 
sufficient amount of insoluble gas bubbles that make it buoyant. For the purpose of analysis, this 
layer is regarded as a supematant-saturated porous medium (in reality the settled solids and floating 
solids layers are somewhat porous). A similar convective stability criterion exists in the case of a 
fluid-saturated porous layer heated from below (Katto and Masuoka 1967). A layer is unstable if 
the Rayleigh number, k, is greater than 39.5. R, is defined as 

where 
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P = permeabillity of the porous layer (in m2) 
cpl = specific hleat capacity of the liquid (in W/m3) 
k, = combined thermal conductivity of the floating solids layer and 

liquid (in W/m-"C). 
Using an upper bound on tlie temperature jump of 10°C across the floating solids layer, 

m2 (there are no experimental measure- 
and assuming that the thermophysical properties for nonmetallic solids apply to the floating solids 
layer and that the permeability ranges from lo-'' to 
ments of permeability for the tanks, we studied; however, a typical value of permeability in ferro- 
cyanide waste of lo-'* was reported by McGrail et al. 1993), the R, values for the floating solids 
layers of the tanks under consideration are smaller than the critical value for convection. 
Therefore, bulk motion of liquid in the floating solids layers is not expected. 

The settled solids layer at tlie bottom of the DSTs consists of a combination of sedimented 
material, supernatant fluid, and insoluble gas bubbles. For the purpose of analysis, this layer is 
regiuded as a supernatant-saturatedl porous medium with internal heat generation. Temperature 
distributions in the settled solids layer of DSTs have been found to be approximately parabolic. 
Therefore, the rate qs , at which energy is generated per unit volume (in W/m3), can be estimated 
from the energy equation applied to the settled solids layer as 

where 

'ps = thermal conductivity of the settled solids layer (in W/m-OC) 
= elevation at which the maximum temperature occurs 

= teimperature at the bottom of the settled solids layer (in "C) 

= temperature at the top of the settled solids layer (in "C) 
To 

TI 
T,,, = maximum temperature in the layer. 

Convection of a fluid in a porous medium subjected to internal heat generation occurs 
whenever the modified Rayleigh number RS exceeds the value of 3 1 (Tveitereid 1977). The 
modified Rayleigh number is given by the relation 

where K~ = thermal diffusivity of the porous layer (in m2/s). 
Using the measured temperature distributions in the settled solids layers of the four DSTs 

(Shlekarriz et al. 1997), and assuming that thermophysical properties for nonmetallic solids apply 
to the settled solids and that the permeability is on the order of lo-'' m2 (McGrail et al. 1993), the 
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modified Rayleigh numbers for the settled solids layers of the tanks under consideration are much 
smaller than the critical value for convection. Therefore, convection in the settled solids layers is 
not expected. 
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Estimates of Ammonia Released by Convective Bubble Transport 

The amount of ammonia being released into the tank headspace by convective transport in 
bubbles can be estimated by first calculating the total amount of gas being released into the 
headspace from the measured values of hydrogen in the headspace. This assumes that the only 
source of hydrogen in the headspace is from bubbles of retained gas. The total amount of gas 
released from bubbles can then be calculated using the fraction of retained gas that is due to 
hydrogen, which has been measured using the retained gas sampler (RGS) apparatus. Finally, the 
fraction of ammonia that is released by convective transport of bubbles can be calculated from the 
amount of gas in the headspace due to bubbles of retained gas and the fraction of ammonia in 
retained gas. The fraction of ammonia in the retained gas has also been measured using the RGS. 
The calculation has been performed for Tanks AW-101, AN-105, A-101, and U-103. It should be 
emphasized that this calculation only gives a rough, order-of-magnitude estimate of the amount of 
ammonia carried to the surface in bubbles. A rigorous error analysis has not been carried out on 
this calculation. 

The concentration of hydrogen and ammonia in the headspace for the four tanks under 
consideration is given in Table C. 1. The concentrations for Tanks AW-101 and AN-105 were 
obtained from Wilkins et al. (1997); the concentrations for Tanks A-101 and U-103 were obtained 
from the data summary of headspace measurements reported in Palmer et al. (1996). The conver- 
sion from mg/cm3 to ppm for Tanks A-101 and U-103 assumes that the headspace is at standard 
conditions. This introduces a small error into the calculations but does not alter the conclusion. 

The average mole fraction, fH2, of hydrogen in the bubbles is calculated by averaging the 
values from Table 4.52 of Shekarriz et al. (1997) for Tanks AW-101, AN-105, and A-101. For 
Tank U-103, the value was obtained from a PNNL letter report .(a) The mole fraction of ammonia 
in the bubbles, fNH3, of Tanks AW-101, AN-105, and A-101 was obtained from Table 4.53 of 
Shekarriz et al. (1997). The mole fraction of ammonia in the bubbles of Tank U-103 w& obtained 
from the previously cited PNNL letter report. The values of the mole fractions are also included in 
Table C.l. Once this information was collected, the concentration of ammonia in the headspace 
from convective transport in bubbles was calculated using the relation 

The values obtained for Tanks AW-101, AN-105, A-101, and U-103 are 0.08 ppm, 0.01 ppm, 

values of the ammonia concentration listed in Table C. 1, indicating that convective transport of 
ammonia inside bubbles accounts for a fairly small fraction of the ammonia in the headspace. 

I 32 ppm, and 46 ppm, respectively. These are all at least a factor of 10 smaller than the measured 

(a) Mahoney LA, 21 Antoniak, JM Bates, and A Shekarriz. May 1997. Preliminary Retained 
Gas Sampler Measurement Results for Hanford Waste Tank 241 - 17-1 03. TWSFG97.40, Pacific 
Northwest Laboratory, Richland, Washington, Table 6. 
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Table C.l. Hydrogen and Ammonia Headspace Concentration 
\ AW-101 AN-105 A-101 U-I03  

H, (PPm) 37 27 638 493 
NH, (PPm) 7 15 63 1 644 

fNH3 0.0006 0.0002 0.024 0.02 
fH2 0.27 1 0.427 0.478 0.26 
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Appendix D 

Monte Carlo Calculations of Uncertainty 

Monte Carlo simulations were carried out to calculate the distribution of effective diffusivi- 
ties for a large number of randomly generated input parameters. Normal (Gaussian) distributions 
were used for most of the input parameters except for the ammonia concentrations in the waste and 
the Henry's law constants, for which uniform distributions were used. For the ammonia concen- 
trations, the uniform distribution was used since it represents the uncertainty in the scaling factor; 
and for the Henry's law constants the uniform distribution was used because the Henry's law 
constants have large uncertainties in their determination that can cause them to vary by as much as a 
factor of nine in the DSTs. If nonphysical input values were generated for some of the parameters 
(i.e., negative values for positive quantities like the water mass fraction), the input was rejected 
and another generated. This resulted in a normal distribution that was truncated at zero. 

The computed distributions for the diffusivities and the generation rate factor for AW-101 
are shown in Figures D. 1 through D.3. Distribution calculations in all tanks exhibit behavior 
similar to that of Tank AW-101, namely, approximately lognormal distributions for the diffusivi- 
ties and normal distributions for the generation rates. 
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Figure D.l. Distribution of the Diffusivity Ratios for the Floating Solids Layer 
in Tank AW-101 
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Appendix E 

Numerical Solut‘ion of Ammonia Concentration 
Model for Double-Shell Tanks 

The NH, concentration model for double-shell tanks (DSTs) described in Section 2.1 of the 
main’report can be solved by converting the concentration equations to finite-difference form. In 
this approach, the concentration at each axial level can be expressed as the matrix equation: 

In this formulation, is a vector consisting of the ammonia concentration as a function of 
axial location in the tank, which includes a settled solids layer, a supernatant liquid layer, a floating 
solids layer, and the headspace under the tank dome. The settled solids and floating solids layers 
are each represented by a finite-difference axial nodes, the exact number of nodes specified by 
input. The supernatant liquid layer is represented by a single node, as is the headspace. The 
matrix A is the tridiagonal coefficient matrix for the concentration vector, expressed in finite- 
difference form. The vector s represents the right side of the concentration equation for each 
level. 

- 

The equation set represented by this matrix equation can be solved using a Crank- 
Nicholson algorithm, by the simple expedient of inverting matrix A and multiplying the result by 
matrix s. Using a fully implicit formulation of the algorithm, there is no time-step size limitation 
for stability. The only criterion is the time-scale of significant changes in the ammonia concentra- 
tion in the tanks. The time step must be small enough to capture the transient but large enough to 
allow efficient use of computer resources. 

- 

This numerical solution was implemented on a SUN Ultra-1 workstation, and calculations 
were performed with time steps of days, months, and years for a range of postulated tank config- 
urations. It was determined that a time-step size on the order of a few months is sufficient to 
capture transient behavior in the tanks. 

Using a time step of 0.1 year (1.2 months, or 36.5 days), calculations were performed to 
determine the transient concentrations for DSTs AW- 10 1 , AN- 103, AN- 104, and AN- 105. 
Table E. 1 gives the calculated concentrations in the headspace and supernatant liquid, average 
concentrations predicted for the settled solids and floating solids layers, plus the elapsed time 
required to approach the steady-state concentration values. The transient calculations show that a 
relatively long time is required for these tanks to reach steady state; 20 years is the shortest interval 
(for Tank AN-105), and the longest interval is approximately 76 years (for Tank AN-103). 
However, the concentrations are predicted to be within 30% of the steady-state values in a time 
interval that is only about a tenth as long as the time to steady state (Le., 7.8 years for Tank 
AN-105 and 10.4 years for Tank AN-103). Also, the concentrations are within 5% of their 
steady-state values in approximately half the time it takes to reach steady state in a given tank. 
These results indicate that the concentration profiles approach their steady-state values on a long 
slow asymptote, with the largest changes in concentration occurring in the first few months or 
years of the transient. 

E. 1 



Table E.l. Ammonia Concentration Calculations in Double-Shell Tanks 

‘a (W) 

c, (W) 
Average C, (ILM) 

Average C, (pM) 
Time to steady-state 

converged to 99.99% 
(Yr) 

Time to bring C, to within 
30% of steady-state value 

(Y r> 
Time to bring C, to within 
20% of steady-state value 

(Y r> 
Time to bring C, to within 
10% of steady-state value 

(Yd 
Time to bring C, to within 

(Yr) 
5% of steady-state value 20.3 35.8 32.6 8.5 

E.2 



PNNL- 1 1674 
UC-2030 

Distribution 

No. of 
Copies 

Offsite 

2 DOE Office of Scientific and 
Technical Information 

E. K. Barefield 
Bogg Chemistry Building 
Georgia Institute of Technology 
225 North Avenue 
Atlanta GA 30332 

C. W. Forsberg 
Oak Ridge National Laboratory 

Oak Ridge, TN 3783 1-6495 
P.O. BOX 2008, MS-6495 

B. C. Hudson 
P.O. Box 271 
Lindsborg, KS 67456 

J. L. Kovach 
P.O. Box 29151 
7oooO Huntley Road 
Columbus, OH 43229 

3 Los Alamos National Laboratory 
P.O. Box 1663 
Los Alamos, NM 87545 
Am: S. F. Agnew K575 

W. L. Kubic K575 
W. R. Bohl K575 

D. A. Powers 
Sandia National Laboratories 

Albuquerque, NM 87 185-0744 
MS-0744 

Onsite 

5 DOE Richland Omrations Office 

K Chen s7-54 

W. F. Hendrickson s7-54 
G. M. Neath S7-5 1 
G. W. Rosenwald s7-54 

C. A. Groendyke s7-54 

No. of 
Copies 

24 PHMCTeam 

G. S. Barney 
W. B. Barton 
R. E. Bauer 
D. R. Bratzel 
R. J. Cash 
D. L. Herting 
K. M. Hodgson 
J. R. Jewett 
G. D. Johnson (5) 
N. W. Kirch 
J. W. Lentsch 
J. E. Meacham 
J. C. Person 
D. A. Reynolds 
E. R. Siciliano 
L. M. Stock 
R. J. Van Vleet 

T5-12 
R2-12 
57-14 
57-14 
57-14 
T6-07 
R2-11 
T6-07 
57- 14 
R2-11 
52-48 
57-14 
T6-07 
R2-11 
h0-3 1 
57-14 
A3-34 

36 Pacific Northwest National Laboratorv 

Z. I. Antoniak 
J. M. Bates 
S .  Q. Bennett 
J. W. Brothers (5) 
S .  A. Bryan 
D. M. Camaioni 
J. M. Cuta 
T. A. Ferryman 
P. A. Gauglitz 
L. A. Mahoney 
P. A. Meyer 
B. J. Palmer (10) 
L. R. Pederson 
L. M. Peurrung 
S. D. Rassat 
C. W. Stewart 
G. Terrones 
Information Release (5) 

K7- 15 
K7- 15 
K7-90 
K5-22 
P7-25 
K2-44 
K7- 15 
K5-12 
P7-4 1 
K7- 15 
K7-15 
K7- 15 
K2-44 
P7-4 1 
P7-4 1 
K7- 15 
K7- 15 
K 1-06 

Distr. 1 


