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ABSTRACT

Plans for the disposal of radioactive 1iquid and solid wastes presently
stored in double-shell tanks at the Hanford Site call for retrieval and proc-
essing of the waste to create forms suitable for permanent disposal. Waste
will be retrieved from a tank using a submerged slurry pump in conjunction
with one or more rotating slurry jet mixer pumps. Pacific Northwest Labora-
tory (PNL) has conducted tests using simulated waste slurries to assess the
effects of an impinging slurry jet en the corrosion rate of the tank wall and
floor, an action that could potentially compromise the tank’s structural
integrity. Corrosion processes were investigated on a laboratory scale with a
simulated neutralized cladding removal waste (NCRW) slurry and in a subsequent
test with simulated neutralized current acid waste (NCAW) slurry. The test
slurries simulated the actual NCRW and NCAW both chemically and physically.
The tests simulated those conditions expected to exist in the respective
double-shell tanks during waste retrieval operations. Results of both tests
indicate that, because of the action of the mixer pump slurry jets, the waste
retrieval operations proposed for NCAW and NCRW will moderately accelerate
corrosion of the tank wall and floor. Based on the corrosion of initially
unoxidized test specimens, and the removal of corrosion products from those
specimens, the maximum time-averaged corrosion rates of carbon steel in both
waste simulants for the length of the test was ~4 mil/yr. The protective
oxide Tayer that exists in each storage tank is expected to inhibit corrosion
of the carbon steel.



SUMMARY

Plans are being developed to dispose of several million gallons of
radioactive liquid and solid wastes stored in double-shell tanks at the
Hanford Site. These wastes will be retrieved and processed to create waste
forms suitable for permanent disposal. Waste will be retrieved from a tank
using a submerged slurry pump in conjunction with one or more rotating slurry
jet mixer pumps. However, there is concern that the action of the jets in
resuspending the settled solids may accelerate corrosion of the tank wall and
floor. If the corrosion rates observed during testing with simulated wastes
are high enough to compromise the structural integrity of the tanks, then mix-
ing pumps may not be the best alternative for waste retrieval and a change in
retrieval strategy may be required. An unacceptable corrosion rate would
depend on the corrosion allowance originally designed into the tank, the esti-
mated amount of corrosion experienced while the tank was in service, the time
needed to retrieve the waste, and any future plans for the tank.

Pacific Northwest Laboratory (PNL) has conducted corrosion tests with
simulated waste slurries to investigate the likelihood and magnitude of accel-
erated corrosion of the double-shell tanks during retrieval operations. In
FY 1989, corrosion processes were investigated on a laboratory scale with a
simulated neutralized cladding removal waste (NCRW) slurry. Lessons learned
from this test were incorporated into a subsequent test conducted in FY 1990
with simulated neutralized current acid waste (NCAW) slurry. The results of
these two scoping tests are reported here.

The principal objective of these corrosion tests was to assess the
effects of an impinging slurry jet on the corrosion rate of the tank wall and
floor. More specifically, the testing determined the magnitude of accelerated
corrosion of A-537 carbon steel, the type of steel used to fabricate the
majority of the double-shell tanks, from impinging jets of caustic slurries as
compared to expected corrosion rates under normal waste storage conditions.

The apparatus used for the NCAW and NCRW corrosion tests reported herein
simulated those conditions anticipated in the respective double-shell tanks
during waste retrieval operations as accurately as possible by producing the



same direct impingement flow velocities (although the indirect impingement was
not quantified in the NCAW test); temperatures; and in the case of the NCAW
test, jet impingement times expected during waste retrieval. The test
slurries simulated the actual NCRW and NCAW both chemically and physically
(i.e., vol% solids and abrasivity).

Three slurry flow velocities were used for each test. For the NCRW test,
the velocities tested were 3.6, 14.4, and 54.5 ft/s, with the high velocity
approximating the calculated exit velocity of the slurry from the pump nozzle.
For the NCAW test, the high velocity of 15 ft/s represented the maximum slurry
velocity expected at the tank wall for a two-pump arrangement and a nozzle
discharge parameter of UD = 29.4 ft?/s. A slow slurry velocity of 4 ft/s and
an intermediate velocity of 8 ft/s were also tested. The velocities chosen
for the NCAW test more closely represent the conditions expected at the tank
wall during the slurry retrieval operations.

The temperature of the waste in the double-shell tanks is normally main-
tained at ~140°F (60°C), but the power expended by the mixer pumps during
sludge resuspension is expected to cause the temperature of the slurry to
climb to near its boiling point during retrieval. Hence, the test temperature
of 180°F (82°C) for the NCRW test was a compromise between the need to reduce
evaporation of water from the slurry and to investigate corrosion at a tem-
perature closer to that expected during retrieval. Redesigning the test ves-
sel allowed the NCAW test to be conducted at a temperature near the slurry’s
boiling point (103°C).

The rotating slurry mixer pump(s) will cause the slurry jets to strike a
particular point on the tank floor or wall in a cyclic manner about 10% of the
pump’s total operating time. In the earlier NCRW test, the coupons were
exposed to the jets for the length of the test. The equipment for the NCAW
test was modified to simulate the cyclic impact of the jets on the tank walls
by moving the coupons into and out of the flows of the fixed jets on a repeat-
ing cycle of 0.5 minute in one position and 4.5 minutes in the switched posi-
tion. However, the nature of the slurry flow in the indirect impingement
position was not known. Carbon steel coupons were also suspended in a
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- non-flowing location in the slurry of each test to serve as control coupons
for comparison and correction of the calculated corrosion rates that can be
attributed to impinging jets.

The NCRW test was conducted for 107 days of coupon exposure to the
slurry. The coupons were examined during the NCRW test at intervals of every
week for the first two weeks and then every two weeks. The NCAW test was con-
ducted for 150 days of exposure to the slurry. The coupons were examined dur-
ing the NCAW test at exposure times of 7, 16, 30, 42, 51, 92, 122, and
150 days from the beginning of the test. The time interval between examina-
tions for the NCAW test was extended as the corrosion response of the coupons
was defined and tended toward a presumed constant reaction rate.

Results of both tests indicate that, because of the action of the mixer
pump slurry jets, the waste retrieval operations proposed for NCAW and NCRW
will moderately accelerate corrosion of the tank wall and floor. Based on the
corrosion of initially unoxidized test specimens, and the removal of corrosion
products from those specimens, the maximum time-averaged corrosion rates of
carbon steel in both waste simulants for the length of the test was ~4 mil/yr.

For the NCRW test, a time-averaged corrosion rate of 2.8 mil/yr was
calculated for a slurry jet velocity of 14.4 ft/s (4.4 m/s). A time-averaged
corrosion rate of ~4 mil/yr was calculated for the highest jet velocity tested
for the NCAW test [15 ft/s (4.6 m/s)]. In the NCAW test, the 4-mil/yr result
was found for the coupon that was in the jet only ~10% of the time. This
result was unexpected, and is discussed further in the body of this report.
Both rates are based on the final weight after the remaining oxide layer was
removed from the coupon. These corrosion values are an average rate for the
total test that includes the effect of an initially higher rate before achiev-
ing a presumed steady-state rate. As such, they may be considered conser-
vative maximum values. They compare with a rate of ~0.3 mil/yr measured for
coupons in a non-flow region of both test vessels but otherwise similar condi-
tions. The maximum total base metal loss for the 150-day NCAW test was
~1.6 mils.

A discussion of the actual waste storage and retrieval conditions is
appropriate to relate the scoping test results to expected corrosion in the



double-shell tanks during waste retrieval. First, the tank surfaces are
heavily oxidized following fabrication as a result of the stress relief
process. Since their fabrication, the tanks have contained corrosive wastes
that have probably further increased the thickness of the oxide layers. The
effect of this oxide layer is to inhibit corrosion by creating a diffusion
barrier between the metal and bulk solution.

Analysis of the weight loss data from the NCAW coupons with the oxide
Tayer intact indicates it is 1ikely that a lower corrosion rate of 2.5 mil/yr
or less may occur over the long term during actual waste mobilization and
retrieval operations (see Table 5.4). Similar results are seen for the NCRW
coupons--1 to 2.2 mil/yr based on weight loss during the last test interval.
This rate is somewhat less. However, there are uncertainties in the rates of
potentially competing mechanisms in the corrosion phenomenon. For example,
the observed weight changes during test intervals without removing the oxide
films is from a combination of material lost from the specimen and material
incorporated into the oxide layer. The combined effect of this summation can
be measured, but the magnitude of either term is indeterminate. Therefore,
these Tower values for corrosion rates, although potentially closer to
reality, could not be substantiated with the design of the current scoping
test, since the design depends on the assumption that the oxide film had
reached a steady-state cundition.
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1.0 INTRODUCTION
Several million gallons of radicactive liquid and solid wastes are storec
in double-shell tanks (DSTs) at the Hanford Site. The DSTs were constructed
at Hanfcrd beginning in the late 1960s to provide interim storage for radio-
active liquid defense wastes produced at Hanford during various fuel process-
ing operations. Figure 1.1 shows a group of the DSTs, or a "tank farm," under

construction.

FIGURE 1.1. Carbon Steel Double-Shell Tanks Under Construction
at a Hanford Tank Farm
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Before wastes are stored in the DSTs, they are neutralized with a caustic
solution to a pH greater than ~12 and are chemically inhibited by the addition
of a nitrite ion to minimize corrosion of the carbon steel. This neutraliza-
tion produces precipitates, primarily hydroxide complexes, that eventually
separate from the rest of the liquid. Figure 1.2 shows the inside of a

FIGURE 1.2. Photograph from Inside Double-Shell Tank 241-AZ-101.
Tank is partially filled with ncutralized current

acid waste.
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DST that is partially filled with "neutralized" waste. These wastes will be
retrieved and processed to create waste forms suitable for permanent disposal.

Solids in some of these tanks have been settling for many years, creating
sludge layers on the tank floors. The solids must be resuspended in the
supernatant liquids before waste retrieval operations can begin. Waste will
be retrieved from a tank using a submerged slurry/transfer pump in conjunction
with one or more rotating slurry jet mixer pumps. Each mixer pump will gener-
ate two opposing high-volume jets of fluid and will direct those jets at the
settled solids. Figure 1.3 shows the proposed retrieval method using mixer
pumps to resuspend the settled solids and a transfer pump to remove the
sTurry.

Westinghouse Hanford Company (WHC) is concerned that the action of the
jets in resuspending the settled solids may accelerate corrosion of the tank
wall and floor. To investigate this concern, Pacific Northwest Laboratory
(PNL)“) has conducted scoping tests of tank corrosion using simulated waste
slurries to assess the likelihood and magnitude of accelerated corrosion of
the DSTs during waste retrieval.

Corrosion processes have been investigated by PNL at this time using two
types of simulated Hanford waste: neutralized cladding removal waste (NCRW)
and neutralized current acid waste (NCAW). Tests with NCRW were initiated in
FY 1988 and completed in FY 1989; tests with NCAW were performed in FY 1990.
The results of the NCAW and NCRW testing are reported and compared in this
report.

1.1 BACKGROUND

The Hanford Site Environmental Restoration and Waste Management Technol-
ogy Plan (HSERWMTP) (Anantatmula 1990) for calendar year 1989 describes |
28 DSTs in service at the Hanford Site with a total capacity of ~31 M gal
(118,400 m3). Within these tanks, approximately 21 M gal (78,000 m3) of DST
waste had accumulated as of December 31, 1988. More wastes are expected.

(a) Pacific Northwest Laboratory is operated by Battelle Memorial Institute
for the U.S. Department of Energy under contract DE-AC06-76RLO 1830.

1.3



10 TREATMENT
AND DISPOSAL

MIXER PUMP RETRIEVAL PUMP MIXER PUMP

IR (==

o b * g en sueu
M-
., /,-- QUTER SHELL
. |~ concreTE
Fluid Laval
ko
- i settied .
o ‘\QL-\_/ Sokidy—, N—Jgg .
.. e S \j \J .
T e . { "" 0 P "'.' "“‘l: " "‘—‘ e _"""" " R
L

FIGURE 1.3. Proposed Waste Retrieval Method Using Mixer Pumps to
Resuspend Settled Solids in Double-Shell Tanks and a
Transfer Pump to Remove the Waste Slurry

Two of the waste types, NCAW and NCRW, have been identified as sources of
high-level waste (HLW) fractions. These waste streams are to be retrieved
from the DSTs and pretreated at B Plant before they are immobilized. In addi-
tion, following waste retrieval and pretreatment, at least one of the DSTs
(i.e., 101-AZ) will be used as a holding tank for pretreated waste that will
be pumped to the Hanford Waste Vitrification Plant (HWVP).

Several technical issues must still be resolved before implementing the
plan to retrieve and immobilize the DST wastes. These issues are summarized
in the HSERWMTP (Anantatmula 1990) and include determining retrieval charac-
teristics of the various waste types and developing methods and equipment
requirements for mobilizing the sludges and retrieving the wastes. As part of
solving the technical issues related to waste retrieval, the concern about
possible increased corrosion of the tank walls and floors is being addressed.

1.2 OBJECTIVES

The principal objective of the corrosion testing task in the DST
Retrieval Project is to assess the effects of impinging slurry jets on the
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corrosion rate of the carbon steel used to fabricate some of the DSTs. Spe-
cifically, the purpose of the scoping tests was to indicate how much faster
the steel corrodes when it is impinged by jets of caustic slurries (simulating
the mixer pump action with mobilized DST wastes) than it does under normai,
more stagnant waste storage conditions.

A specific objective of the testing was to simulate, as closrly as prac-
ticable, the conditions in the waste tank that are most significant to corro-
sion during waste retrieval operations: 1) the test slu cies must adequately
simulate the actual tank wastes, both chemically and physica11y; 2) the test
coupon material must match the material used to fabricate the tanks; and
3) the slurry temperature and velocity of the s]urry’jets striking the test
coupons must match anticipated conditions in the waste tanks. The velocity of
the slurry jet is determined by the desired cleani.j ¢ffectiveness for the
retrieval operations. The cleaning effectiveness, ¢ effective cleaning
radius (ECR), of the mixer pump is proportional to the product of the exit
velocity (U,) and nozzie diameter (D), but is also dependent on the rheologi-
cal properties of the sludge to be resuspended. These scoping tests simulated
all major conditions except the effects of angular impingement and non-direct
impingement flows.

If the corrosion rates observed during testing with simulated wastes are
unacceptably high such that waste retrieval operations might compromise the
structural integrity of the tanks, the mixing pumps may not be the best alter-
native and a change in retrieval strategy may be required. An unacceptable
corrosion rate would depend on the corrosion allowance originally designed
into the tank, the estimated amount of corrosion experienced while the tank
was in service, the tine needed to retrieve the waste, and any future plans
for the tank.
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2.0 CONCLUSIONS AND RECOMMENDATIONS

The following items summarize the major conclusions and recommendations
drawn from the testing program described in this report.

o Based on data from impinging jet corrosion tests conducted on carbon
stee] with simulated wastes, waste retrieval operations for NCAW and
NCRW are predicted to cause moderately accelerated corrosion of DST
tank walls and floors as a result of the action of the mixer pump
slurry jets.

e These tests were initiated with clean unoxidized steel specimens,
which were then corroded by impinging jets of simulated waste slur-
ries. Time-averaged corrosion rates were determined from measured
weight changes occurring over the time of the test. The maximum
accelerated corrosion rate determined by this method for the NCAW
test was ~4 mil/yr, occurring at the highest jet velocity tested,

15 ft/s (4.6 m/s), and after removal of the accumulated oxide layer.
A smaller value, 2.8 mil/yr, was determined for the NCRW test run at
14.4 ft/s (4.4 m/s); however, any direct comparison is not appropri-
ate because of other differences between the two tests. These
values are time-averaged corrosion rates, which include the effect
of an initially higher rate before a presumed steady-state condition
was achieved. The total base metal thickness loss during the NCAW
150-day test was ~1.6 mils, while a surface-averaged loss of

0.82 mils was observed during the 107-day NCRW test.

e Corrosion rates are expected to decrease over time with the accumu-
lation of an oxide layer that presents a barrier to diffusion of
reactants and reaction products invclved in the corrosion reactions.
Analysis of weight loss data from the NCAW coupons after 92 days,
assuming the surface oxide layer is unchanging, indicates that a
corrosion rate of <2.5 mil/yr would probably occur over the long
term during actual waste mobilization operations. However, because
of uncertainties in the effects of competing mechanisms occurring in
the corrosion phenomenon, lower numbers for both the NCAW and NCRW
tests cannot be fully substantiated from the available data. This
is particularly true for the NCRW test, so the time-averaged value
of 2.8 mil/yr for a slurry velocity of 14.4 ft/s is suggested for
use with wastes like the simulated NCRW composition. Following
sludge mobilization, while the slurry is being removed from the
DSTs, the mixer pump jet velocities may be Towered significantly.

If so, the resulting corrosion rate is expected to be less.

e After the NCAW test duration of 150 days, final weight loss measure-
ments (after chemically removing oxide films) for the non-flow (con-
tro1g coupons produced calculated corrosion rates of ~0.3 mil/yr at
~217°F (103°C). A similar rate was measured for the NCRW control
coupons. These values are comparable to other reported corrosion
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rates in these types of caustic Hanford wasies (Divine et al. 1985).
Because the baseline corrosion rates froim the control coupons are
comparable to other results with similar solutions, the validity of
the corrosion responses of the carbon steel to the simulated NCAW
and NCRW slurries are supported.

Within the bounds of the specific conditions evaluated in this cor-
rosion test, the results are a good estimate of the corrosion that
may occur from the mixer pumps in the DSTs operating within the
assumed configuration that provided the bas1s for the test param-
eters (i.e., two mixer pumps, UD = 29.4 ft /s, etc.). However,
because of the lack of dup11cate coupons or duplicate tests, the
uncertainty in the weight loss results and calculated enhanced
corrosion rates has not been estimated for the corrosion tests.

There were significant differences in the test conditions for the
two corrosion tests, and in the characteristics of the corrosion
films as determined after the tests: 1) temperatures differed by
35°F; 2) simulant compositions differed greatly; and 3) the NCRW
coupons were continuously exposed to the jets, while the NCAW cou-
pons were switched into and out of the jets. The NCAW impingement
coupons had considerably thicker oxide film accumulations than those
on the NCRW impingement coupons, while the opposite outcome was
observed between the control coupons of the two tests. This sug-
gests that the corrosion film on the coupons in the NCRW simulant
consisted of a different oxide structure than that formed on coupons
exposed to the NCAW simulant. These factors represent significant
differences in the two tests. It is probable that the similari-
ties in the corrosion rates for the static coupons as well as the
impingement coupons for these two waste simulants are merely coin-
cidental. The likelihood that corrosion rates for any other likely
combination of waste retrieval variables will be the same as indi-
cated by these tests, although possible, is improbable.

Numerous variables exist in these systems, and some of the variables
may have complex interactions. In particular, the effects of tem-
perature and waste composition on corrosion are not as well docu-
mented for "flow-type" systems as they are for "static" corrosion
systems. Additional testing is needed to clearly understand the
corrosion processes that are occurring in these systems so that the
results of these tests may be extrapolated to other conditions or
waste compositions. Duplicate coupons should be included in plans
for future testing to provide a more precise determination of the
long-term accelerated corrosion rates expected during waste
retrieval.

Microscopic examination of the NCAW coupons before and after removal

of the oxide films indicates that the corrosion mechanism involved
in this system is wholly or predominantly uniform corrosion.
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Uniform corrosion was asstmed for subsequent calculations of base-
Tine (control) corrosion and corrosion rates, and the assumption was
supported by photomicrographs.

The effect of relative impingement time on the corrosion rate of the
NCAW samples was inconclusive. The weight Toss measurements showed
increased weight loss with increased relative impingement time for
the Tow and medium velocities, but weight losses from the high-
velocity pair of specimens were reversed from what would be expected
(i.e., the short-exposure specimen had higher weight loss than the
long-exposure specimen). This result is believed to indicate that
the slurry motion in the off-jet position was not as negligible as
originally thought, and the trends indicated in Table 6.2 for both
long-time in-jet and long-time off-jet positionc reflect the kinds
of flow washing over the surface of the coupon. Unfortunately, the
flow in the off-jet position is undefined but is potentially more
active in stimulating corrosion than the in-jet flow (see discussion
in the Results section). This suggestion of more rapid corrosion
environments being generated in off-jet positions is a strong recom-
mendation for further testing to prove or disprove this posstibility.
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3.0 CORROSION THEORY

Corrosion as assessed by these studies can be accelerated by the relative
movement between a corrosive fluid and a metal surface. This movement
increases the transport of reactants to, and reaction products from, the
reacting surface. Additionally, metal loss may be increased by physical
damage to the metal surface or corrosion film when the fluid contains abrasive
solid particles, or when cavitation or fluid droplet impingement occurs (two-
phase flow).

Erosion is defined as "the progressive loss of original material from a
solid surface due to mechanical interaction between that surface and a fluid,
a multi-component fluid, or impinging 1iquid or solid particies" (ASTM 1985).
Erosion is often considered separately from the effects of corrosion. The
fluids involved in this study, simulated NCAW and NCRW siurries, are corrosive
to the subject carbon steel, but not significantly abrasive. Also, the fluid
velocities involved generally are not high enough to cause erosion of the
stee]. This effect is expected with fluid velocities on the order of hundreds
or thousands of feet per second.

Corrosion can be particularly rapid in areas of high turbulence where the
fluid flow motion has a large component perpendicular to the surface
(Cragnolino, Czajkowski, and Shack 1%88). Hence, geometry (the shapes of
components in the system configuration that influence the fluid motion and
impingement angle of the fluid) is extremely important when evaluating the
effects of this type of corrosion. With all else equal, it is the fluid
motion that controls the corrosion rate by transporting reaction products and
dissolved film species away from the corroding surface and reactants to the
surface. In this mode, fluid motion increases the corrosion rate of the
material (Brubaker and Phipps 1979; Cragnolino, Czajkowski, and Shack 1988).

The following sections discuss some of the theoretical background that
will aid in understanding the corrosion processes involved with carbon steel
in this investigation, particularly corrosion accelerated by a moving fluid.
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3.1 CORROSION OF CARBON STEEL

Carbon steel corrodes in water environments when iron reacts with the
water and dissolved oxygen to form oxidized iron species. The oxidized iron
may stay in solution or precipitate in the form of iron oxides or hydroxides,
depending on the solution chemistry, and form a film such as that shown in
Figure 3.1. In deoxygenated systems the basic reactions are as follows:

Fe + 2H,0 —— Fe(OH), + H,(g)
3Fe(OH), — Fe,0, + H, + 2H,0 (Schikorr reaction)

for temperatures less than about 392°F (200°C) (Schikorr 1933). At higher
temperatures, magnetite (Fe,0,) forms directly. When the oxygen content of
the system increases, gamma hematite (TF9203), which is cubic and forms solid
solutions with magnetite, may also form and become the dominant component of

Aqueous Environment

Fluid Motion

] (remeven disseived species, 1e*3, Fe*d ale.) L
v.

Corrosion Product Film

Erosion Processes

iffusion o Fe'?, Fe®
Zone 6’ H, . OH" OFe(OH), ¢——» Fe,0,+ Ha+ 2H,0

2Fe(OH)y¢——> Fe,0,+ 3H,0

Corrosion i.e. Fe + 2H,0——*Fe(OH), + H,
Reactions ~

or 2Fe + 3H,0 + %0; —»2Fe(0H),

Carbon Steel

FIGURE 3.1. Model for Corrosion of Carbon Steel in High-Temperature
Water Environment Showing Diffusing Species on Left Side

of I1lustration and Typical Reactions Forming a Film on
Right Side
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the corrosion film as the activity (cbncentration) of oxygen increases
further. Under oxygenated conditions, additional hydroxyl (OH™) is formed
instead of hydrogen gas.

Thermodynamic evaluations of the solubility of iron oxides and hydroxides
in boiling water reactor systems indicate that ferric hydroxide controls the
solubility of iron up to about 300°F (150°C) (Zarembo et al. 1986). At higher
temperatures, iron solubility is controlled by magnetite. This creates a sol-
ubility maximum at about 300°F (150°C). The Zarembo et al. calculations also
indicate that under deaerated conditions, ferrous hydroxide forms instead of
ferric hydroxide. Higher hydroxyl concentrations significantly Tower the sol-
ubility of the iron hydroxides (i.e., the "common ion effect"). The ferrous
hydroxides consolidate to magnetite by the Schikorr reaction. The magnetite
solubility is essentially unaffected by oxygen content over a range of 0.1 ppb
to 1000 ppb. (These authors also point out that it is very difficult to get
the oxygen content below ~10 ppb without elaborate procedures.) The magnetite
has a solubility cf a2bout a factor of two greater than ferric hydroxide in the
temperature range expected in the double-shell tanks (Zarembo 1986). An
important point is that the oxygen content of the slurry, which is perhaps as
Jow as 500 ppb in the test system, is not expected to have a large impact on
the solubility of iron oxides in the expected double-shell tank environment.

The experimental results of Sanchez-Caldera, Griffith, and Rabinowicz
(1988) agree with the above model, showing a distinct maximum at about 300°F
(150°C) for corrosion in steam extraction lines with a solution pH range of
5 to 10 and oxygen concentration <200 ppb. Hence, the thermodynamic theory
does appear to predict semi-quantitatively the behavior of carbon steel in hot
water systems. Magnetite, believed to be a major component of the passivating
film in the double-shell tanks (Divine et al. 1385), has a minimum solubility
in the pH range 10 to 13, as shown in Figure 3.2 (Cragnolino, Czajkowski, and
Shack 1988). Though most of the studies referenced do not involve water solu-
tions as concentrated as those in the double-shell tanks, they do indicate the
behavior to be expected from the carbon steel. The carbon steel in the
double-shell tanks is maintained at a very lTow corrosion rate (passivated
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FIGURE 3.2. Experimental Solubilities of Magnetite at 423 and
373 K and 779 umole/kg H, (Cragnolino et al. 1988)

state) by keeping the tank contents at a very high pH, i.e., ~13. Further-
more, Divine et al. state that dilution of the slurries l1ike NCAW and NCRW
with a corresponding decrease in pH may pose more of a corrosion problem than
does the concentrated material now in the tanks (Divine et al. 1985)

The corrosion film formed on carbon steel by the reaction products con-
trols the rate of further reaction by inhibiting the movement of reactants
(H,0, 0,) to the surface and reaction products (Fe®*) away from the surface.
This inhibiting, or passivating, action is a function of the film properties
such as thickness, porosity, and electrical resistivity. The film properties
themselves are influenced by the corroding fluid motion, fluid chemistry, and
system temperature. The fluid chemistry and temperature largely determine
1) the phases present in the corrosion film, 2) the texture and porosity of
the film, and 3) the film solubility.
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3.2 CORROSION MODELS

The corrosion of carbon steel in aqueous systems takes place as iron is
oxidized to the +2 or +3 state, depending on the oxygen activity, and then
goes into solution. When the concentration of the oxidized iron species,
solution pH, temperature, and other aspects of the solution chemistry are
suitable for precipitation of iron oxides, a passivating oxide film forms such
as that illustrated by Figure 3.1. When this film is present, it will control
the rate of carbon steel corrosion by controlling the rate at which reactants
reach the metal surface and reaction products such as ferrous iron (Fe*ﬁ
Jeave the metal surface. The only time such a film will not be present is
when the steel is cathodically protected (maintained at a negative potential
greater than -0.44 V versus standard hydrogen electrode).

Standard corrosion reactions are accelerated by motion of the aqueous
environment at the surface of the steel. This motion accelerates corrosion in
several ways:

» steeper reactant and product concentration gradients are created
across the passivating film

« the passivating film is thinned by causing it to dissolve faster

« portions of the film not tightly adhering to the surface may be
dislodged and carried away.

Corrosion may be accelerated whenever fluid motion is present. However, fluid
motion may or may not be important, depending on the magnitude of the effects
of other processes.

The scientific and engineering literature addressing corrosion accel-
erated by fluid flow in aqueous systems can be separated by studies of the
following systems: )

« water systems without suspended solids at elevated temperatures and
Tow levels of dissolved oxygen, i.e., boiler feedwater

e water systems with suspended solids (coal, limestone, silica,
alumina, etc.) at ambient temperature and aerated or deaerated
conditions
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» two-phase liquid-gas systems consisting of vapor bubbles in a Tiquid
or liquid droplets in a gas stream, i.e., some environments in steam
extraction Tines of power stations.
The two-phase systems will not be discussed here because this kind of system

is not believed to be relevant to the DST environment.

. Basically, the corrosion of carbon steel can be described in terms of the
rate of mass Toss per unit area as follows:

dn/dt = K (C - C,) (3.1)

where dm/dt = rate of mass loss per unit area
K = the mass transfer coefficient
C = the concentration of iron (Fe'?) at the solid-liquid interface

C, = the concentration of iron in the bulk Tiquid.

nouonou

The mass transfer coefficient (K) is an empirical function of the corrosion
film thickness, porosity, ionic diffusion rates, and dissolution rate as well
as the fluid velocity and angle of impingement. For many observations, K is
found to be proportional to ve-s (V = velocity), and rate (dm/dt) is propor-
tional to K" where n =1 to 3 (Cragno]ino,'CZajkowski, and Shack 1988).

The mass transfer rate (dm/dt) for corrosion is also a function of the
concentration gradients of the reactants (H,0, 0,) as well as reaction pro-
ducts (H,, OH', Fe*?, Fe*®) (see Figure 3.1). In most cases the critical con-
centration gradient is that of the oxidized iron species (i.e., C-C, divided
by a diffusion distance). The magnitude of the concentration gradient is a
function of the equilibrium solubilities of the iron oxides and the rate at
which they form as well as the diffusion distance. These concentrations are
in turn a function of temperature, water chemistry (e.g., pH) and the elec-
trical potential of the metal surface.

Complexing ions for iron, such as chloride or sulfate, promote corrosion
by increasing the solubility of iron and contributing to the degradation of
any passivating film on the iron. The complexing agent increases the stable
concentration of iron in solution, increasing the diffusion flux of iron away
from the surface because of the larger effective concentration gradient. The
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higher solubility of iron may lead to the breakdown of the passivating film,
further increasing the corrosion rate.

Finally, the characteristics of the film of corrosion products influence
the corrosion rate. The porosity of the film is one such variable that is
believed to be a controlling factor and is included specifically in the
corrosion model of Sanchez-Caldera:

dm/dt = K e (C - C,) (simplified form) (3.2)

where © is the porosity of the oxide film. The porosity of the film deter-
mines the percentage of the me%al surface that is in direct contact with the
corroding fluid.

Corrosion influenced by fluid flow depends on a complex combination of
physical, chemical, and geometric characteristics (i.e., the fluid flow pat-
terns and velocity of a jet impinging on a sample surface; see discussion in
Section 6.0) of the system in which it occurs. Because of the many complex
variables involved, it is best to determine the rates of corrosion for a given
system with tests that accurately simulate the actual conditions under which
the corrosion is expected to occur.

3.3 FLOW PATTERNS IN IMPINGING ROUND JETS

The jet pumps to be used in the double-shell tanks are assumed to gen-
erate round jets. These jets can be characterized as axisymmetric and having
either laminar or turbulent flow. The Reynolds number (Re = UDd/u) determines
if the jet will be turbulent or Taminar, where U (cm/s) is the average fluid
velocity at the nozzle, D (cm) is the nozzle diameter, d (g/cc) is the
density, and u (g/cm-s) is the viscosity. A Reynolds number above about
10,000 indicates turbulent filow, and below a few thousand laminar flow. Flows
with intermediate Reynolds numbers may fluctuate between Taminar and turbu-
lent. The jet in the double-shell tanks definitely will be turbulent:

UDd/u = 656250 for U = 1750 cm/s, D = 15 cm, d = 1.25 g/cc, and
u = 0.05 g/cm-s. The three velocities used in the NCAW test were 11, 24, and
46 ft/s and with D = 0.635 cm, the corresponding Reynolds numbers are 5238,
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11430, and 21907.

If the viscosity is actually less by a factor of two, as it
might be, all of the test jets should also have been turbulent.

When a round jet impinges on a flat surface, the vertical fluid motion
is redirected into a radial wall jet moving parallel to the wall surface. As
shown in Figure 3.3, the impinging jet consists of three regions:
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jet, the impingement region, and the wall jet. A number cf papers and books
(e.g., Tani and Komatsu, 1966; Beltaos and Rajaratnam, 1974; Rajaratnam, 1976;
Giralt, Chia, and Trass, 1977) describe the hydrodynamics of the impinging
circular jet, giving the pressure profile, the centerline velocity of the jet
as it approaches the wall, the radial velocity of the fluid as a function of
position measured from the centerline of the jet, shear stress as a function
of radial position, etc.

In general, these jets have a centerline stagnation point on the surface
that coincides with the point of maximum hydrostatic over pressure. The fluid
velocity parallel to the impingement surface and shear stress on that surface
increases linearly from zero with the radial distance from the centerline
reaching a maximum at about r/H = 0.14, where r is the radial distance from
the centerline of the jet and H is the distance from the jet nozzle to the
impingement surface, or about 0.2 inches for the NCRW test and 0.7 inches for
the NCAW test. The edge of the impingement zone for the NCRW test is about
0.4 inches from the centerline, and about 1.1 inches from the centerline for
the NCAW test. (Note that the fluid in a turbulent jet is not motionless at
the centerline stagnation point on the impingement surface; just the average
velocity is zero.) Hence, the NCRW test coupons included the impingement zone
and an appreciable area that was contacted by the wall jet. The NCAW test
coupons resided entirely within the impingement zone.

Chia, Giralt, and Trass (1977) have shown that for the impingement reg-
ion, the local mass transfer coefficient is proportional to the square root of
the jet nozzle velocity. Hence, in this region, it is expected that if the
corrosion rate is controlled by the transport of corrosion product species
away from the surface of the coupon, the corrosion rate should be proportional
to the square root of the jet nozzle velocity--i.e., K in equation (3.1) is
proportional to the square root of the nozzle velocity. If the flow condi-
tions are such that the corrosion rate is controlled by the thickness of an
essentially static boundary layer (laminar sub-layer; see Schlichting,

p. 604), then K in equation (3.1) is expected to be inversely proportional to
that thickness (i.e., K @ D/6 where D is the diffusion coefficient of the
critical species and & is the boundary layer thickness). The §, as defined,
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is inversely proportional to the square root of the shear stress at the wall.
Since shear stress is proportional to the square of the velocity, K will be
proportional to velocity, and corrosion processes controlled by the Taminar
sub-Tayer thickness will show a rate proportional to velocity. These are two
possible jet velocity dependencies that might be shown by the NCRW/NCAW tests.



4.0 TEST APPROACH

During the retrieval of the contents of the DSTs, the interior surface of
the carbon steel walls and floors will be subjected to impinging jets of
slurry as a result of the action of the pumps used to suspend the settled
solids. As already discussed in Section 3.0, the many factors affecting cor-
rosion of carbon steel make it difficult to predict corrosion rates for a
specific set of conditions. Therefore, to obtain corrosion data, tests have
been conducted using a system that accurately reproduces the actual or pre-
dicted conditions.

The method selected for assessing the effect of an impinging jet on the
corrosion rate of tank steel was to approximate the geometry, temperature, ani
chemistry of the waste tanks, and then choose the parameters that will be modi-
fied by the pumping action for further testing. Of those parameters (e.g.,
slurry jet impingement velocity, angle of slurry jet impingement, duration of
jet impingement), impingement velocity was selected for the initial scoping
tests with NCRW simulant, and impingement velocity and duration of impingement
velocity were selected for the tests with NCAW simulant. The differences
between the two tests required modifications to the test apparatus so that the
NCAW test could be conducted at a higher temperature and the impingement time
could be varied. This is described in more detail in Sections 4.2 and 4.3.
These modifications produced a test condition that was believed to be an even
more accurate simulation of the DST environment during retrieval operations.
The methods also demonstrated the importance of impingement velocity in NCRW
and NCAW slurry systems.

For these tests, the simulated, nonradioactive slurry composition was
matched to the expected composition of the waste slurry. Carbon steel of a
composition similar to that used to fabricate the waste tanks was used for the
test coupons. The temperature and velocity of slurry striking the test cou-
pons matched that expected to occur in the tanks during retrieval. Weight
losses were measured at intervals throughout the test without removing the
oxide Jayers from the surface of the coupons. This type of cyclic exposure
was necessary since the Timited number of coupons that could be accommodated
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in the test equipment did not permit recovery of individual, intermediate
coupons at each interval. Some effect from the cyclic exposure and from
rinsing and drying the coupons removed to estimate the weight loss is 1ikely,
but the magnitude of this effect is unknown. Final, time-averaged corrosion
rates were determined at the completion of the tests after chemically
stripping the remaining oxide from the surfaces of the coupons.

As stated previously, the objective of the tests was to determine if DST
slurry motion will increase the corrosion rate of DST steel, and if so, how
the rate will change as a function of velocity. However, these tests were not
suitably designed to determine exact, long-term corrosion rates for the actual
waste tanks (see Section 5.1.2 for a more complete discussion of this point)
since the data from the samples as tested give the time-averaged corrosion
rates. These time-averaged corrosion rates are good approximations to the
Tong-term corrosion rates if there is a cycling of the corrosion rate because
of spalling of the corrosion films. If cyclic spalling does not occur, then
the time-averaged corrosion rates asymptotically approach the long-term cor-
rosion rates with increasing time. In this case, the time-averaged corrosion
rates are greater than the expected long-term corrosion rates. In either
case, the tests provide a good indication of the effects of the variables
being tested.

Other types 6f tests have been used to evaluate corrosion accelerated by
moving fluids, particularly for flow in pipelines. One example, a spinning
disk technique, has been used to evaluate different materials under similar
conditions in a single test. This method has been used to evaluate abrasion
and corrosion in simulated flow conditions (the test article spins in the
fluid, rather than the fluid flowing past the test article). It is not known
how well this method would predict results for an impinging jet of slurry. In
addition, measuring the effects of impingement versus nonimpingement cycling
is not readily adaptable to this method. Some work has been done to correlate
the results of different types of corrosion tests involving fluid flow, but
the work has not shown conclusively that the spinning disk method would pro-
vide accurate information about accelerated corrosion caused by an impinging
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jet of slurry. Therefore, the method selected for this test is believed to
better correlate the test results with anticipated conditions during waste
retrieval operations.

4.1 TEST APPARATUS

As described above, the test apparatus used for the NCAW and NCRW tests
was essentially the same, consisting of a slurry tank, recirculating pump,
piping with suitable nozzles for the jets, and holders for positioning the
coupons. When it was decided to include impingement time along with impinge-
ment velocity, the apparatus was modified to include a switching mechanism
capable of varying the total time that the slurry jets impinged on the cou-
pons. The sections below describe the test apparatus in greater detail.

4,.1.1 NCRW Test Apparatus

The test apparatus for the tests with simulated NCRW sTurry, shown in
Figure 4.1, was designed to expose disks of DST carbon steel to jets of slurry
at an elevated temperature over the range of velocities expected in the tanks
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IGURE 4.1. Nozzle and Impingement Coupon, and Illustration of Test
Apparatus Used for the NCRW Jet Impingement Corrosion
Test
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during waste retrieval. The tank was made of carbon steel and was large
enough to hold about 40 gallons of siurry simulant. Three test positions were
located near the bottom of the tank pointing away from each other at a

120° angle. The device that held the test coupons consisted of brackets that
were hard mounted so the test coupons could be placed at a fixed distance

(1.5 in.) in front of three 0.26-in-dia slurry jet nozzles. The disk-shaped
coupons (1.5 in. dia) were held in the brackets by set screws and positioned
so that the disks were oriented perpendicularly to the jet and so the jet
impinged the center of each disk.

In addition to the disk specimens, another set of specimens (control cou-
pons) was included in a sample holder designed to provide a non-flowing but
otherwise similar environment to the disk specimens. These coupons were used
to measure the quiescent corrosion also occurring on the impingement coupons.
The reason for this treatment is described in detail in subsequent sections.

As indicated by Figure 4.1, the jet nozzles and all of the specimens were
immersed in the slurry contained in the test tank. A centrifugal pump with a
dual gland mechanical seal drew slurry from the bottom of the tank and circu-
lated it back into the tank through the jet nozzles. A flow meter on each
slurry Tine monitored the volumetric flow rate to each of the nozzles. The
target volumetric flow meter readings were determined by the diameter of the
Jet nozzle orifice and the desired jet velocity. The flow rates were con-
trolled separately for each line via manual control valves in each line. The
slurry circulation also served to keep the sludge-1ike solids in suspension
within the test tank.

A 1id on the tank reduced evaporation of water from the slurry. Some
evaporation losses were still observed while conducting the NCRW test at 180°F
(82°C). Additional losses were observed through a leaky pump seal. These
losses were offset by additions of deionized water and, sometimes, a caustic
solution to maintain the volume and high pH of the slurry.

4.1.2 NCAW Test Apparatus

The test apparatus used for the NCAW tests was similar to that used for
the NCRW tests. The principal differences between the tests were the size of
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the test coupons; the slurry jet impingement velocities; tne movement of the
NCAW samples in and out of the jet stream; the distance from the slurry jet
nozzle orifice to the sample surface; the vapor-tight 1id on the tank, which
permitted a higher test temperature (214°F to 217°F); and a different slurry
composition. The coupon holders were also submerged in the slurry as shown in
Figure 4.2: a total of six impingement coupons, two for each test velocity at
three different levels in the tank. The three levels were necessary to mini-
mize exposure of the impingement coupons to flow from more than one jet.

The disk holder was rotated by a pneumatic cyiinder on a cycle timer to
bring one coupon of each of the three pairs into the flow for a preset inter-
val (see Section 4.3.3). This technique permitted two different Jet impinge-
ment times fqr each slurry velocity.

Timer Rotates
Samples Into Jel
and out of Jet.

NCAW Eroalon Corroalon Test

FIGURE 4.2. Test Apparatus Used for NCAW Jet Iipingement Corrosion Test
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The distance from the nozzle orifice to the disk surface was 5 in. and
was also controlled with a special alignhment tool within approximately 0.1 in.
The distance between each nozzle and impingement coupon was originally
selected to provide a relatively flat velocity profile, based on a "free jet"
model, across the face of the coupon. A sensitivity analysis was performed
using the free jet model to determine the allowable jet misalignment value.
In the analysis, anticipated jet velocities were calculated as a function of
radial position from the centerline of the jet. Corrosion rates, assuming a
velocity dependence, were then calculated for various jet velocities. The
analysis indicated that a jet misalignment of ~1/8 in. would result in Tess
than a 5% error, which was considered to have negligible effect on the test
results. Further analysis showed that the "free jet" model does not accur-
ately model the impingement region of an axially symmetric circular jet (see
Beltaos and Rajaratnam 1974). However, because of the symmetry of the cir-
cular jet and resulting radial velocity distribution, the original conclusion
“regarding jet misalignment is probably still valid.

The disks were held in place by three set screws tipped with Teflon to
prevent physical scarring of the specimen and to provide electrical insulation
for preventing galvanic coupling of the specimen and holder. As before,
stainless steel (17-4 pH stainless steel) gland nuts were selected for the
nozzles in the test system. A special tool was fabricated to check the align-
ment of each of the impingement coupons with the nozzles. The NCAW impinge-
ment coupons, the alignment tool, and control coupons are shown in Figure 4.3.
The Targer NCRW impingement coupons are also shown for comparison. One end of
the tool was machined to fit tightly into the nozzles; the other end aligned
with the proper position of the coupons. Corrosion or wear of the nozzles was
determined to be insignificant over the course of the test, since no change
was noted in the close fit of the alignment tool with the inside diameter of
the nozzles.

The tightly fitting Tid used for the NCAW test prevented liquid from
evaporating. The slurry was maintained at a temperature near its boiling
point (214°F to 217°F) by a heating blanket surrounding the slurry tank. The

4.6



FIGURE 4.3.

ASTM A-537 Carbon Steel Coupons Used for the NCRW Corrosion Test
(Top) and the NCAW Test (Bottom). Note the device used to check

alignment of the NCAW impingement coupons after installation in
the test apparatus.
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system was pressurized slightly (~5 in. water) during testing to permit opera-
tion at the higher temperature without boiling the slurry, thus minimizing
cavitation in the recirculating pump.

4.2 TEST MATERIALS

The Taboratory investigations used actual steel materials and simulated
slurries for the test materials to assess the effects of DST waste slurry cor-
rosion on the carbon steel used to fabricate the DSTs. Coupons used in this
work were fabricated from archived samples of carbon steel used in the con-
struction of some of the DSTs, and the simulated waste slurries chemically and
physically (slurry abrasivity and vol% solids) resembled the actual wastes.
This section describes simulated NCRW and NCAW slurries and the test coupons
used in the corrosion testing.

4.2.1 Simulated NCRW Slurry

Table 4.1 1ists the composition of the simulated NCRW slurry used for the
corrosion experiment. The slurry was composed primarily of zirconium-based
solids, with considerable amounts of carbonate and halides, particularly fluo-
rides. This simulant is similar to the NCAW sTurry in terms of its suspended
solids and pH. However, because of the lack of iron in the NCRW slurry and
the presence of chloride and fluoride, which can comp]ex with iron to produce

TABLE 4.1. Composition of Simulated NCRW and Simulated NCAW Slurries

Simulated NCRW Slurry Simulated NCAW Slurry
Supernate Solids Supernate Solids
Concentration, Concentration, Concentration, Concentration,
Component mmo1/g mmol/q mmol/g mmo1/g
Al 0.19 2.81
Cr 0.006 0.047
Fe 0.0001 1.15
K 0.103 <0.001
Na 2.10 4.26 3.89 7.92
A 1.27
F 0.78 3.95 0.10
NO, 0.60 0.40 2.05
SO, 0.16
pH 13 13
Sp.gr.(g/ml) 1.25 1.24
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soluble iron species, the NCRW slurry might be expected to be more corrosive
to the carbon steel than NCAW slurry,

~4.2.2 Simulated NCAW Slurry

WHC prepared and supplied the simulated NCAW slurry used for the corro-
sion test in March of 1989. PNL received approximately 70 gallons of simu-
Tated NCAW for the test. The simulated slurry was prepared before analysis of
the 101-AZ core samples was complete, so the‘s1urry composition was not based
on results of the core sample analysis. Instead, the procedure used to pro-
duce the simulant closely resembled the major steps that occur during the
generation of actual NCAW, including creation of an acidic (primarily nitrate)
solution, sugar denitration of the acidic waste, and subsequent caustic neu-
tralization. Table 4.1 lists the chemical composition of the simulated NCAW
surry. '

The pH of the as-received slurry was ~13, consistent with the Hanford
tank farm specification for liquid waste storage (pH>12). At intervals
throughout the test the pH was measured and found to be stable, so periodic
adjustments with caustic were not necessary.

4.2.3 Carbon Steel Test Coupons (NCRW and NCAW Tests)

The test coupons for both corrosion tests were fabricated from a piece
of archived DST carbon steel (ID: H-1470) supplied by WHC. The coupons
exposed to the slurry jets, called "impingement coupons," were disk shaped
(1.5-in. dia by 0.375-in. thick) for the NCRW test. The coupons for the NCAl
test were smaller (0.75-in. dia by 0.375-in. thick) so they could be exposed
to a uniform impingement velocity across their surfaces (see Section 4.1.2).
Based on a free-jet model and the NCRW test configuration, a large velocity
gradient would have existed across the surface of the larger NCRW coupons [see
page 5-20, Chemical Engineers Handbook, Perry, Chilton, and Kirkpatrick
(1963)]. However, the authors believe that the differences between the slurry
impingement patterns for the two tests were not so well described by the free-
jet model (see Section 3.3), and that the differences in the effects of the
flow patterns between the tests were possibly not so different for the case of
direct impingement.
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Three rectangular, nonimpingement control coupons were included in both
the NCRW and NCAW tests to measure "quiescent" corrosion rates in each simu-
lant in each test. These coupons were 2 in. x 1.3 in x 0.375 in., drilled
with 0.3-in. holes for hanging. Figure 4.3 shows the coupons used in both
tests. Table 4.2 gives the weights and dimensions for all of the test coupons
at the beginning of the NCRW and NCAW corrosion tests.

Near the completion of the NCAW test, we learned that the sample of
steel provided for the test had been archived from the "AP" tank farm, not
from the "AZ" tank farm as originally thought. A-537 carbon sieel was used to
fabricate the AP tanks, while ASTM A-515 grade 60 steel was used to fabricate
the AZ tanks. The chemical composition of A-515 steel varies slightly from
the composition of A-537 steel. A sampie of the test material was chemically

TABLE 4.2. Pretest Weights and Dimensions for the NCRW and
NCAW Corrosion Test Coupons

Sample Weight, g Shape Dimensions, in.
NCRW

H1 84.5439 disk 1.498 x 0.374

H2 84.6451 disk 1.497 x 0.375

H3 84.7920 disk 1.498 x 0.375

HC1 117.3469 rectangular 1.975 x 1.277 x 0.378!%)
HC2 120.3804  rectangular 1.977 x 1.294 x 0.038(%)
lC3 123.2461 rectangular 1.970 x 1.330 x 0.380

NCAW

H1 20.9875 disk 0.750 x 0.375

H2 21.0753 disk 0.750 x 0.377

H3 21.1075 disk 0.750 x 0.376

H4 20.9874 disk 0.749 x 0.376

H5 20.9467 disk 0.750 x 0.375

H6 21.0867 disk 0.750 x 0.377

H7 121.3404 rectangular 1.975 x 1.341 x 0.376
H8 121.2907 rectangular 1.966 x 1.344 x 0.376
H9 122.0228 rectangular 1.988 x 1.337 x 0.376(®

(a) Each coupon was drilled to provide a
0.257-1in.-dia hole for hanging.

(b) Each coupon was drilled to provide 0.316-,
0.316-, and 0.315-in.-dia holes, respectively,
for hanging.



analyzed to verify its composition. Table 4.3 lists the composition of the
WHC sample, compered with the ASTM specifications for grade A-537 and A-E15
grade 60 carbor steel plate. This comparison verifies that the composition of
the archived sample falls within the Timits of the specification for A-537.
The difference in corrosion resistance of A-515 and A-537 carbon steel in the
simulated test slurry is not known, but it is anticipated to be negligible
based on a comparison of the static corrosion rates of these general kinds of
steels in simulated, typical Hanford-type wastes from previous tests (Divine
et al. 1985).

4.3 CORROSION TEST PARAMETERS

The two most important test parameters and controls for the corrosion
tests were to 1) maintain the slurry jet impact velocities at predetermined
values, and 2) maintain the bulk slurry temperature at a constant setpoint. A
third test parameter was established for the NCAW test: to cycle the coupons
in and out of the path of the jets to vary jet incidence times on the coupons,
a procedure that was not followed in the preceding NCRW test. The bases for
these test parameters and details of these conditions are described below.

TABLE 4.3. Comparison of Chemical Compositions for A-515 Steel, ASTM
A-537 Carbon Steel, and Erosion-Corrosion Test Material

Composition, wt%

Material Fe C Mn Si P S Cr Ni Mo Cu
A-51518)  Bal. 0.24 0.98  0.13 0.035 0.04 -- e - .-
grade 60 (max) (max) to (max)- (max)
0.45
A-537) Bal. 0.24 0.65 0.13 0.035 0.04 0.25 0.25 0.08 0.35
(max) to to  (max) (max) (max) (max) (max) (max)
1.40 0.55

H-1470')  Bal. 0.20 1.31  0.30 0.013 0.006 0.19 0.12 0.0l 0.05

(a) Type of steel used to construct tanks in the AZ tank farm.
(b) Type of steel used to construct tanks in the AP tank farm.
(c) Identificatinn number for steel used in this test.
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4.3.,1 Jet Velocities

The basis for the slurry jet velocities for the NCAW test was the assump-
tion of a two-pump arrangement for the mixer pumps in 101-AZ (with a standoff
distance of the pump from the tank wall of ~15.5 ft), and an exit velocity of
slurry from the pump based on a nozzle discharge parameter of UpD = 29.4
ft?/s. Three slurry jet velocities were investigated during the NCAW test.
Velocities were chosen to represent a range of probable conditions in the
actual waste tank during retrieval operations. A high velocity of 15 ft/s
(4.6 m/s) was selected to approximately match the maximum velocity of the
slurry impinging on the tank wall. A low slurry velocity of 4 ft/s (1.2 m/s)
and an intermediate velocity of 8 ft/s (2.4 m/s) were also tested to provide a
range of conditions to more accurately determine the response of the corrosion
process to jet velocity. These jet impact velocities (high, medium, and low)
were achieved by pumping the slurry through three 0.26-in.-dia (0.66-cm-dia)
nozzles at volumetric flow rates of ~7.5, 4, and 2 gallons/min +5% (28.4,
15.1, and 7.6 L/min), respectively, at standoff distances (nozzle to specimen)
of 5 in. £0.1 in. (12.7 cm). These free jet model velocities correspond to
nozzle exit velocities of ~46, 24, and 11 ft/s, respectively.

The jet velocities chosen for the NCRW tests spanned a larger range than
those for the NCAW tests. The first two NCRW jet velocities, 3.6 ft/s
(1.1 m/s) and 14.4 ft/s (4.4 m/s), corresponded closely to the first and third
NCAW test velocities, 4 ft/s (1.2 m/s) and 15 ft/s (4.6 m/s), thus providing a
good basis for comparing the two test series. The third test jet velocity was
that expected at the mixer pump nozzle opening, 54.5 ft/s (16.6 m/s) (i.e.,
the highest slurry velocity that will occur in the DST during retrieval opera-
tions), thus extending the velocity range considerably beyond that used for
the NCAW test.

4.3.2 Temperature

A normal temperature of the waste in the DSTs is reported to be as high
as “140°F (60°C), but the power expended by the mixer pumps during siudge
resuspension could cause the slurry temperature to increase to as much as
~217°F (103°C) during retrieval. Since the test tank would not seal well dur-
ing the NCRW test, a lower temperature of 180°F (82°C) was used to keep water
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evaporation rates from becoming excessive during the test. The test tank
closure was redesigned so that the test system could be sealed and slightly
pressurized (~5 ft of water). This improvement permitted the NCAW test to be
run at 214 to 217°F (101 to 103°C), thus matching the expected retrieval
temperature without the water loss problem. Pressurization with compressed
air minimized cavitation in the pump that could otherwise have been a problem
with the slurry at or near its boiling point.

4.3.3 Impingement Times

During waste retrieval operations, the mixer pump assemblies will rotate
about their vertical axes in an oscillating motion while the pumps direct the
slurry jets at the settled solids. A result of this pump assembly rotation is
that the jets will strike a particular point on the tank floor or wall in a
cyclic manner about 10% of the total pump operating time, with an approximate
cycle time of 5 minutes. The cyclic impact was simulated in the NCAW test by
adding switching equipment to the test apparatus. The switching mechanism
moved the coupons and their holders into and out of the flows of the fixed
jets on a repeating cycle of 0.5 minute in one position and 4.5 minutes in the
switched position. In this manner, one set of coupons was impinged by the
jets for 0.5 minute out of every 5 minutes, simulating the in-tank conditions.
The second set of coupons was impinged for 4.5 minutes of each 5-minute cycle.
Although the longer exposure period for the second set of coupons does not
match expected retrieval conditions, it was included to investigate the effect
of jet impact cycle time on the corrosion rate of the steel. The earlier NCRW
test did not include a mechanism for switching the coupons, so the exposure
time for the coupons was 100% in the flow of the jets.

4.3.4 Air Sparge

In addition to the three parameters for the NCAW test (jet velocity,
slurry temperature, and impingement time), original plans called for introduc-
ing air into the NCAW test system to simulate the action of airlift circula-
tors in the DST. Airlift circulators are suspended in the fluid of some of
the aging waste tanks to provide some mixing and cooling of the waste slurry.
It is probable that these circulators will continue to operate during sludge
mobilization and during a portion of waste retrieval. Bubbling air into the
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waste would be expected to keep the dissolved oxygen concentration near its
solubility 1imit and to introduce carbon dioxide into the slurry, both of
which were thought to influence the corrosion rate of the carbon steel. The
conditions produced by the airlift circulators were simulated in the NCAW cor-
rosion test using an air sparge tube in the test tank to continuously bubble
air into the slurry. The target rate for air flow was scaled to approximate
the volumetric flow of the airlift circulators oﬁerating in the tank, and was
set to ~0.011 cfm (0.3 L/min). Soon after the test began the sparge line
plugged. At the first scheduled examination of the test coupons the plugged
line was cleared, but it plugged again soon after the test was restarted.
Numerous attempts were made to keep the air sparge flowing, but plugging with
precipitated salts continued to be a problem. Eventually, use of the air
sparge was discontinued in the NCAW test.

The effect from shutting off the air sparge was estimated. Limited data
on oxygen solubility for this type of solution complicated the analysis, but
estimates have shown that the concentration of oxygen in the slurry could
decrease to perhaps parts per million by reacting with iron in the closed test
system at the rate observed on the control specimens. (In the test system the
slurry was periodically exposed to air when the tank was opened to retrieve
the specimens for interim weight loss measurements, thereby replenishing some
of the dissolved oxygen in the slurry.) However, as discussed in Section 3.0,
the corrosion rate of carbon steel is expected to be quite insensitive to oxy-
gen concentration down to concentrations as low as 0.1 ppb, far below those
anticipated during testing. Based on this analysis, we concluded that a sig-
nificant effect on corrosion rate from decreasing oxygen concentration with
time was not expected over the planned operation of the NCAW test.

Similar estimates of the effects of carbon dioxide on corrosion in the
system were made. Because of the high concentration of free hydroxide in the
slurry, CO, absorption from the air sparge would not be sufficient to measur-
ably reduce the concentration of caustic in the slurry and thereby influence
the corrosion rate. Thus, a significant effect on corrosion of the NCAW test
coupons was not anticipated from discontinuing the air sparge.



4.4 TEST PROCEDURES

This section describes the procedures followed for both tests, inciuding
preparation of the coupons, conduct of the test, and final cleaning and
examination of the coupons.

4.4.1 Coupon Preparation

The disk-shaped impingement coupons and rectangular control coupons were
machined from a heat-treated, archived sample of DST carbon steel to make the
test surfaces coplanar with the original steel plate surface. Before the
tests, all coupons received uniform surface finishes with 240 grit silicon
carbide sandpaper to remove any corrosion products and provide a known start-
ing point for each coupon. The coupons were then washed, rinsed in acetone,
and dried to remove any residual contaminants that might have been present
from handling the specimens.

Prior to installation in the test system, each specimen was carefully
weighed and measured (see Table 4.2 for weights and dimensional measurements).

4.4.2 Test Protocol

For each test, about 40 gallons of slurry simulant was added to the test
tank. The test specimens were fixed in position in their holders, and the
apparatus was submerged in the slurry simulant. The 1id was bolted in place.
The pump was started and the slurry passed through the nozzles and impinged on
the corrosion samples. At that time (for the NCAW test), the sample switching
mechanism that moved the samplies into and out of the center of the slurry jets
was activated. The slurry tank heater was turned on, and when the temperature
of the slurry reached within 10°F of the setpoint temperature the test was
considered to have started. Initial heating of the tank usually required 4 to
5 hours starting from room temperature, and about 1 hour after intermediate
inspections when the slurries did not cool significantly. While the tests
were running, the temperature, flow rates through each of the three nozziles,
and switching frequency (for the NCAW test) were periodically monitored by the
operator. The operator recorded the operating data, including data associated
with any adjustments to the slurry flow rate and the temperature.



The power to the heaters and the pump was shut off periodically so the
samples could be evaluated. The tests were considered stopped at that time.
When the slurry had cooled sufficiently to remove the samples (usually less
than 1 hour), the 1id was removed and the coupons were taken out of the
slurry. The specimens were removed from their holders, rinsed in tap water,
and examined as described in the next section. Following the examination, the
samples were reinstalled in the test apparatus. Water was added to the tank
to make up for evaporative loss if the slurry level had dropped by more than
about 1/2 in. The pH of the slurry was measured every 1 to 2 weeks throughout
the tests, particularly if the slurry level had to be adjusted. Caustic was
used to keep the pH at or above 13. The adjustments were needed primarily
during the NCRW test because of the faulty pump seal. The tests were
restarted in essentially the same sequence used for initial startup.

At the end of the test period, the slurries were drained out of the tank
and the system was rinsed to remove any residual slurry. The flowmeter cali-
bration was checked by pumping water through the system (i.e., the amount of
water pumped in a given time interval was compared to that indicated by the
flowmeter).

4.4.3 Coupon Cleaning and Examination

For interim evaluations, the coupons were well rinsed in deionized water
and dried (~1 hour at 125°C for the NCRW test, and 30 minutes at ~110°C for »
the NCAW test). They were then allowed to cool to ambient temperature in a
desiccator. Each of the coupons was carefully weighed to within £0.1 mg. An
optical survey of the coupons at 30X was also made at this time to screen them
for any major changes in the corrosion film. The coupons were photographed to
document their appearances at each of the interim periods.

Following completion of the test, final as-tested weights were deter-
mined as described above with the oxide surface films (corrosion products)
intact. The coupons were then chemically cleaned by immersing them in inhib-
ited hydrochloric acid. Each coupon was repeatedly cleaned at 2- to 3-minute
immersion cycles, then dried and weighed until its weight loss per cleaning
cycle was equivalent to the weight loss per cleaning cycle indicated by a
separate reference coupon of uncorroded carbon steel. The weight loss rate of
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the impinged coupons during the chemical cleaning process dropped to that
exhibited by the blank coupon over the same time interval needed for the
weight loss rate of the control coupon to drop to the rate for the blank cou-
pon. It appears that the thicker film on the exposed face of the impinged
coupon was cleaned off in the same time as the thin film on the control cou-
pons. The weight change from cleaning for the impinged coupons was corrected
by assuming the nonimpinged areas incurred the same weight Toss per unit area
as the control coupons. We conclude that these film weight determinations are
probably as accurate as indicated by the reproducibility of the control coupon
film weight determination, ~4%.

Both before and after chemical cleaning, the NCAW coupons were examined
by scanning electron microscopy (SEM) to show the general condition of the
corrosion product layer on the coupon surface and how it differed from stag-
nant conditions to the slurry impingement conditions, and from Tow to high
slurry velocity conditions. Energy dispersive x-ray analyses were also
employed to examine the substrate metal and the corrosion product layer. The
interim and final results of the NCAW test coupon examinations are presented
in Section 5.0. Similar extensive SEM examinations of the NCRW coupons were
not performed for the earlier NCRW test.



5.0 TEST RESULTS

Results of the corrosion testing were collected in two phases, intermedi-
ate and final. Intermediate weight losses were determined at different inter-
vals throughout the test without disturbing the oxide surfaces on the samples,
other than to rinse the samples with water, dry them, and weigh them. The
NCRW test inspections were conducted at 1, 7, 14, 27, 40, 55, 68, 81, 94, and
107 days from the start of the test. The NCAW test inspections were conducted
at 7, 16, 30, 42, 51, 92, 120, and 150 days. Results from these interim mea-
surements were used to determine when the baseline (control) corrosion and
impingement corrosion weight change rates reached a presumed steady-state con-
dition. These measurements were also used to calculate presumed steady-state
corrosion rates, assuming that the mass of the corrosion film did not change.

Determination of the final results involved removing the oxide films from
the test coupons by inhibited chemical cleaning, then measuring total metal
Tosses to develop calculations of final time-averaged baseline corrosion and
impingement corrosion rates. SEM examination was performed on the NCAW spe-
cimens after comp]et{on of the test, both before and after oxide film removal.

5.1 EXPECTED RESULTS

This section discusses the results that were expected from these tests.
Interim test results and final test results are discussed in Sections 5.2 and
5.3, respectively. The discussion of expected results is based on informa-
tion from the open literature. Section 5.1.1 describes mechanical (i.e.,
"erosion") processes. Section 5.1.2 describes processes that are dominated by
chemical corrosion as the cause of material loss.

5.1.1 Mechanical (Erosion) Processes Causing Material Loss

Erosion is defined by ASTM as "the progressive loss of original material
from a solid surface due to mechanical interaction between that surface and a
fluid, a multi-component fluid, or impinging liquid or solid particles." The
ASTM definition of erosion does not include chemical interactions of the sur-
face with the fluid, or "corrosion." Corrosion responses involving a flowing
fluid are more difficult to predict or to classify as typical because the
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effects of corrosion can vary so widely. If the corrosion phenomenon for a
given fluid is strictly "uniform" corrosion, with no localized corrosion, the
weight lToss response may look similar to erosion weight loss response,
although neither the magnitude of weight losses nor the time scales involved
would necessarily be expected to be similar.

5.1.2 Chemical "Corrosion" Dominant Processes

If chemical corrosion dominates in these systems, as it probably does
because of the low abrasiveness of these slurries (Miller number of ~8 for
NCAW and effectively 0 for NCRW) and the relatively low slurry jet velocities,
then the weight change observed is the sum of the loss of metal by corrosion
and the gain of corrosion film on the surface of the test coupon. Under these
conditions the weight changes observed may be positive or negative, depending
on 1) the physical and chemical character of the corrosion film, 2) the pro-
portion of the weight loss due to metal corrosion, and 3) weight gain from
film formation. A1l of these quantities can be expected to change with time.
The result is that the observed weight changes could mimic expected erosion
behavior without erosion being a factor at all. The intermediate weight
change observations do not differentiate between the various potential combi-
nations of weight gain and weight loss. Therefore, to calculate corrosion
rates from observed weight changes, one must make assumptions about the compo-
nents that can contribute to the weight changes. One such assumption would be
that the weight of the oxide film is not changing when the observed coupon
weight changes become constant from measurement to measurement (i.e., the
weight change is determinant, and therefore the weight change indicates the
corrosion rate).

The amount of corrosion that &W metal has incurred on a material coupon
is determined from the difference between the initial coupon weight and the
final coupon weight (i.e., the coupon is free of corrosion products). During
corrosion the specimen will change weight at a rate according to the equation:
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6W(meas.)/6t = sW(metal)/st + 6W(film)/6t
or (5.1)
SW(metal)/6t = 6W(meas.)/6t - sW(film)/ét

where &W(metal)/st = the weight of metal lost per unit area
6W(meas.)/6t = the obs~rved weight change per unit area, and
sW(f11m)/ét = the weight change of corrosion film per unit area;
all during the increment of time (6t).

From Equation 5.1, it is clear that at any particular time, the specimen
weight change rate, sW(meas)/§t, is the sum of two numbers: the rate at which
metal is converted into corrosion products, éW(metal)/ét, and the rate at
which corrosion products form film on the specimen surface, sW(film)/ét.
Therefore, the actual corrosion rate cannot be determined from only a weight
change rate observation unless the rate of weight change in film adhering to
the specimen is known to be negligible or unchanging between observations.

Figure 5.1 11lustrates how &W(meas.)/étime (see Equation 5.1) might be
observed as a function of time (intermediate weight change) in a corrosion
experiment or test. In the figure, it is assumed that the oxide film forms at
some arbitrary rate, 6W(film)/ét, that is initially rapid but decreases with
time, asymptotically approaching zero in time (only one of many possibilities
is shown as a dashed Tine). Also shown in the figure are two different corro-
sion rate trends, W(metal)/ét, that one might observe (shown as solid lines).
Adding the film-forming rate term, SW(film)/ét, to the corrosion rate term,
6W(metal)/St, gives the observed weight change term, 6W(meas.)/8t (shown as a
dot-dash 1ine). As shown, two quite different sW(meas.)/ét curves result.
However, when (or if) the 6W(film)/ét term becomes small, then the &W(meas.)/
st approaches the actual corrosion rate, sW(metal)/st (i.e., sW(meas.)/st =
SW(metal)/6t). The change rate term for film weight can be a large component
of the &W(meas.)/6t value, causing it to be a very misleading indicator of
corrosion rate unless the film-forming characteristics of the system are well
known and can be taken into account.

Uniform corrosion rates on coupons are typically determined by running a
series of identical coupons under identical conditions for different lengths
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of time. These coupons are chemically cleaned and the actual metal loss per
unit area for that time interval determined. When subsequent metal loss rates
are the same, then a steady-state corrosion rate has been determined (Fontana
and Greene 1978). The reason for this procedure is related to Equation 5.1.
Initially, the corrosion rate will change with time as a corrosion film devel-
ops on the surface, causing the corrosion reaction to slow down. At some
point the corrosion film dissolves at the same rate that new film forms. When
this happens, a steady-state corrosion process is established and the rate of
metal loss per unit area does not change with time. Only actual determina-
tions of metal loss with time unequivocally indicate the rate of metal loss,
eliminating the possibility that changes in the oxide film-forming rate are
counterbalancing changes in the metal loss rate, giving a "false" steady-
state.

The NCAW and NCRW slurry corrosion tests were designed to compare the
behavior of waste tank carbon steel under a series of slurry jet impingement
velocities. The design of these tests did not permit absolute determination
of the final steady-state corrosion rate because only one specimen was run
under a given set of conditions. However, a time-averaged corrosion rate was
determined for each condition from the total metal Tost during the experiment.
Assuming that each coupon will exhibit the same corrosion behavior with time
(e.g., Figure 5.1), the time-averaged rate should indicate the effect of dif-
ferent corrosion conditions (i.e., different slurry jet impingement times and
velocities) on the carbon steel. Therefore, the time-averaged corrosion rates
provide a good basis for concluding that these variables do influence the cor-
rosion rate. More tests need to be run using the multiple specimen protocol
per test condition if definitive, final steady-state rates are to be
determined.

The final corrosion rates occurring in these tests can be calculated if
one assumes that when the measured weight change per unit area per unit time
becomes constant, steady-state conditions have been established and measured
weight changes are equivalent to metal loss (i.e., the weight of the corrosion
film per unit area remains constant). This is a reasonable assumption for
determining a long-term corrosion rate, but the value is only as reliable as
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the assumption. Another assumption is that the corrosion film structure is
stable, and it will not begin spalling off the metal surface. If the film
began spalling periodically, then the time-averaged corrosion rates determined
by these tests may be closer to the actual long-term rates than is the above
estimate. Also, one is assuming that pitting corrosion is not taking place,
which would not show up as a significant weight change. Subsequent evaluation
of the test coupons did not reveal any pitting.

5.2 INTERIM TEST RESULTS

Periodically throughout the corrosion tests, interim weight loss measure-
ments were made on each of the rectangular control coupons and the circular
impingement coupons. Section 4.3 describes the procedure used for taking
interim measurements.

Because there was only one coupon for each condition, the corroded sur-
faces had to remain intact for the entire test. Cleaning the oxide from the
coupons at each interval to determine accurate weight Tnsses would have inval-
idated the results.by reintroducing the coupons into the hot corrosive slurry
without the protection of the passivating oxide films. Since the interim mea-
surements did not involve removal of the oxide surface layers, the weight loss
responses are not an exact indication of the amount of specimen corrosion.
However, the measurements adequately reflect the trend in weight change so we
can infer the shape of the weight loss curve, and thereby estimate if and when
the results appear to reach an equilibrium condition. After an initial period
of high weight loss rates from the impingement coupons, weight losses from the
samples appeared to level off at lower values, indicating the system had
reached an apparent equilibrium state that would be more useful for predicting
responses to long-term exposures to corrosion conditions. Other inferences
from the shape of the curves must be made cautiously for reasons discussed in
Section 5.1.

The weight losses from the control coupons measured at each interval were
also used as a means of evaluating the weight losses from the impingement cou-
pons by separating the weight losses resuiiing from quiescent corrosion only
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from weight losses resulting from corrosion of the faces exposed to the jets.
This process is illustrated later. Interim weight measurements for the test
coupons are given in the Appendix.

5.2.1 Control Coupons

Table 5.1 lists the weight changes per unit area for the control coupons
at each of the interim inspections. These coupons represent three replicate
coupons exposed to the same conditions in the test tank. Averages of the pre-
cleaning weight loss results for the three control coupons were used to adjust
the pre-cleaning weight loss measurements recorded for the impingement speci-
mens to distinguish baseline corrosion weight loss from impingement corrosion
weight loss (see Section 5.2.2).

Initial negative weight loss values for the NCAW coupons mean that a cor-
rosion product layer formed and accumulated on the initially clean specimens
at a faster rate than the metal and/or film was removed by the solution.

TABLE 5.1. Cumulative Weight Loss as a Function of Time for the NCRW
and NCAW Control Coupons

Cumulative Weight Loss Per Unit Area, mg/cmz<a)(b)

NCRW Inspection Interval (days from start of test) )
Coupon 1 7 14 27 40 55 68 81 94 107 FinalC
HC1 0.000 0.020 0.104 0.165 0.109 -0.219 -0.217 -0.272 -0.276 -0.328 1.650
(.00) (.02) (.08) (.07) (-.06) (-.11) (.00) (-.05) .01 (-.05)

HC2 0.006 0.020 0.089 0.165 0.135 -0.085 -0.095 -0.201 -0.215 -0.222 1.751
¢.0N (.01 (.07) (.08) ¢-.03) (-.05) (-.01) (-.10)  (-.01) (-.01)
HC3 0.002 0.051 0.098 0.154 0.088 -0.138 -0.127 -0.185 -0.203 -0.224 1.712
(.00) (.05) (.05) .10) (-.06) (-.05) (.0M) (-.06) (-.01)y (-.02)
Avg. 0.003 0.030 0.097 0.161 0.1 -0.148 -0.146 -0.219 -0.231 -0.258 1.704
NCAW
Coupon 7 16 30 42 51 92 122 150 Final
H7 -0.050 0.004 0.089 0.199 0.317 0.633 0.917 1.20 2.58
(-.05) (.05) (.09 1 (.12) .3 (.29) (.28)
H8 -0.045 -0.006 0.078 0.176 0.302 0.638 0.934 1.19 2.52
(-.05) (.04) (.07) (.10) (.12) (.34) (.29 (.26)
H9 -0.037 0.014 0.081 0.166 0.257 0.627 0.868 1.10 2.37
(~.04) (.05) (.07) (.09) (.09) (.37) (.26) (.23)
Avg. -0.044 0.004 0.083 0.180 0.292 0.633 0.906 1.16 2.49

(a) Negative weight loss values éweight gain) indicate accumulation of a corrosion product layer.

(b) Values in parentheses (mg/cm~) indicate the measured change during the time between measurements.

(c) The final weight loss was determined after removal of the oxide film by chemical cleaning (see
Section 4.4.3).
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Eventually, the rate of film formation was reduced by the increasing thick-
ness of the oxide, until an apparent equilibrium was reached where the reac-
tion of the base metal to form the corrosion products is approximately equal
to the rate of film removal. The NCRW control coupons showed almost the
opposite response, first showing weight Tosses followed by weight gains (see
Table 5.1). This is discussed further in Section 6.1.

Figure 5.2 shows typical surface areas of the NCAW control coupons after
completion of the test and before the oxide surface was chemically removed.
The pictures, taken at 250X by a scanning electron microscope, show a thin
oxide layer on the surfaces. The oxide Tayers closely reproduce the original
sample surface texture that was formed by grinding the specimens as part of
the sample preparation procedure. The original finish marks are still very
sharp, indicating little erosion of the surface. This also indicates that the
corrosion mechanism involved between carbon steel and the simulated NCAW
slurry is apparently a uniform mechanism, with no evidence of pitting or
cracking of the substrate. This was again confirmed when the coupons were
chemically cleaned. Observation of the NCRW control coupons at a Tow magnifi-
cation suggested that uniform corrosion had occurred on those coupons as well.

5.2.2 Impingement Coupons

Weight loss from the impingement coupons involves a combination of
impingement corrosion and baseline corrosion mechanisms acting on different
surface areas of the coupons. In the test tank the slurry jet impinges on one
circular face of each coupon, resulting in a weight loss specific to that area
of the exposed face. It is the corrosion rate associated with the exposed
face impingement area that would correspond to wall thinning in the DSTs. The
remaining surface area of each impingement coupon is exposed to the bulk solu-
tion, but under much reduced flow conditions. Therefore, it was assumed that
the carbon steel on these surfaces, the side and back face of each coupon,
would react with the solution at a rate equivalent to the control coupons.

The weight losses attributed to corrosion of the front faces are determined by
adjusting the total weight loss by a ratio of the impinged front face area to
the rest of the sample surface area using the baseline corrosion rate derived
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FIGURE 5.2. Typical Areas of the Surfaces of Two NCAW Control Specimens
Before Oxide Removal (250X). Marks visible from initial
sample preparation show only slight uniform corrosion.
Exposed 150 days in simulated NCAW at ~217°F.
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from the rectangular coupons. Figure 5.3 illustrates this method of determin-
ing the impingement corrosion weight loss.

Table 5.2 shows the tabulated results of the adjusted weight loss calcu-
lations before and after removal of the oxide surface films, adjusted as
described above for the impingement coupons at each of the inspection inter-
vals. This information was also used during the test to determine if the
weight loss rates had reached steady-state. For the NCAW test coupons, the
initial weight loss rates were erratic and low, rose to a maximum, and were
then followed by long-term weight losses at lower rates (see Figure 6.3).
For the NCRW test coupons, the initial weight loss rates were scattered and
changed erratically with time. The NCRW weight loss rates approached simi-
lar values in time, but were still erratic near the end of the test (see
Figure 6.3).

b SLURRY
«_—
A2 JET

AREA B = SIDE + BACK FACE

TO CALCULATE EROSION—-CORROSION RATE:
® Delermine average control coupon wcfaht. loss/cm? (g/cm%om) tor same tima (T)

® Multiply (g/cmco,,m,) by AREA B of Lhe Impingement coupon lo get welghl loss
due to corrosion of side and back face = g,., ,

® Subtract g,,,, ,from total weight loss to obtain welght loss [or AREA A (‘m ‘)
the impingement face of Lhe coupon

Erosion-Corrosion Rale = (KxW)/(AxTxD) = mils per year (mpy)

where K = Constant (3.45 x 10%)
W = Welght Loss (Gger a). &
A = AREA A Surface Area, em®
T = Time, h
D = Density of Carbon Sleel (7.88 g/cm®)

FIGURE 5.3. Impingement Coupon and Method Used to Calculate
"Adjusted" Corrosion Rate
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TABLE 5.2. Comparison of Adjusted Cumulative Weight Loss as a Function of
Time for the NCRW and NCAW Impingement Coupons

Cunulative Adjusted Weight Loss per Unit Area, mg/cm?¢®?

NCRW b Inspection Interval (days from start of test) ©)
coupont®? 1 7 1% 27 40 55 68 81 A 107__ Final

H1 0.417  1.954 3.491  9.835 13.11  15.84 16.69  18.99 21.27 23.78  23.14
(.42)  (1.53) (1.54) (5.35) (3.27) (2.73) (0.85) (2.30) (2.28) (2.57)

H2 0.083  0.996 1.769  4.168 7.070  9.947 11.63  13.81 15.27  16.69  16.29
(.08)  (.92) (.77)  (2.60) (2.90) (2.88) (1.68) (2.18) (1.46) (1.42)

H3 0.056  0.195 0.333  0.829 1.415  3.136 3.705 5.214 7.621  9.030  8.971
(.06)  (.14)  (L14)  (L50)  (.59)  (1.72) (.57)  (1.50) (2.41)  (1.4M)

NCAW

coupon'® 7 16 30 42 51 92 122 150 _ Final(®)

M1 0.19 1.1 235  3.85 5.12  7.36  9.14 10.40 17.80
.19 .93)  (1.23)  (1.50) (1.27) (2.24) (1.78) (1.26)

H2 0.22 1.08  2.38  3.39  3.65  4.13 4.6 4.96  9.70
(.22)  (.B7)  (1.29)  (1.01) (.26)  (.48) (.55)  (.26)

H3 0.40  1.64  3.01 4.48  5.75  7.82  10.40  12.00 20.01
(.04)  (1.25) (1.36) (1.47) (1.27)  (2.07) (2.58) (1.60)

Ha 0.29 .11 1.86  3.08 4.05  6.79 7.62  8.20  14.19
(.29)  (.B4) (L75)  (1.22) (.97)  (2.74) (.B3)  (.58)

HS 0.33 1.8 4.07  4.07 5.39 6.8 11.40  15.10 23.16
(.33)  (1.48) (2.26) (1.32) (1.45) (4.21) (3.36) (1.66)

H6 -0.69¢) 0,90  2.98  5.14 6.70  12.90 16.80  20.30 33.14

(-.69) (1.59) (2.08) (2.16) (1.56) (6.20) (3.90) (4.50)

(a) Values in parentheses (mg/cmz) indicate the measured weight change during the time between
measurements.,

(b) Velocity (ft/s): H1 =54.5; H2 = 14.4; H3 = 3.6.

(c) Final weight losses similar to Table 5.1 values, except these include the adjustment for removal of
equivalent weight from nonimpingement surfaces.

(d) Velocity (ft/s): H1 = 4; H2 = 4; H3 = 8; H4 = 8; H5 = 15; H6
cycle): H1 = 4.5; H2 = 0.5; H3 = 4.5; H4 = 0.5; H5 = 4.5; H6 .5.

(e) Negative weight loss values (weight gain) indicate accumulation of a corrosion product layer.

15. Impingément Time (min/5-min
5

Photomicrographs of the surfaces of the NCAW impingement coupons were
taken after the test was completed but before the oxide layers were removed.
The SEM examination provided information about the surface conditions after
exposure to the test conditions. The photomicrographs provided information on
the texture and structural integrity of the corrosion film and how these prop-
erties were affected by changes to/ the test parameters. Figures 5.4, 5.5, and
5.6 show 1000X, 1000X, and 500X magnification views, respectively, of repre-
sentative areas on the surfaces of the impingement coupons exposed to the Tow-
velocity, mid-velocity, and high-velocity jets. The surfaces shown in these
photomicrographs are of the oxide layer on the coupons before final cleaning.



FIGURE 5.4. NCAW Impingement Coupons Exposed to Low-Velocity Jets

(4 ft/s) Before Oxide Removal (1000X). Top photo is

of coupon H2 (0.5 min/cycle) and bottom photo is of
coupon H1 (4.5 min/cycle).



FIGURE 5.5. NCAW Impingement Coupons Exposed to Medium-Velocity Jets
(8 ft/s) Before Oxide Removal (1000X). Top photo is of
coupon H4 (0.5 min/cycle) and bottom photo is of
coupop H3 (4.5 min/cycle).
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FIGURE 5.6.

NCAW Impingement Coupons Exposed to High-Velocity Jets
(15 ft/s) Before Oxide Removal (500X). Top photo is
of coupon H6 (0.5 min/cycle) and bottom photo is of
coupon H5 (4.5 min/cycle).
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Figure 5.4 shows the impingement surfaces of the coupons exposed to the
Tow-velocity slurry jet (4 ft/s) during the NCAW test. The top photo is of
coupon H2 (0.5 min/cycle) and the bottom photo is of coupon H1 (4.5 min/
cycle). No apparent difference in surface condition is observed related to
increased exposure time. Finish marks from initial preparation are clearly
visible, indicating 1ittle erosion of the surface. One feature visible on
these specimens and those in Figures 5.5 and 5.6 is the appearance of cracks
in the oxide film. This cracking was not evident in the control coupon oxide
films (Figure 5.2).

Figure 5.5 shows typical areas of the surfaces of the NCAW test mid-
velocity jet impingement coupons before the surface oxide was removed. The
specimens still show the original finish marks, although slightly less dis-
tinctly than the coupons from the low-velocity jets, indicating slightly
higher oxide dissolution and removal under the action of the mid-velocity
slurry jet. Again, the cracking is evident in the oxide layers on the speci-
mens in contrast to the control coupon surfaces.

Figure 5.6 shows the surfaces of the NCAW test impingement coupons
exposed to the high-velocity jets before the surface oxide was removed. In
these photomicrographs one can see significantly more smoothing of the oxide,
removing all but traces of the original finish marks from both specimens.
This smoothing is an apparent function of jet velocity. Under the high-
velocity jet the amount of surface wear corresponds to increased impingement
cycle time. Coupon H5 (4.5 min/cycle) appears to be more worn than coupon H6
(0.5 min/cycle). Again, notice the cracks in the oxide. The view of coupon
H6, which had the Tower exposure time (0.5 min/cycle) but higher weight Toss,
appears to show larger cracks in the surface oxide in comparison with the
other coupons. Spalling of the oxide could partially account for higher
weight losses and higher corrosion rates because of the newly exposed or less
rotected metal surface at the bottom of the cracks.
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The following summarizes our observations from the SEM examination of
impingement coupon surfaces before the oxide was removed:
* The original surface texture is more evident at the lower jet veloc-
ities, similar to the control coupon surfaces. There is 1ittle, if

iny, difference in appearance as a function of impingement cycle
ime.

o Increasing jet velocity from low- to mid-velocity shows less of the
original surface texture, which is consistent with higher weight
loss measurements. The mid-velocity coupons still do not show
clear differences in surface appearance as a function of impinge-
ment cycle time.

o With the high-velocity jet coupons more deterioration of the sur-
face texture is evident. A difference in surface condition as a
function of impingement cycle time is apparent with the longer
impingement time, resulting in a more worn surface appearance.
Similar SEM characterizations of the surfaces of the NCRW test coupons

were not performed.

5.3 FEINAL TEST RESULTS

Final weight losses were measured after removing the oxide surface lay-
ers that accumulated on the sample surfaces as a result of corrosion during
~the test, and time-averaged base metal corrosion rates were subsequently cal-
culated. The oxides were removed by an inhibited acid cleaning solution (see
Section 4.4.3). Since only one measurement per specimen could be made to
determine the complete base metal weight loss, this measurement was made only
after the intermediate weight loss rates appeared to be approaching a dynamic
equilibrium value.

Intermediate weight loss measurements made periodically up to 150 days
of exposure indicated that this apparent dynamic equilibrium condition had
been approached in the NCAW test. However, it apparently was not reached in
the NCRW test. The following sections discuss the results of those final
weight measurements made after removal of the oxide films from both the con-
trol and the impingement coupons. Actual weight measurements of the coupons
are given in the Appendix.
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5.3.1 Control Coupons

Table 5.3 1ists the final weight losses of base metal per unit area for
the control coupons following 150 days exposure to the simulated NCAW slurry
and 107 days exposure to the simulated NCRW slurry. The preliminary weight
losses after final inspection of the same coupons are also given to indicate
the amount of oxide film adhering to the coupon surfaces. Calculated final
corrosion rates for the control coupons are also listed.

The data for the replicate samples show good agreement in weight losses.,
The NCAW control coupons had an average weight loss of ~2.5 mg/cm?, correspond-
ing to a base metal loss in thickness of ~0.1 mil during the 150-day test.
The NCRW control coupons averaged 1.7 mg/cm’® over the 107-day test. The
average weight losses per unit area were then used for final calculations of
corrosion rates for the control coupons and the impingement coupons for the
respective tests. Calculated corrosion rates for the control coupons are use-
© ful for comparison with corrosion rates measured in other similar tests of

TABLE 5.3. Summary of Data for Control Coupons from NCRW and NCAW Tests

Preliminary? Final(® Calculated!®
Surface Weight Weight Corrosion

Coupon Area, cm’ Loss, mg/cm’ Loss cm® Rate, mil/yr
NCRW
HC1 49.69 -0.33(¢ 1.65 0.28
HC?2 50.36 -0.22 1.75 0.30
HC3 51.30 -0.22 1.71 0.29
Average 50.45 -0.26 1.70 0.29
_NCAW _
H7 51.68 1.20 2.58 0.31
H8 51.58 1.19 2.52 0.31
H9 51.83 1.10 2.37 0.29
Average 51.70 1.16 2.49 0.30

(a) Preliminary weight Tosses = starting weights - 150-day interim

‘ weights (oxide remaining).

(b) Final weight Tosses = starting weights - final cleaned weights
(oxide removed).

(c) Corrosion rate based on final weight losses.

(d) Negative weight loss values (weight gain) indicates accumulation

of a corrosion product layer.

c
d
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carbon steel in simulated waste slurries. For example, in a PNL study of car-
bon steel corrosion in various types of simulated Hanford-type wastes, corro-
sion rates of <0.5 mil/yr and generally <0.2 mil1/yr were observed under
similar conditions (Divine et al. 1985). This agreement provides support for
the results obtained from the corrosion test.

Figure 5.7 shows a photomicrograph of a typical surface area from one of
the NCAW control coupons after the coupon had been through the cleaning proc-
ess. Small patches of residual oxide film (darker patches in the photo with
1ight edges) sti11 adhere to the surface of the coupon. The original finish
marks are sti11 clearly visible on the surface of the carbon steel. No other
surface damage resulting from exposure to the caustic slurry was apparent,
indicating that uniform corrosion (as opposed to erosion) is the predominant
corrosion mechanism for weight loss from the control coupons.

5.3.2 Impingement Coupons

Table 5.4 1ists the final adjusted weight losses of base metal and the
adjusted time-averaged corrosion rates for the impingement coupons after

-1

IGURE 5.7. Typical Surface Area of NCAW Control Coupon Following the
Cleaning Process (200X). Photo is of coupon H7 after
150 days exposure to simulated NCAW at ~217°F (103°C).
Residual patches of oxide film can be seen on the coupon.

l
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TABLE 5.4. Finai Adjusted Weight Losses and Time-Averaged Corrosion
Rates for the Impingement Coupons

Adjusted Weight Adjusted Corrosion
Loss/Area, na/cm? Rate, mil/yr
Before Film ) Time
Coupon®®! Removal Final Final'® Averaged'”)
NCRW
H1 19.9 23.1 3.40 3.95
H2 12.8 16.3 2.19 2.79
H3 5.1 9.0 0.87 1.54
NCAW
H1 10.3 17.8 1.26 2.17
H2 5.0 9.7 0.61 1.18
H3 12.0 20.0 1.46 2.44
H4 8.2 14,2 1,00 1.73
H5 15.1 23.2 1.84 2.83
H6 20.3 33.1 2.47 4.04
(a) Velocity (ft/s): Hl = 54.5; H2 = 14.4; H3 = 3.6,
(b) Based on weight change over last intermediate interval.
c) Based on weight change after cleaning to remove oxide film.
d) Velocity (ft/s): H1 = 4; H2 = 4; H3 = 8; H4 = 8; H5 = 15;

H6 = 15, Impingement Time (min/5-min cycle): Hl = 4.5;
H2 = 0.5; H3 = 4.5; H4 = 0.5; H5 = 4,55 H6 = 0.5,

exposure to simulated NCAW slurry at ~217°F (103°C) for 150 days, and to
simulated NCRW slurry at ~180°F (82°C) for 107 days. These adjustments
include compensation for the specimen surface areas that were not impacted by
the slurry jets. The corresponding weight losses before oxide film removal
and the corrosion rates based on the final interim weight changes are shown
for comparison. The maximum calculated loss in base metal thickness for the
150-day NCAW test was ~1.6 mil for coupon H6 (high jet velocity/short exposure
time).

The comparable NCRW metal Toss would be 0.8 mil for coupon H2
(14.4 ft/s) in 107 days, or about 1.2 mil in 150 days assuming a constant
rate. This metal loss is observed over an area that is four times as large as
that for the NCAW test coupon, an area where the flow characteristics include
those of both the impingement region and the radial wall jet region. The



difference in flow characteristics over the test coupons between the two tests
is discussed further in Section 6.1, and weakens any conclusions drawn from a
comparison between the NCRW and NCAW test results.
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6.0 DISCUSSION OF RESULTS FROM IMPINGEMENT CORROSION TESTS

This section compares the results of the two impingement tests, and
discusses the conclusions and recommendations for improving the tests.

6.1 SIMILARITIES AND CONTRASTS BETWEEN NCAW AND 'NCRW TESTS

The results of the NCAW and NCRW tests must be compared in the context of
the similarities and differences between the tests. Table 6.1 summarizes the

TABLE 6.1. Comparison of NCRW and NCAW‘Corrosion Test Parameters

Test Parameter NCRW

NCAW

Coupon:

Shape disk
Size 3/8- x 1-1/2-in. dia
Material A-537 carbon steel

Temperature: 179-182°F

Slurry Jet:

Distance to
coupon 1.5 in.
Velocities 3.6, 14.4, 54.5 ft/s

Slurry Chemistry (supernate):

pH >13
OH" 0.76 M
NO,_ 0.48 M
NO, 0.12 M
F, €17, S0, 0.73 M
Test Duration: 107 days
Interim Weighing
Periods: 7 to 14 days

Interim Coupon Treatment:

Rinse deionized water
Bry 125°C for 60 min and
cool in desiccator

Control Coupons:

Material A-537
Shape rectangular
Flow conditions stagnant

6.1

disk
3/8- x 3/4-in. dia
A-537 carbon steel

214-216°F

5 in.
4, 8, 15 ft/s

1

N —
W

M
M
0.25 M

150 days

7 to 41 days

deionized water
110°C for 30 min and
cool in desiccator

A-537
rectangular
stagnant



parameters for both tests. The similarities between the tests include the
carbon steel alloy, two of the three slurry jet impingement velocities (3.6 =
4 ft/s and 14.4 =~ 15 ft/s), slurry chemistry (OH and NO®" anions major),
slurry pH (~13), and handling procedures for mid- and post-test control and
impingement coupons. The differences include size of the carbon steel disk
and distance from the slurry jet nozzle, and therefore differences ih the
slurry flow characteristics over the surface of the coupons; the test tempera-
ture (180°F for the NCRW test and 215°F for the NCAW test); the test duration
(107 days for the NCRW test and 150 days for the NCAW test); and the presence
of nitrite, fluoride, and chloride in the NCRW slurry, compounds that either
were not present or were at much different concentrations in the NCAW slurry.

The difference in characteristics of flow over the surface of the NCRW
coupons versus flow over the NCAW coupons may be very important. The "free
jet" model does not precisely fit the geometry established for the NCRW test,
and fits in only a limited sense for the NCAW test. In the NCRW test, the
coupon that was situated 1.5 in. from the jet nozz]e‘presented a significant
boundary condition not considered in the "free jet" model. The coupon redi-
rected the slurry flow from a normal (perpendicular) axial flow into a radial
pattern at the coupon surface. The flow was essentially stagnant at the
centerline of the jet. Therefore, the radial component of velocity of the
redirected fiow would first increase then decrease with radial distance from
the centerline. Because of their smaller diameter (0.75 in.) and greater
distance from the jet nozzle (5 in.), the NCAW coupons subtended a much
smaller solid angle than did the Targer and more closely positioned NCRW
coupons. Because of the distance from the nozzles to the coupons and the
smaller coupon diameter, the overall flow patterns of the slurry jet in the
NCAW test were probably closer to that of a free jet. However, the slurry
flow pattern over the surface of the NCAW coupons still should have been
similar to that for the NCRW coupons, except that the radial velocity distri-
bution across the NCAW coupons would be similar to that for a small central
region on the NCRW coupons. The point is that NCRW coupons probably directly
compare with the NCAW coupons over only a very small area, and until the
actual slurry velocity profiles are known with some certainty, more accurate
comparisons between the two tests cannot be made.
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An evaluation of the coupcn positioned out of the direct impingement of
the jet (the off-jet position) in the NCAW test revealed another difference in
the flow characteristics between the two tests. Originally, it was thought
that the coupon in the off-jet position was essentially not exposed to any
fluid flow, similar to the environment of the control coupons. However, as
shown schematically in Figure 6.1, the diverging jet spills over the edge of
the direct impingement coupon and flows in a turbulent, oblique current over
the coupon in the off-jet position. Hence, the NCAW test was not an "on-off"
test, but was instead a comparison of the effects of two kinds of flows,
direct impingement and an uncharacterized oblique flow. Therefore, it is
believed that the NCAW coupons were exposed to a flow condition that did not
occur in the NCRW test, and in either case flows impinging on the test coupons
have not been representative of all the slurry flow patterns that will occur
across the tank walls during retrieval operations. ’

holl et

FIGURE 6.1. Probable Flow Pattern for NCAW Slurry Jet. Specimen
holder geometry and off-jet position directs turbulent,
oblique flow over the off-jet position.
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In addition, differences in test temperature, slurry composition, and
slurry impingement velocity distribution make a direct comparison between the
two tests uncertain. Test temperature 1ikely had some effect on the corrosion
rate in both slurry systems, while the differences in slurry composition may
have Tittle or no effect. The distribution in slurry impingement velocity
across the coupon could make a difference in the actual corrosion rate across
the surface of the NCRW test coupons. However, we surmise from the results of
the NCAW tests (see further discussion below) that while vertical velocity in
the impingement region affected corrosion rate, redirected flow in the off-jet
position apparently caused increased corrosion compared to stagnant condi-
tions. Further efforts to measure changes in thickness of the NCRW coupons
before and after the NCRW test found the relative change in thickness to be
less than 1 mil, suggesting that any differences in corrosion rate between the

edge and center of the NCRW coupons were less than about 3 mil/yr (i.e., dif-
~ ferences in the corrosion rate from center to edge were less than a factor
of ~2).

6.2 SIMILARITIES AND CONTRASTS BETWEEN NCRW AND NCAW TEST RESULTS

Table 6.2 1ists some of the important results from the two tests. The
first column lists the amount of corrosion film removed from each test coupon
after the tests were terminated. Note that the NCAW impingement coupons
showed a considerably thicker buildup of film than did the NCRW coupons. The
control coupons showed the opposite condition (the NCRW controls showed a 50%
thicker film than did the NCAW controls). Column 2 indicates the amount of
metal that was lost per square centimeter from each coupon. From that the
total amount of film formed, assuming magnetite was the final film phase, can
be calculated (see column 4). In every case, with the exception of the NCRW
control coupons, considerably more film-forming components have gone into
solution (column 4) than have remained on the coupons as film (column 1).

Figures 6.2 and 6.3 show the relationships between the velocity of the
sturry jet, the time-averaged corrosion rates, the adhering oxide film mass,
and the mass of corrosion products removed in solution during the course of
the experiment. These correlations were made to emphasize similarities and
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TABLE 6.2. Summary of Results from NCRW and NCAW Corrosion Tests

Test Result!?

Coupon 1 2 3 4 5 7
NCRW
H1 3.28 23.14 31.93 28.65 3.95 54.5 100
H2 3.52 16.28 22.47 18.95 2.78 14.4 100
H3 3.87 8.97 12.38 8.51 1.53 3.6 100
HC1 1.98 1.65 2.28 0.30 0.28 0 --
HC2 1.97 1.75 2.42 0.45 0.30 0 --
HC3 1.93 1.71 2.36 0.43 0.29 0 --
NCAW
H1 7.59 17.72 24 .45 16.86 2.18 4 90
H2 4.73 9.70 13.39 8.66 1.18 4 10
H3 7.90 19.92 27.49 19.59 2.44 8 90
H4 6.00 14.19 19.58 13.58 1.73 8 10
H5 8.08 23.16 31.96 23.88 2.82 15 90
H6 12.84 33.14 45.73 32.89 4.04 15 10
H7 1.38 2.58 3.57 2.19 0.31 0 --
H8 1.33 2.52 3.48 2.15 0.31 0 --
H9 1.27 2.37 3.27 2.00 0.29 0 --
(a) Column Description
1 Weight of corrosion film at end of test (mg{cmz)
2 Weight of metal removed by corrosion (mg/cm®)
3 Weight of total corrosion product (mg/cm®) = Fe,0,
(wt. Fe x 1.38)
4 weightzof corrosion product dissolved during test
(mg/cm®)
5 Time-averaged corrosion rate (mil/yr)
6 Slurry jet impingement velocity (ft/s)
7 Percent of time in slurry jet out of a 5-min cycle -

differences between the various test results and to suggest relationships not
The pre-cleaning values (see Table 5.4) were found to be
well correlated to the post-cleaning corrosion values, so both sets of corro-

already recogn

jzed.

sion rates show the same relationship to velocity and other data. Therefore

only one set needs to be analyzed this way.

Figure 6.2 plots the time-averaged corrosion rates (rates based on total

weight loss of metal as determined at the end of the test) versus the free jet

velocity caleculated for the impingement surface (see Section 3.3). The curves
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scaled distance from the test nozzle equivalent to the
distance from the mixer pump nozzle to the tank wall.
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for both the NCRW and NCAW tests (90% impingement time) appear to show corro-
sion rates that are approximately proportional to the square root of the
slurry velocity. This is consistent with the expectation that the impingement
zone of a circular jet striking a wall would show mass transfer characteris-
tics proportional to the square root of the impinging slurry velocity. How-
ever, the corrosion rates displayed by the‘coupons that were out of direct
impingement 90% of the time were linearly proportional to the slurry velocity.
This result suggests a boundary layer control on the corrosion rate for those
cases (see Section 3.3).

Figure 6.3 correlates the final oxide film mass on the specimen with the
time-averaged corrosion rate for that specimen. The NCRW and NCAW test
results appear to be distinctly different on this plot. Here, the NCAW
coupons that spent most of the time out of the direct flow from the slurry
jets show a linearly increasing oxide film thickness with increasing corrosion

6.7



{

rate. This indicates that the film thickness could not be the rate-
determining factor for these coupons; rather, the film forms at a rate that is
proportional to the corrosion reaction. It is interesting to note that the
control coupons lie on the same trend, suggesting that most of the film must
be quite porous to the corroding species for such lack of control. The NCRW
coupons show almost the opposite correlation. Here, the thickest film is on
the slowest corroding coupon, but the variation in thickness may not be
significant. The 90% direct impingement NCAW coupon seems to form a third
independent trend that looks 1ike it is in transition from the 10% direct
impingement mode to that displayed by the NCRW coupons. Note that the NCAW
impingement films were cleaned off in the same time it took to remove the much
thinner films on the control coupons. Lack of information regarding the
phases present in the films, their porosit&, and the surface appearance of the
NCRW coupons makes further speculation unwarranted, beyond our observation
that there are significant differences between the oxide films on the two sets
of test coupons.

The differences between the tests may be attributed to chemistry, tem-
perature differences, flow patterns, or length of the experiment (i.e., the
NCAW test, which ran about 50% longer, may have reached an equilibrium state
that the NCRW test did not reach). For example, temperature affects the con-
version of iron hydroxide into magnetite, and magnetite should produce a more
durable film than would iron hydroxide. The more massive film in the NCAW
test could be due to a higher proportion of magnetite in the film. Magnetite
may also produce a more porous film because of recrystallization, and may
explain why the film thickness did not appear to be the controlling factor for
corrosion rate on these coupons. Overall, it appears from the film-forming
characteristics that two distinctly different test conditions were repre-
sented, and that the similarities of the time-averaged corrosion rates for
similar slurry impingement velocities (see column 5 in Table 6.2) are merely
coincidental.
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6.3 TERPRETATION OF INTE EIGHT CHANGE OBSERVATIONS

Figures 6.4 and 6.5 provide another comparison of the results of these
two tests. In these figures the corrosion rates plotted are based on the net
weight change observed between interim weighings. As already discussed in
Section 5.1.2, the net weight change is the sum of the weight of the metal
lost from the coupon’s surface and the change in weight of the corrosion film
adhering to the surface. While the metal lost due to corrosion is always neg-
ative, the change in weight of the corrosion film can be either positive or
negative. Hence, the measured weight change is an indeterminate number that
can be assumed equal to the metal actually lost from corrosion, if there is
reason to believe that the corrosion film on the coupon surface is unchanging
or changing slowly in mass per unit area compared to the actual corrosion
rate.

The measured weight loss rates computed for the control coupons and
plotted in Figure 6.4 indicate for the NCAW controls that the corrosion film
may have stabilized as corrosion progressed, as indicated by the fact that the
corrosion rate based on observed weight change becomes constant and is posi-
tive. In this case the coupon is losing mass. The Toss of mass can be attri-
buted to the Toss of metal without a concurrent increase in the corrosion film
mass (the corrosion products go directly inte solution). However, as long as
the calculated corrosion rate is negative (as is observed for the NCRW control
coupons), the corrosion film has to be growing in mass per unit area since the
Toss of metal to corrosion will cause only a weight loss, while increasing the
amount of corrosion film adhering to the coupon will cause a weight gain
(i.e., Wt(Fe,0,)= 1.38 X Wt(Fe)). Hence, in the case of the NCRW test, the
thickness of the oxide film on the control coupons increased throughout the
test, but the film on the NCAW control coupons may have stopped growing at a
significant rate toward the end of the test.

It appears from Figures 6.4 and 6.5 that, based on weight Toss rate, the
behavior of the impingement coupons and control coupons reached a similar
steady-state condition by the end of the test. The rates for NCAW tests can
be generally characterized as rising to a maximum in the first 50 days and
then falling over the next 100 days to lower, more constant rates. Note,
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however, that the rates calculated for these impingement coupons are still
changing toward Tower values, particularly for coupons Hl, H3, and H5, so the
coupons do not'yet appear to be at equilibrium in contrast to the control cou-
pons. By comparison, the NCRW impingement coupons appear to be in a dynamic
nonequilibrium state. The calculated values vary almost randomly, and while
the measured weight loss rate for the coupon in the highest velocity slurry
Jet (coupon H1) appears to be falling on the average, the measured weight loss
rate for the coupon in the lowest velocity jet (coupon H3) appears to be
increasing with time. This 1s consistent with the behavior shown by the NCRW
control coupons, in that they too were still in transition after 107 days.

Another consistency in rates for the NCAW and NCRW tests is shown by the
relationship between the time-averaged corrosion rate (see Table 6.2) and the
measured weight loss rate. For the NCAW test, the time-averaged rate is gen-
erally greater than or equal to the greatest measured weight loss rate. This
is what one would expect when a thick corrosion film forms during the test so
that the weight loss of metal is partially compensated by film buildup. A
relatively thick film developed on the NCAW test coupons. In the NCRW case,
the time-averaged value (see Table 6.2) is always less than the greatest mea-
sured weight loss rates observed in every case. This implies that, on the
average, the corrosion film was a smaller component of the system, which is
again consistent with the relatively thin film on the NCRW test coupons. The
thickness of the corrosion film may have changed considerably during the
course of the test, thus explaining the apparent increasing corrosion rate on
the NCRW test coupon (coupon H3).

The test data as shown in Figure 6.5 suggest the following conclusions.
The NCRW results are best represented as the time-averaged corrosion rates
given in Table 6.2, because the rates did not appear to have reached a stable
condition by the end of the test. Therefore, the more conservative value for
velocity-accelerated corrosion rate is recommended. The NCAW test results
show that the rates are more well behaved, although apparently are still
approaching a steady-state condition (i.e., the observed weight changes are
still decreasing with time). It is probably accurate to state that the time-
averaged corrosion rates given in Table 6.2 for the NCAW coupons overestimate



the actual corrosion rate occurring at the end of the test. Caution is
advised in saying how much the time-averaged values overestimate the true
corrosion rate. Weight changes in the relatively thick corrosion film con-
siderably alter the meaning of the measured weight loss rate, but that effect
would not be detected by the measurements made during the tests.

Another observation is that the corrosion rates for the NCRW slurry
appear to be higher than those for the NCAW slurry. This observation is based
on the conclusion that the time-averaged rate for the NCRW appears to be the
best estimate of the actual corrosion rate, while the best estimate for the
NCAW rates were based on the measured weight loss rates determined at the end
of the NCAW test. Combining this observation with the fact that the NCRW test
was run at a Tower temperature than the NCAW test supports the conclusion that
the simulated NCRW sTurry was more corrosive than the simulated NCAW slurry
under equivalent conditions.

6.4 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE TESTS

The following conclusions can be drawn from the NCAW/NCRW test results:

o Based on variability in the data, corrosion rates for A-537 carbon
steel under the NCRW test conditions are best estimated using the
time-averaged values presented in Table 6.2.

o Corrosion rates for A-537 carbon steel under the NCAW test condi-
tions are probably Tower than the time-averaged values presented in
Table 6.2. The corrosion rates based on net weight change (see
Figure 6.3) may be a good estimate (2.5 mil/yr) of the actual value
for the highest rate in the NCAW slurry (see Table 5.4). These
values needs to be confirmed by a test designed fur this purpose.

e The A-537 carbon steel behaved differently in the two slurries
based on film thicknesses. Slurry composition may have been the
factor.

e Bulk flow of the slurry past the coupons in the "off-jet" positions
appears to have accelerated corrosion during the NCAW test. The
actual flow pattern is not known but is probably due to turbulent
flow generated by the slurry jet as it is redirected by the
impingement coupon aligned with the jet (see Figure 6.1).




The difference in flow pattern and velocities across the surface of
the NCRW test coupons did not groduce a measurable difference

(~3 mil/yr) in corrosion rate between the center and the edge of
the coupons.

The following recommendations are made for future work and test design:

Future tests should be designed so that multiple samples are tested
under identical conditions. This approach will allow actual corro-
sion rages to be determined and data reproducibility to be
measurea.

Future tests should eliminate interim measurements in which the
inspected coupons are returned to the test slurry. Such activity
creates some uncertainty about the results because the coupons are
handled during the procedure, and the potential for mechanically
stressing the corrosion film when it is exposed to another environ-
meRt (i.e., deionized water), allowed to dry, and then rewetted is
unknown.

A matrix of scoping tests should be developed in parallel with the

main testing program to specifically investigate the effects of

slurry composition on corrosion rate. Ideally, the whole composi-
tional grid could be run in parallel. The compositional grid would it
cover variations in OH, NO,, NO,, and potential iron complexing

agents.

Tests should be designed so that the test coupons are always in a
well-defined environment with respect to slurry motion. The slurry
motion should be hydrodynamically scaled to closely match the magni-
tude and types of motion expected in the double-shell tanks. This
scaling will be done in the test tank by placing a rotating jet at
the center of the tank and using a test coupon holder scaled to act
as a section of the DST tank wall as a source for impingement by
the mixer pump jets. This test configuration can be scaled to pro-
duce test conditions that match the impingement angies, impingement
velocities (and wall shear), and cycle times characteristic of
planned DST operations. One or more jet velocities, scaled to that
anticipated in the DSTs, would be tested.

Test specimens should be preconditioned for any test. The object
of such preconditioning would be to produce a specimen surface that
closely reproduces that on the inner surface of the tank. Precon-
ditioning would include the following three steps:

Give each test coupon a standard surface finish.
- Heat treat the test coupons in the same way that the tank was

heated, thus producing an oxide film similar to that produced in
the tank.
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Precondition “he test coupons in a generic tank supernatant
solution at the same temperature to be used in the test. The
treatment should be long enough so that the initial transient
corrosion rates associated with bare metal coupons are elimin-
ated or significantly reduced. Several coupons should be
characterized to provide a well-defined, initial-state base-
line for comparison to test results.
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APPENDIX A

COUPON DIMENSIONS AND WEIGHT MEASUREMENTS

TABLE A.1. Coupon Weights Measured at Each Inspection Period for
‘ the NCRW Corrosion Test

Days Impingement Coupons Control Coupons

from Start H1 H2 H3 HC1 __HC? HC3

0 84.5439 84.6541 84.7920 117.3469 120.3804 123.2461

0.77 84.5391 84.6441 84.7913 117.3469 120.3801 123.2460

6.77 84.5210 84.6331 84.7891 117.3459 120.3794 123.2435
13.77 84.5020 84.6228 84.7860 117.3417 120.3759 123.2411
26.70 84.4284 84.5941 84.7789 117.3387 120.3721 123.2382
39.63 84.3923 84.5623 84.7734 117.3415 120.3736 123.2416
55.30 84.3672 84,5355 84.7597 117.3578 120.3847 123.2532
68.30 84.3575 84.5164 84.7532 117.3577 120.3852 123.2526
81.30 84.3330 84.4933 84.7377 117.3604 120.3905 123.2556
93.90 84.3073 84.4769 84,7106 117.3606 120.3912 123.2565
106.90 84.2794 84.4614 84.6952 117.3632 120.3916 123.2567
Final® 84.2421 84.4214 84.6572 117.2649 120.2922 123.1583

(a) Oxide removed.
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