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HALF-PLANT LOW DICHROMATE EVALUATION AT KW REACTOR
FINAL REPORT -- PRODUCTION TEST-176

3- DUN-7253

INTRODUCTION

Sodium dichromate is added to the Hanford single-pass reactors to control
localized corrosion of aluminum-clad fuel elements and aluminum process
tubes. The localized corrosion occurs as pitting or as related forms of
erosion-corrosion, commonly called groove and ledge corrosion (GLC).

Except for one period of time during 1952, sodium dichromate has been con-
tinuously added to the cooling water as a corrosion inhibitor. Severe
localized corrosion occurred during the 1952 period when the corrosion
inhibitor was not employed. In 1954 an attempt to reduce the dichromate
concentration to 0.5 ppm from the 2.0 = 0.2 ppm (normally 1.8 ppm) which
had been satisfactorily employed since reactor startup was terminated due

to excessive localized corrosion and fuel ruptures. In the 1954 test, the
coolant pH was 7.4. Since 1954, the corrosivity of the coolant to aluminum
has been reduced by lowering the pH which has allowed operation at reduced
dichromate concentrations. Based on a favorable half-plant test conducted
in C Reactor in 1960 employing pH 7.0 coolant, the dichromate concentration
was reduced to 1.0 ppm at all single-pass reactors in 1961. The C Reactor
test showed that fuel jacket corrosion was substantially increased by reducing
the dichromate concentration but that this increase was not severe enough to
cause any significant operating problems; therefore, in order to reduce

water treatment costs, operation at 1.0 ppm dichromate became standard
practice.

With the reduction of coolant pH to the current value of 6.6, several addi-
tional tests have been conducted since the 1960 C Reactor test to determine
if dichromate concentrations could be further lowered. Data obtained at
0.5 ppm sodium dichromate in the pH 6.6 coolant were contradictory; there-
fore, additional testing at this dichromate concentration was authorized

at KW Reactor (PTA-176).! The objectives of the KW Reactor test were:

1. To compare the ability of 0.5 and 1.0 ppm sodium dichromate
to inhibit localized corrosion of aluminum fuel element
cladding at similar reactor operating conditions.

2. To define the degree of uniform and localized corrosion
in 0.5 and 1.0 ppm sodium dichromate as a function of
temperature.

3. To define the degree of localized corrosion in 0.5 and
1.0 ppm sodium dichromate as a function of exposure time.

The test was conducted between June 13, 1969 and October 19, 1969. Interim
water chemistry specifications for the K Reactors were issued on the basis
of a preliminary analysis of the data in November 1969.2 The purpose of
this document is to report the final results of the test.
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IT.

SUMMARY AND CONCLUSIONS

The primary purpose of this test was to provide a quantitative comparison of
fuel element 8001 aluminum alloy cladding corrosion in cooling water contain-
ing 0.5 and 1.0 ppm sodium dichromate inhibitor. Secondary purposes were to
provide information on cladding corrosion as a function of temperature and as
a function of time at both inhibitor concentrations. The primary purpose was
well fulfilled: Equations were developed to describe and predict fuel element
weight losses at both dichromate concentrations and the effect of dichromate
concentration on localized corrosion was clearly established. The corrosion
equations show that fuel weight losses can be expected to increase by a factor
of 1.45 at a dichromate concentration of 0.5 ppm as compared to exposure to
coolant containing 1.0 ppm dichromate. Little effect of dichromate concen-
tration on localized corrosion was observed when fuel cladding temperatures
were below 115-120 C but above these temperatures the localized corrosion
definitely was more severe in coolant containing 0.5 ppm inhibitor. The
localized corrosion (groove corrosion, pitting, erosion corrosion) almost
always occurred on the bottoms of the fuel elements, since these surfaces
operate at a higher temperature. The bottom rows of fuel element supports
rapidly corroded away at the higher temperatures which caused a further
increase in local temperatures due to flow imbalances and this in tumn
accelerated the localized corrosion. Because the higher dichromate concen-
tration reduced the amount of support corrosion, 1.0 ppm dichromate should

be employed to control localized corrosion whenever cladding temperatures are
expected to be above 120 C for long periods of time. These tests indicated
that the corrosion occurring at exposures of 66 operating days, and with

clad temperatures of 120 C or above, would not seriously limit fuel integrity
at 0.5 ppm inhibitor but that for exposures of 105 operating days extensive
pitting corrosion would be expected. However, it was found that even opera-
tion at 1.0 ppm dichromate at the longer exposure periods and higher cladding
temperatures would reduce but would not completely eliminate localized
corrosion.

Based on these data, it is recommended that the sodium dichromate concen-
tration should be controlled as follows:

1. A dichromate concentration of 0.5 ppm should be employed
for all operations which result in a maximum fuel element
surface temperature below 120 C in the highest powered
tube in the reactor, regardless of the exposure time; or,
for operation in which fuel cladding temperatures are
above 120 C but exposure periods are less than 70 operat-
ing days.

2. A dichromate concentration of 1.0 ppm should be employed for
all operations which result in over ten fuel coiumns with
fuel cladding surface temperatures exceeding 120 C and
exposure periods exceeding 70 operating days.

It is well known that a decrease in pH will reduce aluminum cladding corro-
sion, and while not investigated during the test, if the severe exposure
conditions are expected, it would seem prudent to decrease the pH (6.7 was
employed in this test) as well as to operate with higher dichromate

concentrations.
. K ; @AP
DEC po- Ay
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ITII. EXPERIMENTAL CONDITIONS

A.

Water Chemistry

Normal reactor cooling water (alum-coagulated, filtered Columbia River
water) from the KW Reactor water treatment plant was used during this
test. The sodium dichromate concentration was the only water chemistry
variable which was maintained at different levels on the two halves of
the reactor during the test. The far (east) side of the KW Reactor was
cooled with water containing 0.5 ppm sodium dichromate and the near

side (control side) of the reactor was cooled with water containing

1.0 ppm sodium dichromate. Maximum, minimum, and average concentrations
are shown in Table I. The average dichromate concentrations very closely
approached the nominal specified concentration.

The pH was measured routinely on both sides of the reactor and as may
be seen in Table II the average values for the entire test period were
6.69 on each side.

Residual chloride was held at 0.2 ppm on both sides of the reactor during
the first month of the test to reduce the Mn-56 radioactivity in the
effluent coolant. The residual was reduced to 0.05 ppm on July 17, 1969,
where it remained for the balance of the test.

The alum concentration was maintained on both sides of the reactor at
about 18 ppm during most of the test using the bauxite generators. During
one three-day period in August, 15 ppm of commercial liquid alum was fed
as the flocculating agent. Resultant Zeta potentials ranged from 0 to -10
but tended to be near the negative side of the range for most of the test
period.

Fuel Loadings

A total of 54 columns of fuel elements clad in 8001-F aluminum alloy

and fabricated by the standard AlSi process were employed in this test.
One-half the fuel was exposed on the test side (0.5 ppm dichromate) and
one-half on the control side (1.0 ppm dichromate) of the reactor. Both
KSE (enriched to 0.95 percent) and KSN (natural uranium) fuel models with
50-mil thick arch supports were tested.

The number and type of fuel elements in each column were selected so

that nominal outlet temperatures of 95, 105, and 115 C could be obtained.
The columns with a nominal 95 C outlet consisted of 46 pieces of KSE
fuel; the columns with a nominal 105 C outlet consisted of 38 pieces of
KSN fuel; and the columns with a nominal 115 C outlet consisted of 51
pieces of KSE fuel. All columns had the normal 16-inch expendable and

5 dummies in the downstream spacer pattern. Nine columns of each loading
were exposed on each side of the reactor.

m e o " e ' e
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TABLE I. SODIUM DICHROMATE CONCENTRATION, ppm

TEST PERIOD NEAR SIDE (CONTROL) FAR SIDE (TEST)

Max. Min. Ave. Max. Min. _Ave.
jﬁg: ég,t397o 1.02 0.95 0.985 0.50 0.50 0.50
jﬁi§ ;1501970 1.01 0.96 0.995 0.51 0.50 0.50
August 1 to 1.00 0.98 0.995 0.55 0.52 0.505

August 31, 1970

September 1 to
September 30, 1970 1.00 0.98 0.995 0 50 0.50 0.50
October 1 to

October 18, 1970 1.00 0.95 0.995 0.50 0.50 0.50

TABLE II. COOLANT pH

TEST PERIOD NEAR SIDE (CONTROL) FAR SIDE (TEST)

jﬁg: ég,tfg70 6.70 6.66 6.685 6.96 6.66 6.699
j3}§ é1f°1970 6.73 6.67 6.688 6.74  6.66  6.685
ﬁﬁgﬂzz §1f0197o 6.73 6.66 6.695 6.72 6.67 6.695
§:g§§$§§§ é0f°1970 6.70 6.65 6.681 6.70  6.65  6.679
October 1 to 6.70 6.66 6.680 6.70 6.66 6.680

October 18, 1570
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It was originally intended that three columns of each type be discharged
at three separate outages but, because of temperature problems induced by
changes in fuel loadings in the remainder of the reactor, three columns
of each type were discharged at the end of the first exposure period and
all remaining test columns were discharged at the end of the second
exposure period.

All fuel columns were charged into smoothbore Zircaloy-2 process tubes.

C. Temperature Data

Inlet and outlet coolant temperature data were measured daily on all
tubes during the initial month of testing and then every other day
thereafter. Inlet temperatures were 15.9 C at the start of the test,
reached a peak of 19.4 C late in August, and decreased to 14.9 C at the
end of the test. Complete inlet temperature data are given in Table III.

Outlet temperatures for each individual tube varied several degrees
centigrade during any given operating period. Figure l gives the daily
outlet temperatures for a typical group of fuel columns - those operating
at nominally 115 C in coolant containing 0.5 ppm sodium dichromate.
Similar plots were made for the other five groups of fuel columns. At the
end of the second operating period solid aluminum dummies were inserted
into the downstream dummy pattern to increase the temperatures of nine
selected fuel columns which were operating at temperatures slightly lower
than others in their group. Time-weighted maximum temperatures were
calculated from these daily temperature curves for each operating period
and are shown in Figure 2. Using the type of data shown in Figure 2,
fuel columns which had been operating at similar conditions on both

sides of the reactor were selected for discharge for the first discharge.
As may be seen in Figure 2, the fuel columns operated at very similar
temperature conditions on both sides of the reactor during the first

four operating periods. During the fifth and sixth operating periods,

a large divergence in outlet temperatures occurred on the columns
operating at the lower temperatures and it was decided at that time to
discharge all remaining fuel columns while the operating data were still
comparable.

D. Fuel Exposures

The minimum and maximum exposure for each grouping of fuel columns is

given in Table IV. These exposure values are the range of individual

tube average exposures as calculated by the PTA computer program from

daily operating data. Because corrosion is dependent on the number of
days operation at a given temperature rather than on exposurc in terms
of MWD/T, the actual days of operation are also given in Table IV.
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TABLE III. INLET COOLING WATER TEMPERATURE, C

Date June July August September October
1
2 16.4 18.6 18.8 17.0
3 16.4
4 16.3 18.3 16.2
5 16.4
6 16.6 18.1 16.2
7 16.6
8 16.9 18.3 16.3
9 17.1
10 18.0 18.7 18.8 15.9
11
12 17.2 18.1 19.0 15.6
13
14 17.0 15.1
15
16 18.7 15.0
17
18 18.2 14.9
19 15.9 18.0
20 15.9 19.0 18.0
21 15.8
22 15.8 19.0
23 15.8 18.0
24 15.8 19.4 17.7
25 15.8 18.5
26 15.6 18.8 17.7
27 15.6 18.3
28 15.4 18.3
29 18.8
30 18.2 17.9
31 18.8
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TABLE IV. FUEL EXPOSURES

Goal Fuel Elements Exposure, *MWD/T Tube Power, KW
Temp., Fuel Type per Column Min. Max. Min. Max.
95 C KSE - 46
First Discharge 689 827 1337 1619
Second Discharge 1103 1190 1400 1530
105 C KSN 38
First Discharge 651 717 1510 1670
Second Discharge 1031 1103 1545 1667
115 C KSE 51
First Discharge 796 822 1720 1800
Second Discharge 1231 1297 1737 1858

* All fuel was charged June 13, 1969
First discharge was September 3,1969 (82 calendar days,66 operating days)
Second discharge was October 19, 1969(128 calendar days,105 operating day

IV. RESULTS

A. Uniform Corrosion

1. Fuel We§ght Losses

An excellent correlation of fuel cladding weight loss versus the
reciprocal of the absolute value of the surface temperature was obtained
in coolant containing both 0.5 and 1.0 ppm sodium dichromate. A summary
of the weight loss data is shown graphically in Fi_ ure 3 and the data
from which Figure 3 is derived are shown in Figures 4, 5, 6, and 7.

At any given fuel cladding surface temperature, corrosion increased

with time and with a decrease in dichromate concentration. The

weight loss data for the KSN fuel in Figures 4-7 were corrected by

the area ratio of KSN to KSE fuel so that all data could be plotted

on one figure.

Corrosion rates, which were derived from Figure 3, are shown in
Table V. The rate at any given temperature was linear with time.

TABLE V. FUEL CLADDING UNIFORM CORROSION
(Mils/Day Penetration*)

Dichromate Temperature, C
Concentration,ppm 100 110 120 130
0.5 0.0054 0.016 0.046 0.11
1.0 0.0037 0.011 0.032 0.079

* Calculated from weight loss data in Figure 3. One
mil/day penetration is equivalent to 3.30 grams/day
weight loss on K5N fuel and 2.37 grams/day on KSE fuel.

Vg B ”"‘*
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An increase in fuel cladding temperature by ten degrees Centigrade
increased the corrosion by a factor of 2.5 to 3.0 while an increase
in fuel cladding temperature of 7.5 C doubled the corrosion rate.

A decrease in the dichromate concentration from 1.0 to 0.5 ppm
increased the corrosion rate by a factor of 1.45.

Mathematical Correlation

The fuel weight loss data were examined to determine if a suitable
equation could be found which described the data over the entire
range so that predictions of weight loss could be calculated for
future tests. As discussed above, a very good fit of the data
for each discharge and each sodium dichromate concentration was
found by plotting the logarithm of the weight loss versus the
reciprocal of the absolute value of the fuel cladding surface
temperature (see Figures 4-7). Plots of the weight loss versus
time at a given temperature obtained from Figures 4-7 indicated
that the kinetics of the corrosion process were zero order; i.e.,
of the type described by the equation -- dW = kW°, where W is

dt
the weight loss, t is the time and k is the reaction rate constant.
Integration of the equation yields an equation of the form W=kt+C
showing that the kinetics are linear with time. The'C is a constant
of integration and for data from this test C was zero,

For many chemical reactions where the rate constant varies with
temperature the variation can be represented by an Arrhenius equa-
tion of the form dlnk = AE*, where T is the absolute temperature,

dT RT2
R is the gas constant, and AE* is the energy of activation. Integra-
tion of this equation yields 1ln k = -AE* + C; or k = Z e -AE*, where

RT RT
C, and Z are constants. A plot of ln k versus 1/T, shown in

Figure 8, yielded excelient straight lines, in agreement with

theory. Using a value of R of 1.987 calorle/degree/mole, the
activation energy at 0.5 and 1.0 ppm sodium dichromate concentrations
were 30,401 and 30,365 calories, respectively, or an average of
30,382 calories Using the average value of the activation value,
the value of Z for 0.5 ppm dichromate is calculated to be

8.315 x 1015 grams/day and for 1.0 ppm to be 5.60 x 10!5 grams/day.

Combining the kinetics equation and the activation energy equation
yields an equation which can be used to predict fuel cladding welght
losses.

For cladding corrosion in coolant containing 0.5 ppm sodium dichromate
the equation is:

-30,382

15
(8.315 x 10 ) (exp —T‘g—s—,r) [t)
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where W is weight loss in grams, T is surface temperature in degrees
Kelvin and t is time in days.

For cladding in coolant containing 1.0 ppm sodium dichromate the
equation is:

-30,382
1.9 (t)

In agreement with the data presented in the previous section, the
expected weight loss at a given time and surface temperature with
these equations is about 1.45 greater in coolant containing 0.5 ppm
sodium dichromate than in coolant containing 1.0 ppm sodium dichromate.

W = (5.60 x 1015) (exp

Localized Corrosion

1.

Severity of Attack

The uniform corrosion data presented above are helpful in predicting
fuel cladding life but do not present the true picture of the corrosion
processes occurring. The uniform corrosion losses are calculated from
the weight losses, which can be measured quite accurately. However,
inherent in the calculation is the assumption that the weight losses
occur uniformly over the entire fuel element surface. Such is not

the case. During a visual inspection of the fuel after exposure in

the reactor, it is very evident that much more corrosion occurs on the
bottom 90 degrees of the surface than on the remainder of the surface.
The selective attack on the bottom of the fuel is because of flow
imbalances in the cooling water which allows a higher temperature to
occur on the bottom of the fuel. As shown in the section on uniform
corrosion, an increase in temperature of 7.5 C is sufficient to double
the uniform corrosion rate. The higher temperatures not only increase
localized corrosion but also induce localized corrosion. The localized
corrosion which occurred during this test was primarily of the form of
groove and ledge corrosion, which has been described many times pre-
viously, and erosion-corrosion at the upstream ends of the fuel

element supports.

An indication of the severity of the localized attack is obtained from
a visual inspection of each fuel element. The depth of the localized
corrosion, whether it be ledge, groove, pitting, or erosion-corrosion,
is categorized at four levels of severity -- no localized attack,

some localized attack but less than 10 mils deep, severe localized
attack (greater than 10 mils deep), and extremely severe localized
attack (AlSi layer visible). Results of the visual inspections are
given in Tables VI through XI.

The effect of dichromate concentration at each exposure period and

each goal outlet coolant temperature may be determined by comparing
the data in Tables VI-XI. Only very slight differences in corrosion
severity were observed on fuels operating in low temperature coolant
containing 0.5 and 1.0 ppm dichromate. At 95 C goal outlet temperature no
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NUMBER OF FUEL ELEMENTS WITH LOCALIZED CORROSION OF SEVERITY INDICATED, EXPOSED

TABLE XI.

105 DAYS AT 115 C GOAL

1.0 ppm Dichromate

<10 Mils

0.5 ppm Dichromate

<10 Mils

A1Si Showing

>10 Mils

None

A1Si Showing

>10 Mils

Position

None
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significant differences were observed at either discharge; at the
first discharge all fuel elements (except a few at the upstream end
where no corrosion occurred) exhibited localized corrosion of a
severity less than 10 mils deep. At the first discharge of fuel

at 105 C goal outlet temperature, the fuel exposed to coolant con-
taining 1.0 ppm dichromate exhibited slightly less severe corro-
sion; fuel at this discharge exhibited localized corrosion of a
severity less than 10 mils up to the 25th element at 0.5 ppm and

ur to the 22nd element at 1.0 ppm. At the final discharge, more
than twice as many fuel elements (17) exhibited corrosion of a

severity greater than 10 mils in 0.5 ppm dichromate than on fuel elements

{(7) in 1.0 ppm dichromate. Also, the area where no localized
corrosion occurred extended slightly further downstream in the
fuel columns exposed to 1.0 ppm dichromate than on columns exposed
to 0.5 ppm dichromate. At 115 C goal outlet temperature, about
twice as many fuel elements (15) exhibited corrosion of a severity
greater than 10 mils after 66 days in 0.5 ppm dichromate than on
fuel el=ments in 1.0 ppm dichromate. In addition two fuel elements
exhibited corrosion to the AlSi layer in 0.5 ppm dichromate but
none were corroded this extensive at 1.0 ppm dichromate, Similar
trends were observed after 105 days exposure except that more fuel
at each dichromate concentration experienced severe corrosion;
eight fuel elements in coolant containing 0.5 ppm dichromate, and
four fuel elements in 1.0 ppm dichromate, were corroded to the
AlSi layer.

The effect of increased exposure time was to increase the severity
of corrosion, particularly at the higher temperatures. At 95 C
outlet temperature, many of the unstream fuel elements did not
exhibit any localized corrosion after 66 days exposure but all tnirty
elements in each column exhibited localized corrosion at 105 days
exposure. At 105 C, all fuel exhibited localized corrosion less
than 10 mils deep after 66 days exposure but after 105 days exposure
corrosion severity increased so that many fuels in positions 1 to 6
from the downstream end exhibited corrosion deeper than 10 mils.
Similar trends with exposure time occurred on fuels exposed at

115 C outlet temperature; the number of fuel elements exhibiting
cerrosion of a severity greater than 10 mils more than tripled

when the exposure time was increased from 66 to 105 days.

Of the three parameters investigated (dichromate concentration,
exposure time, temperature), the variable which had the most
influence on severity of localized corrosion was temperature. After
66 days exposure, localized corrosion was less than 10 mils deep on
fuel exposed at 95 C and 105 C goal outlet temperature with many of
the upstream fuel (above position 20) not exhibiting any local
attack. At 115 C goal outlet temperature, all thirty downstream
fuel elements examined in each column exhibited localized attack
of some form and many of those in the downstream hotter positions
xhibited localized corrosion greater than 10 mils. After 105 days
exposure, the effect of temperature was even more pronounced. None
of the fuel at 95 C goal outlet exhibited localized corrosion deeper
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than 10 mils; and 91 elements at 115 C goal outlet exhibited corro-
sion greater than 10 mils deep or to the AlSi layer.

The effect of temperature on localized corrosion can also be seen by
observing the corrosion severity along the length of the fuel column.
For example, Table XI shows that corrosion was less than 10 mils deep
for the upstream fuel elements, increased to greater than 10 mils deep
starting at fuel locations 8 to 13 as the temperatures increased
towards the downstream end of the fuel column, and at the area maxi-
mum temperature (positions 1-5) severe corrosion to the AlSi layer
occurred.

Primary Corrosion

The fuel elements were analyzed for type of corrosion attack as well
as severity of attack following the in-reactor exposure. Normally,
two or more types of corrosion are identified. The more severe type
of corrosion, i.e., the type of corrosion considered most detrimental
to fuel survival, is classified as primary corrosion and any less
severe type of corrosion attack is classified as secondary attack.
Uniform corrosion or three types of localized corrosion may be
identified. The three localized types of corrosion normally iden-
tified are groove, ledge, and pitting corrosion. Groove corrosion

is a form of erosion-corrosion which normally occurs on the lateral
fuel surfaces. For purposes of brevity, a form of erosion-corrosion
which occurs by impingement of cooling water at the upstream ends

of the fuel supports is also included in the following discussion

in the category of groove corrosion. Groove corrosion, which has
been described previously, is a form of localized corrosion charac-
terized by small, smooth-bottomed, oxide-free pits. Many times these
pits are connected to form rows of grooves. Ledge corrosion is
characterized by a surface where it appears the corrosion has removed
broad, shallow layers. Pitting is characterized by small, deep,
ragged-edge pits; these pits sometimes overlap one another. Of

the three types of localized corrosion normally groove corrosion

is the most detrimental and ledge corrosion is the least detri-
mental. When no form of localized attack is found, the corrosion
process is classified as uniform corrosion.

A summary of the types of corrosion found on the fuel elements which
was classified as primary corrosion is given in Table XII, and the
data from which the summary was derived are given in Tables XIII
through XVIII. As may be seen in Table XII, there was very little
difference in percentage of each type of primary corrosion between
fuels exposed at the two dichromate concentrations. However, the
more severe types of corrosion predominated as either exposure time
was increased or as outlet temperature (and the corresponding
individual fuel cladding temperatures) was increased.

An indication of how the types of localized corrosion was distributed
along a fuel column length can be obtained by inspecting the data for
each fuel group in Tables XIII-XVIII. At the lower temperatures and
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times uniform corrosion predominates, at the intermediate temperatures
pitting predominates, and at the higher temperatures and exposures
groove corrosion predominates. While looking at the temperature effect
along a fuel column length, it should be remembered that even though
bulk coolant temperature is steadily increasing along the fuel column
going toward the outlet, the maximum fuel cladding temperature occurs
at elements 4 to 9 from the outlet end.

Secondary Corrosion

Secondary corrosion 1s the type of corrosion present on a fuel element
that is not as serious as primary corrosion, but it could lead to future
fuel failures. Because the secondary corrosion is not as important as
the primary corrosion, only the summary (Table XIX) for the secondary
corrosion is presented. The secondary corrosion was predominantly
either ledge corrosion or uniform corrosion. Slightly more ledge
corrosion occurred at the lower (0.5 ppm) dichromate concentration,

at the higher temperatures, and at the longer exposures.

Pit Depth Measurements

In addition to the weight loss measurements and the visual inspection

of the fuel elements, mechanical measurements of the pit depths were

made at specified lines around the circumference at five locations

along the length of each fuel element. These measurements were all

at the same location on each fuel element and, thus, were not necessarily
made at areas of maximum penetration. Indeed, visual observations
indicated that maximum depth of corrosion attack usually occurred at

the upstream ends of fuel supports where erosion-corrosion had occurred;
and, due to size limitations on the measuring device, it was not possible
to obtain depth measurements at these areas. Because of these limita-
tions, a statistical analysis of the pit depth data was made to pre-

dict maximum pit depth. Graphs of the maximum predicted pit depth

versus cladding surface temperature for each of the exposure .periods

and dichromate concentrations are given in Figures 10-13.

After 66 days exposure, there was little difference between pit depths
on fuels exposed to 0.5 ppm and those exposed to 1.0 ppm sodium dichromate;
pit depths fell in a wide band averaging about 10 mils deep with a
maximum of 20 mils. There was little affect of surface temperature on
pit depths.

After 106 days exposure, there also was little difference between pit
depths on fuel exposed to coolant containing the two dichromate con-
centrations at fuel surface temperatures less than 120 C. Below

120 C, the pit depths fell in a wide band averaging about 12 mils
deep, exhibited a maximum depth of about 20 mils, and appeared to

be independent of temperature. At about 120 C a sharp departure
occurred. Measured pit depths immediately became much deeper and
maximum depths up to 35 mils deep were claculated (cladding thickness
of 45 mils). While more fuel elements exposed to 0.5 ppm dichromate
exhibited the severe pitting at temperatures about 120 C than did fuel

\ m e k) ’m.\
‘_, -

.11




DUN-7253

-36-

€01 A L 6% 8°SY 0 0 1Ud2I3(d
LS ST evI S91 0 0 Jaqumpy
98xeYdSI(Q pUZ
9°0¢ 0°St v 6C v yve 0 9°0 JU9213d
LE Lz €9 9 0 I IaqunN
s3xeysstq 1ST
1809 J STI1
9°8¢ 9-¢¢ 1°1¢ 8°S¢ ¢'0 9°'0 JuadIad
¢01 S8 9L €6 T Z Taquny
adxeyssiq pugz
LS 8°Z¢ 0°01 L°9T 8°Z 9°0 JuadIad
L9 6S 81 0¢ S 1 I9quny
ad1eydsiqg 1IST
1809 0 901
L7ve L°¥Z AR AY ¢S 8°0 0 PRIELR EF
Sct 68 ZS 16 ¢ 0 Jaquny
adxeydstq puz
rANA 4 rANA44 'L 'L 9°0 9°0 JUa2I3d
9L 9. PR | ¢l T 1 Jaquny

93xeyosIqg 3ST

180D D S6

wdd go°1 udd g wdd g1 wdd g°g wdd o°'1 wdd 5
wIoyTun a3pa] dur1itg

Q4LVDIGNI 3dAL 40 MOVILLV AYVANODIS HLIM T4nd A0 INIDYAd GNV YIFAWAN "XIX F19VL

-




DUN-7253

-37-

VUil LMWy |, YLy

surppe Ly

] ; EEREENE NN [
e
i i i Ty RN
RN T L O N IS I R S
BRSNS I N i IR RN L
B B M B -1
i | N i :
! | [ ] ! |
T M [ Tt 1 i
T " T
i | | ! i i
i BN ENREE
1 ! i <
i | 1 | i i |
] IR | ) : [
I T i ! L]
T BRI [ i L ! I
1 : | i | i, ] A
I ] ‘r R ! } il ; [}
1 ! ! b2 &y 4 |
: By Ao O A e e
i 5 1
o ind _ -
7Y - -
i i
i 0 17177 i4 T |
\ T | [ | T2 ! |
| ! i b - _ L
T + m
¥ RN :
A Lt A
: | A ! Tl !
| I ! i HEEREE i
] 1 - S !
1 | | ! 1 RE i
; 1 i i T i 1 i I
} _ “ i « “ “ ! _h _x‘ _ T = ~. RN 1
i = | i _ L-.+ :
{
I |
BREN 1 _ [
I ] NEREEE |
1 ] | | ! ! i
i 1 IR i i | I
B A jd
! | ] R IR
ERNRNNAN T AR
| L |
[ . REEE R
i - nE N N L
t LN S IS OO N O B O _
I - 1 _L L
| 1 il ~ {
! : [ w _ R : Tt
| ! ! S RN H ,wu:r!L-:‘m‘w‘;le
i _ | [IRIR IS
. RN R O A I Mﬁ ”>
T AP ANRRNNARBAMERIRSRE
1 . 1~ -~ v L i N H - .
L VIWOUHD 1G-{WATA0S-ud g O-CI-+SANVG- mrmmmomxm|wzwom<uvaou_mI&mwQLHHm'lao
T i 17
] 8]
i 1 I

o
—t

‘yidoeg 31d wnwrxey

wn
—

sTTw

0z

S¢

(1}



o
o~
~

A

A

!
S G

i

i

| S

I
|

1-

DUN-7253

—er

NN

[

cdd

_ Ihr_?lw|.‘,“ L.t RN

. -

'[,

(=]
-

4 *""\.kt‘“ \

t

R O S

wn
—t

-

-38-
\

Y

l\‘;

bt

b

_I2L)

A2

SR

U

i

L4

e

l

_4;

]

stw ‘yzdoqg 3ITd wnwrxey

o
o~

g b | —
e} f e

l

Lol

B

-

FLVWOYHDIA WnIgos wdd $°0 OL SAVA SOT @IS0dXI INIAAVTIO ¥Od SHLdIA LId

IT FANOId




DUN-7253

-39.

vzt

-

-

b

bonte

[

.
i

()
L

iy I_'_f"

N

~

‘+

I

o

ﬂ*
|59

¥ i = E W
/ . N e | w 4
' | [ !
m L] N ! _ -1 - o
: w o R
! 1 A i | _ :
_ m -
[ - _ _ NN
T ] ! i j _|<l_.b
R R e e
| NEN 1 ] | i1
" EEN N i
j i RN i T
T | f ] i T i i
“ - “ L ! _ A et
{ K
[ IR
_ T
RN
| IR
- S T
i - N N
Z ] ENEEEEEE T
! 1 IR
| ! ! i : ] N EEEEN { I
1o EEENN ] EE e e o
SLYWOYHIIAI WATA0S 4G 0 T 0L SAVD 3S0X9"ONIOAVID M0 SHIA] LTd [ 171 34N9Td T
- ] - - - _ W 5"

V]
—

stru ‘yadog 3Td wnurxey

(=]
o~

[¥e]
o~

0¢

) 0 AP PR 1 ) SO 9010 N N PR

A0 SARAL LT I

AUPE IV T AN P )NV PAP MY 10 R Y S




JJIN-7253

-40-

| R |
*I_.l “ ;
. e !
| B |
ERRRREee s
. m i I RN 1
"‘ i 1) F O AT
i “ a1 | I
m i - 7
| 1} , i __
! mk_ ! | L
| L £ B
G [
3 5
b A1) _
i T g 1]
~ T
b e =
oo}
5.
| o
AP - 2
; o 4> e+ 917 ot v : >
i 4 AR 7 A_n 1 =
S Y - {+P i 11 V- - S
B4 2 “ £ -3 A et
4 . — =
T L | -
T .\\!l&l N m
P _ —o0z
« i
d |
o o NEEE
¢ C
¢ _ AR ERRRRAR
H 7 i
_ I ———15¢
- REE 1
4 —’ m'l
» NERE
T W?W
[
AN ENEREN
i T m | .
| i .
| [l OM
9 INNEN I _l > -
: | T ik
1 i Loy
i 1 IR
1 ] T 1
o AP N_HO4- JAaLid e laynaid T
u 01 SAN TS0 |- 50d)ITINI 1AV - M0~ SHEd bl d s - JdlI 2 Baw
RSN NN TLI T T iTd 11 PId I 1 Tty
o ® oaE o ' C NI TR T



-41- DUN-7253

elements exposed to coolant containing 1.0 ppm dichromate, there
were still sufficient fuel elements at 1,0 ppm with deep pits to
cause consern about the possibility of fuel ruptures at 1.0 ppm
dichromate concentration.

Fuel Support Corrosion

In addition to the regular weight loss, visual and pit depth measure-
ments made in the Fuel Element Examination Facility (presented above),
a visual examination to determine the extent of fuel element support
corrosion was also conducted on selected fuel columns. The supports
were subject to extensive corrosion and because of their protrudance
out from the fuel surface, the visual observations on the extent of
support degradation could be more quantitatively assessed than on the
cladding. Photographs of typical supports on downstream fuel elements
exposed 105 days are shown in Figure 14 as a function of dichromate
concentration and cladding surface temperature. At cladding tempera-
tures near 100 C (tube outlet temperatures 90-95 C), little corrosion
occurred to either the supports or to the cladding on the lateral sur-
faces at either dichromate concentration. At cladding temperatures
near 112 C (tube outlet temperatures 100-105 C), the leading edges

of the bottom supports showed some corrosion, erosion-corrosion into
the cladding at the upstream ends of the bottom supports was initiating,
and ledge corrosion combined with some groove corrosion was starting
on the cladding lateral surfaces. Fuel elements appeared similar in
coolant containing both dichromate concentrations. At cladding
temperatures of 115-118 C (tube outlet temperatures of 105-110 C),

the crowns of the bottom rows of supports were completely corroded
away, severe erosion-corrosion of the cladding at the upstream ends
of the bottom rows of supports was occurring (slightly worse on fuel
exposed to 0.5 ppm dichromate), and extensive groove corrosion was
occurring on the cladding bottom lateral surfaces. At cladding
temperatures near 120 C (tube outlet temperatures of 115 C), the
bottom rows of supports were completely corroded away, and severe
groove corrosion (in many cases to the AlSi layer) was occurring

on the cladding lateral surfaces. Corrosion appeared slightly worse
on fuels exposed to 0.5 ppm dichromate. For ali cases, very little
corrosion occurred on the top rows of supports or on adjacent top
cladding.

The support corrosion shown in Figure 14 is somewhat difficult to see;
therefore, sketches of the corrosion are given in Figures 15-16 to
more clearly illustrate the extent of corrosion which occurred. The
sketches represent a plan view of the arch support. Wavy lines
represent the extent the crowns have been corroded away. The small
teardrop shaped areas at the upstream ends of the support sketch
represent erosion-corrosion penetrating into the cladding and the
numbers in parenthesis beside the teardrop areas are an estimate

made by the author of the depth of the penetrations. These estimates
are probably low; estimates by experienced personnel in the Fuel
Element Examination Facility on a few of the elements described in
the sketches were much deeper; however, in order to be consistent

in all fuel columns, the smaller estimates are presented.
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FIGURE 15.
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FIGURE 16. FUEL SUPPORT CORROSION AFTER 105 DAYS EXPOSURE
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The columns selected for illustration in Figures 15-16 were those
operating at the higher temperatures; the effect of increased
dichromate concentration in reducing support corrosion can be clearly
seen.

It is pertinent to note that very few of the support crowns were
corroded away after 66 days exposure. After 105 days exposure exten-
sive support corrosion had occurred and in many cases the support
welding tabs were barely visible. When this occurs, it allows the
fuel element to settle to the bottom of the process tube, causes
further increases in local temperatures on the bottom of the fuel
element, and causes cladding corrosion to accelerate.

V., DISCUSSION

A.

General

The primary purpose of this test was to provide a quantitative comparison
of fuel element 8001 aluminum alloy cladding corrosion in cooling water
containing 0.5 and 1.0 ppm sodium dichromate inhibitor. Secondary purposes
were to provide information on cladding corrosion as a function of tempera-
ture and as a function of time at both inhibitor concentrations. The
primary purpose was well fulfililed: Equations were developed to describe
and predict fuel element weigh: losses at both dichromate concentrations
and the effect of dichromate concentration on localized corrosion was
clearly established. The corrosion equations show that fuel weight losses
can be expected to increase by a factor of 1.45 at a dichromate concentra-
tion of 0.5 ppm as compared to exposure to coolant containing 1.0 ppm
dichromate, Little effect of dichromate concentration on localized
corrosion was observed when fuel cladding temperatures were below

115-120 C but above these temperatures the localized corrosion definitely
was more severe in coolant containing 0.5 ppm inhibitor. .The.localized
corrosion (groove corrosion, pitting, erosion-corrosion) almost .always
occurred on the bottoms of the fuel elements, since these surfaces

operate at a higher temperature. The bottom rows of fuel element supports
rapidly corroded away at the higher temperatures which caused a further
increase in local temperatures due to flow imbalances and this in turn
accelerated the localized corrosion. Because the higher dichromate
concentration reduced the amount of support corrosion, 1.0 ppm dichromate
should be employed to control localized corrosion whenever.cladding
temperatures are expected to be above 120 C for long periods of time.
These tests indicated that corrosion occurring at exposures of 66
operating days, and with clad temperatures of 120 C or above, .would

not seriously limit fuel integrity at 0.5 ppm inhibitor but that for

exposures of 105 operating days extensive pitting corrosion .would be
expected. However, it was found that even operation at 1.0.ppm
dichromate the longer exposure periods and higher cladding tempera-
tures would reduce but would not completely eliminate localized corro-
sion. It is well known that a decrease in pH will reduce aluminum
cladding corrosion and, while not investigated during the test, if
the severe exposure conditions are expected it would seem prudent to
decrease the pH (6.7 was employed in this test) as well as to operate

with higher dichromate concentrations.



-46- DUN-7253

Application of Corrosion Prediction Equation to Other Data

The actual proof of any corrosion prediction equation 1s that it is
applicable for data obtained from several different sources. A test

of the corrosion prediction equation was made using data obtained from
fuel elements exposed in KE Reactor between March 27, 1969 and August 12,
1969. This data had been reported previously3 but was not correlated

in the manner utilized for the corrosion prediction equation. The KE
Reactor fuel data are shown in Figure 17 along with the predicted corro-
sion calculated from the equation derived in this report. The KE Reactor
fuel elements were exposed a total of 81.5 operating days (134 calendar
days) to coolant containing 0.5 ppm sodium dichromate. The two parallel
lines bordering the predicted corrosion curve represent the #50 percent
values of the predicted corrosion; this is the approximate range of data
scatter in Figures 4-7 from which the equation was derived. It may be
seen that the actual corrosion fell well within the boundaries of the
predicted corrosion zone; thus providing the general applicability of
the derived equation.

Comparison of Corrosion Equation with Previous Equations

The current corrosion equation used to predict fuel cladding corrosion
in the MOFDA computer program is of the form

CR = a L%l e B/T

where CR

corrosion rates, mils/mo
a,B= constants (445 and -7260, respectively)
Q/A= heat flux, BTU/hr/ft?

T = surface temperature, °K

This equation, which has been emperically derived, is applied separately
to the outer and inner surfaces using the respective surface temperatures
and heat fluxes. Data from this test were fitted to the MOFDA equation

to determine if the MOFDA equation provided a better fit than the equa-
tion derived in this report (C = A e l%% ); more data scatter was found
with the MOFDA equation than with the present equation indicating that
the term involving the heat flux was not an important factor in this test.
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It is interesting to note that the constant 8 in the MOFDA equation,
which was obtained empirically, does not very closely match the value

of ég-in the present equation as derived from kinetic reaction rate

constants. The value of 8 1s -7260, while the value of %? is -15,350,

There have been many other equations proposed in the past in an attempt
to adequately predict in-reactor corrosion rates; however, all have had
some shortcomings. The MOFDA equation in current use has shortcomings
in that this equation calculates separate corrosion rates for outer and
inner fuel surfaces; this complicates fitting actual data to the equa-
tion since only a combined weight loss can be measured. This difficulty
was experienced in the present equation and for this reason the weight
loss data in the present equation have been correlated only with the
outer surface temperature. The first attempt at correcting this
inconsistency was made by Millier® when he modified the MOFDA equation to

the form of CR = A Pa e /7 . 4 ph ¢ ®™ uhere a and h represent the
annulus and hole, P represents the heat flux, a is the ratio of the
annulus and hole surface areas, and the other constants are as before.

A different approach was used by Hahn and Boyd® to correlate measured
weight loss data with a corrosion equation. They proposed an equation
based on a measured temperature difference which was known to double

corrosion rates. This equation was of the form CR = ZZBiTL_Egi
D
exp IET:—lEE where Tc 1s the corrosion temperature, T is the tempera-
D1

ture increase known to double the corrosion rate, and 123 is an empirically
measured corrosion temperature where the corrosion rate is 1 mil/mo. A
form of this equation was used to relate inner and outer fuel surface
corrosion with measured weight losses. The weight losses of the inner

and outer surfaces are expressed by the equations W = Weight Loss,

grams = (Constant) (Area) (Corrosion Rate) (Time)

= Wi
= Wo

(0.0443) (A1r) (CRi) (t)
(0.0443) (Ao) (CRo) (t)

w(inner)

w(outer)

By combining these equations with the corrosion rate equation a correla-
tion with measured weight loss can be obtained

Ro = Wo - Ao CRo
© ® Wo+Wi = Ao CRo + AL CR;
Ao CRo

AT
Ao CRo + Ao CRO/2LTD

DECLASSIRES
S
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where  CRo = (CR;) (“T = (CRy) ] (T°° u T“)]
2\t L 2L T
Tco = corrosion temperature of the outer surface
Tci = corrosion temperature of the inner surface

Both the Miller equation and the Hahn equation allow the corrosion on
the inner and outer surfaces to be expressed in terms of one overall
fuel weight loss measurement; however, neither have reduced the large
amount of data scatter when actual corrosion data are fitted to the
equations. The Hahn equation has one simplification over the Miller
equation in that the weight losses are related only to fuel corrosion
temperatures and does not include a factor for heat flux.

The fuel corrosion temperature in the Hahn equation 1s an emperical
effective corrosion temperature. Many previous investigators,including
Hahn, have noted that the weight losses have not correlated well with
the actual fuel surface temperature and have added an incremental temp-
erature to the cladding surface temperature.®’’ The value of the incre-
mental temperature in the Hahn equation is 0.2 Twg where Twg is the
temperature drop across the water film. This incremental temperature

is added to the surface temperature to provide the effective temperature.

Dillon® proposed an effective corrosion temperature based on fuel ele-
ment power which 1s of similar form to the Hahn corrosion temperature:

Teff = Ts - KP

where Teff is the effective corrosion temperature; Ts is the cladding
surface temperature; K is a constant equal to 1.7 C/fuel element and
P is the power in KW/fuel element. This temperature was derived from
the observation that a fuel element in the downstream end of a fuel
column corroding at the same rate as a fuel element in the upstream end
of the column must be corroding at the same effective corrosion tempera-
ture but they are corroding at different cladding surface temperatures
and specific power. Thus

Teff = T; -~ KP} = T; - KP,

<

and k=11 Ta

P, - P,

= 1.7 C/fuel element

An almost identical equation was independently derived by Dickinson,’
et al, from in-reactor data obtained in deionized water. The Dickinson
effective corrosion temperature is Teff = Ts + 1.14 x 10™% Q, where Q
is the heat flux in BTU/hr - ft2. The value of the incremental tempera-
ture for the Dillon equation and the Dickinson equation when applied
to the experimental data from this test were almost identical; however,
replacing the surfdce temperature with an effective corrosion temperature
did not improve the corrosion equation fit with the data. The present
equation in terms of an effective corrosion temperature takes the form
of
-AE
(R = Aexp 7Fs - %p)
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The concept of an effective corrosion temperature, while it did not
improve the data fit for the present equation, is founded on a.sound
experimental and theoretical basis. Numerous isothermal and nonisothermal
tests have shown that actual corrosion on heat transfer surfaces is higher
than that predicted by the temperature of the oxide-water interface. This
can be treated by assuming that either the surface temperature does not
control the corrosion but that some higher temperature inside the oxide
controls, or that the surface temperature does control corrosion but that
in addition the solubility of the protective oxide must be accounted for.
Data from several sources,’’®»?s:2 much too lengthy to discuss here,
indicates that oxide solubility 1s probably the governing factor when

an effective corrosion temperature must be employed to obtain good data
fit with corrosion prediction equations.

None of the above fuel corrosion equations consider the accelerating
effect of radiation on alumznum corrosion in filtered Columbia River
water. Radiation was found to accelerate corrosion by a factor of 3

to 5 in filtered Columbia River water on corrosion samples exposed
under i1sothermal conditions but did not accelerate corrosion in
deionized water.!? A radiation factor also was necessary in the

Tube 3 Fortran Program for predicting aluminum process tube corrosion
rates.!! The process tube corrosion in inches/day had to be multiplied
by the factor (0.6 « (0.78) (Relative Radiation Intensity, KW/in2)) before
the predicted corrosion would correlate with the measured corrosion.
Perhaps this effect of radiation on fuel jacket corrosion in some of
the above fuel corrosion prediction equations has been attributed to
heat transfer effects, since these values are proportional, and both
have been accounted for in the effective temperature factor.

Discussion of the above process tube corrosion prediction equations

leads to another important variable not found in the fuel cladding predic-
tion equations. There are considerable temperature imbalances in the
water in the annular space between the fuel and the process tube due to
cross sectional eccentricity of the fuel setting in the bnttom of the tube
and, in some cases for ribbed tubes, variations in rib height. These
imbalances cause much higher corrosion rates at some circumferential
locations on the fuel than on the other locations. This increased
corrosion was discussed previously in the results section of this report
and on the fuel from this test the increased corrosion occurred.on the
bottom 90 degrees of the fuel outer surface circumference. The process
tube corrosion prediction equations handle this imbalance by intro-

ducing an R factor, where R is the ratio of the bulk water temperature

to the local water temperature. Typical process tube corrosion equa-
tions employing an R factor are the deHalas equation:

CR = k o-7660/[T1 + RaT]/12

and the Miller equation

R = k plti * RaT]/12
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where k is a constant varying from 0.0008 to 0.0019; Ti is the tube
inlet temperature; and AT is the local tube bulk temperature minus the
tube inlet temperature.

From the above discussion, it can be concluded that the equation derived
to present the data from this test served a very useful purpose .in showing
the differences in corrosion between the two sodium dichromate concentra-
tions and that this equation exhibited less scatter over a larger tempera-
ture range than other applicable equations. However, even this equation
could be improved. Probably the most desirable improvement would be the
incorporation of an R factor to account for the localized corrosion which
currently occurs on the bottoms of the fuel elements. Thus, the ideal
corrosion prediction equation would be of the form W = ktQPSR where W

is the fuel weight loss;k is the reaction rate constant equal to a
constant dependent on the dichromate concentration times the exponential
of the activation energy divided by the gas constant and the absolute

temperature (k = C e :%%-); t is the time in days, Q is a term for corro-

sion acceleration due to radiation flux; P is a factor to account for
corrosion at various pH levels; S is a factor to account for oxide
solubility -- this correction is better grounded in fundamental considera-
tions than using a heat flux term and is more meaningful than an effective
corrosion temperature -- and R is a factor to adjust for local tempera-
ture imbalances around the circumference of the fuel element. The exact
form of the equation -- whether with multiplicative terms as shown or

with additive terms -- would have to be determined through extensive

data correlation.

Application of Test Results to Indicate When Dichromate Concentration
Should be Changed - Localized Corrosion Aspects

The total corrosion experienced by the fuel elements in this test was
found to be dependent on time of exposure, surface temperature, and
sodium dichromate concentration. Reducing either of the first two
dependent variables or increasing the dichromate concentration all
tended to decrease fuel jacket corrosion. Because of the inter-
relationship between the three dependent variables, all should be
factored into any formula to predict fuel corrosion. For example,

if surface temperatures are Iow, either, or both, extremely long times
of exposure or low dichromate concentrations could be tolerated without
causing excessive corrosion. It is also known that the corrosion is
very dependent on pH; however, pH as a variable was not investigated
during this test.

In establishing a formula for predicting the corrosion of fuel, the
reliability of the values for the dependent variables in the equations
must be good. In the PTA-176 tést it is felt that the data showing the
effects of dichromate concentration is very good and can be used with
confidence in a corrosion prediction equation, and that the temperature
data, with some reservations discussed below, can also be used with
confidence. The exact dependence of corrosion on time of exposure

is not felt to be as well established and should be better defined

in future tests. The dependence of corrosion on time was assigned a
linear relationship in evaluating the test data, but this assignment

is subject to debate. .
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The reservations expressed above for the temperature data are that an
excellent correlation was found between fuel element weight loss and
temperature but a well-defined correlation between localized corrosion

and temperature was not found. Part of the problem is probably associated
with the effect of support corrosion on localized cladding corrosion -
when the supports are corroded away accelerated cladding corrosion occurs.

All corrosion prediction equations in the past for the Hanford single-
pass reactors have been based on weight loss data, while in actuality
the localized corrosion is of more interest in predicting fuel element
failures. As an example, the weight losses reported in this document

on the fuels experiencing the most severe corrosion were in the neigh-
borhood of 20 grams, or equivalent to about 8.5 mils of wall thickness
removed assuming uniform corrosion. In reality, the corrosion was not
uniform and occurred primarily on the bottoms of the fuel elements to

a depth of 45 mils (A1Si exposed). It is the prediction of the non-
uniform corrosion that is difficult since it occurs randomly, and once
it occurs, there is no cconomical method of quantitatively measuring it.
(Visual inspections of the fuel to obtain estimates of depth of localized
corrosion are still the most economical method of obtaining the measure-
ments, but this type of measurement is not very quantitative. A pit
depth measuring device, which was used on the fuels in this test has
provided much better information than in the past on depths of localized
corrosion, but has not been as useful as desired since selected areas
where visual examination indicates the severest corrosion is occurring
cannot be easily measured with the pit depth device. Metallography is

a very quantitative technique, but it is much too expensive for use on

a large number of fuel elements.) The types of localized corrosion
found were of the types reported in the past -- groove corrosion, ledge
corrosion, and erosion-coirosion around the upstream ends of the fuel
supports. Of these tyves of localized corrosion, the erosion-corrosion
and groove corrosion were the most scvere.

An inspection of the vit depth data in Figures 10-13, while difficult
to interpret because of the high degree of data scatter, shows that the
depth of attack, as discussed above, is more dependent on time and
temperature and less dependent on dichromate concentration. The effect
of surface temperature on pit depth was small when the surface tempera-
ture was less than 120 C; pit depths on all fuel between 95 C and 120 C
generally lay in a band between 5 and 20 mils penetration. A sharp
increase in pit depth occurred when the temperature increased above

120 C. Pit depths on many of the fuel elements with surface temperatures
above 120 C ranged from 20 to 35 mils deep. However, even at surface
temperatures above 120 C, the majority of the fuel exhibited pit depths
less than 20 mils.

Time had little effect on the average measured pit depth up to 120 C

but above 120 C the average pit depth increased with time. However,

a linear effect of time was found on maximum pit depth; after 66 operating
days, the maximum pit depth was 20 mils, and after 105 operating days

the maximum measured pit depth was 35 mils.
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Dichromate concentration had a much less effect on pit depth than either
temperature or time. The effect of dichromate concentration was only
noticeable at surface temperatures above 120 C on fuel at the final
discharge. While maximum pit depths at these conditions ranged from

20 to 35 mils deep on fuel at both dichromate concentrations, the
frequency of pit depths in this range was about twice as great on

fuel exposed to coolant with 0.5 ppm dichromate as on fuel exposed to
coolant with 1.0 ppm dichromate.

From the above discussion, it can be seen that fuel failures on high
exposure fuel at high temperature will most likely occur as a result

of localized corrosion and that failures will occur at both dichromate
concentrations, but will occur at a higher frequency in coolant con-
taining 0.5 ppm dichromate than in coolant containing 1.0 ppm dichromate.
There may be only a few fuel elements in the reactor experiencing
localized corrosion sufficiently severe to cause a failure; however,
failures of these few elements dictate when the reactor must be shut
down. It appears that the best way of reducing fuel failures is to
operate with surface temperatures less than 120 C or operate with low
exposures. Since neither of these is a suitable method, some reduction
in the probability of a cladding failure due to corrosion can be obtained
by increasing the dichromate concentration to 1.0 ppm whenever fuel
surface temperatures exceed 120 C and exposures of more than 65-75
operating days exposure are planned. This plan assumes that operation
during the other less corrosive periods will be with 0.5 ppm dichromate
since past experience has shown that dichromate cannot be completely
eliminated from the cooling water.

Another method of reducing the probability of a fuel cladding corrosion
failure would be to decrease the corrosion rate by decreasing the pH from
the current level of 6.6 * 0.1 to a lower value whenever surface tempera-
tures exceed 120 C. However, pH effects were not investigated during
this test and will not be further discussed; interested readers may
obtain further information on the effects of pH on corrosion in
References 8, 13-15. The important point to make here 1s that if fuel
exposures of 100 days or over are planned, severe localized corrosion
penetrating to the Al1Si layer can be expected on fuel surfaces operating
at surface temperatures greater than 120 C. The corrective action under
these circumstances would be to either increase the dichromate concen-
tration to 1.0 ppm, reduce the pH, or both. Thus, some method to
identify when the chemistry changes must be made should be available.
The best method of determining when the chemistry changes should be

made would be to have a computer calculation periodically made on ten

to twenty of the fuel columns most likely to be operating with 120 C
surface temperatures. Existing computer programs such as the MOFDA
program could be used. Simple indicators of when to change chemistry
were looked at but none seemed to provide a good indication because
there are too many variables associated with surface temperatures.
Indicators looked at included bulk outlet temperature, tube outlet
temperature, inlet temperature, and tubepower. Fuel surface temperature
is dependent on all of these factors (rather than being more dependent
on one) in addition to type of fuel, flow rates, flux distribution,

and local hot spots. One simple method would be to make chemlst£ .
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changes about the first of May and returning about the first of December,
since the hotter surfaces are normally experienced during the summer and
fall months. However, this could be wasteful of chemicals by arbitrarily
setting the limits at these times; much better control could be obtained
by a computer calculation of surface temperatures combined with a know-
ledgeable factoring of fuel exposure times.

As an indication of the complexity of obtaining a fuel surface tempera-
ture, and why a computer run is suggested, a brief outline of the
calculations required are given below.

The annular surface temperature Ts of the ith fuel in the column is

given by
Tsi = qi/hi + Tmi
where qi = heat generated per unit area on the annular
surface of the ith element.
hi = convective heat transfer coefficient at annular

surface, BTU/hr - ft2 - °F
_ 0.023k (Re)?-8 (pr)0-33
Da

Tmi = bulk water temperature at the midpoint of the
fuel element

hi

Re = Reynolds number
Pr = Prandtl number

Da = equivalent diameter

The coefficients in the heat transfer coefficient, hi, are evaluated at
the film temperatures which in turn are a function of surface temperature,
thus requiring several iterative calculations to obtain the correct values.
In addition the bulk temperature at each given point must be calculated

by summing the incremental temperature increases obtained from each fuel
element in the column, a calculation requiring knowledge of tube power,
total flow, flow and heat splits, and specific power. Since these

factors all vary from tube-to-tube, a straightforward relationship of
surface temperature with only a single normally measured reactor parameter
cannot be made. Thus, a computer calculation is the most efficient method
of obtaining the required information.
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