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ABSTRACT

A study has been made of the quantitative relationship between
heat transfer and the corrosion of zirconium alloys through an investigation
of accelerated corrosion rates as a function of thermal gradients in an oxide
film., This treatment was based on available isothermal corrosion data and on

heat transfer data obtained by direct measurements on the corroded metal.
i

Ar: application of this analysis to theJPWR reference designf indicates
that heab-transfer corrosion does not pose a problem for the core lifetimes under
congideration. However, the analysis indicates that future reactors designed for
higher fluxes and surface teuperatures may be limited in thelr operation, espe-

cilally for the case of heavy fouling on the corroded metal,
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I.

Heat Transfer Effects on the Corrosion
of Zirconium and Some-Alloys

Introduction

In applications at high heat transfer rates, consideration must be given
to possible acceleration of the corrosion process because of thermal gradients
in the oxide film on the metal, and care must be exercised in applying iso-
thermal corrosion data to such cases. This is particularly true with regard to
zirconium andasome of its alloys as applied to heat transfer surfaces in water-

cooled reactors.

A direct measurement of this effect on pure zirconium was attempted at the

Westinghouse Atomic Power Division, Dettls Site early in the development program

with the following results:

(1) Only two-hundred and fifty hours of testing at 1,150,000 Btu per hr
and £t2 could be obtained because of local electrolytic corrosion
on the specimens due to the 60 cycle alternating current used for
heating.

(2) In this test period, the temperature drop observed in the oxide film
was consistent with the known corrosion behavio; of zirconium and
estimates of the conductivity of the oxide.

(3) For the proposed application conditions, zirconium was not suscep=
tible to accelerated corrosion due to hrat transfer.

When it was decidsd to manulacture subsequent cores from zirconium alloys,

consideration was given to this problem a3 socon as pertinent corrosion data

for the alloys under consideration beceme svailable. It was falrly certain

from the isothermal corrosion date, and estimates of oiide conductivity
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that zZircaloy lé/ was not suitable for application whereas Zircalcy 2 was
acceptable. A program was started to coufirm these opiniouns, and to establish
more definitely the conditious of applicability of these materials. Because

of the uncertainty of finding & solution to the electrolytic corrosion

problem;, the direct experimental approach was temporarily discarded in favor

of the synthetic approach of combining the results of isothermal corrosion

data with experimentally determined heat transfer properties of the corrosion
film. 8&ince an extensive corrosion test program for the rirconium alloys was
planned at the Atomic Fower Division, it was only necessary to obtain the heat
transfer properties of the scale®. A subcontract for this purpose (1L-302) was
awarded to the Heseavch and Development Laboratories of the Babcock and Wilcox
Company, Alliance, Ohio. The Babcock and Wilcox tests are separately reportedgg
and the pertinent test results are analyzed in the Appendix. The combined data
from these sources are utilized in this report to determine the corrosion behavior
of zirconium slloys under heat transfer conditions.

IT. Corrosion Theory and Data for Zirconium Alloys

The mechanism of corrosion of zirconium and its alloys has been studied in
detailé/ég and is briefly summarivzed as follows. Corrosion proceeds first by
a thin=film mechanism in which the controlling step is believed to be the solid
state diffusion of ionic oxygen through the non-porous film. As the film thick=-
ness increases, the rate of growth decreases, correspondingly. At a film thick-
ness characteristic of the temperature and material, the corrosion rate suddenly

"breaks away® to a high and constant rate. The constant breakaway corrosion

# Scale is defined herein as the corrosion film on the metal. The term “foulingh,
used in later sections of the report, refers to exbraneous deposition.
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rates at isothermal conditions have been explained by postulating that the
breakaway scale consists of a porous layer, attached to a thin, non-porous
layer of constant thickness adjacent to the metal oxide interface. Essentially
constant diffusion of ionic oxygen through the non-porous layer determines the

constant corrosion rate. Before breakaway, the films are so thin as to be
essentially isothermal. After breakaway , the corrosion rate should be deter-
mined by the temperature at or near the metal oxide interface. The pertinent

data are shown in Tables 1 and 2.

TABLE 1

Eauations for the Thin Film Corrosion Q/of Zircaloy 2

o

Time to

Temperature, F Equation Breakaway
(1) 550 saturated log w = 0.2 log & 0.6k
(2) 600 saturated log w = 0.27 log © ;Oe7h
(3) 680 saturated log w ® 0.38 log © ?ba73 110 days
(L) 750 (steam,1500psi) log w = O.LO log @ +1.02 30 days

& = time,days

w = weight gain, mg/dm?

TABLE 2

Breakaway Corrosion Rates of Zircaloy 2 5/

Corrosion Rate

Weight Gain at

after breakaway | Breakaway
Temperature, "F me/dme day ‘ me/dme
600 saturated 0,16 - -
680 saturated 0,40 33
750, steam, 1500 psi 1.0 39
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- The breakaway corrosion data are plotted as a function of absolute temperature

in Figure 1. The equation representing the plot is

=B/T
dw = Ae (5)
de
where w = weight gain, mg/dm2

AB are constants (see Figure 1)

B

T absolute temperature, ° Rankine
2 = time, doys
Equation (5) conforms with the Arrhenuis equation for the variation of

reaction rate constants with tompersture.

IITI. Heat Trensfer Relationships during Corrosion

The metal/oxide interface temperature, a function of scale thickness, heat
flux and surface temperature, may be represented exactly for a flat plate and, with

little error, for other geometries, at the scale thicknesses under counsideration,

as,
(6) b = b o+ &EL
where t; = interface temperature, ¥
- ty = surface temperature, °F
. q ° heat flux, Btu/nr x £t2
g = gcale thickness, ft.
k = thermal conductivity of scale, btu/hr x £t2 x °F/ft
= 0.79 Btu/hr x £42 x °F/ft (See Appendix)
or
(7 Ty = Ty + mﬁé—*
) where T; = interfacial temperature, 'R 462 00
T, = surface temperature, ‘R
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Substituting (7) in (5):

(8) gu_ = pe B/(Ts v a6 /x)
de !

The relationship between scale thickness and weight gain is given by the

following:
(9) w =35 x (2.54) (12) ewm/ft x 100 en’  x (02) x 1000 mg
dm® (Zr0o) gm
or &= 0,205 x 1076 ;
2
where §- density of scale * 5.6 gm/cm3
(02) . Molecular weight of oxygen
(7r05) Molecular weight of ZrOs

-

w 7 weight gain in mg/dm2

8ubstituting (9) in equation (8) and letting
m = 0,225 x 1070 A
w = q/k

thens

(10) da§
a9

where m, B and u are constants defined above.

#

me ~(B/T; + ud )

Since the corrosion data are given as either time to bLreakawsy or weight sain
atbreakaway . then by letting 6p = © - €4 where €4 is the time to start of breakaway,
Opy the time alter breakaway corrosion beinis. and 6, the total corrosion timej

and letting b t equal the scole thickness before breakaway the relationship be-

tween scale thickness and time becomes

5, %
(1) 1 SSQ (B/T5 + “‘g)( = g a@
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Equation (11) wa: evaluated by geaphical iotegration, since the amalytical sol-
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A, Corrosion Withous Eoransous Devosits

Figure & le a plih of heat vhroughput cerrosion effects on Zircaloy-2 deter-
mines by means of eguatios (11). The .-rresponding interfacial temperatures
(mstal/oxmide) are plovsed 1n Figur: 3. Sinie the tempsrature drop across the

o

ale sagnifs a~tly arfluver-ze the _:srrosion rete for breakaway conditions only,

o
&

no problem exists with respect to heat-~throughput corrosion of Zircaloy-2

(550.F meximum surface temperature with a corresponding hest {lw. of 500,000
Btu/hr x 7<), Ao exposurs well beyond the expecsted core lifetime would be re-

quired at »50°F pefore breakeway .crrozeon begirz, Likswise, for PWR, break-
ee
d nct oitar before —es tor lifetams at full power 1s reached, Curve A ,

e ©
200209

£
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of Figure 2 showe vhe avzsizrstad lorrosior raves at longsr exposure times, s,
8606090
be089 ¢

Rela’zconships su:l as those zhown in Figure & must be evaluated in terms of ., ..

o o 2] o o @ had

(1) corrosiom rates such that the :lad materzsl is signifizantly weakened, (2)  °.° 2
eedsas

- o - eveee

exceszive temperatures in ths fue. materiai due to the temperabure drop across .
v0000Q

the s:als:, In crdsr %o avord & phasze transformacior an U-Me as a result of Ceeen

ee

shermal (yriorg, b wouvld b2 advizabie tos maantain the maxdwun fuel temperature :f.i
PN

weicw LiCO°F,. For a 0.304Y 0D, rod with 2 0 mal lad, FWR cperating parameters

indizate tnal vhe maginmayr fuel vemperatars may bz above 1L00°F for a small per-

centage of the reds ™ Considerations of the temperature drop across the scale

would intrease the =umbsr of fusl elements sal.ing in this category. Alsc, higher

temperatures at the slad..ore irterfazs mus™ be tavefully considex d as socn as
A

E.G., for w = 33 mgfing 8 ¥ 780 days frem equation (2) corresponding to €00°F ex-
pOSUre, % stonla be noted, howessr, thal nmo :xperimental data has bsen determined

az yet f£.r bresshaway zorrosicn of Zir.ali y—2 at tempsratures below &8J°F,

The actual number 13 rct preszntly hnow- zirce the corly avaeilable thermal conductivity
values for U-Mo were measuraed at low temperatures (<ﬁ1@0°€)a

= 12 ws
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pertinent dava on the zorrcsion resistan-e of U=Mo alloys are established.
Numerizal values for these higher temperatures can be determined from Figure 3.
The temperature drop across the scale is determined simply by subtracting the
temperature at &, = 0 from the corresponding temperature at a given 6p. This
temperature drop would be added to the temperature distribution within the fuel
element determined for the :ase of no zorrosion.

®

The total amount of Zircaloy clad corroded after a period corresponding to
the maximum corrosion taime shown in Curve A of Figure 1 would be aboubt 1 mil and
the temperabure 1°op a ross the seale abcut 95°F, Hence, neither (1) nor (2) are
indicabea for tha PWR at times well beyond the anticipated core lifetime,

At thise point, 1t is interesting to note heat-~transfer corrosion effects on
Zircaloy-1l as shown 1n Faigurs bo Assuming that breakaway corrosion begins shortly
after reactor start=up (e.g., for the worst rase reported, only seven days of thin
1alm .orrosmon time for Zir aloy-l a* 65®°F9§9 then it is apparent upon examining
Faigure . that .t wousld be hazardcus ©vo ccntemplate operation at FPWR conditions

for periods greatsr bhan some 50 days (1200 hours)., Figure 4 chows a weight gain

i=h
(5

€

[

days of cperation, -orrespending to a tempera-

g

1.78 gms/im* a> the end of §

drop azross the z ale of 250°F and 2 redusvion of 3 mils an clad thickness,
Her.g, ex.e3suive fues: temperatures may be encountered and the clad thickness
signifizantly reda.ed after a ghert zorrosicn times. It 1s interestaing to note
in compariscm that isctlermal corrosion of Zir:aloy-l at the maximum PWR surface
temperatare would permit eperation for a considerably lemger time,

The utalizalicn of Zircaloy-2 at higher temperatuwres and for longer 1ife-

timss 23 subje.t 1o the restriitaons shown in Curves B and C of Figure 2. At a

surfaze tempsravure of 50° above the meommum specified PWR surface temperature

# The thermal cenducttivaty found for the Zircaloy-2 scale was assumed for the Zir-
caley-L scale, Corrosion rates were determined from a plet similar to Figwe 1
(eego, 20 mg/dm x day at 750°F),
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and at PWR heat flux, a reduction of one mil in clad thickness and a 95°F
temperature drop across the scale would occur after 950 days. If the heat flux
corresponding to the maximum surface temperature of 680°F is doubled, the same
corrosion level would be reached after some 500 days of operation and the
temperature drop asross the scale increased to 1909F. The rapid increase in the
zorrosion level with time shown by Zircaloy-l in Figure 4 is characteristic of
Curve C of Figurs 3 as well. Accordingly, operation at this temperature and
heat flux may be prohibitive for lifetimes greater than some 15,000 hours.

B, Fouling Considerabions

The previous treatment does not incdlude the effects of fouling. Since heat
transfer paramsbers for characteristic deposits have not yet been determined,
curves were calcoulated in Figure § for assumsd fouling factors. It should be
noted that foulirg ccefficients less than 5,000 to 10,000 Btu/hr x £t2 x °F are
extrenely pessimistic. Accordingly, Figure 5 indicates that heavy fouling does
not result in prohibitive corrosion levels for core lifetimes presently under
consideration, In the tases considered in Figure 5, the interface temperatures

between the dzposit and heat transfer surface are above the reactor saturation

tenmperatures for PWR. Formation of deposits under these conditions has not

been explored and such effects as might be produced by boiling at the inter-

fare hav: rot been taken into consideration., If it is assumed that the deposit
iz firmly attached to the surface even though the interface temperature is above
saturaticr ard all depositicn cccurs immediately after reactor start-up, then
curves one through four in Figure 5 would conform to the conditions shown on
the corresponding key.

The maximum fuel temperature should be limited to some 1100.F (as Tor

the case of U-Mo) in order to avoild a U-Zr phase transformation.*  Hence,

# Thermal stress considerations may be another limitation for fuel plate geometry.
L
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for a fouling coefficient of 2000 Btu/hr x ftQ x OF, a reactor could operate

for some 270 days, corresponding to a corrosion weight gain of 705 mg/de for
Curve 3 ol Figure 5, before this temperature would be exceeded, On the other
hand, a IWL fuel element would reach the same corrosicn level after 270 days of
operation with a fouling coefficient of 2900 Btu/hr z £t% x OF. (See Curve 1 of
Figure 5). For a maximum surface tempsrature of 680°F and the same heat flux, a
fouling coefficient of 4,200 Btu/hr £ PE° x °F could be tolerated for the same

corrosion time and welght gain.

C. Surface Boiling Considerations

Bubble formation at the surface of the fuel element could have two oppo-
sing effects with respect to the postulated mechanisms of heat transfer cor-
rosion., If deposits cn the cladding are blown off with surface boiling, lower
metal/oxide interfacial temperatures would result. On the other hand, if higher
corrosion retes are experisnzed with surface boiling, the postulated mechanism
would resuit in a more seriocus case, Accordingly, considerations of surface
boiiling in the reactor cors, especially at high heat fluxes and temperatures,
would require long time heal through-put mock-ups to determine the heat transfer

sorrosion under thess conditicns,

D. Limttebions on Resulhs

Brs e

The following limitations mast be considered in applying the previous results

(1) The basic mechanism of heat transfer corrosion ubilized assumes no
flaking of the oxide, Some testing at high temperatures indicated
flasking for weight gains approaching 1000 mg/dm? Z/. Limitations on
corrosion due to release of significant quantities of indueced activity

o

in Zr hawe not been determined., It is possible that the maximum per-

o

missible value would be reached before the flaking oscurred,
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(2) Breakaway corrosion rates at temperatures greater than 750°F are
extrapolated from the data shown in Figure 1.

(3) The thermal conductivity of corroded zircaloy was determined from test
data submitted by the Babcock and Wilcox Co. . Limitations on the
value (0.79 Btu/hr x ftz/ft b4 °F) chosen for this analysis are pre-
sented in the Appendix. A change in thermal conductivity would be
directly reflected in the heat transfer corrosion analysis presented
herein as though a proportional change in heat flux were effected.
Hence, if the lower confidence limit ol 0.52 Btu/hr x £12 (see appendix)
were utilized in the analysis, the effect on the curves presented in
Figures 2, 3, and L1 would be equivalent to an increase in heat flux
to approximately 1.5 times the originsl value. Accordingly, inter=
polation between the curves calculated for varying heat fluxes with
constant surface temperature would correspond to the graphic repre-
sentation of the lower confidence limit on the mean. As will be shown
in the appendix, it was felt that the mean is more significant in the
analysis. The general conclusions presented in the report would
not be modified if the lower confidence limit is chosen as a basis
for analysis but some of the absolute parameters@given in the dis=
cussion would be changed accordingly. For example, for a scale
thickness of 1.8 mils, Curve A indicates a corrosion time after break-
away of about 1675 days as opposed to 1L35 days for the caie of a
curve based on the lower confidence 1limit. The difference between the
two curves decreases with decreasing time as might be predicted from

the interpolation suggested above.
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E.

(L) Surface boiling as discussed under C above may either minimize or
accentuate the heat transfer corrosion problem.

(%) Possible effects due to irradiation have not been taken into consid-

eration.

Summary and Conclusions

Subject to the limitations noted above, heat transfer corrosion does
not pose a problemifbr PWR réf;fence designs. Indeed, heavy fouling also
would cause no corrosion problems, but the increased temperatures of the fuel
element would be undesirable in PWR. This analyses of course, makes no allow-
ance for the effect of fouling on flow characteristics. As soon as vertinent
data on the corrosion resistance of U-Mo alloys at the temperature of the
core-cladding interface are more firmly established, the guantitative effect

of these higher temperatures will be determined.
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Appendix

Heat Transfer Properties of Corroded Zircaloy

I.

II.

Introduction

Under subcontract 1h-3022{ the Babcock =nd Wilcox Company conducted tests
to determine the thermal resistance of corroded zircaloy plates. The results
are summarized and evaluated below.

Test Procedure and Caleulations

The test section consisted essentially of a heat exchanger in which a zir-
caloy flat plate (4" x 8" x 1/32") was clamped between two rectangular flanges.
Heat was transferred through the plate from hot water flowing countercurrently
to the cold circuit coolant. Inlet and outlet temperature measurements and flow
data were used to calculate overall heat transfer coefficients.

The plates were tested clean, then corroded in static autoclaves, and finally
retested in the corroded condition. Accordingly, the data resulted in an over-
all heat transfer coefficient for each plate tested, both before and after cor-

rosion. With constant film coefficients on both the hot and cold sides; the

heat transfer parameter ( g/ks) may be determineds

(12) 1
b =1 + 1 = {E%
U2 = 1
1+ 1 + (L) + 2(§5)
hy . hp (k)p . ik5s
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(13) 1 - 1 = 2(8)
) U, Ty

wheret Uy = overall heat trgnsfer coefficient for the clean plate,
Btu/hr x ft2 x °F
Uo = overall heat trgnsfer coefficient for the corroded plate,
Btu/hr x ft¢ x °F
hy = film coefficient for hot circuit
h2 = film coefficient for cold circuit
—%ﬁ%—l;= Thickness of scale per plate side
s Thermal conductivity of scale
(L) = Plate Thickness
(k)p Thermal conductivity of plate

Bauation (13) holds only for the case where the film coefficient on the hot
and cold sides are constant. 8ince the velocities in each circult were constant,
any possible change in the film coefficients would be attributed to surface rouzh-
ing effects due to the scale. Accordingly, Wilson plots were made both before and
after the specimens were corroded and film coefficients for each case determined.
Since no significant changes in the film coefficients were detected, equation
(17), is s.bstantiated. It should be noted that a variation in thickness among
machined plates required difference measurements on individual plates. This
difference in thickness accounts for some of the variation in the clesn co=-
efficients shown in Tables L and 5, under Results, Section III. As will be
noted later, standardiration to common weight or thickness bases resulted in
equivalent coefficients within the error of the experiment.
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(55 values obtained for varying corrosion levels are summarized in
(k)
s

Tables I and 5. The assumption is madje here that the thermal conductivity of

zircaloy scale is not temperature dependent. Constant thermal conductivities

over large temperature ranges have been determined for both stabilized zircon-
ium oxiieg/ and zircaloy. The average measurement temperature in the Babcock
and Wilcox test was approximately 220°F (350°F hot side and 90°F for the cold

circuit).

Considerable scatter in the data was noted upon attempting to correlate

( é.) with weight changes. Accordingly, the data was analyzed in the following
s

fashion.

9
Assuming a density of 5.6 for the scale, equation (9) was derived as
shown on page 11:

(9) dJ = 0.205x106

where 8' = thickness in feet
w = welght gain in mg/dm?
Also, from the data, a correlation independent of the scale thickness may
be obtaineds

) w = c (&)
OMN

where ¢ = constant
From (9.) and (1), the thermal conductivity of the scale was determined.
In order to achieve thick films within the available time, steam corrosion
at 750°F (1500 psi) was used for nine of the plates. Accordingly, the data was
analyzed to detect differences between the thermal properties of the scales

due to their formation in liquid or steam phases.
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For purposes of testing whether or not the thermal conductivities of the
scales formed by the two exposures actually differed, a logarithmic nermality
assumption is necessary. Plots of the data in Figures 6 and 7 show the approx-
imation to a logarithmic normal distribution. The transformation resulted in a
3% probability of obtaining a more extreme difference than the one found if the
population means actually do not differ. Accordingly, if one accepts the 5%
dividing line between significance and non=significance commonly suggested&g/,

a difference between the k values is indicated. However, it was decided that the
arithmetic mear® of the conductivities of the scale formed by exposure to 680°F
water be used in the previous analysis. This choice was made in order to use
the more pessimistic value.

From Babcock and Wilcox data ll{ an estimate of the experimental error for
a single plote was obtained, corresponding to a standard deviation of 41 Btu/hr
x ftg x °F in the overall heat transfer coefficient. As mentioned previously, the
clean overall coefficients should differ due to a variation in thickness among
plates. Accordingly, it might be expected that, upon correcting the plates to
a standard weight or thickness basis, the clean overall coefficients should agree
within the error of the experiment. Babcock & Wilcox Progress Report No. 5076
shows a =8% to +12% variation from the mean in the corrected coefficients for
the clean plates after subtraction of the film coefficients. This variation
is about twice that which would be found for the measured clean overall heat

transfer coefficients. Examination of the data for the corresponding standardized

# This value, corresponding to the minimum root mean square deviation, is the best
estimate of the population mean. As will be shewn later, this value is applicable
to general calculations for the reactor core in service.
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overall heat transfer coefficients reveals a standard deviation of §;3 Btu/hr

2

x £t x °F as compared to L1 Btu/hr x £12 x °F found in the test of repro=-

ducibility, thus indicating that the variance found for the corrected clean
coefficients was due to experimental error and not to a difference in properties
among pla't:eso Likewise, upon correcting the calculated scale factors to a stan=
dard weight sain, the corresponiing thermal conductivities should agree within
the error of the experiment provided that there is no difference in properties
among the corroded plates. A variance of 5% Btu/hr x £t2 x °F was found in the
overall coefficients corresponding to the standardized fouling factors of the

plates exposed to 680°F water.

Since,
1s) g T2 = ¢K2 _hU—E12 +* O-EQZ
g q2 . . An®
where T¢ = +total variance for samples exposed to 680°F water
(J‘EIZ = wvariance due to experimental error in clean overall
coefficients
a

E22 =  variance due to experimental error in overall coefficients
for corroded plates

K2 = unknown variance of stendardized coefficients due to
difference in physical or chemical properties

it can be seen that the variance observed in the data must be attributed to
experimental error and not to differences in properties of the scale or platess

2 2 2 2 2 o
(58)¢ = G‘K *, (L1) T (h3)).,0”K = 0

In coneclusion, the calculated conductivities presented in this report may
be utilized in general reactor core calculations. Deviations from the arithmetic mear
are attributed to statistical scatter in measurements and do not represent extreme
values of the thermal conductivity o zircaloy scale which might occur in a given

core containing a zircaloy 2 heat transfer surfaces.
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ITI. Results

Table 3

Calculated Thermal Conductivities

kg, Btu/br x £t2 x °F /£t

1. Mean thermal conductivity of zircaloy scale 1.2
formed by steam exposure (750°F, 1500 psi)
kgs 95% limitsi 0.78 = 1.65
2. Mean thermal conductivity of zircaloy scale 0. 79%%

formed by water exposure

3

kys 95% limits® 0652 = 1.21
3. Mean of combined results 0.97

Lo 88 General relationship based on mean fouling
coefficient corresponding to 2.

w = 3.5x105 (J)
zkjs

where w = weight gain in mg/dm@

1/ i’) = heat transfer coefficient of scale,
(k)g Btu/br x £12 x °F

# log normal distribution

#% The value of 0.79 Bto/hr x ft2 x “F/ft was used in the heat transfer corrosion ana-
lysis presented in the report.

#it This relrtionship is independent of the scale density. 1 thru 3 are based on
a specific gravity of 5.6 for the scale.
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Table L

Summary of Data and Coleulated Conduc}ivities
for Zircaloy 2 Plates Exposed to 750 F Steam

2 (8 yxot . "
Plate # Uy Us (g s * 10 W ks
6881 2263 2194 0.139 14.39 21 0.680
6887 2102 2063 0.090 22.22 25 1.25
6889 2099 2046 0,123 16.20 3k 1.2L
6890 2306 2150 0,315 6.35 123 1.76
5892 2051 2003 0.117 17.10 37 1.h2
689l 2086 2082 0.07C 23 .61 34 2.19
6898 2032 1883 0.475 h.21 88 0.832
6902 2109 1958 0,365 Sl 4O 0.180
6903 2095 186l 0.592 3.38 174 1.32
Uy = overall heat transfer coefficient of clean plate, Btu/hr x ft2 x°F
Up = overall hea} transfer coefficient of corroded plate,
Btu/hr x ft% x °F
(k) = U, = Heat transfer coefficient of zircaloy scale, Btu/hr x £t2 x °F
(s

w B weight gain of corroded plates, mg/dm2

kg = thermal conductivity of scale, Btu/hr x f£t2 x F/ft
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Table 5

Summary of Data and Calculated Conductivities for
Zircaloy 2 Plates Exposed to 680 F Water

2(§)x 10k
Plate # Uy Up (k)5 Ug x 1074 w k,
6335 a) 2210 2065 0.383 5,22 16 0.188
6335 b) 2240 2083 0.336 5.96 18 0.240
6336 a) 2257 2193 0.129 6.75 15 0.521
6336 b) 2257 2127 0.270 7.4h1 27 0.1450
6879 2028 1993 0.087 22.99 26 1.34
6880 2077 2009 0.163 12.27 2l 0.662
688l 2061 1996 0.158 12.66 28 0.798
6885 20L6 1950 0.241 8.31 30 0.560
6888 2050 1895 0,399 5.01 2h 0.270
6893 2031 196} 0.168 11.91 23 0.616
6900 201l 1993 0,052 38.04 29 2,50
6901 20h2 201l 0,068 29.40 23 1.50
690l 2124 2079 0,102 19.63 2l 1.06
6905 2108 19L7 0.392 5.10 25 0,402
m31aﬁ
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