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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 metals 

All application of this analysis to the P¥B reference design?' indicates 

ttat heafc-transfer corrosion does not pose a problem for the core lifetimes under 

consideration. However, the analysis indicates that future reactors designed for 

M ^ e r fluses and surface temperatures may be limited in their operation^ espe­

cially for the case of heavy fouling on the corroded metal. 
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Heat Transfer Effects on the Corrosion 
of Zirconium and Some-Alloys 

lo 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 and some 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, Bettis Site early In the development program 

with the following results: 

(1) Only two-hundred and fifty hô irs of testing at 1^150^000 Btu per hr 

2 
and ft 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 behavior of zirconium and 

estimates of the conductivity of thp oxide* 

(3) For the proposed application conditions^ zirconium was not suscep­

tible to accelerated corrosion due to h-̂ at transfer* 

When it was decided to manufacture subsequent cores from zirconium alloys,, 

consideration was given to this problem as soon as pertinent corrosion data 

for the alloys under consideration became availa^ble. It was fairly certain 

from the isothermal corrosion data^ and estimates of cuide conductivity 
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that zircaloy 1—' was not suitable for application whereas Zircaloy 2 was 

acceptable- A program was started to confirm these opinions, and to establish 

more definitely the conditions of applicability of these materials. Because 

of the uncertainty of finding a 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 

filnio Since an extensive corrosion test program for the zirconium alloys was 

planned at the Atomic Power Division, it was only necessaiy to obtain the heat 

transfer properties of the scale-'»-» A subcontract for this purpose (lli-302) was 

awarded to the Hesea'"ch and Development Laboratories of the Babcock and Milcox 

2/ 
Company^ Alliance, Ohio^ The Babcock and Wilcox tests are separately reported'~a 

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 alloys under heat transfer conditions# 

11. Corrosion Theory and Data for Zirconium Alloys 

The mechanism of corrosion of zirconium and its alloys has been studied in 

detail̂ ''̂ ='$ and is briefly summarised 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 filra« 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* Thp- term "fouling", 
used in later sections of the report, refers to extraneous deposition. 

- 7 -
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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 isothermalo 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 

Equations for the Thin Film Corrosion ~ of Zircaloy 2 

Time to 

Temperaturea "F Equation Breakaway 

(1) 550 saturated log w = 0o2lt log © T0.6I+ 

(2) 600 saturated log w = 0.27 log © +O.7I1 

(3) 680 saturated log w •- 0,38 log e +0.73 110 days 

(I4) iSO (steam,l500psi) log w - O.liO log © i-l«02 30 days 

9 = time^ days 

V ~ weight gain, mg/ditr 

Tmm 2 

Breakaway Corrosion Rates of Zircaloy 2 2/ 

Corrosion Rate Weight Gain at 
after breakaway , Breakaway 

Tempera ture 9 "F mg/dia^ day mg/dm^ 

600 saturated 0<,l6 ' - - „ -

680 saturated OJ4.O 33 

750j steam., 1500 psi loO 39 

«, 8 - 462 007 



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) 
d@ 

where w = weight gain, mg/dm 

A_,B are constants (see Figure l) 

T = absolute temperature, " Rankine 

9 ~ time, days 

Equation (5) conforms with the Arrhenuis equation for the var ia t ion of 

react ion r a t e constants with temperature. 

I I Io Heat Trpnsfer Relationships during Corrosion 

The metal/oxide interface temperature, a function of sca le thickness , heat 

flux and surface temperature, may be represented exactly for a f l a t p la te and, with 

l i t t l e error,9 for other geometries, a t the scale thicknesses under considerat ion, 

as, 

(6) % = t + a i ^ 

k 

where t^ " interface temperature, ^^' 

tg - surface temperature, "-S" 

q = heat flux, Btu/hr x ft^ 

o = scale thickness, ft.. 

k - thermal conductivity of scale, Btu/hr x ft^ x ^F/ft 

= Go79 Btu/hr x ft2 x *F/ft (See Appendix) 

or 

(7) Ti = Tg + „ s i _ 
k 

where Tj_ = i n t e r f a c i a l temperature, "1 4 6 2 0 0 T 
Tg = surface temperature, "R 
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Substituting (7) in (5')8 

(8) _dw^ = Ae Ŝ/̂ '̂ s - q ̂  A ) 
d§ 

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

followings 

(9) w = 5 S X (2.5i4) (12) cm/ft x I Q O ^ x ̂ Oa^ x 1000 mg 

dm (Zr02) gm 

or ^ = 0*225 X lO'"̂  w 

where ^ " density of scale '" 5<»6 gm/cmP 

(O2) __ Molecular weight of oxygen 
r^rOj) ' '" Molecular weight of Zr02 

2 w ~ weight gain in mg/dm 

Substituting (9) in equ-ttion (8) and letting 

m = 0.2s 

•a "= q/k 

m = 0.225 X 10"'̂  A 

them 

(10) A L . - «ie '̂-̂B/'̂s - ^^ ) 
de 

where m., B and u are constants defined abovej. 

Since the corrosion data are f̂ iven as either time to breakaway or '»Teight gain 

at breakaway „ then by letting ®b ~ © - ©t where ©^ is the time to start of breakaway, 

% , the time after breakaway corrosion beings, and @, the total corrosion timej 

and letting S ^ equal the scale thickness before breakaway the relationship be­

tween scale thickness and time becomes 

(11) 1 ^ d " CB/T3 ^ l a^) . r ^^ 
J^t e dd J 0 m 
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Equatior. (11) i%a: e-fai-aatei t y graphical iategratiofl^ since the analyt ica l s o l -

a t l o t res-alied in a s s r i s s *.kat. sccre-erged. %QZ s lowlj t o be msefuL for caleiilation 

If^ Besalts 

•̂ « Corrosioa Mlttoiat. EiCifaii?oms Deposita 

Fxgare A i© a pi A cf heat thromghFai corrosion effects on Zircaloy-2 de te r -

miiieo b j ©eaiis &f equatio-i ( l l ) . The ^ri-respending xnterfaciaL temperatures 

(metal/oxide) are plovied i a Fxgure 3«> Sxnre the t e i ^ s r a tu re drop across the 

5.3ale sigiif- «a't,lT ipfi-ae'*-s"5i. tl^e .:rrc«sxoE ra te for breakaway conditions oxJ-j, 

no problem ex i s t s with, respect to heat-tkrougliput corrosion of Zlrcaloy-2 

(5'50.F maximitm surface temperature with a corresponding heat fluj. of 500,000 

Bta/hp X A-2)^ In exfosiars v e i l beyona the escpested core l i f e t i ^ woiald be r e -

qo i r s i at y50®F Before brtakanay .ofrosion begirs,"^ Likewise, for PWEg break­

away 'would net czzcT bsfcre "ea t o r lifetasie at f a l l power i s reacheda Cmrre A 

of. Fxgare 2 sfec^s zhs a^ ie ls ra ted lorrosxct ra^es at longsr eaqsosure timssa 

EelatxorisMps sa:h as thost- showi in Fig-ore i must be fevalmated in terms of 

( l ) corrosion r a t e s 3ucL that the i l a i ^ t e r i a l i s s tg rd f i i an t ly weakenedj, (2) 

exiessi-^e temp^irattune'!, in, tfce fuel material d::e to the tsRperafcare drop across 

the s:.al5. In ordf^r to a'fo;! a pha^e transforma&ior. I B U-MO as a r e s u l t of 

t.hsriial . y i l l r g j i l ^oiiLa ba adx-ifaele t 3 laaiataifi the saxisiistt, fael tempsrafure 

bsicM liCG'̂ Fo For a OoJO -̂" 0«DB r c i %txth a, jC l a l :ladj, WR cperating paraae is rs 

i i idisaie tnat the naxLaoii. fuel t.eiiperatai'e a îy b* abo- '̂s 1100®F '̂cc a small per -

e8:^tage cf tfcs fcdsa '* Ccnsxderd.tioris of the temperattjpe drop across the seale 

woliLd ia-srease the ijjabsr of £ntl elesieriits i a i l i n g xn thxs category. Also, higher 

tenperattires at the 5laii -..or* ijnte.rfa:€ layis* be carefully consideied as soon as 

* leG« 5 for w = 33 2ig/™*^» 6 "̂  7^0 dajs frtia equation (2) sorrespondiRg to 600"? ex­
posure. I t stjzila b3 rjotedj, bowe/sr<, that EO ijqjerimental data has been detsrinined 
as yet for breakaway sorrosxon of Zir^.a,l'^y-'2 at tempsratm^es below 680®F« 

** The actual Eiawiber xs rx t present ly knoif aires' the cvlj aTailable thermal eondmetivity 
Talue-s for U-Mo wsre neasured at lov temperatmreg (<100®C), 
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per t inent data on the sorrosion resxstan^e of U-Mo al loys are established^ 

liiimerisal valiaes for these higher teaperatiires can be determned from Figure 3^ 

The temperature drop across the scale i s determined siiiply by a ib t rac t ing the 

temperature a t %, = 0 from the corresponding temperature a t a giiren % , This 

teiijeratiire drop woiild be added t o the t e ^ e r a t t i r e d i s t r ibu t ion within the fuel 

element determined for the :ase of no 2orroaon« 

The t o t a l amoiaBt of Zircaloy clad corroded af ter a perxod corresponding t o 

the naxiimm corrosxoa txiK shown i a Curve A of Figure 1 would be abomt 1 n i l and 

the ^ei^eratdre Irop a l o s s the sf^ale abcut 95^u Hencej nei ther ( l ) nor (2) are 

mdica tea for ths PWl at t i a e s well beyoad the ant ic ipated core l i fet iHe« 

M t h i s poxntj i t i s in te res t ing t o note heat - t ransfer corrosion, ef fects on 

Zircaloy-1 as showa I P Figure i%^* Assumng tha t breakaway corroa.on begins short ly 

af ter reactor s tart-up (e<,g«s, for the worst ?ase reported;, only seven, days of t h in 

ixlm .o r roaoE time fcr Zir a l sy- l a* o^O^F^I^ then i t i s apparent upon examining 

Fxg'«ire V that ^x WOOAI be fea^aracus t o ccnteipplate operat-ioa a t PMH conditions 

for periods gxeater thaa sons 30 days (1200 boiirs)» Figure 4 shows a weight gain 

cf 1,7s gms/ia' a t the end of 5t#5 days of cperationj sorrespcndang t o a tempera-

* are drop a t ross the s als of 250"? and a redast ion of 3 n i l s in clad tMctaiess* 

Her^€9 ex:^e-mxwe i«.gl teiaperatisres may be encoeiitered am.d the clad t h i n n e s s 

sigiifxeafttiy 2H-da.ed a f t s r a shtrt sorroslcn time^ I t i s i n t e r e s t i ng t o note 

iii aomp^'isfn t ea t xsctFermal jorrosion of Z^rcaltsy-l at the maxiimm PiB surfaee 

t®i^sratare woold psriri* cperatxon for a cciisiderably longer x.ime® 

The ut i l izat ioE, of Zircaloy"2 a t higher temperatwes and for longer l i f e -

tiKf-s X3 subj? .t t o the res t rxc t ions shet#r. in Ctjrvss B and C of Figure 2« At a 

surface tempfrature of 50®^ above the isaxxMuii specified PME surface temperature 

* The thermai ccndmctivity founa for the Zirealoy-2 scale was assumed for the Z i r -
caloy-1 scales Corrosion r a t e s were determined from a plot s imilar t o Figure 1 
( e . g o , 10 iBg/dJB^ X day a t 75C®F). 
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and a t ^ © heat HuXg a reduction of one n i l i n clad thickness aid a 95°F 

temperatiffe drop across the scale would occur a f te r 950 days^ I f the heat f lux 

corresponding to the maxdmiiE surface temperatxire of 620®F i s doubled, the same 

corrosion leve l would be reached a f t e r some 500 days of operation and the 

temperature drop across the scale increased t o 190*F« The rapid increase i n the 

sorposion l eve l with time shown by Zircaloy-1 i n Fi^j re 4 i s cha rac t e r i s t i c of 

CuFfe C of Fig\srs 3 as we l l . Accordingly^ operation a t t h i s temperature and 

heat flux Bay be prohibi t ive for l i f e t i i K s greater than some IS^OOO hours^ 

B<, FouliRg_ CoBslderatioEg 

The previous treatment does not include the ef fec ts of fouling» Since heat 

t r ans fe r paramsters for cha rac t e r i s t i c deposi ts have not yet been determined^ 

mrwes were ca ic i ia ted ir^ Figure 5 for assimied fouling factors^ I t should be 

noted t ha t foullEg s ce f f i t l en t s l e s s than 5,000 to 10,000 Bt-u/hr" x f t^ x ^ are 

exbreffiely pessiiBistie.« Accordingly9 Figur-e 5 ind ica tes t h a t heaiy fouling does 

not r e s i l t ir^ prohibi t ive corrosion l eve l s for core l i f e t i !KS presently under 

coEsiderafciOE,® Bi the jases considered i n Figure 5» the in te r face temperatures 

between the deposit and heat t ransfe r siffface are above the reactor sa turat ion 

temperatures for PMR. Formation of deposits under these conditions 1ms not 

been explored and such effects as miglit be produced by boi l ing at the i n t e r ­

face hari't. r_ot beeo takea in to consideration^ I f i t 1.3 assumed t ha t the deposit 

i s firmly attached t o the surface even thoagh the in ter face temperature i s above 

sa tura t icc acd a l l deposit ion ccciirs l imediately a f t e r reactor start-tip^ then 

cuTTes one through four i n Figure 5 would conform to the conditions showi on 

the correspor.dirig key. 

The ma;cimum fuel temperature should be l imited to some 1100,f (as for 

the case of U-Mo) in order to avoid a U-2r pliase transformation^* Hence, 

* Thermal s t r ess considerations iray be another l i n i t a t i o i i for fuel p la te geonetryT 
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for a fouling coefficient of 2000 Btu/hr x f t^ x °F, a reactor could operate 

/ 2 for some 270 days, corresponding to a corrosion weight gain of 705 mg/dm for 

Curve 3 of f igure 5^ before t h i s temperature would be exceeded. On the other 

hand, a fWU fuel element would reach the same corrosion leve l af ter 27O days of 

Oijeration with a fouling coefficient of 2900 Btu/lir x f t^ x °F, (See Curve 1 of 

Figure 5)• For a maximum surface temperature of 680°F and the same heat f lux, a 

fouling coefficient of 4,200 Btu/hr x ft^ x % could be to le ra ted for the same 

corrosion time and weight gain. 

C® Surface Boiling Considerations 

Bubble forfflation at the surface of the fuel element could have two oppo­

sing ef fec ts with respect t o the postulated mechanisms of heat t ransfer cor­

ros ion. I f deposi ts on the cladding are blown off with aarfaee bo i l ing , lower 

aeta l /oxide iHterfa-^ial tsmperatuT'es would r e s u l t . On the other handj i f higher 

eorrosioD ratess are experi-siised with sta-face bo i l ing , the postulated mechanism 

would r e s u l t i s a more serious case^ Accordinglyj considerations of surface 

boi l ing In the r e a l t o r c.or@s, especia l ly at high heat fl.uxes and temperatxires, 

would require long time heat through-put mock-ups t o determin© the heat t r ans fe r 

sorrosion under these soMi t i cns , 

D. Liadtat ions OE Eesiilts 

The follcwing l i r l t a t i c n s BBist be considered in applying the preTious resul ts? 

( l ) The basic mechanisii of heat t ransfer sorrosion u t i l i z e d assumes no 

flaking of the oM.de# Sotm t e s t i ng a t high tei |3eratures indicated 

flaking for weight gains approaching 1000 iBg/da.2 2/^ Limitations on 

corrosion due to re lease of Mgnificant quant i t i es of in i i eed a c t i v i t y 

in Zr ha're not been deteriaineds I t i s possible tha t the maxlaam per ­

missible Yalue would be reached before the flaking occurred^ 

- 19 -



(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 hj the Babcock and Wilcox Co* = Limitations on the 

value (0.79 Btu/hr x ft^/ft x ^F) chosen for this analysis are pre­

sented In the Appendix. A change in thermal conductivity would be 

directly reflected in the heat tremsfer corrosion analysis presented 

herein as though a proportional change in heat flux were effected. 

Hence^ if the lower confidence limit of 0,52 Btu/hr x ft^ (see appendix) 

were utilized in the analysis^ the effect on the curves presented in 

Figures 2^ 3* and h would be equivalent to an increase in heat flux 

to approximately 1^5 times the original value.. Accordingly, inter­

polation between the curves calculated for varying heat fluxes with 

constant surface temperature would correspond to the graphic repre-° 

sentstion 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 milsa Curve A indicates a corrosion time after break­

away of about 1675 days as opposed to 11435 days for the eate of a 

curve based on the lower confidence limit. The difference between the 

two curves decreases with decreasing time as Bd.ght be predicted from 

the interpolation suggested above. 

»2o^ 4B2 01'^ 



(k) Surface boilinŝ  as discussed under C above may either minimize or 

accentuate the heat transfer corrosion problem® 

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

eration« 

Es Summary and Conclusions 

Subject to the limitations noted above, heat transfer corrosion does 

not pose a problem for FWl reference designs. Indeed^ heavy fouling also 

would cause no corrosion problems, but the increased temperatures of the fuel 

element would be undesirable in PWB. This analyses of course, makes no allow­

ance for the effect of fouling on flow characteristics. As soon as pertinent 

data on the corrosion resistance of U-Mo alloys at the temperature of the 

core-cladding interface are more firmly established, the quantitative effect 

of these higher temperatures will be determined. 
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Appendix 

Heat Transfer Properties of Corroded Zircaloy 

I. Introduction 

Under subcontract lk-302^ the Babcock ^nd Wilcox Company conducted tests 

to determine the thermal resistance of corroded zircaloy plates. The results 

are summarized and evaluated below» 

II, Test Procedure and Calculations 

The test section consisted essentially of a heat exchanger in which a zir­

caloy flat plate (U" x 8" x l/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 calculste overall heat transfer coefficients. 

The pistes 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 ( a/ks) nmy be determinedl 

(12) _ _ 1 

hi . h2 , W p 

U2 

hi . h2 TkE . ^ j ; 
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(13) _ L _ - 1 ' 2 {^) 

where! U-|̂  = overall heat transfer 
Btu/hr X ft2 X "F 

coefficient for the clean plate. 

U2 = overall heat transfer coefficient for the corroded plate, 
Btu/hr X ft2 X "F 

hq_ = film coefficient for hot circuit 

h« = film coefficient for cold circuit 

-XS^-J—- Thickness of scale per plate side 
(Kjg Thermal conductivity of scale 

(L) = Plate Thickness 
Xkjp Thermal conductivity of plate 

Eauation (13) holds only for the case where the film coefficient on the hot 

and cold sides are constant. Since the velocities in each circuit were constant, 

any possible change in the film coefficients would be attributed to surface rough­

ing effects due to the scale. Accordingly^ Wilson plots were made both before and 

after the spectmens were corroded and film coefficients for each case determined. 

Since no significant changes in the film coefficients were detected, equation 

(17), is substantiated. 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 clean co-

efficlBnts shown in Tables k and 5^ under Eesults^ Section III* As will be 

noted later, standardisation to common weight or thickness bases resulted in 

equivalent coefficients within the error of the experiment. 
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(d ) values obtained for varying corrosion levels are summarized in 

Tables k and 5- The assumption is mnde 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-

8/ 
ium oxiie— 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 

( ^ ) with weight changes. Accordingly^ the data was analyzed in the following 
(kjg 

fashion. 

Assuming a density of $>6 for the scale, equation (9) was derived as 
shown on page U s 

(9) / = 0»225 X 10"6 w 

where i = thickness in feet 

w * weight gain in mg/dm 

Also, from the data, a correlation independent of the scale thickness may 

be obtainedt 

(11+) ik 's 

where c = constant 

From (,9.) and (ik)» the thermal conductivity of the scale was determined. 

In order to achieve thick films within the available time, steam corrosion 

at 750*F (150O 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 normality 

assumption is necessaiy. 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^ 

10/ 
dividing line between significance and non-significance commonly suggested—^' , 

a difference between the k values is indicated. However, it was decided that the 

arithmetic mearf'* 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 valuer 

From Babcock and rfilcox data M./ an estimate of the experimental error for 

a single plate was obtained, corresponding to a standard deviation of lil Btu/hr 

X ft 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 Heport Mo. 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 

Vi'iii ^ - I • • • • I Ill, ri • I I 

* This value, corresponding to the miniauia root mean square deviation, is the best 
estimate of the population mean. As will be shown 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 I43 Btu/hr 

X ft X ''F as compared to Ul Btu/hr x ft^ 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 plates. Likewise, upon correcting the calculated scale factors to a stan­

dard weight gain, the corresponding 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 53 Btu/hr x ft^ x "i' les found in the 

overall coefficients corresponding to the standardized fouling factors of the 

plates exposed to 680̂ ''̂ ' water. 

Since, 

(15) ^ T 2 = ^ K 2 ĉrg_̂ 2 ^a-^^2 

where T = total variance for samples exposed to SSO^F water 

E,.2 = variance due to experimental error in clean overall 
coefficients 

En ' variance due to experimental error in overall coefficients 
for corroded plates 

a- « 
K^ -• unknown variance of standardized 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 plates» 

(58)2 „ cr^2 ^ (î i)2 ^ (l43)2/^cr^2 ^ Q 

In conclusion, 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 surface» 
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I I I» Results 

Table 3 

Calculated Thermal Condactivities 

kg, Btu/hr X ft^ x " F / f t 

1, Mean thermal conductivity of zircaloy scale X^2k 
formed by steam exposure (750*F, 1^00 psi) 

kg5 9^% limits-"- 0.78 - 1.65 

2, Mean thermal conductivity of zircaloy scale 0*7̂ "-"-
formed by water exposure 

kg5 9^% limits* ' 0.52 - 1«21 

3« Mean of combined results 0»97 

lio -"-»-«- General relationship based on mean fouling 
coefficient corresponding to 2,. 

w = 3.5 X 10^ ( S ) 

where w - wels^ht f?ain in mg/da^ 

/ --i___L_. = heat transfer coefficient of scale, 
'̂̂ ''s Btu/hr X ft^ X ̂ F 

* log normal distribution 

-"-"- The value of 0,79 Bta/hr x ft^ x "F/ft was used in the heat transfer corrosion ana­
lysis presented in the reports 

-JHt-x- 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 k 

Suinma,ry of Data and Calculated Conductivities 
for Zircaloy 2 Plates Exposed to 750"^ Steam 

( i )X10 
Plate # 

6881 
6887 
6889 
6890 
6892 
689li 
6898 
6902 
6903 

% 

2263 
2102 
2099 
2306 
2051 
2086 
2032 
2109 
2095 

U2 

2191+ 
2063 
20li6 
2150 
2003 
2052 
1853 
1958 
1361| 

( k J T ^ 
0.139 
0,090 
0.123 
0.315 
0.117 
0.070 
0.li75 
0.365 
0,592 

tjg X l 0 ~ ^ 

ll4»39 
22.22 
16,20 

6.35 
17ol0 
23,61 
li.21 
5oii7 
3.38 

V 

21 
25 
3U 

123 
37 
3k 
88 
ko 

17U 

k 
s 

0«680 
1.25 
1.2it 
1.76 
l«it2 
2.19 
0.832 
O.ltSO 
1.32 

Ul s overall heat transfer coefficient of clean plate^ Btu/hr x ft2 x^F 

Uo = overall heat transfer coefficient of corroded plate, 
Btu/hr X ft2 X "F 

Ug == Heat transfer coefficient of zircaloy scale, Btu/hr x ft^ x "F 

w = weight gain of corroded plates., ing/dm2 

kg " thermal conductivity of scale^ Btu/hr x ft^ x ^/ft 
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Table 5 

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

2(^)x loi* 

Plate # Ul U2 TkJ^^ ' 

6335 a) 22iiO 2065 0.383 
6335 Is) 22I4O 2083 0.336 
6336 a) 2257 2193 0.129 
6336 b) 2257 2127 0.270 
6879 2028 1993 0.087 
6880 2077 2009 0.163 
688U 2061 1996 0.158 
6885 20li6 1950 0»2lil 
6888 2050 1895 0.399 
6893 2031 196U 0.168 
6900 20114 1993 0.052 
6901 20ii2 2OIU 0«068 
690it 212k 2079 0.102 
6905 2108 19U7 0.392 

Ug X 10"^ 

5.22 
5»96 
6.75 
7.U1 

22.99 
12.27 
12.66 

8.31 
5.01 

11.91 
38. Oil 
29.110 
19.63 

5oio 

w 

16 
18 
15 
27 
26 
2k 
28 
30 
2k 
23 
29 
23 
2U 
25 
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