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MODELING HEAT GENERATION AND FLOW 1N THE ADVANCED 
NEUTRON SOURCE CORRBSTON TEST LOOP SPECIMEW’: - 

R. E. Pawel and D .  W. Yarbrough 

ABSTRACT 

A finite difference computer code HEATING5 was used to model 
heat generation and flow in a typical experiment envisioned for 
the Advanced Neutron Source Corrosion Test Loop. The electrical 
resistivity and thermal conductivity of the test specimen were 
allowed to vary with local temperature, and the corrosion layer 
thickness was assigned along the length of the specimen in the 
manner predicted by the Griess Correlation. The computer solved 
the two-dimensional transport problem for a given total power 
dissipated in the specimen and stipulated coolant temperatures 
and water-side heat-transfer coefficients. The computed speci- 
men temperatures were compared with those calculated on the 
basis of approximate analytical equations involving the total 
power dissipation and the assignment of the physical properties 
based on temperatures at single axial points on the specimen. 
The comparisons indicate that when temperature variations are 
large along the axis of the specimen, the variation in local 
heat flux should not be overlooked when using approximate 
equations or models. The approximate equations are most 
accurate near the center of the specimen where the heat flux 
remains closest to the average value, and in that region the 
calculated quantities agree closely with the results of the 
computer code. 

INTRODUCTION 

The specimen in the Advanced Neutron Source (ANS) Corrosion Test Loop 

is designed to simulate the heat flow conditions associated with a fuel 

plate in the proposed reactor. It consists of a 165-mm-long (6.5-in.) 
aluminum alloy section with a central rectangular channel f o r  coolant flow 

(Fig. 1). The critical dimensions of the aluminum and the coulant channel 

Wesearch sponsored by the Division of Materials Sciences, U.S .  
Department of Energy under Contract DE-ACOS-84OR21400 with the Martin 
Marietta Energy Systems, Xnc. 
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Fig. 1. Sketch of ANS Corrosion Loop Test 
specimen showing shape and dimensions (1 in. = 25.4 inm). 
Eighty percent of the heat is generated in 
part of the specimen wall, and it is one of these thick- 
walled sections, with its share of the coolant channel, 
that defines the segment on which the modeling analysis 
is based. 

the thick 

in the specimen arc equivalent to those found in the High Flux Isotope 

Reactor (MFIR) and the ANS so that the corrosion tests may be run under 

conditions that approach those of the R ~ C ~ O K S .  

'l'he specimen will be heated by passing large electrical currents (dc) 

through its length; and, as is the case in an operating reactor, the beat 

is removed by the rapid flow of cooling water in the rectangular charnel. 

The efficiency o f  this heat-removal process is the  focus of the present: 

investigation. In particular, the development of corrosion product 

layers, their influence on heat flow, and the means to prevent their for- 

mation ar to lessen t h e i r  effect will be studied. 
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A typical ANS Corrosion Test Loop experiment will involve exposure of 

the specimen to carefully controlled resistance heating and cooling water 

flow conditions for up to about 350 h. During this time, the outer sur- 

face temperature of the specimen at several points along its length will 

be monitored to determine the added resistance to heat flow.of any growing 

corrosion product. Therefore, for a typical experiment, we anticipate 

that the temperature will vary as a function of position along the speci- 

men in the direction of water flow, across the specimen in the direction 

of heat flow, and with time if a low thermal conductivity corrosion prod- 

uct develops. 

will itself be a function of temperature, so that the gradients in speci- 

men temperature will also change with time. 

In addition, the rate of growth of the corrosion product, 

The significant physical properties of electrical resistivity p and 

thermal conductivity k of aluminum alloys change appreciably with tem- 

perature in the range of importance here, and thus both the level of heat 

generation (via resistance heating) and cooling will vary accordingly. 

Clearly if the average energy dissipated in the whole specimen is main- 

tained constant over the duration of a test, the local heat generation 

rates and the local temperature profiles will change in response to the 

changing temperatures. Such changes are difficult to accommodate accu- 

rately in the calculations to determine the various parameters of interest. 

For example, data obtained in the HFIR test loop' were treated according 

to the following simplifying assumption: the electrical and thermal prop- 

erties throughout the thickness of the specimen at any point along its 

length w e r e  determined by the temperature of the outside surface of the 

specimen at that point. Thus, while axial variations in temperature were 

taken into consideration, the above assumption essentially reduced the 

computational problem to one of unidirectional heat flow in a locally 

homogeneous slab in which heat was uniformly generated. 

THE MODEL 

Because of the possibility of larger temperature gradients €or the 

present experiments, a test of the accuracy of the above simplifying 

assumption was undertaken through a computer modeling of the corrosion 

test specimen. The maximum heat flux across the ANS test specimens will 



4 

be about 20 MW/m2, more than three times that utilized in the WIR tests. 

The HEATING5 computer code' w a s  used to perform a two-dimensional heat 

flow analysis of an appropriate segment geometry defining the active part 

of the spec.1'.111en, a strip o f  aluminum alloy 7.6 mm wide, 2.5 mm thick, and 

165 rnm long with coolant passing along on@ surface as shown in Fig. 2. To 

account for !,he temperature variation of the physical properties, we 

divided the specimen segment into 9 zones: 3 a x i a l  by 3 lateral; the 

corrosion product; layer was divided iinto 12 axial zones because its 

thickness varies significantly with temperature, which increases in the 

direction of coolant flow, Properties were assigned according to the t e m -  

perature at the center o f  each zone, and the steady-state heat txansfer 

solutions were iterated until satisfactory agreement was obtained between 

the assigned and computed temperatures. The physical properties were 

assigned on the basis of t h e  da ta  o f  Tye et a1.3 f o r  6061-T651 aluminum as 

follows : 

k = 156.93 + 0.18738T - (2.5238 x 10'-4))T2 , 

p = 3.90 -t O.0PlOT , 

where 

k = thermal conductivity of 606P-T651 A1 (W/m-K), 
p = electrical resistivity of 6061-T651 A1 (a-m x IO-'), 

T = temperature ("C). 

The thermal conductivity t s f  t h e  corrosion product was assigned a constant 

value o f  2.25 W / m - K  as found by Griess at al.'i4 for boehmite (A1203.H20). 

The model ~ p t ~ i m e i i  was assumed to be cooled by a stream of water 

passing along its length in contact with the 7.6-- by 1 3 5 - m  surface. An 

adiabatic wal-1 was placed on the opposite surface and on each end. The 

water temperature was assumed to increzse uniformly froin 6 5 ' ~  at the inlet 

to 90°C at the oiltlet. The assimption of a linear temperature gradient in 

the  flow direction was also invoked i n  the MFIR calculations.' 

The water-side heat transfer coefficient was cal.culated using the 

awerage value of the heat f l u x  Eorr the experiment, arbitrarily allowing for 
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a 70°C temperature drop across the f l u i d  f i l m .  

average flux of 15.9 MW/m' (on the basis of 20 kW generated in the specimen 

segment] was assumed. Thus, 

For this experiment, an 

h = Q/'ATf , 

where 

€I = heat transfer coefficient /W/m2.X], 

a = average heat flux from heat transfer surface (W/m'), 

ATf = average temperature drop across fluid film, assigned as 78'C. 

The heat transfer coefficient calculated from E q .  ( 3 ) ,  h = 0,227 MW/mZ*K, 

was then used in the HEATING5 calculations for all conditions regardless of 

local temperature or heat flux values. Calculations have shown that. the 

actual heat transfer coefficients will probably be smaller than this value, 

depending sensitively on the coolant velocity and less sensitively on the 

bulk coolant temperature and heat flux. While the present r e s u l t s ,  par- 

ticularly the comparisons between the numerical and analytical calculations, 

are thought to be virtually unaffected by the assumption of a particular 

constant heat transfer coefficient, the general effect will be examined in 

detail at a later date. 

CALCULATIONS 

The HEATING5 computer program was used to find the steady-state s0l.u- 

tion to the heat generation and flow problem posed above. 

solution, the calculated temperature at the film-water interface at the 

midpoint of each of the 12 axial zones was used to assign a tlrkkness to 

the corrosion product at that zone. A thickness corresponding to 48% of 

that predicted by the Griess Correlation" for 500 h O E  exposure was 

arbitrarily assigned; this assignment provided for reasonable instan- 

taneous film-thickness values hawing the proper dependence on temperature 

along the specimen length. In addition, thermal conductivity, electrical 

resistivity, and the heat generation rate were reassigned to the nine 

After each 
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zones repaesent ing  the alucrinuin alloy on the bas i s  of the new kemperature 

distributions. 'This procedure W B S  Eollowed unLi I a reasoaabie COR- 

vergence was apparent. The temperatiirr distributions in the test section 

at the st4rf of an experiment were also calculated by the HEATING5 

program, assuming tha t  only a very thin layer (0.1 urn) of corrosion 

prodiict, existed at th2t  time. 

'&e temperature distiibutions cornputad by HEATING5 can be used to 

trbtairi estimates of t h c a  accuracy o f  calculated temperatures or parameters 

based on assumptions madc to simplify either the data-gathering or data- 

treatment processes. O f  course, because the computes mod~l is obviously 

not C X ~ C ~ ,  there are errors in the estimates themselves; however, these 

effects shoiild be comparatively small. 

Schematic diagrams of the initial and final computed temperatures and 

property values fox the specimen for the specified "experimental" conditions 

are s h o w  in  Figs. 2 and 3 ,  wiiere temperature is given in degrees Celsius, 

thermal conrl i ic t ivi ty  k in watts ~ ) c r  meter kelvins, electrical resistivity 

p in ohm meters x lo- ' ,  and local power density G in megawatts per cubic 

meter. 'l'he properties associats\d w i t h  the individual seginnnts of the spe- 

cimen and corrosion pcoduct film are shown i n  the diagrams, as well as the 

computed interface temperatures at three points along the axial dimension 

of the  specimen. A s  noted previously, for  purposes of this simulation, 

the water-side heat transfer coefficient was assumed to be constant and 

the cooling-water temperatiire was assumed to vary linearly w i t h  position 

along t h e  specimen. (OLher calculations have indjcated t h a t  Lhe heat  

transfer coefficient increases along the axis of the specimens, and this 

might, t c n t P  to mitigate the inter face temperature increases observed along 

the speciinen and lead to a mose uniform oxide laysr thickness). 

APPXOXTMATE EQUATIONS 

'l'he basic information to be extracted f r o m  an experiment in the ANS 

Corrosion Test Loop w i l l  he an estimate o f  t he  temperature drop ~ C P T Q S S  the 

growing corrosion prodiict layer due to the local heat flux. Because thc: 

experimenLa1 data will generally involve only measurements of average 

heat f l u x  (or total power) in the  specimen a i d  temperature measured along 
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/ 242.2% 
T= 239 
k = 487.4 

G = 5918 

P 

T=2i7 

T =  t7 i  
k =.181.4 

G =6663 

96.25MW/m2 I = 15-61 MW/m2 

Fig. 2. Schematic diagram of the temperature, physical property, and 
power generation parameters in sections of model corrosion loop test speci- 
mens; ( a )  Initial (no oxide) and (b )  final (oxidized) properties and 
parameters (oxide thickness assigned as 40% of that predicted by the 
Griess Correlation for 500 h of operation). Tabulated values refer to she 
center o f  each section. Temperatures computed by the HEATING5 code at the 
three system interfaces for three axial distances along the specimen are 
also shown (e). Coolant temperatures T, and heat fluxes Q at the three 
section midpoints along the specimen are indicated at the bottom of the 
diagram. Note that even the taken oxide film in part (,a> (0.1 pm) supports 
almost a l0C temperature drop at these flux levels. Temperatures shown in 
parentheses are the penultimate temperatures from which the physical prop- 
erties of each segment were determined. 
in W/m*K, electrical resistivity p in $2-m x and local power density 
G in MW/m3. 

Thermal conductivity k is given 
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Fig .  3. Schematic diagram of the  " f ina I "  (oxide thickness assigned 
as 40% of t h a t  pred ic ted  by the  Griess Cor~elation f o r  the 500h opera t ion)  
propert ies  and parameters in the model test specimen following the aiitline 
used in Fig. 2 .  Note the v a r i a t i o n  i n  oxide thickness along the  lengii;h of 
the  L e s t  section a s  w e l l  a s  the v a r i a t i o n  i n  lteat flux. 
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the axis on the outer surface of the specimen, the required information must 

be calculated. It is unlikely that a practical analytical solution to this 

. problem exists, and therefore the present modeling analysis allows com- 

parisons to be made between the commonly used simplified calculations and a 

more sophisticated finite-difference solution to this heat transfer problem. 

A schematic drawing depicting temperatures and temperature differences 

across the specimen at a given axial location during an experiment is pre- 

sented in Fig. 4 .  The following notation is used: 

Ts = temperature at outer surface of aluminum specimen; 

Tw/# = temperature at interface between specimen and the oxide layer; 
T8lc = temperature at interface between oxide layer and coolant; 

Tc = bulk coolant temperature (subscripts i and o refer to inlet and 
outlet coolant temperatures); 

X, = specimen wall thickness (2,s mm); 

Xg = oxide (or Corrosion product) layer thickness; 

ATw = temperature drop across specimen wall (calculated on the basis 

of uniformly generated resistance heating, uniform thermal 

conductivity, and one-dimensional heat flow); 

Q = heat flow (MW/m2) across specimen due to resistance heating; 

kw = average thermal conductivity of specimen wall; 
k@ = average thermal conductivity of oxide layer (2.25 W/m.K); 

AT# = temperature drop across oxide layer; 

h = water-side heat transfer coefficient; 

ATf = temperature drop across water film; 
L = length oE specimen (165 mm) (x refers to position along 

specimen length). 

The heat generated in the specimen (resistance heating) passes through 

the oxide layer and into the cooling water. It is assumed that 1-10 extra- 

neous heat flows occur. Because of temperature variations along the speci- 

men as well as those brought about by the corrosion process, virtually all 

of the properties and parameters are functions of position and time. 

We envision that an experiment in the ANS Corrosion Test Loop will 

generally be conducted under conditions where the cooling-water flow rate 
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Fig. 4 .  Schematic drawing illustrating 
local beat generation and flow in a segment 
of the corrosion test specimen. The simple 
equations (assuming uniform properties and 
one-dimensional heat flow) for the tempera- 
t u r e  drops a c ~ o s s  the various layers are 
given.  

and inlet teaperature, as well as the average power to the specimen, will 

be continuously monitor4 and held constant. Measurements of the outer 

surface specimen temperature (T,) will be made a t  several locations along 

t h e  a x i s  of the specj  men. 

changes w i t h  time, the temperature drop across the growing oxide film will 

ba calculated. A basic description o f  the simplified algorithm aatici- 

patsd for  this calculation follows. 

F r m  these temperature measurements arid their 

I. For each thermocouple position immediately a f t e r  startup (t E 0 ) :  

1. Measure T,(x) [at t ::: 0 ,  T, = (T,),] 

2. Calcula-te Q(x) 
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where the average heat flux 0 equals total power times active 
power fraction divided by active heat transfer area; totah 

power is calculated from coolant mass flow rate and temperature 

rise and checked with the electrical input; p(x) is property of 

specimen at Ts(x) [see E q .  ( 2 ) ] ;  and is average electrical 

resistivity (i.e., C pn/n). 

3 .  Calculate Tw/$ (at t = 0, Tw/gj = Tgjlc) 

where kw is property of specimen at T,(x) [see E q .  (I)]. 

(This equation implies uniform properties and uniform heat 

generation in specimen.) 

4 .  Calculate Tc 

(an iterative or analytical procedure may be used to arrive at a 

more exact description of the water temperature.) 

5 .  Calculate h 

(and compare with h calculated from dimensional analysis 

correlations.) 

Note: Since Tc should not be a sensitive function of time, 
assume that h(x) is independent of time. 

11. For each thermocouple position during experiment (t > 0): 

1. Measure T,(x) 

2. Calculate Q(x) 

(as in Step I, using new temperatures to assign properties). 



1 2  

so  t h a t  

a .  

Previous calcii l  a t  ions have invoked the a d d i t i o n a l  assump- 

t i o n  that Ts/c(x) remains cons tan t  during an experiment 

[ iiiiplying t h a t  Q(x) , h(x), and Tc(x) a l s o  remain cons tan t  or 

vary i n  a uniquely  coordinated manner]. On t h i s  b a s i s ,  

so  t h a t  a second approximat:i.on for  AT$ i s  a v a i l a b l e :  

b .  

F i n a l l y ,  i f  changes i n  ATw(x) dur ing  an experiment a r e  

neglec ted  , then 

C 

The accuracy of each of these  approximaf.ions f o r  AT9 depends i n  a 

complicated way on t h e  manner i n  which temperature  and phys ica l  p r o p e r t i e s  

of t h e  specimcn vary during an experiment.  If an experiment i s  conducted 

a t  a cons tan t  t o t a l  powcr d i s s i p a t i o n  i n  t h e  specimen, then  w e  a n t i c i p a t e  

t h a t  a t  some po in t  near the cen te r ,  a l l  t he  approximations (but  par- 

t i c u l a r l y  I I . 3 . b  and I I . 3 . c )  would e x h i b i t  less  error .  
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RESULTS 

The objective of the present exercise is to examine the accuracy of 

particular approximate equations for determining temperature drops across 

corrosion product layer subject to a heat flux generated in a resistively 

heated specimen. 

computer solution, but only this aspect will be discussed here. Thus, if 

we assume that we know only the geometry of the test piece, the average 

power dissipated in the entire specimen, and the inlet cooling water 

temperature and velocity, the temperature drop across the film can be 

determined by measuring temperatures on the outer surface of the specimen. 

Here, we assume that thermocouples 1, 2 ,  and 3 are located at axial posi- 

tions E / 6 ,  3L/6 ,  and 5L/6 along the outer surface, as shown in Fig. 2. 

Many comparisons can be made on the basis of the present 

Following the above algorithm for each of the three thermocouple 

positions: 

1.1 

1 . 2  

For t 

TSl = 242.2OC TS2 = 253.6'C TS3 = 264.8'C 

Using the measured temperatures, we calculate: 

0 ,  "measure" Ts [see Fig. 2, from computer output] : 

p l  = 6.56 x lo-* R-m 

kwl = 187.5 W/m.K kW2 = 188.2 W / m - K  kW3 = 188.9 W/m-K 
p = 6.69 x lo-' R-m 

p 2  = 6.69 x lo-" Q-m p a  = 6.81 x lo-* Q-m 

- 

Q1 = 15.59 MW/m2 Q z  = 15.90 MW/m2 Q 3  = 16.19 MW/m2 

ATwl = 103.9OC ATwz = 105.6OC ATw3 = 1O7.l0C 

1.3. If there is no oxide film, Tw/,#, = T$/c = (TslO - (ATWIo: 

Tw/@I = 138.3'C Tw/@z = 148.0°C TW/$3 157.7OC 

(Here is a significant point of comparison: 

positions, HEATING5 computes 138.6, 148.4, and 158.1q3C, 

respectively.) 

for these specimen 

1.4. Using the approximate equation for  Tc: 

Tcl = 6 9 . 2 O C  TC2 = 7 7 . 5 O C  Tc, = 85.8OC 



14 

1 . 5 .  If no oxide film is present, the waterside heat transfer coefficient 

can be calculated directly: 

h l  = 0.226 MW/m2.K h2 = 0.225 MW/m2-M h3 = 0.22.5 MW/m2.K 

(This is a comparison point of sorts: 

thickness, supporting a A T 4  of almost 1"C, was assigned in the 

HEATING5 computation in addition to an average h = 8.227 MW/m2.K.) 

an "initial" film 0.1 p m  in 

11.1. For t > 0, "measure" T, [ see  Fig. 3 ,  f r o m  computer output]: 

Tsl = 280.4OC T,, = 320.7OC T,, = 375.1OC 

11.2. On the basis of these temperatures, we calculate: 

p 1  := 6.98 x loF8 R-m p 2  = 7.43  x IO-* R-rn p 3  = 8 . 0 3  x IO-* ~ - - m  

k,, = 189.6 W/m.K kW2 = 191.1 W1m.K kW3 = 191.7 W/m-K 
- 
p = 7.48 x lo-* 8-m 

Q1 = 14.84 MW/m2 Q2 = 15.39 MW/m2 Q3 = 1 7 . 0 7  MWJm2 

ATw, = 97.8OC ATw2 = 103.3OC ATw3 = S11.3'C 

1 1 . 3 .  The temperature drops across the oxide film are calculated according 

to the previously noted sets of assumptions a, b, and e: 

The calculated value of A T 4  is involved directly in the evaluation of 

the extent of corrosion product buildup and in the determination of its 

thermal conductivity k$. 

determined above by t h e  three approximate equations are given in Table 1. 

The comparisons of the computer values and those 
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Table 1. Comparison of AT$ values for 
mode 1 test specimen 

Temperature drop across oxide film 
Calculation ( "C> 

basis 
2 AT#I 3 

~ - 

HEATING 5 48.3 71.3 105.6 
Assumption II.3.a 47.7 70.0 102.1 

Assumption II.3.c 38.2 67.1 110.3 
Assumption II.3.b 4 4 . 3  69 .4  106.1  

CONCLUSIONS 

The range of values calculated for AT$ clearly indicates the need far 

care in performing calculations based on data of the type presented here. 

While comparisons with the computer-generated values suggest that the 

variations in Q and kw need to be considered, it should be remembered that 

these values are also not exact. In addition, the calculations indicate 

that at a point near the center of the specimen, where the heat flux 

remains closest to the average value, the approximate calculations are 

most accurate or at least show best agreement with HEATINGS. 

On the whole, assumption II.3.a appears to give the best results for 

the AT@ quantity, although assumption 11.3.b is attractive because it is 

independent of h, the water-side heat transfer coefficient. Assumption 

I1.3.c appears to be accurate only under conditions where the temperature 

and property changes along the specimen axis are small. However, the value 

of Ts - (TsI0 at each thermocouple position is a convenient method to gage 

the corrosion product buildup in a semiquantitative manner. 

The comparisons presented here also point out that for situations where 

the temperature gradient along the axis of the specimen i s  large, the tem- 

perature at the oxide-coolant interface T$/c at each thermocouple position 
may not be independent of time. Additional calculations (including better 

assignments of the heat transfer coefficient h) will be required to see if 

this variation is real and if it should be considered in correlating the 

kinetic data. 
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