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SUMMARY 

An analytical examination has been made of the Westlnghouse practices and equip

ment used in hot hydrogen single element electrical corrosion testing of fuel elements. 

Means are suggested by which both the operational and reactor-like simulation aspects of 

these tests may be improved both at presently required testing temperatures and higher. 

Two major areas of concern investigated were arcing from the hot end chuck (elec

trode) to the test element and simulation of a reactor-like temperature distribution in the 

test sample. 

A program of development of the electrical chucking is now underway and is to be 

continued. A solution to the electrical part of the problem is to grasp the test element finnly. 

This approach creates gas leakage and/or relative expansion problems which need further 

work to obtain a complete solution. 

Simulation of a reactor-like temperature distribution has two aspects. The first is 

determining to a better degree of accuracy the present electrical test distribution. The 

second is that of tailoring the distribution to a given reactor-like profile. Additional volt

age and temperature measurements are suggested as an aid in clearing up the first aspect of the 

the problem. Conceptual designs involving cold end electrical chuck position, changes in 

furnace thermal radiation shielding, and guard heaters are suggested as a port of the program 

to improve the second aspect of the problem. Procurement of an additional power supply is 

recommended to allow unimpeded implementation of the guard heater approach. 

In addition to arcing and reactor-like temperature simulation, an operational prob

lem which looms at this time is a marginal thermal capacity in the exit gas heat exchanger 

and transition piece. With improvement in these three problem areas, the furnace and its 

auxiliary equipment appear to be capable of much higher temperature service than that 

currently required. 
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INTRODUCTION 

This report is for the purpose of presenting and discussing a number of pro

posals by which corrosion tests on single fuel elements in hot f lowing hydrogen may 

be improved. These discussions center on the A - 2 furnace design and auxi l iary 

equipment. The A - 2 furnaces ore the workhorses for single element corrosion tests 

a t W A N L . 

The A -2 high temperature hydrogen corrosion furnace consists of a ho r i 

zontal I y-moun ted, water-cooled pressure vessel, a heat exchanger for cooling exhaust 

gases, and a direct-current power supply. Heating is achieved by electr ical resistance 

heating of the fuel element. 

The furnace includes flow and pressure controllers to: 

1) maintain the desired pressure at the hot-end of the furnace 

(560 psia), 

2) provide a constant f lowrate of 500 SCFM of hydrogen, and 

3) monitor helium flow used to pressurize the vessel. 

A cross-section view of the furnace proper is shown in Figure 1. 

The pressure vessel is f i t ted wi th f ive viewports and optical pyrometers to 

permit the determination of fuel element surface temperatures. 

At the present time surface temperatures are regularly measured at only three 

of the f ive ports. These locations correspond to distances measured along the test 

element from the cold end of 16-1/2- inches, 38 - l / 2 - i nches , and 49-3/4- inches. 

During a test, a fuel element is installed in the center of the furnace, held 

at each end by graphite chucks. The desired hydrogen flowrate is first introduced 

through the coolant channels whi le a helium atmosphere is maintained outside the 
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Figure 1 

A - 2 Furnace Cross-Section 
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fuel element. * After the flow is stabi l ized, power is then supplied in steps until a 

specif ied test element surface temperature (determined at the viewport, 38-1/2-inches 

from the cold end) is attained. Thereafter, this temperature is maintained for a 

specified length of time by adjusting the power input. 

I I . DISCUSSION O F SINGLE ELEMENT TESTING EXPERIENCE 

A. Operational Experience and Dif f icul t ies 

1. Present operating temperature levels: 

Current operating levels are designated as conditions l A , IB 

and I C . These conditions are identif ied on the basis of a surface 

temperature achieved at a location 49-3/4- inches from the cold 

end of the fuel element. The 49-3 /4- inch location is approximately 

1/4 to 1/2- inch from the beginning of the hot end electr ical chuck. 

Because of perturbations which can be introduced by the presence of 

the chuck, control of the test is maintained on the basis of a corres

ponding set of temperatures at a location 38-1/2-inches from the 

cold end plus overal l electr ical power input. 

The flows, surface temperatures and approximate power 

levels for each of these conditions are given in Table I. 

Operat ing times at a given condition are measured in multiples 

of 5 minutes up to 20 minutes. For example, tests at condition IB 

for 5 minutes or 20 minutes are designated 1B5 and 1B20, respectively. 

A test in which the test element remains in the furnace continuously 

but in which the power is supplied over soy two discrete 5 minute 

The corrosion resistance on the internal coolant passages and the hot end faces of the fuel 
element are the principle items on which information is obtained. 
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Table 

Corrosion Test Operating Levels 

Condition 

49-3/4-Inch 
Surface Temperature 

Hydrogen 
Flow Rate 

lb/sec 

Approximate 
Power Input 

KW 

lA 

IB 

IC 

4600 

4460 

4320 

0. 04426 

0. 04426 

0.04426 

870 

830 

770 
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intervals, with cooling of the element in between, is designated a 

1B5+5 test. At the present time, qual i ty control tests ore commonly 

1B5+5 and 1B20. Test run time for qual i ty control tests is l imi ted, at 

the present, to the 5+5 duration in the case of restarts and +20 in the 

case of continuous runs. By so l imi t ing these test times two major 

operational problems wi th the furnace are largely avoided. These 

major operational problems are (1) "shrinkage" of the hot end e lec t r i 

cal chuck wi th time and resultant arcing, and (2) sudden and complete 

breakage of the test element. 

The sudden and complete breaking of a fuel element is com

monly cal led an "abort" . The causes of "aborts" have not been 

clearly defined. Aside from the obvious observation that certain 

elements behave dif ferently from their fellows, theories hold that 

"aborts" ore due to (1) complete element cracking from thermal 

stresses at the hot end chuck position, (2) bore coat cracking from 

thermal stresses fol lowed by rapid corrosion at the hot end, and (3) 

melting of the bore coat caused by the high maximum internal tem

peratures because of the increased radial gradient present in the 

higher temperature tests. 

Other operational problems of a more minor or non-repeti t ive 

nature have been noted. Among these is arcing between the e lec t r i 

ca l ly hot, thermally co ld , end of the furnace and electrical ground, 

the slow cooldown rote of the furnace, and occasionally the exhaust 

gas heat exchanger and exhaust pipe temperatures approach or exceed 

design limits. Aside from these discrepancies the operational aspects 

of the (A-2) furnace at present test conditions is quite satisfactory. 
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2. Possible future higher temperature levels: 

It is probable that sometime in the future that higher tem

perature performance w i l l be a goal of NERVA development. Such 

a possibil ity should not be ignored in any upgrading work on hot 

hydrogen tests. The level of the higher temperature goals is, of course, 

open at this time. Assume for discussion that the eventual goal w i l l 

move upwards in 500 R intervals by at least 1500 R or that future 

goals w i l l be +500°R, +1000°R and +1500°R above present levels. 

These increments correspond, approximately, to maximum observed 

element surface temperatures fo 4960 + 150 R, 5460 + 150 R, and 

5960+150°R. 

Substantial numbers of tests have been run which correspond 

to the +500 R increase in temperature level . More speci f ica l ly 21 

tests hove been carried out with measured maximum element surface 

temperatures between 4800 R and 5000 R. In addi t ion, f ive tests 

wi th measured surface temperatures between 5000 R and 5200 R have 

been conducted. 

The nominal running time for the +500 R (approximately) tests 

was f ive minutes. About 1/3 of the elements tested remained intact 

for the fu l l f ive minutes. Tests o f elements in the same furnace for 

qual i ty control purposes, at current temperature levels in the same 

calendar t ime period, showed 90% element survival. * Increasing the 

temperature level +500 R increased "fai lures" from about 10% to 67%. 

*Substantial improvements have been made in element manufacture and coating processes 
since mid-1964 when these fai lure rates were observed. 
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Whi le the increase in "fai lures" is the most noticeable 

feature of the +500 R tests, other problems are noted. Most impor

tant of these is that the exhaust gas cooler out let temperature ran 

very close to or in excess of the acceptable limits of 860 R on almost 

a l l of the runs. Other problems recorded were, over pressure l imi t 

"cutout" of the system, and exceeding of pyrometer cal ibrat ion tem

peratures. Whi le no information is specif ical ly recorded in the test 

logs, the problem of hot electr ical chuck shrinkage and subsequent 

arcing which is present in longer time tests at current temperatures 

w i l l , undoubtedly, be mode worse by higher temperatures. 

Aside from the troubles previously recountered, the operatlono 

aspects of the A - 2 furnace at the +500 R condition is satisfactory. 

B. Simulation of Reactor Temperature Distribution 

1. Experimental observations: 

To reduce the di f f icul t ies of interpretation of electr ical 

corrosion test results in terms of reactor operation, it is obviously 

desirable that the corrosion tests should dupl icate, as closely as 

pract ica l , reactor flows and temperature distributions. Areas of 

pr inciple concern are the internal and external flows through and 

around a single fuel element and the simulation of reactor- l ike 

axial and radial temperature distributions throughout the fuel e l e 

ment. The topic of discussion here is the axial and radial temperature 

distribution of a single fuel element under electr ical test. 

Under reactor conditions heat input rates in the fuel element 

OS a function of length approximate a chopped cosine distribution 

which is unl ikely to be duplicated by the electr ical resistance of the 
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test element. Fortunately, the electr ical resistance of elements under 

actual corrosion test can be inferred to be lower at the hot end of the 
1 2 

element than in the middle or cold end. ' Such a hot end resistivity 

decrease results in an electr ical test ax ia l power distribution that 

tends, in a gross fashion, towards a reactor- l ike distr ibution. 

In Reference 1 , indirect calculations of the hot end electr ical 

resistivity indicated i t to be as much as 50% below that at the cold 

end. Resistivity measurements on a fuel element held at a nearly 

constant temperature (axial ly) as reported in Reference 2 indicate 

that this 50% difference is excessive and that the difference should 

be in the order of 5 to 10%. Since neither set of data is a result o f a 

direct measurement o f electr ical resistivity under corrosion test con 

ditions, they cannot be considered as def in i t ive of the axial power 

distribution for single element corrosion tests without further sub

stantiat ion. 

To investigate the l ike ly effect of changes in axial electr ical 

resistivity on the temperature distribution in on element undergoing 

corrosion testing, hypothetical resistance patterns were assumed. 

These patterns are shown as lines A , B, and C in Figure 2, a plot of 

electr ical resistivity as a function of temperature. These lines were 

selected to cover by calculat ion a wide range of hot to cold end 

resistivity variat ion and not to imply that any particular hypothetical 

pattern is correct. This approach has the advantage that the ca l cu 

lations are not t ied to a particular set of elements of a particular stage 

o f fuel element evolut ion. 

The radial temperature gradient is more pronounced in the 

electr ical corrosion test than in an actual reactor. 

8 
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To simulate reactor- l ike conditions the radial gradient in the 

element must be control led. The difference between maximum inter

nal temperature and surface temperature is caused by the heat loss 

at the surface of the element. In the apparatus as presently constructed, 

i t is a strong function of surface temperature. For example a measured 

difference at 4455 R surface temperature is 405 R but increases to 

645 R at 4595 R surface temperature. The major factor here is that 

the difference is proportional to the heat loss from the surface which 

in turn is proportional to the fourth power of the surface temperature, 

neglecting convective losses. Neglect ing the convective losses in 

this apparatus is a doubtful procedure except for exposition purposes 

because of the presence of helium and helium flows over the element. 

The convect ive losses may amount to as much as 15 to 20% of the total 

surface loss at the hot end under present testing conditions. A corre

lation of measured radial temperature differences is presented in 

Figure 3. This is a plot of the referred measured maximum temperature 

difference between internal web temperature and surface temperature 

at a given axia l station against the referred surface heat loss. The 

correlation is presented as a function of two assumed resistivity patterns 

(refer to Figure 1 for patterns B and C) because the local electr ical 

heat generated per unit length ( q ' " ) is a calculated quantity which 

depends upon the local resistivity assumed. 

Ways to control this surface heat loss are shielding and/or 

guard heating. O n the basis o f measurements, the present shielding 

arrangement in the A - 2 furnace is quite ineffect ive in reducing hot 

end element surface radiat ive heat transfer. The reduction from an 

unshielded condit ion being on the order of 12%. The problem is 

• » 

10 
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twofold. First the basic geometry and materials of the primary 

shields ore such that i f they behaved ideal ly , the reduction in radiation 

flux would be 33% of the unshielded value. This is because the p r i 

mary shields are of large diameter compared to the element and ore 

made of graphite which has a high emissivity. The relat ive diameters 

may be observed in the cross-section drawings of Figure 1 which is 

approximately to scale. The second hal f of the problem may also be 

observed in Figure 4. This is the heavy support structure at the ends 

of the shield, its close unshielded position next to the end o f the 

furnace, and the heavy cross-section of the three primary shields. If 

the support structure were a solid piece, a l l the radiation incident on 

the lost one-inch o f the shield could be conducted to insulation cover

ing the body with a thermal drop o f only 300 F. The breaks in this 

support structure undoubtedly contribute a substantial resistance to 

heat f low but there is also substantially more than 300 F thermal drop 

avai lable (about 3000 F before the back radiation from the innermost 

shield becomes large enough to much reduce the element heat loss). 

Whi le the insulation covering the body introduces a substantial 

resistance to direct heat flow to the body and water cooling passages, 

the alternate heat transfer paths of radiation to the water cooled 

portion of the end of the furnace plus conduction along the inner 

shields bock to the cold end compensate. 

Corrosion test temperature distribution vs reactor temperature d is t r i 

butions: 

a. Background for calculations: 

This subject has already been discussed in the pre

ceding section to a certain extent. However, during most 
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HOT END ELECTRICAL CHUCK 

606083A 

FIGURE 1 PARTIAL SECTION HOT END A-2 FURNACE 

Figure 4 

Partial Section Hot End A-2 Furnace 
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tests the surface temperatures are measured at only three 

locations along the element and except for a few special 

tests such as presented in the correlation of Figure 3, the 

internal web temperatures are not measured (because of the 

di f f icul t ies involved). Therefore, to f i l l the gaps in the 

observations, calculat ion is necessary. 

These calculations involve a number of assumptions 

about the local electr ical resistivity of the element, the 

emissivity of the element surface, the effectiveness of the 

radiation shields, the convective heat transfer to the hydrogen 

f lowing through the elements, the convective heat transfer 

away from the element surface to the surrounding helium 

atmosphere, and the thermal conductivi ty o f the element. 

The relat ive importance of errors in assumption in each 

of these areas in the total heat balance is i l lustrated in Table 

I I . This table is an approximate breakdown by category of 

the various total heat rates making up an overall heat balance 

in the present IB tests. Obviously, in an overall sense, the 

control l ing terms in a calculat ion are the electr ical heat 

generation and the heat convected to the hydrogen. Sub

stantial percentage errors in the other heat rate quantities 

can be tolerated without introducing much overall error. 

Considerations based on overall values rather than local con 

ditions can, of course, be misleading. For example the 

radiat ive surface loss is a more important factor at the hot end 

than its overall value would indicate. This is i l lustrated in 

Table III where the various values are compared per unit o f 

J * * -

14 
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Table II 

Approximate Overall Heat Balance - IB Test Conditions 

Electrical Heat Generation 

Heat Convected to Hydrogen 

Element Surface Loss by Radiation 

Electrode Conduction 

Element Surface Loss by Convection 

849 KW 

706 KW 

62 KW 

49 KW 

32 KW 

15 
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Table III 

49-3/4-Inch Station Heat Rates - IB Test Conditions 

Electrical Heat Generation 

Heat Convected to Hydrogen 

Element Surface Loss by Radiation 

Electrode Conduction 

Element Surface Loss by Convection 

14. 8 KW/in 

10.2 KW/in 

3. 9 KW/in 

Negligible 

. 7 KW/in 
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length at the 49~3/4- inch length point of the element. This 

location is approximately 1/2-inches ahead of the beginning 

of the hot end chuck (electrode). Comparison is made for a 

calculated IB test condit ion assuming an electr ical resistivity 

distribution corresponding to curve "B" of Figure 2. Even at 

the hot end i t is evident that an error in assumed electr ical 

resistivity (generation rate is proportional to the resistivity) 

or hydrogen convective heat transfer coeff icient is more i m 

portant than the same percentage error in radiative transfer. 

Because o f the uncertainty in the electr ical resistivity 

distribution o f a fuel element under actual test, calculations 

have been carried out for three hypothetical distributions. 

These are the lines labelled A, B and C of Figure 2, previously 

mentioned. 

The calculations using the hypothetical resistivity 

variation respresented by l ine A (derived on the basis of 

Reference 1 which was a first indication of this kind of resistivity 

variations), were carried out by WANL Reactor Analysis using 

the TOSS-MCAP computer code. For the less extreme hypo

thetical variations in cold to hot end resistivity as represented 

by lines B ondC, the accuracy of hand calculations was deemed 

suff icient for the purposes of this report and the calculations 

carried out accordingly. 

For the calculations using resistivities B and C as 

carried out by hand, the overall heat balance was closed to 

approximately 2%. The Dittus-Boelter type correlation -

17 
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w here T, - is the bulk temperature 

T - is the wal l temperature 

and Nusselts, Prandtis, and Reynolds Numbers are 

based on bulk properties. 

- was used to obtain on average coolant channel convective 

heat transfer coeff ic ient assuming heat f lux into the gas from 

al l channels to be the same at any part icular axial station. 

Surface heat transfer losses by radiation were token 

as 82% black-body radiation with no effect ive back radiation 

from the surroundings. A discussion of the radiation assumptions 

is given in Appendix A. Convective heat loss rate from the 

element surface to the helium surroundings was taken as 
2 

120,000 BTU/hr- f t . There is a great deal of uncertainty in 
2 

this number and values from 40,000 BTU/hr- f t to 120,000 
2 

BTU/hr-f t can be generated depending upon furnace flow 

patterns assumed. There is a strong natural convection com

ponent in this loss. Fortunately, this particular heat rate is 

small compared to some of the other heat rates, as has been 

discussed previously. 

Calculations for resistivity patterns B and C are based 

on average hydrogen flow rate values through the element per 

coolant channel. The maximum internal web temperatures and 

» »*?-» 

18 
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the surface temperatures were obtained by superimposing the 

temperature spread as derived from the correlations of Figure 

3 on the calculated average element material temperature at 

the various axial locations along the element. In the pre

paration and use of the correlations of Figure 3, the thermal 

conductivi ty values for the fuel element were based on actual 

measured values on fuel elements. Extrapolation of this 

Information to higher temperatures was required. 

Results of comparison: 

Calculated surface temperatures for the three hypo

thetical resistivity patterns A, B and C are shown as a function 

of axial length in Figure 5. These values are for a IB test 

condition and with the end of the cold end chuck at 4-inches 

and the beginning of the hot end chuck at 50 - l /4 - inches 

along the 52- inch long test element. As can be seen, wide 

differences In calculated temperatures exist between the three 

assumed patterns. Pattern B gives a better agreement with 

test measurements than patterns A and C, although far from 

ideal. The test values plotted represent the averages and 

extremals of 30 IB tests selected by chance. The agreement 

of al l the patterns and measurement at the 49 -3 /4 point is a 

deliberate result of the calculation procedures. 

The comparisons of Figure 5 show how Important it is 

to know the local values of element electr ical resistivity as 

It actual ly exists In an element under test. They also show 

the desireabil i ty of obtaining experimental surface temperature 

measurements at more axial stations along a test element. 

19 
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In Figure 6 are shown the maximum corrosion test 

material temperatures calculated for the same set of conditions 

as those of Figure 5. Included on this curve are two broken 

lines representative o f fuel element material temperatures 

during reactor operation. The highest of these reactor lines 

ore temperatures 3 standard deviations (3 (J) above nominal 

maximum. Accepting resistivity pattern B as the most nearly 

correct of the 3 assumed patterns, it can be seen that the 

maximum material temperatures during the electr ical tests 

fal l between the reactor temperature lines over most of the 

element length. However, the electr ical tests are not con

sistently either high or low with respect to hypothetical 

reactor material temperatures over the length of the element. 

They are a variable scan across reactor conditions axial ly and 

also radial ly at the hot end. 

Figure 7 shows the calculated gas temperatures corres

ponding to the material temperatures o f Figures 5 and 6. It is 

included for completeness. 

One of the ways in which the axial temperatures o f an 

electr ical test element might be shifted to more nearly corres

pond to a consistent set of reactor element temperatures Is 

by changing the location of the cold end chuck (electrode). 

In Figure 8 are plotted two curves. The upper curve labelled 

"4- inch chuck locat ion" Is a replot of curve B from Rgure 5. 

The lower curve labelled "12-Inch chuck locat ion" are c a l 

culated values for the IB test condition but with the down

stream end of the cold end chuck at 12-inches Instead of the 
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standard 4-inches. A comparison with experimental results 

consisting of the (previously reported) average of 30 - 4- inch 

readings and one test wi th a 10-inch cold end chuck location 

Is also shown in Figure 8. The observed shifts In surface tem

perature are In agreement with the calculated shift. Since 

the calculated shift is greatest at about 25-Inch axial length, 

measurement of surface temperatures in this region Is clearly 

desirable. 

The calculated effect of this shift on maximum material 

temperature Is given in Figure 9; again compared with the two 

reactor temperature profiles. It would appear that el imination 

of the radial gradient at the hot end would result In the 12-

inch chuck location simulating, rather closely, the reactor 

"maximum nominal core temperature" elements. 

PROPOSED A - 2 FURNACE CHANGES 

The fol lowing changes to the A - 2 furnace design ore proposed as possible 

means of el iminating the problem previously discussed and of Improving the electr ical 

corrosion test as an evaluation tool In the development and use of fuel elements. 

A. Electrical Chucking 

Solutions to the problem of long time running without hot end chuck 

arcing are being act ively pursued. A cutaway of the present hot end chuck 

design Is shown in Figure 10a. The electr ical chuck proper is the snout- l ike 

devide protruding to the left In the picture. The end of the test element is 

a sl iding f i t in the in i t ia l l - l / 4 - I n c h opening in this snout. The enlarged 

section Immediately behind the in i t ia l opening holds axial spacing blocks 

and a lobe holder for the purpose of testing a lobe section of a reactor 

<25 <*••• !•-' .. '--
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support block. The test gas f low is from left to right in the picture. After 

passing through the chuck and its end pieces, the gas exits through the 

diffuser at the right. An external view of the chuck is shown In Figure 10b. 

As can be seen from these previous figures, there is no positive means 

employed to make sure the chuck and element surfaces are in good electr ical 

contact when changes in dimensions occur in those parts under test. To 

change this condit ion several new designs using spring or pressure loaded 

fingers have been tested and show electr ical promise. Examples of two such 

designs are shown in Figures 11a, l i b and 12. 

Clamping the element f i rmly on the hot end requires changes in the 

cold end chuck design to provide for relat ive thermal expansion and insta l 

lat ion of the element. The current cold end chuck is a spl i t finger design as 

shown in Rgure 13a and clamps f innly on the cold end of the element. Two 

al ternat ive cold end chuck designs which have been tried (with indifferent 

success) are shown in Figures 13b and 13c. Added work is required here and 

new designs are being prepared. 

Another problem with the fingered or moveable segment hot end 

chucks is to reduce helium leakage to the level attainable wi th single piece 

chucks. Several design solutions are being readied for test. In the event 

these do not provide a solut ion, an alternate approach is a helium gland 

system on the cold end o f the furnace. The helium pressure in the furnace 

chamber could then be dropped to sl ight ly above the element exit pressure 

instead of being held at in let pressure as Is the current practice. * 

*This might result in excessive hydrogen flow radial ly out through the pores of the element 
and such a system would have to be checked thoroughly for this possible side effect. 
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Figure 10b 

Present Hot End Chuck - External View 
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Figure 1 la 

Experimental Hot End Chuck - 3 Plunger Type - Snapring Removed 
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Figure l i b 

Experimental Hot End Chuck - 3 Plunger Type - Snapring in Place 
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Figure 12 

Experimental Hot End Chuck - Muit i f ingered Type, External View 
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Figure 13a 

Present Cold End Chuck, External View 
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Figure 13b 

Experimental Cold End Chuck - Split Cylinder Type 
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Figure 13c 

Experimental Cold End Chuck - Split Cone Type 
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Another area of electr ical chuck parametering has been discussed 

previously. This is the movement of the position of the cold end chuck axial ly 

along the element towards the hot end as a means of better simulating reactor-

l ike temperature profiles. Pictures of three such extension pieces are shown 

in Figure 13d. 

B. Radiation Shielding 

O n the basis of ca lcu lat ion, improved radiation shielding appears to 

be a way of control l ing the test element radial temperature gradient up to 

surface temperatures of 5130 R. This is 500 R above the present l A test 

condit ion. Such an approach is substantially simpler to implement than one 

using guard heaters. 

A conceptual design examination indicates that the element surface 

radiation loss can be reduced to about 1/4 of the unshielded rate. Such a 

design would consist of replacing the present 3 graphite shields wi th shields 

of 10 mil molybdenum. The emittance of molybdenum is approximately 3/8 

that of graphite. In addit ion the inner most shield would be reduced to 2 - 1 / 2 -

inches Inside diameter (from 4-inches) and the succeeding shields spaced 

successive quarter Inches away. This whole assembly would be supported by 

very l ight-weight end shields. 

O n the basis of a reduction of the surface loss to 1/4 the unshielded 

rate, the radial temperature difference maximum to surface would be about 

150 R for a 5130 R surface temperature. If for conservatism, the radiation 

losses are assumed increased to 1/2 the unshielded value, the radial tem

perature difference increases to about 485 R. This Is about current practice. 

In this event some improvement could be obtained by or i f lc ing the outermost 
3 

holes in an element with respect to the innermost as is done by LASL. 
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Figure 13d 

Experimental Cold End Chuck - Extension Pieces 
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C. Radiation Guard Heaters 

An alternate approach to the control of an electr ical test element's 

radial temperature gradient is the radiation guard heater. This approach, 

although more d i f f i cu l t to Implement than a replacement of shielding, may in 

the end prove more satisfactory; either because of the added f lex ib i l i t y of an 

independent heat source* or because of the better l i f e of relat ive thick 

graphite sections compared to thin refractory metal sheets wi th minimal 

support. 

A guard heater wi th a separate power supply was studied first. O n 

the basis of a fuel element and guard heater temperature distribution shown 

in Figure 14, calculations for a two-inch outside diameter, 22-inch long 

(covering the hot end only) heater gave a 240 KW maximum power require

ment. (The fuel element temperature distribution chosen for these ca l cu 

lations is higher than that expected for the operation of NRX-A3 to A5 

reactors, but i t is in l ine wi th the maximum fuel element internal temperatures 

now encountered during environmental testing without a guard heater and It 

is also at a level that might be expected for the operation of more advanced 

reactors.) Wi th proper modif ication of shield designs, the power requirement 

can be reduced to 120 KW. A separate power supply for this large a require

ment Is not now avai lable In the test area. 

A conceptual heater design for an independent power source Is shown 

in Rgure 15. The electr ical connections can be mounted through any one of 

the f ive unused view ports. The use of such a heater w i l l require modif ication 

of the existing radiation shields. 

*Can be used to Influence bulk material to bulk f lu id temperature difference as well as 
element external surface to Interior temperature difference. 
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The more optimistic 120 KW guard heater power estimate can be 

satisfied by a current of 5000 amps with a 24 volt drop. A 5000 amp current 

is of the same order of magnitude as that through the test element, and in 

fact , a match in current requirements between the two can be designed into 

the guard heater. This plus the guard heater voltage drop requirement 

suggest that the heater and test element can use a common power supply i f 

the heater is placed in series wi th the fuel element. A possible design scheme 

is shown in Figure 16. 

The guard heater consists of concentric tubes wi th slots* cut through 

each to provide the desired heat generation rates. The guard heater and the 

existing chuck holder forms one single piece. Because the fuel element is 

now moved further downstream, a modified diffuser is required. The new 

diffuser should be so designed as to permit the accommodation of the support 

block holder. 

The pyrographite insulations serve the fol lowing purposes: 

1) reduce conduction losses, and 

2) channel the current through the guard heater. 

The dimensions of the heater as given is based on one that is coated 

wi th niobium carbide. The coating is recommended for two reasons: 

1) i t permits the testing of external corrosion of the fuel 

elements, and, 

2) i t reduces the radiation losses from the heater. 

*The inner cyl inder is slotted a l l the way to the hot end in order to provide proper contact 
of a l l surfaces. 
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The first graphite shield also needs modification to reduce heat losses. 

Two possible approaches are: 

1) coat the surface wi th NbC, and 

2) wrap the shield wi th pyrofoils. 

Reducing radiation losses from the guard heater reduces power require

ments and permits a thicker wal led heater design. Thick walls are desirable 

because of the length of the heater and its f ragi l i ty . 

D. Addit ional Measurements 

As has been brought out in the discussion in Section l l - B , two important 

needs for addit ional test measurements are: (1) surface temperatures in the 

20-inches to 30-inches axial length in location of the test element, and (2) 

a more accurate knowledge of the local electrical resistance of the test e l e 

ments as a function of axial station. 

Addit ional axial temperatures w i l l be obtained by making use of 

currently unused view ports in the furnace body to take pyrometer readings 

on the element surface. In most of the A - 2 furnace installations, viewing 

through these unused ports from the control room is more d i f f icu l t than for the 

ports currently in use. Time and effort, however, should al low establishment 

of an adequate prism system to see around the various obstructions to direct 

sight. 

The local resistance o f an element under test can be determined by 

measuring the voltage drops along the element as a function of axial station 

at a constant value of test current. The voltage readings can be made by 

pressing or attaching electr ical leads to the test element at periodic intervals. 

Potential differences between leads can then be balanced out through potent io

meter circuits and readings taken without drawing current from the element. 

43 
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Maintaining good electr ical contact with the element without disturbing or 

damaging i t and arcing from the leads to the furnace body are the chief 

developmental problems ant ic ipated. 

The temperature of the gas existing from electr ical test elements is 

not now measured because of the dif f icult ies involved. This is an obviously 

desirable measurement and work to obtain instrumentation to accomplish this 

is underway. The first approach is through use of the double sonic or i f ice 

aspirating temperature (Blockshear) probe concept. One metal l ic water-

cooled model has already been tested in an A - 2 furnace but fai led from 

overtemperature of its parts. A redesign substituting uncooled coated graphite 

for the parts exposed to high temperatures is under construction for testing. 

Maintenance of the probe cal ibrat ion because of changes in the first (high 

temperature) o r i f i ce 's area wi th time may prove a development problem. 

Other ways in which this temperature might be measured, but for which no 

plans have been developed, ore: (1) a wel l shielded button used as a pyro

meter target, and (2) samples of graphite with corrosion rates known as a 

function of temperature in f lowing hydrogen. 

FURNACE OPERATION TO 6000°R 

Since the furnace has never been operated to this leve l , statements about its 

capabi l i ty must be inferred from the design and current operating experience. One 

area o f certainty is that current problems w i l l not be improved by operating at higher 

temperatures. For example, maintaining a minimum radial gradient in the element 

becomes even more of a problem. The passive means of control l ing surface heat loss 

do not look promising at these temperatures. An act ive means such as a guard heater 

surrounding the element appear required for control. 

, ' ,^4 f * ' » * * * < • » * * , , ¥^ 
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A problem from the past is l ike ly to re-appear. This is arcing from the e le 

ment or cold end electrode to the furnace body. To obtain the 6000 R temperature 

leve l , given the resistance characteristic of a test element, w i l l require a substantial 

boost in voltage. In the past whenever the voltage drop over the furnace has ex 

ceeded 250 volts, arcing has been a problem. Since the furnace was last run at this 

250 vol t leve l , changes in electr ical insulation, electr ical hookup and maintenance 

procedures have been instituted which may hove solved this problem. 

A bright spot in the use of the A - 2 furnace design at much higher temperatures 

is that the present furnace body w i l l have structural integrity and adequate cool ing. 

(Assuming the same exi t pressure level and gas flow as is currently used.) 

V . AUXILIARY EQUIPMENT CAPABILITY 

A. Hydrogen Supply 

In order to extend the capabi l i ty o f fuel element evaluations, in terms 

of time and temperature levels the gas supplies and the equipment now a v a i l 

able must be considered. The gas supply currently in use consist of "Jumbo" 

trailers having a capacity of approximately 100,000 SCF of which 70,000 SCF 

can be used. Since the normal flow for evaluating elements is 500 SCFM, a 

continuous test duration of two (2) hours can be obtained from each trai ler. 

Some d i f f i cu l ty has been experienced during extremely high test rates in 

obtaining suff icient trailers to supply our needs. The vaporizing system 

presently being installed w i l l contain a storage capacity of 68,000 SCF 

operating as the accumulator for a 15,000 SCFH "Cryosonics" vaporizer. 

A t present there are two 500 gallon l iquid hydrogen storage dewars on hand, 

the equivalent of 120,000 SCF, which w i l l provide an operating time of four 

(4) hours. The Waltz M i l l Faci l i ty wi th its 90,000 SCF accumulator, 70,000 

SCFH Linde vaporizer and 2700 gallon l iquid hydrogen storage dewar is the 
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more logical location of long time tests as i t has a total volumetric equiva

lent of the dewar storage capacity of 320,000 SCF, or 12 hours operating 

time. Delivery schedules of either gas or l iquid hydrogen w i l l continue to 

be a problem. 

B. Cooling Water Supply 

The cooling water supply appears adequate to about 5500 R condit ion. 

A t the extreme 6000 R condit ion, additional pumping capacity and a cooling 

tower may be required. 

C. Power Supply 

The total capacity of the power supply is adequate to the 6000 R con

d i t ion. It is fe l t that by clever design the characteristics of the power supply 

can be matched to the furnace requirements through 6000 R. 

D. Exhaust Gas Transition Piece and Heat Exchanger 

Both of these pieces of equipment are marginal at the present time. 

Addit ional heat exchanger capacity is desfrable. To take care of a 500 R 

increase in temperature, a small heat exchanger can be added without much 

trouble. More elaborate system changes w i l l be required to achieve any 

greater increase in operating temperature. 

E. Instrumentation and Controls 

No substantial revamping of the control c i rcui t ry is required. 

The present pyrometer is l imited in range to 5500 R and the corrections 

used about 4400 R are an extrapolation of the "bu lb" cal ibrat ion below that 

level . 

Operat ion at higher temperature levels w i l l require correction of 

these deficiencies. 
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V I . CONCLUSIONS A N D RECOMMENDATIONS 

A major operational problem in the A - 2 (single element electr ical hydrogen 

corrosion test) furnace is that of arcing between the hot end electrode and the test 

fuel element. Other operational problems are (a) marginal exhaust gas heat ex 

changer and transition piece capacity, (b) occasional arcing between the e lectr ica l ly 

hot, thermally co ld , end of the furnace to ground, and (c) the slow cooldown rate of 

the furnace. Aside from these d i f f icu l t ies, the furnace and its auxi l iary equipment 

(hydrogen, water, power supply, e tc . ) appear adequate to substantially higher test 

temperatures than are currently used. 

As approaches to operational problem solutions i t is recommended that (1) 

the current program of electr ical chuck experimentation be continued unti l the arcing 

from chuck to test element is el iminated as a source of d i f f i cu l ty , and (2) that exhaust 

gas heat exchangers and transition pieces of adequate themial capacity be procured. 

Simulation of reactor- l ike axial temperature distributions in the electr ical 

test is better than might at first be expected but improvement is s t i l l desirable. A 

graphit izat ion process has gone on in the hot end of past elements under test in such 

a way as to lower the electr ical resistivity o f the hot end with respect to the cooler 

portions of the test element. This reduces the electr ical heat generation rate in the 

hot end in comparison to that in the cooler sections. 

Substantial radial gradients exist in the electr ical test specimen at the hot end 

compared to actual reactor- l ike conditions. It is fel t that both improved radiation 

shielding and guard heaters can be used to control this radial temperature gradient. 

The guard heater offers superior control possibilities at present and modestly higher 

temperatures (-1-500 R) and is a necessity at even higher levels. 

Substantial improvement of "goodness of f i t " of electrical test axial tem

perature distributions to reactor- l ike distributions over the middle portion of the 
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element can be obtained by varying the cold end chuck location with respect to the 

cold end of the element. 

I t is recommended that the uncertainties about the electr ical tests axial tem

perature distribution be reduced by taking measurements of voltage along the element 

under test, increasing the number of element surface temperature measurements, and 

incorporating a means of measuring the elements exhaust gas temperatures. 

It is recommended that the conceptual designs for improved radiation sh ie ld

ing and guard heating be firmed up and tried in actual operation as means of 

control l ing the radial temperature gradient in the test element. Further i t is 

recommended that a 1/2 megawatt power supply be procured to a l low unimpeded 

implementation of the guard heater approach. 

It is recommended that the program of varying the location of the cold end 

chuck wi th respect to the test element be continued. 
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VI I . APPENDIX A - DISCUSSION OF RADIANT HEAT TRANSFER ASSUMPTIONS 

A. Radiation Interchange Factors 

In examining the effects of shielding changes on the fuel element 

radiative heat loss, the usual grey body equation was used: 

^ l > 2 = ^ ^ * 2 ^^'^t-'^2^ 0) 

where ' ' 1 * 2 

^1 

s the net energy exchanged 

s the area of the hotter surface 

s the radiation interchange factor 

s the Stefan-Boltzmann constant 

s the hotter surface temperature 

s the cooler surface temperature 

If the fuel element and its surrounding shields are assumed to approxi

mate coaxial cylinders of infinite length at uniform temperatures the radiation 

interchange factor is given by: 

1 
l-*.2 

where the undefined symbols are 

emissivity of the hotter surface 

emissivity of the cooler surface 

(2) 

area of the cooler surface 
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Qui te obviously the real situation is that of f in i te length parts wi th 

substantial axial gradients. The magnitude of the errors introduced can be 

approximated by investigating two relat ively simple situations where closed 

form solutions are easily obtained. 

The first has to do wi th the viewing distance interaction along the 

lengths of the cylinders. Assume a f lat plate source mounted on the center-

l ine of a pipe as pictured in Figure A l . The hemispherical radiation from the 

f lat plate source (A. ) i n i t i a l l y intercepted by the pipe walls in the (+) x 

direction is given by: 

dV, 
' ^ b ^ 

= R' 

x = 0 

in ^ d ^ d ^ 

""5 2 — 
R -t-x 

(3) 

where d \lf, is the differential of radiation 

N, is the areal radiant intensity 

and the other symbols are defined by Figure A l . 

Equation (1) integrated is: 

+ tan (4) 

Now i f L = CO , — — — = - y - or the pipe w i l l intercept a l l of that portion 

of the f la t plates radiation avai lable to i t in the {+ x) d irect ion. The fraction 

of this total intercepted In any f in i te length L is then: 
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Figure A l 

Diffuse Radiation From a Flat Plate on (̂  of a Pipe 

« 
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4b 

6(p^ 
o 

•n 

_L_ 
R 

-I- tan 
-1 _L^ 

R 

Numerical ly the comparison is shown in Table I: 

_L_ 
R Hi' d& 

CO 

0.5 

1.0 

2 .0 

3.0 

0.55 

0.82 

0.96 

0.99 

(5) 

Table I - Fraction of Hemisphical Radiation Intercepted 
by Pipe Wal l 

As can be seen almost a l l the radiation w i l l be intercepted by the 

pipe in a length equivalent to three (3) times the radial distance between 

the emitt ing surface and the pipe. If the pipe is an adsorbing surface for the 

emitted radiat ion. Table I clearly indicates the lengthwise extent of the 

interchange. However, even i f the pipe surface is a good diffuse (but not 

mirrorl ike) reflector half the reflected radiation w i l l be directed back in 

the general direction of its source and almost a l l of i t w i l l be re-intercepted 

by pipe surfaces and other source surfaces wi th in the 6 radius length {+ 3 

radius length) about the source. O f the other half, about 80% w i l l be 
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intercepted in and additional length equivalent to one radius. Thus with 

even a good diffuse reflector surface as the pipe or shield over 95% of the 

radiation exchange is wi th in a length equivalent to -I- 4 times the radial 

spacing between the emitting surface and the shield. 

The question then resolves into how much difference in temperature 

between the ends of the + 4 radius pipe length can be tolerated before the 

average temperature of the surfaces is not a reasonable index of the total 

radiation from the surfaces. To investigate this, assume that a surface has 

a l inear temperature gradient from some temperature T at (+) 4 R length to 

some higher temperature T. at (-) 4 R length so that the temperature at the 

midpoint (T ) is the average of T and T, . The ratio of the actual total 

radiation from the surface to that represented by the average temperature 

(T ) would then be: 
av 

Q T 
av 

Q 
actual 

5 
16 

t h J 
1 -

'h J 
. S -

(6) 

1 -

A numerical comparison of Q T / Q ^ , as a function of T /T , is given 
•̂  av actual c h 

in Table I I . As can be seen, radiation based on the average temperature is 

in good agreement wi th the actual when the coldest temperature is at least 

3 /4 of the hottest. 
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^cAh 
QT /Q , , 

av actual 

.5 

.82 

.7 

.94 

.75 

.96 

.8 

.98 

.9 

.99 

Table II - Comparison Between Average Temperature Radius and 
Actual Radiation Wi th a Liner Temperature Gradient 
Along the Surface 

Actual fuel elements are currently tested so as to reach maximum 

surface temperatures of about 4500 R with maximum temperature gradients 

of about 100 R/in along the element. A conclusion which can be drawn is 

that along the surface of the element at locations which are at least 4 radial 

spacing lengths* in from the element and shield ends, use of an inf in i te length, 

uniform temperature coaxial surface radiation interchange factor In ca l cu 

lations is reasonable i f the spacing does not exceed 1-3/8-inches. 

B. Present Shield System Effectiveness 

The present A - 2 furnace shield system consists of f ive concentric 

shields surrounding the test element. The three innermost shields ore o f 

graphite and the two outermost are of molybdenum sheet. These shields 

terminate at about the same point that the fuel elements enter the electr ical 

chucks and no end shielding is used. In addit ion the radial distance between 

the surface of the element and the first shield Is 1-5/8-inches. Under these 

circumstances calculat ion of radiative heat loss from the element surface can

not be reasonably approximated using the " in f in i te length" interchange factor 

(F) for enclosed cylinders (see Section 1 for this Appendix A). 

''Near the element ends the " in f in i te length" factor w i l l overstate the interchange by at least 
a factor of 2 unless end shielding is employed. Decreasing the radial spacing below 1-3 /8-
inches w i l l obviously increase the portion of element length which Is accurately assessed by 
" in f in i te length" radiation factor. 
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For the foregoing reason where calculations were mode using present 

shield system empirical ly derived factors obtained from experimental data 

were used. 

Assuming that a l l the heat lost from the surface of the element by 

radiation is transported away by means of the shield system, the heat loss 

from the element can be expressed as follows: 

=11 = 

f. 4 4 
I n 

(7) 

where q^ is the net radiative heat transfer from the 

element surface at some location 

^ 1 ' ^9 P °'̂ ® '̂ '̂ ^ proportionality factors for heat exchange 

between the successive steps in the shield system 

including emissivity, view factors, conduction, etc. 

T^ Is the element surface temperature at a particular 

location 

th 
T is the surface temperature of the n shield 

The factor i+ jp ( _ L + ' H..._LI 
1 1/2 Tz ?„] 

can be evaluated for a particular 

set of experimental conditions from the expression: 

1 

9i'k'" f. i + A / ^ + - ^ + - -
= 1 - (8) 
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where T^ is the observed 1 shield temperature 

and the rest o f the symbols have been previously defined. 

A value derived from experimental data for the left hand expression of 

Equation (8) is l / l . 14. As this value is so close to 1. 0, i t w i l l take a sub

stantial shift in test conditions to make any effective change as far as c a l 

culations using the present shield system are concerned and the parameter 

has been treated as a constant. 

Since there is no conduction (although some convection) between the 
st 

test element and the 1 shield, the proportionality factor ^ . can be approxi
mated by the usual expression: 

/ , = A, Fi^^r w 

where F. „ = C for a l l practical purposes. That is for even the ideal 

in f in i te length, coaxial constant temperature (Equation (2)) case F̂  ^^0.99 

C. Fuel Element Emissivity 

A value of 0. 95 was used as the fuel element surface emissivity in 

connection with the report. Emissivity of graphite surfaces is a strong function 

of the roughness of the surface but is largely independent of the wave length 
4 

of the emitted radiation or the temperature of the emitter. In the work 

reported in Reference 4, the emissivity of a highly polished surface was found 

to be 0. 75. A del iberately roughened surface gave a value of 0. 95. The 

highly polished surface measured 85-90% mirror l ike ref lect ion. A comparison 

between the fuel element surface and the polished graphite surface of the hot 
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end electr ical chuck is given visually in Figure A2. As can be seen, the 

fuel element is quite dull in comparison. In addit ion thermal brightness 

measurements have been made on the element surface after local ly roughening 

beyond the "as received condi t ion" and compared to "as received" brightness. 

No difference could be determined. It is therefore assumed that the fuel 

elements are at the upper range of graphite emissivity. 

# 
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Figure A2 

Comparison Chuck and Fuel Element Reflectivity 
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