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IRRADIATION CAPSULE FOR TESTING MAGNETIC FUSION REACTOR 
FIRST-WALL MATERIALS AT 60 AND 200°C 

J. A. Conlin 

ABSTRACT 

A new type of irradiation capsule has been designed, and 
a prototype has been tested in the Oak Ridge Research Reactor 
(ORR) for low-temperature Irradiation of Magnetic Fusion 
Reactor first-wall materials. The capsule meets the require-
ments of the joint U.S./Japanese collaborative fusion reactor 
materials irradiation program for the irradiation of first-
wall fusion reactor materials at 60 and 200°C. The design de-
scription and results of the prototype capsule performance are 
presented. 

1. INTRODUCTION 

A joint U.S./Japanese collaborative irradiation program to evaluate 
the irradiation damage to candidate first-wall Magnetic Fusion Energy 
(MFE) Reactor materials has been established. This is an extension of 
the ongoing U.S. MFE materials irradiation program that has been In prog-
ress for a number of years. A part of the joint program is the irradia-
tion of Japanese and U.S. material specimens in the Oak Ridge Research 
Reactor (ORR) at 60 and 200°C in a capsule, with the provision for tailor-
ing the neutron flux spectrum to closely match the helium production/atom 
displacement ratio (12/1) that is expected in a fusion reactor first 
wall. This Is possible in thermal reactor irradiations of nickel-bearing 
alloys due to the generation of helium voids from the Lwo-step reaction: 

58Ni + n * 59Ni , 

59Ni + n + 56Fe + a . 

It is necessary, however, to "tailor" or harden the neutron spectrum as 
the Irradiation progresses. If the spectrum is not tailored, the helium-
to-atom displacement ratio will, as helium precursor 59Ni builds up, ex-
ceed that of a fusion reactor. 
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The spectral tailoring in the ORR is accomplished by varying the 
amount of neutron moderator and thermal neutron absorber material sur-
rounding the experiment. The experiments occupy a 3- by 3-in. ORR core 
fuel position. Initially, the medium surrounding the specimen capsule is 
water with as little structural material as possible. As the irradiation 
progresses, the surrounding water medium is replaced with aluminum, ex-
cept for a small coolant water annulus. Subsequently, a thermal neutron 
absorber (hafnium) is added to harden the flux spectrum further. 
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2. SPECIFICATIONS 

The specifications for this capsule were detailed in the U.S./ 
Japanese agreement. The agreement calls for four irradiation tempera-
tures, 60, 200, 300, and 400°C. The 300 and 400°C irradiations are to be 
carried out using an existing Oak Ridge National Laboratory-ORR capsule 
design (series MFE-4) with modifications to accommodate a different 
specimen complement than that of the earlier U.S. capsules. The 60 and 
200°C case required a completely new design since those temperature 
ranges cannot be accommodated in the MFE-4 configuration. 

The specimen complement requested for each temperature is lifted 
below: 

Specimen type 
Number of 
specimens 

Flat tensile (SS-1) 
Grodzinski fatigue 
Pressurized tube 
Crack growth 
TEM disks 

96 
96 
16 
40 
360 

The specimen details are illustrated in Appendix A. 
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3. DESIGN CONSIDERATIONS 

All specimens are stainless steel and are compatible with the ORR 
coolant water. Since the coolant water enters the reactor at 50°C, the 
simple solution to the 60°C irradiation was to cool the specimens by di-
rect immersion in the reactor coolant. 

The 200°C case presented a different, and much more difficult, prob-
lem. Previous capsule designs, the MFE-4 series, have the specimens im-
mersed in liquid metal (NaK) as a heat transfer medium. The NaK is con-
tained „n a double-walled vessel with a small gas gap between the two 
walls. The gas gap is filled with a controlled mixture of inert gases — 
He and Ne or He and Ar — which, by reason of the variable thermal conduc-
tivity of the gas mixture, provides a means of temperature control. The 
double wall also provides the double containment required for irradiating 
sizable quantities of NaK in the reactor core. 

It is not feasible to use this configuration for 200°C irradiation 
because of the relatively high gamma heating rate (to 8 W/g) of the ORR 
core. The mass and thermal resistance of a capsule of the MFE-4 type is 
such that the minimum operating temperature attainable is well above 
200°C even if no gas gap were included for temperature control. 

A number of new configurations and materials combinations were con-
sidered as means of achieving the desired temperature. The design 
finally chosen is a concentric arrangement with the 200°C specimens in a 
central capsule surrounded by the 60°C specimens in an annular structure. 
An annular coolant water passage is provided between the two assemblies. 

Figure 1 is a horizontal cross section through the specimen region 
of the capsule, whereas Fig. 2 is a vertical cross section along the cen-
terline. The entire assembly fits into an aluminum core piece that has 
the external configuration of an ORR fuel element and a cylindrical axial 
hole through its center. The capsule is cooled by reactor coolant water 
that passes through the core piece and over the capsule. 

The 60°C specimen holder is a stainless steel cylinder with vertical 
grooves on its outer surface into which the specimens are placed. A 
thin-wall stainless steel sleeve slips over the assembly to hold the 
specimens in place. The grooves extend beyond the sleeve at each end so 
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Fig. 1. Horizontal cross section through specimen region of irra-
diation capsule MFE-6J 

that coolant water can pass over the specimens. An annular orifice at 
the upper end of the sleeve provides a pressure drop of ~20,000 Pa (3 psi) 
to ensure that there will be some flow through the grooves and over the 
specimens. The water flow over the inner and outer surfaces of the 60°C 
assembly removes most of the heat. The flow in the grooves ensures that 
no gas pockets or stagnated water regions occur in the specimen cavities. 

The 200°C capsule assembly fits within the inside diameter of the 
60°C assembly and is cooled by the water flow in the annulus between the 
two assemblies and internally by a reentrant water coolant tube that 
enters at the bottom (Fig. 2). A portion of the water passing over the 
outer surface enters the reentrant tube through a lantern gland and exits 
through a central tube. A disk at the bottom of the capsule serves to 
center the 200°C assembly within the 60°C assembly and also functions as 
an orifice plate to distribute part of the water into the reentrant tube. 
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291 Tp 

The internals of the 200°C capsule consist of an aluminum cylinder 
with close-fitting cavities into which the sptcimens are inserted. The 
heat generated in the specimens (5 to 8 W/g) is transferred to the alu-
minum cylinder. The close clearance (<100 ym) between the specimen and 
the aluminum, together with the use of a helium atmosphere within the 
specimen region, minimizes the temperature difference between the speci-
mens and aluminum. 

A temperature control gap is provided between the aluminum and the 
water-cooled stainless steel outer containment as well as around the cen-
tral reentrant coolant tube. A controlled mixture of He and Ne or He and 
Ar is swept through the gas gaps for temperature control. 

The specimen cavities are of two types: axial slots broached from 
the internal diameter of the aluminum and axial holes. The slots are oc-
cupied by flat tensile, Grodzinski and flat crack-growth specimens (see 
Appendix A). Each slot is 230 mm long and can hold 20 flat tensile or 
Grodzinski specimens, or 18 crack-growth specimens. Two double-layer 
rows of five tensile or Grodzinski specimens are accommodated in each 
slot for a total of twenty per slot. The crack-growth specimens are also 
placed in the slot in a double layer, but their larger width and shorter 
length permit only a single row of nine specimens. Close dimensional 
tolerances result in a clearance between the double-layered flat specimen 
and the slot of 13 to 90 ym (0.0005 to 0.0035 in.). A 90-ym clearance 
results in a maximum calculated temperature uncertainty between the 
specimen and aluminum of only 10.5°C, even assuming the highest value of 
8 W/g for gamma heating. 

The transmission electron microscopy (TEM) disk assemblies and pres-
surized tube specimens, each 25.4 mm long, occupy axial holes in the alu-
minum; there are nine specimens per hole. The holes are 0.25 mm (0.010 
in.) larger than the tube specimens to allow for creep. The tube speci-
mens have small centering ferrules on the ends. When surrounded by a 
helium atmosphere in an 8-W/g gamma field, the tubes will be only 10°C 
above the aluminum temperature. The TEM disks will be inserted in alu-
minum holders with a small gap between the holder and aluminum cylinder 
to minimize temperature differences. 
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The specimen holder is instrumented with eight 1.0-mm sheathed ther-
mocouples (TCs) In close-fitting holes. Two TCs are located at each end 
and four at the midplane. 

The specimen cavities of the aluminum cylinder are isolated from the 
temperature control gas region by aluminum plugs pressed into either end 
of the cylinder. The TCs and sweep gas lines penetrate the top plug 
through close-fitting holes (Fig. 2). Helium sweep enters the specimen 
region through a 3—mm tube that screws into the top of one of the pres-
surized tube specimen holes. The gas passes down through that hole and 
then back up to the top through the other specimen cavities. The helium 
exits the specimen region through the clearances between the upper plug 
and the gas and TC lines. 

The control gas, a mixture of He and Ne or He and Ar, passes through 
the upper plug in a 3-mm tube that screws into a gas passage drilled in 
the aluminum holder. The gas passage exits at the bottom into the tem-
perature control gas region surrounding the aluminum specimen holder. 
The control gas then passes upward through the inner and outer tempera-
ture control gas gaps. Both the helium sweep and the temperature control 
gas streams intermix above the aluminum specimen holders and pass up 
through the capsule lead pipe to the top of the reactor vessel then 
through tubing to reactor off-gas. The helium sweep flow through the 
close clearances between TCs and gas lines and the top aluminum plug of 
the specimen holder prevents intermixing of the control gas into the 
specimen region. There is no positive seal between the two gas streams. 

The remainder of the 200°C capsule is, with one exception, of con-
ventional construction. A 2-in. stainless steel lead pipe connects the 
capsule proper to an upper assembly with a flange that bolts to a reactor 
vessel head access flange. This lead pipe is a part of the capsule con-
tainment and also serves as a conduit for the instrument and gas lines. 
The upper assembly is unique in one respect: an O-ring sealed gland is 
provided that allows for a 75-mm vertical capsule adjustment. This makes 
it possible to adjust the capsule vertical position within the reactor 
core as required to center the capsule midplane at the gamma heat peak. 
The gas and instrument lines pass through hoses that connect the upper 
assembly to the pool wall where the lines tie into the ORR capsule fa-
cility. 
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4. THERMAL ANALYSIS 

The irradiation temperature of the specimens is the most important 
cest parameter. For the 60°C case the specimens are immersed in flowing 
reactor coolant water that enters the reactor at 50 °C, and no instrumen-
tation is needed; if water flow over the specimens is ensured, the speci-
men temperature can be only slightly above that of the water. 

The 200°C specimens are closely fitted in the instrumented aluminum 
holder. Every effort was made to reduce the uncertainty between the tem-
perature of the aluminum holder and specimens. The fits are made as 
close as practical tolerances to 12 ym (0.0005 in will allow. A helium 
atmosphere is maintained between the specimens and the aluminum holder to 
maximize interface conductance. 

The temperature difference between the specimen and the aluminum 
holder is a function of the thermal resistance between the specimens and 
the aluminum, which depends on the size of the gap between the specimen 
and the gas in the interface. For the flat tensile specimen, the toler-
ances allow a maximum clearance of 90 ym (0.0035 in.) between a two-layer 
specimen assembly within the slot. A one-dimensional calculation (infi-
nite flat plate) of the worst case (specimens are centered in the slot 
with equal gaps on either side) gives, at 8 W/g of gamma heating, a 
specimen temperature only 10.5°C above that of the aluminum. This esti-
mate is conservative, since no allowance is made for edge losses from the 
finite specimens or for the fact that it is improbable that the specimens 
would be exactly centered in the slot. In practice, the specimens will 
probably be touching or almost touching the aluminum over a large frac-
tion of the specimen surface. 

A one-dimensional calculation was made for the pressurized tube 
specimens, which have a 0.12-nm (0.005-in.) gap between the specimen and 
aluminum to allow for specimen creep. The results gave a 10°C tempera-
ture difference between the specimen and aluminum at 8 W/g. 

A two-dimensional r-0 calculation was made of the temperature dis-
tribution within the aluminum. The maximum variation was found to be 6°C 
at 8-W/g heat rate assuming a thermal conductivity in the 6061 aluminum 
of 155.7 W/m*K (90 Btu/h*ff°F) and no central cooling. 
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5. PROTOTYPE CAPSULE 

A prototype of the capsule, loaded with dummy specimens, was built 
and tested in the ORR to evaluate the overall design. The capsule con-
struction is identical to that proposed for the actual experiment with 
the exception that dummy specimens were used, some of which were instru-
mented with TCs. The flat tensile and Grodzinski specimens were simu-
lated by simple flat strips having the same mass as the equivalent speci-
mens but easier to fabricate. One slot for both the 60 and 200°C posi-
tions was loaded with specimens having the exact actual specimen configu-
ration to ensure that no unexpected problems existed. The configuration 
of the crack-growth dummy specimens was the same as veal specimens. The 
pressurized tube dummy specimens were the same as the actual specimens 
except that there were no end plugs in the tubes. This provided a 
straight hole through all the tube specimens. Flux monitor wires, and in 
one case, a TC, were placed in these holes. 

In the 200°C capsule two of the dummy tensile specimens had 0.75-mm 
TCs (Nos. 9 and 10 in Fig. 1) fitted into holes drilled into the specimen 
edge. One of the dummy tube specimens had a 1.5-mm sheathed TC with the 
sheath spot welded to the inside of the tube. This latter TC was not ex-
pected to give direct indication of a real specimen temperature because 
the pressurized tube (4.57-mm OD x 4.06-mm ID) contained, In addition to 
the TC, a 1.5-mm tube loaded with flux monitor wires. The TC plus the 
flux monitors have a total mass per unit length equal to that of a tube 
specimen alone. The gamma heat of the TC, flux monitor, and tube must be 
transferred to the aluminum holder through the gap between the tube and 
aluminum. In addition, the relatively large size of the TC compared with 
that of the tube presents a poor geometry for precise temperature mea-
surement. Nevertheless, from the readings of the TC, much can be deduced 
about the temperature to be expected in a real specimen. 

The capsule was inserted in the ORR September 5, 1984. It proved 
possible to raise the Instrumented flat specimen temperatures from 140°C 
with pure helium in the control gas region to more than 300°C with pure 
argon control gas. Pure neon typically gave a specimen temperature of 
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230°C, and mixtures of argon gave Intermediate temperatures. The instru-
mented flat specimens operated with only a 2 to 5°C temperature differ-
ence and, by adjusting the temperature control gas composition, the mean 
indicated temperature of the specimens could be maintained within ±2°C. 
Figures 3 and 4 are plots of thermocouple temperature (TE) vs control gas 
composition. To avoid excessive curve overlapping, some TC temperatures 
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Fig. 3. Indicated temperatures for thermocouples (TE) vs percent 
neon in control gas region of the 200°C test region of MFE-6J prototype 
capsule. 
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were not plotted. The TC locations are identified in Fig. 1. TC-4 is 
not plotted because a postassembly X ray showed that it had slipped out 
of position. The diameter of the TC holes in the aluminum are stepped, 
and the junction of TC-4 was intended to be in the part of the hole with 
a 1.8-mm (0.070-in.) diameter. The X ray showed it to be out of place 
and in a region where the hole is actually 2.36 mm (0.093 in.) in diame-
ter. As would be expected TC-4 exhibited a higher temperature reading 
and greater sensitivity to sweep gas composition than the correctly 
placed ones. 

The instrument tube specimen, as expected, operated at a higher 
thermocouple indicated temperature. During the initial reactor startup 
the tube specimen indicated temperature, TC-11, gave a sudden jump of a 
few degrees, which seems to indicate that the TC spot weld to the tube 
wall, tenuous at best, failed. This would leave the TC without any di-
rect mechanical contact to the tube specimen and would add an additional 
temperature difference. 

The TCs in the aluminum holder indicated an axial temperature gradi-
ent. The upper end of the aluminum, TC-1 and -2, operated at 10°C lower 
than the midplane and the lowermost TCs, TC-7 and -8, at about 30°C below 
midplane temperature. An attempt was made to minimize this difference by 
raising the capsule position 2 cm to move the lower end of the capsule 
closer to the location of the reactor gamma heat peak. This had little 
effect. The axial gradient is assumed to be a consequence of heat loss 
at the ends. Therefore, in future capsules, a guard heater in the form 
of a gamma-heated steel insert and insulation will be incorporated to re-
duce end losses. 

The variation of temperature at TC-1, -2, -7, and -8, located at the 
upper and lower ends of the capsule, with control gas composition is 
slightly lower than that at the midplane TCs (Fig. 3). This is as ex-
pected; as neon or argon is added to the control gas, the thermal resis-
tance of the temperature control gas gap increases uniformly over the en-
tire length. However, the heat generation at the ends is lower than at 
midplane; hence, the temperature increase is less. 

An anomaly exists with the tube specimen TC-11. Its temperature vs 
gas composition slope is greater than all other measured temperatures. 
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This anomaly is tentatively explained by postulating the existence of a 
gas flow leak between the control gas region and the tube specimen hole 
in the aluminum containing this TC, for which there is additional evi-
dence as described later. 

A series of tests was run to determine the ability of the helium 
sweep flow to maintain a helium atmosphere in the specimen region. Sweep 
and total control gas flows were each normally maintained at 30 mL/min. 
It was possible to reduce the sweep to 3 mL/min before seeing any rise 
in indicated temperature except for TC-11, which exhibited a change at 
17 mL/min. A rise in indicated temperature will occur if the lower con-
ductivity control gas enters within the specimen region. Tests were also 
made with a fixed control gas mixture but with increasing amounts of neon 
and argon in the sweep. This was done to obtain a measure of the uncer-
tainty in the indicated vs actual temperature. Since all elements in the 
capsule (including TCs) are heat sources, an inherent error will always 
exist. If one plots temperature vs the reciprocal of gas conductivity 
(1/k) and extrapolates to 1/k = 0, theoretically, one should arrive at 
the indicated temperature that would exist if there were no thermal re-
sistance in the gas surrounding the TCs and specimens. The parameters 
are plotted in Fig. 5. The results show very close agreement at the mid-
plane even for TC-4, which was found to be out of position as explained 
previously. TC-7 (inner radius) and TC-8 (outer radius) do not give good 
agreement upon extrapolation to 1/k = 0. Inner TC-7, which should be in 
a slightly higher temperature region, extrapolates to 273°C, whereas TC-8 
extrapolates to 281UC. 

Note that the flat specimen temperatures TC-9 and -10 are located 
at the midplane and show the least variation with gas composition. In 
general, TC-9 and -10 are also at a temperature somewhat lower than the 
midplane aluminum TCs. This indicates that the temperature difference 
between the flat specimens and aluminum is in all probability less than 
that between the aluminum and the TCs in the aluminum. Figure 5 is use-
ful as an indication of overall temperature uncertainty. The evidence 
indicates that unless a different design for the aluminum temperature 
instrumentation is provided [e.g., smaller diameter (smaller mass) TCs 
or a tighter fit in the hole is employed], there will be an inherent 
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prototype capsule vs reciprocal of sweep gas conductivity with a control 
gas of 100% argon. 
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uncertainty of about 10°C between the TC indication and specimen holder 
temperature. Such a design change is planned for the real MFE-6J cap-
sule where 1.02-mm-diam (0.040-in.) TCs will be placed in 1.04-mm-diam 
(0.04l-in.) holes. These size TCs have been used in other experiments 
with a high degree of reliability at the proposed MFE-6J operating tem-
peratures. Additional confidence in reliability is gained since these 
TCs will not be immersed in NaK. The uncertainty is in any case much 
less than that of many experiments in which no such evaluation has been 
made. 

The plot of TC-11 vs 1/k does not give good agreement; a possible 
explanation follows. 

Subsequent to gathering the data discussed previously, it was de-
cided to operate the capsule at the maximum attainable temperature, about 
305°C, until such time as che reactor space was required by the real 
specimen assembly. The purpose was to learn something about the suit-
ability of this design for operation at higher (300°C) irradiation tem-
peratures. In particular, there is no data on radiation-induced swelling 
in aluminum at elevated temperature. If swelling occurs the control gas 
gap and, hence, the ability to maintain temperature will decrease. 

After about 120 h at 305°C and a total irradiation time of 740 h, 
it was observed that a change in capsule operating pressure [normally 
413 kPa (60 psig)] caused a change in indicated temperatures. A pressure 
change within the capsule will cause changes in gas flow rates. It was 
found that any increase in control gas flow (argon) or decrease in sweep 
flow (helium) resulted in an increase in indicated temperature. It was 
determined that argon control gas was intermixing with the sweep gas. At 
a total flow of 30 mL/min of argon control gas, a helium sweep flow of 
85 mL/min was required to eliminate the effect. If the argon flow were 
increased above 30 mL/min, it was then necessary to increase the helium 
sweep to maintain normal temperature indication. Previous tests had in-
dicated no cross mixing until the helium sweep had been reduced to about 
3 mL/min (except for the case of TC-11). 

One can only surmise what exactly has happened, but it appears that 
a cross flow leak has occurred. Aluminum at 300°C is well above its 
stress-relieving temperature. The plugs at the lower and upper ends of 
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the aluminum support cylinder, which separate the two gas regions, are a 
light press fit. It is conceivable that the plugs have become loose and 
allow cross flow mixing. Another possible cause could be an Internal 
leak within the aluminum between the control gas and specimen regions. 
The control gas passage is a long small hole, ~1.8 mm diam, drilled axi-
ally through the entire length of the aluminum cylinder; it is possible 
that "run-out" between this hole and an adjacent specimen hole left a 
paper-thin barrier between the two passages that has subsequently failed. 
The anomalous response of TC-11 may favor this explanation. Early in the 
irradiation when the sweep gas was reduced while maintaining a constant 
control gas helium/neon mixture, all temperatures, except for TC-11, 
remained constant until the sweep was reduced from 35 mL/min to about 
3 mL/min. When the sweep was reduced to 17 mL/min, the temperature of 
TC-11 rose from 243 to 249°C. At 3 mL/min TC-11 read 259°C, whereas all 
other indicated temperatures had risen only 2 to 3°C. Also, the plots 
of indicated temperatures vs 1/k in Fig. 5 are reasonable, except for 
TC-11. A leak between the outer surface of the aluminum holder (control 
gas region) and the hole occupied by TC-11 could explain the anomalous 
response. TC-11 typically operated 30 to 35°C above the flat specimen 
temperatures, TC-9 and -10. An estimate taking into account the in-
creased gamma heat from the flux monitors and TC-11 occupying the same 
space accounts for only about 20°C of the difference. This assumes the 
TC weld to the tube inside diameter is intact. It Is possible that (1) a 
control gas leak into the region of TC-11 existed early on, perhaps from 
porosity or undetected "run-out" in the long drilled hole, and (2) that 
the leak increased after operation at 300°C. 

We cannot determine the cause until the capsule has been disassem-
bled in a hot cell. The capsule has been scheduled for removal late in 
December 1984 and will undergo disassembly and examination in January 
1985. 

Appendix B summarizes the results of coolant water flow tests made 
prior to installation in the ORR. Appendix C summarizes an analysis of 
the thermal performance of the 2008C capsule in the ORR. 
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6. RECOMMENDATIONS 

6.1 200°C Capsule 

1. Determine and correct the cause of the Indicated sweep-control 
gas cross-leakage. 

2. Consider the elimination of the reentrant water coolant tube in 
the center of the capsule and drill eight 0.65-cm coolant flow holes in 
the lower orifice plate to enhance overall coolant flow. The central re-
entrant tube accounts for an estimated 25% of the cooling but is compli-
cated and increases the potential for capsule leaks. An evaluation of 
the effect of eliminating the central coolant tube is given in Appendix B. 

3. Provide insulation and a guard heater at the lower end of the 
aluminum specimen holder to reduce the end heat losses to minimi the 
axial temperature gradient. 

6.2 60°C Capsule 

1. Modify the design to eliminate all steps in the outer diameter 
of the part containing the specimen grooves. This request was made by 
persons operating the hot cells to allow easier hot cell assembly and 
disassembly. 

2. Provide for the subsequent addition of a hafnium sleeve within 
the reactor core piece with a minimum water annulus surrounding the 60°C 
capsule. At present the orifice to ensure water flow through the 60°C 
specimen cavities interferes with the positioning of such a sleeve. 

6.3 General 

Analysis of the prototype capsule flux monitor wires should be car-
ried out and an evaluation of the initial rate of helium production in 
the specimens made. If deemed desirable, the water fraction surrounding 
the capsule for the initial phase of the irradiation may be increased by 
providing a core piece in which the external corners (see Fig. 1) are 
machined off. 
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Appendix A 

MFE-6J IRRADIATION CAPSULE SPECIMENS 

The following figures (A. 1—A.5) Illustrate the various specimens to 
be Irradiated In the MFE-6J Irradiation Capsule. Note that Fig. A.4, 
crack-growth specimen, shows a 12.7-mm width. In the case of the 200°C 
capsule specimen, this width was reduced to 10.2 mm to accommodate the 
narrow slot in the aluminum holder. The pressurized tube specimen for 
the 200°C capsule will have small ferrules at either end to center them 
in the holes in the aluminum specimen holder. These ferrules are not 
shown in Fig. A.5. 

ORNL-DVUG 80-12051 

Fig. A.1. Transmission electron microscope (TEM) specimen holder. 
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ORNL-DWG 78 7701R 

W, = 1.52 mm 
W2 = 0.025 TO 0.038 mm 
GREATER THAN W, 

DIMENSIONS IN MILLIMETERS 

Fig. A.2. Tha SS-1 sheet tensile specimen. 

ORNL OWG 80-12052 

Fig. A.3. Grodzinski fatigue specimen. 
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0.127 

ORNL- DWG B0-12053R 

0 . 7 6 — • 

25.4 3.81 

10.8 

-6.35-
DIMENSIONS IN MILLIMETERS 

-12.7-

Fig. A.4. Crack-growth specimen. Tabs are welded along the 25.4-mm 
edge following Irradiation. 



ORNL—DWG 78—7704A 

+ 0.000 

NOTE: DIMENSIONS IN INCHES 

1 in. = 2.54 cm 

Fig. A.5. Pressurized tube creep specimen. 



291 Tp 

Appendix B 

MFE-6J CAPSULE FLUID FLOW TESTS 

A series of flow tests was made using the actual MFE-6J capsule parts 
to determine flows and pressure drops and establish the orificing for op-
timum coolant flow distribution. The results of the test are summarized 
in the attached letter — M. W. Kohring to J. A. Conlin, September 7, 
1984, "MFE-J 60°C/200°C Capsule Flow Tests" (Exhibit B.l). 

The tests were made in two phases. First, the 60°C assembly was 

placed in an ORR experiment core piece with the center region plugged. 
Both the flow in the annulus and the pressure drop across the orifice 
ring ("centering iing" in Exhibit B.l) on the outer surface of the 60°C 
assembly were measured. See Table 1 of Exhibit B.l. The orifice ring 
provides a pressure drop to ensure flow through the grooves that hold the 
60°C specimens. Nominal pressure drop across the ORR core is 25 psig. 
This gives a flow (Table 1) of about 48 gal/min and an orifice pressure 
drop of about 19 kPa (2.8 psi). The radial clearance of this orifice 
with the ORR core piece was 0.060 in. This clearance has been reduced to 
0.055 in. for the actual capsule to provide a somewhat greater pressure 
drop. 

In the second phase, the 200°C assembly was placed within the 60°C 
assembly, the annulus between the 60°C assembly and core piece was 
sealed, and flow over the 200°C assembly was measured. The orifice plate 
at the bottom, as built, had eight 6.5-mm-diam holes providing the back 
pressure necessary to cause water to flow up through the reentrant cen-
tral coolant passage. One objective of the test was to optimize the num-
ber of orifice holes for maximum heat transfer. The flow test rig was 
arranged to permit measurement of the reentrant flow as well as total 
flow. 

Table 2 of Exhibit B.l summarizes the results. Figure B.l is a plot 
of the water film heat transfer coefficient for both the inner and outer 
coolant surfaces of the capsule vs flow. Based on this it was determined 
that two 6.5-mm orifice holes would approach optimum flow distribution. 
This gives a flow of 4.5 gal/min to the inner region; a film heat transfer 
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INTRA-LABORATORY CORRESPONDENCE 
OAK RIDGE NATIONAL LABORATORY 

September 7, 1984 

To: J. A. Conlln 

From: M. W. Kohring 

Subject: MFE-J 60°C/200°C Capsule FloVrTest 

A series of flow tests was conducted during the period July 27-August 16 
on the subject capsule simulating flow conditions across the core of the 
ORR (25 psid). The tests conducted are described as follows: 

Flow Test 1 - Measured flow through the annul us between core f i l l e r 
piece (Dwg. M-11552-EM-003-D, Rl) and 60°C specimen 
holder (Dwg. X2E11837-106A) and differential pressure 
across centering ring (not shown on drawing). 

Flow Test 2 - A series of tests to measure the flow through the 
annul us between the 60°C specimen holder and the 200°C 
in-core capsule subassembly (X2E11837-107A) and to 
determine the ratio of the flow through the 1/4-in. 
orifices in the adapter piece (part #9 of 
X2E11837-107A) to the flow through the water outlet 
tube (part #6 of X2E11837-107A). This ratio was 
determined for various conditions altered by plugging 
some of the eight 1/4-in. orifices. 

Results of the flow tests are detailed in the attached tables. 

MWKimca 

Attachments 

cc: G. R. Hicks 
S.- S. Hurt 
J. A. Setaro 
I . I . Siman-Tov 
J. W. Woods 

Exhibit B.1. Letter from M. W. Kohring to J. A. Conlin 
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Table 1. Results of Flow Test 1 

Flow rate 
(gpm) 

Differential pressure 
across assembly 

(psid) 

Differential pressure 
across centering ring 

(1 n. H20) 

24.0 6.2 14.8 
28.8 10.2 30.6 
33.6 13.4 47.6 
38.4 18.0 57.5 
43.2 20.9 66.9 
44.2 22.2 70.0 
48.0 25.0 78.0* 

*Extrapolated value 

Table 2. Results of Flow Test 2 
(for 25 psid across assembly) 

No. of 
orifices 
plugged 

Total flow around 
200°C in-core 

capsule subassembly 
(gpm) 

Flow A 
(thru 1/4-in. 

orifices) 
(gpm) 

Flow B 
(thru water 
outlet tube) 

(gpm) 

Flow A 
Flow B 

8 10.2 3.6 6.6 0.55:1 

7 14.9 9.4 5.5 1.7:1 

6 18.7 14.0 4.7 3.0:1 

4 20.7 17.8 2.9 6.1:1 

2 22.0 19.9 2.1 9.5:1 
0 23.0 21.7 1.3 16.7:1 

Exhibit B.l (continued) 
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Fig. B.1. Surface heat transfer coefficients for 200cC region of 
capsule MFE-6J as a function of coolant flow rate. 
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coefficient of ~18,200 W/m2.K (3,200 Btu/h.°F.ft2); ~18 gal/min over the 
outer surface; and a heat transfer coefficient of 36,900 W/m2«K (6,500 
Btu/h*°F*ft2)• Note: Eight 6.5-mm holes in the orifice plate give a 
flow of 21 gal/min and a heat transfer coefficient of 42,500 W/m2»K 
(7,500 Btu/h*°F»ft2) over the outer surface of the capsule. 



291 Tp 

Appendix C 

ANALYSIS OF THERMAL PERFORMANCE 

An analysis of the 200°C prototype capsule thermal performance was 
made. The heat generation within the capsule was calculated using mea-
sured temperatures with 100% He, Ne, and Ar as the temperature control 
gas. The water film heat transfer coefficients were taken from Fig. B.l. 
The operating gas gaps were calculated using as-built measured dimensions 
corrected for thermal expansion. The results are summarized In Table C.l. 
There is good agreement for the three control gas compositions despite 
the fact that they were made at different times and in different ORR fuel 
cycles. Note that the outer gas gap between the aluminum and stainless 
steel capsule wall is reduced to 0.038 nnn (0.0015 in.) at 300°C with 100% 
argon. Aluminum may swell under Irradiation, and even a small amount of 
swelling would seriously affect the ability of this capsule to maintain 
elevated temperatures. 

It was recommended in the body of the report that consideration be 
given to eliminating the inner water coolant channel. This would sim-
plify the construction considerably. Based on the observed operating 
conditions, removal of the central coolant would, with the as-built di-
mensions of the prototype, result in an operating temperature with 100% 
helium control gas of about 170°C. This reduces the margin for error or 
a change in ORR conditions. The design gas gap tolerances are as close 
as practicable. The mean, cold, as-built, outer gas gap was found to be 
0.173 mm (0.0068 in.) (0.345-mm diametrical clearance). The drawing tol-
erances allow for a cold diametrical clearance of 0.358 mm (0.0141 in.) 
to 0.399 mm (0.0157 in.). The mean as-built diametrical clearance was 
0.345 mm (0.0136 in.), which is slightly under the minimum allowed by the 
tolerances. If the maximum gas gap (as allowed by the tolerance) were 
present and there were no central cooling, the temperature with 100% 
helium control gas would be estimated to be about 185°C, leaving only a 
15°C margin. 

The average calculated heat generation rate of Table C.2 corresponds 
to a mean gamma heat of 5.3 W/g over the 230-mm (9-in.) specimen region. 



Table C.l. Results of analysis of thermal generating conditions of MFE-6J prototype capsule 

Temperature 
control 
gas 

Specimen 
temperature 

('C) 

Cas gap 
(in (ln.)J 

Inner Outer 

Mean control 
conductant 

IW/-K 
(Btu/h'-F-ft)! 

Cold Hot Cold Not 

Heat transferred across 
gas gaps0 

[W (Btu/h)] 

Inner gap Outer gap 

Total 
[W (Btu/h)] 

Hellun 140 0.058 (0.0023) 0.076 (0.0030) 0.172 (0.0068) 0.124 (0.0049) 0.187 (0.108) 1762 (6014) 3307 (11290) 5069 (17304) 
Neon 220 0.058 (0.0023) 0.090 (0.00358) 0.172 (0.0068) 0.0826 (0.00325) 0.061 (0.0352) 1180 (4028) 3705 (12648) 4885 (16676) 
Argon 304 0.058 (0.0023) 0.107 (0.00423) 0.172 (0.0068) 0.038 (0.0015) 0.024 (0.014) 623 (2128) 4858 (16582) 5481 (18710) 

"The iissc rsCfis prsscntfid ^rc Che COCA! hest |E[6i6r9C6d In che spcclnsns dnd che 730—wn (9—in«) s peel men region of the dlurtlnun* 



291 Tp 

Table C.2. Results of gamma heating 
rate measurements made in position 

C-3 on February 28, 1984 

Distance ORR 
midplane 
(in.) 

Gamma heating 
(W/g) Distance ORR 

midplane 
(in.) Without 

hafnium 
sleeve 

With 
hafnium 
sleeve 

+9 2.4 2.2 
+3 4.2 3.9 
Midplane 4.9 4.5 
-3 5.4 4.9 
-6 5.4 5.1 

A gamma heat measurement was made February 28, 1984, in the ORR C-3 
position with a mock-up simulating an MFE-4 capsule configuration both 
with and without a hafnium sleeve (Table C.2). The measured peak gamma 
heat in steel was measured at 5.4 W/g. 
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