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ABSTRACT

Thermal expansion characteristics were determined for the
fuel-moderator, reflector, cladding, and engineering materials
within the SNAP-2 core vessel. Values were determined for AISI
Type 347 stainless steel, Hastelloy N, beryllium, zirconium,
zirconium hydride, and zirconium-uranium hydrides, from room
temperature to temperatures greater than 1300°F. Derived
equations were calculated for these materials, using a least

squares analysis.

Thermal expansion coefficients for the temperature range of
77 to 1200°F are: 10.34 x 106 in. /in. - °F, for Type 347 stainless
steel; 7.46 x 10-6 in. /in.-°F, for Hastelloy N; 9.07 x 10-6
in. /in. - °F, for beryllium; and 6.12 x 10—6 in. /in.-°F, for

zirconium - 7 wt % uranium hydride with an NH =6.4.
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I. INTRODUCTION

The coefficient of linear expansion as a function of tempera-
ture must be known for fuels, reflectors, cladding, and any other
materials within the SNAP core vessel. Thermal expansion co-
efficients are used as the basis for stress calculations, during
initial heating to temperature, operation at temperature, and
subsequent cooling. Irradiation and hydrogen redistribution

effects also cause stresses, during operating and thermal cycling.

Information concerning the thermal expansion of zirconium-
uranium hydrides is unavailable in the literature. Values for
stainless steel, Hastelloy N, and beryllium can be derived, from
various sources, thereby presenting a possibility for variations
in data reliability. It was decided to investigate the materials in-
volved in the actual fuel element, to determine accurately the

relative differences in thermal expansion characteristics.
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Il. EXPERIMENTAL APPARATUS AND PROCEDURES

The basic equipment consists of a null void volume quartz tube differential
dilatometer, utilizing a linear variable differential transformer as a motion
sensor. Figure 1 shows the essential parts of the dilatometer and accessory

equipment.
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Figure 1. Quartz Tube Dilatometer

A vertically mounted resistance wound tube furnace is used to heat the speci-
men. The specimen rests on a quartz seat which is fused to a quartz tube. The
tube is connected to a stainless steel flange by a graded seal, and the assembly
is enclosed by a stainless steel protection tube. A quartz push rod rests on the
sample, and transmits the motion of the sample to a linear variable differential
transformer (LVDT) core located outside the furnace. A stainless steel (non-
magnetic) protection sheath surrounds the push rod and transformer core. The
LVDT coil is mounted outside the vacuum system, as shown in Figure 1. This
upper assembly is air cooled, to prevent thermal expansion of the various com-

ponents during a run.
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The linear variable differential transformer consists of a magnetically sus-
ceptible core and three coaxial coils mounted on a ceramic coil form. Axial
motion of the core produces an electrical potential which varies directly with the
motion of the core. This signal is then bucked against a similar core-coil ar-
rangement in a recorder, thereby producing a pen displacement which is linéarly

variable with the original core movement.

A programmed furnace control is used to obtain uniform heating rates with
the saturable core reactor and resistance tube furnace. A two-pen recorder, for
plotting both temperature and expansion, as functions of time, is used. For the
hydride studies, pressure-sensitivetransducers are used to measure the hydrogen
dissociation pressures. These pressures are monitored on either manual or re-

cording potentiometers.

A normal thermal expansion run consists of an initial evacuation period,
leak checking, isolating the sample chamber, heating to a selected temperature,
. . . -3
and cooling back to ambient. Evacuation to less than 5x 10 =~ mm was always

achieved, accompanied by leak rates of less than 5 x 10_3mm/hr into the system.

A heating rate of 3°C/min was selected, to allow complete heating and
partial cooling during a normal working day. The programming system heated
the specimen, at a rate of 2.840.2°C/min, to a selected temperature (from 700
to 900°C), where a manually operated switch reversed the system, allowing
cooling at the same rate. One or more recorders followed both temperature and
expansion, as functions of time. This information was then plotted, as expansion

vs temperature, for further calculations.
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lll. MATERIALS

The Type 347 stainless steel was procured from normal commercial sources.
The Hastelloy N rod was purchased from Haynes-Stellite Company, Kokomo,
Indiana, suppliers of the reactor cladding material. Brush Beryllium Company,

Cleveland, Ohio, supplied the reactor-grade hot pressed and extruded beryllium.

Reactor-grade zirconium was obtained from swaged crystal bar stock. For
evaluation in the zirconium-hydrogen '"delta' phase region, the zirconium was
subsequently massively hydrided, as described in the literature. ! Zirconium-
uranium alloys were double arc melted, by the consumable electrode method,
from reactor-grade zirconium and uranium pellets.2 The ingots were subse-
quently extruded, swaged, annealed, and hydrided to various compositions for
investigation. After hydriding, the specimens were ground to size, 0.240 to 0.250

in. in diameter. The length of the sample ranged from 1.3 to 2.2 in.
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IV. DATA
. Thermal expansion curves for zirconium - 7 wt % uranium are shown in
Figure 2. Materials with H/ Zr ratios of 1.70 to 1.80 appear to have identical

expansion characteristics, while material with H/Zr = 1.57 expands at a slower

rate.

H/Zr Ny
12— 1.80 64 —
—— {178 63

—_———1]57 86

® )
I ]
|

I

EXPANSION (mils/in.)

| | 1
200 400 600 800
TEMPERATURE (°C)

Figure 2. Thermal Expansion of Zirconium - 7 wt % Uranium
Hydrides

This increase in the thermal expansion coefficient with increasing hydrogen
3, . .
content was also observed by Denver Research Institute, = in their studies on
zirconium hydride. Figure 3 shows both the Denver Research Institute data and

some data obtained on this project. Battelle Memorial Institute1 obtained similar

results, under more rapid heating conditions.

Claddings are required to be in close proximity with the fueled moderator
material; thus, they must closely approximate the thermal expansion coefficient
of the fuel. Curves obtained on Type 347 stainless steel are shown in Figure 4.
The literature va.lue4 is plotted for comparison. It may be noted that the litera-

ture data originates at 0°C, while the present curves originate at 25°C.
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Figure 3. Thermal Expansion of Zirconium and Zirconium Hydrides
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Figure 4. Thermal Expansion of Type 347 Stainless Steel
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Figure 5 shows the thermal expansion curves for Hastelloy N, based on both the

. literature va.lue5 and present experimental data.
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Figure 5. Thermal Expansion of Hastelloy N

Beryllium, originally selected as an axial reflector material within the fuel
tube, and therefore in contact with the cladding, was also investigated. Experi-
mental data from a series of four runs on actual SNAP reflector plugs are shown
in Figure 6. For comparative purposes, data obtained from Brush Beryllium
Corporation, = suppliers of SNAP beryllium, and from x-ray diffrac’cion7 are

shown to bracket the experimental data.

Beryllium oxide, selected to replace the axially positioned beryllium re-
flectors, has been investigated on another project at Atomics International. 8
Expansion of the BeO is less than any of the materials in the SNAP fuel element,

being approximately 25% lower than the fueled hydride material.
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Figure 6. Thermal Expansion of Beryllium
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V. ERROR ANALYSIS

A variety of factors are involved which introduce errors into the experimental
data. The LVDT linearity is described by the manufacturer as being better than
£+ 1%, but utilization of calibration fixtures attached to the thermal expansion
apparatus normally resulted in a reproducible accuracy of better than * 0.5%, over
the entire chart range. Full-scale chart range was normally set at 20 mils ex-
pansion, for most runs. Readability on the chart is better than 0.2%, thus the
expansion is known to *0.5% [in actual units, #0.00005 in./in. (50 wmin./in. )] at

full scale.

Temperature readings are highly susceptible to errors. Calibrated Chromel-
Alumel thermocouples were usually reliable to *1/2% of temperature recorded.
Recorders have an inherent accuracy of approximately 1/2% of full scale, giving
an expected overall accuracy of £ 1%. As a temperature standard, Armco iron
has a sharp transformation at 910°C. During experimental runs, this transfor-
mation was always observed in the range of 908 to 912°C, indicating that recorder

temperatures were normally accurate within * 2°C at that temperature.

During initial calibration experiments using differential thermocouple tech-
niques within the interior of a sample vs the normally used thermocouple, devi-
ations of 5to 10°C were observed in the region of 200°C, due to a specimen heat-
ing lag. This thermal lag was caused by low heat transfer characteristics of the
system in this temperature region. Above this temperature, the deviation be-

came less; and, above 400°C, the thermal lag was less than 1°C.

Calibration checks, with Armco iron and quartz, showed that the only cor-
rection factor required in the calculations was that introduced by the quartz
adjacent to the specimen. The observed specimen expansion was lower than the
true expansion by the amount of the quartz expansion. When a quartz sample was
placed in the system, its observed expansion was -0.00001 £ 0.00001 in./in. at
all temperatures in the range from room temperature to 1000°C, thereby allow-
ing use of the thermal expansion of quartz as the correction factor, as the system
errors were smaller than normal readability. Variations in values reported in
the literature for the thermal expansion of Armco iron, particularly above 600°C,

negate the use of Armco as a primary expansion standard.
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Low temperature deviations in expansion were observed in all materials, due
to the aforementioned temperature lag of the specimen at temperatures less than
approximately 250°C. High temperature expansion deviations were observed on
the hydrides, due to hydrogen loss from the specimen into the 34 cc void volume
of the apparatus. In the composition range of H/Zr from 1.55to 1.85, Zr - 7
wt % U hydrides contract at the rate of 10-2 in./in.H/Zr. Knowing the sample
weight, dissociation pressure, and void volume of the apparatus, it is possible to
apply this correction to the Zr-U hydrides. The resultant thermal expansion
curves, after correction for hydrogen evolution, show upward concavities at all
temperatures; whereas, without correction, contractions become evident only at

high temperatures.

Figure 7 shows both the low and high temperature deviations observed in a
typical thermal expansion run on hydrided material. Figure 8 shows the dis-
sociation pressure over the specimen, as a function of temperature, during the
same typical experimental run. Due to the system being dynamic in nature,
equilibrium pressures are never obtained over the sample. However, by plotting
both heating and cooling pressures, the equilibrium pressure can be assumed to
be somewhere in between. By plotting these pressures on an isochore map, the
method becomes an analytical tool to determine the approximate sample

composition.

Reproducibility of the expansion data for all materials was always better than
+ 1/2%, with less than + 1/2% achieved in four consecutive runs of the same

hydride material.

Curves were calculated by using a least squares analytical technique. A
sample calculation is illustrated in Appendix II. Using the derived equations for
calculating expansion at various temperatures, values were within * 1% of the

experimental curves, except at low temperatures.
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VI. DATA COMPARISON

A comparison of the data obtained during this experimental program is plotted '

in Figure 9. Type 347 stainless steel expands at a rate greater than beryllium,
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Figure 9. Thermal Expansion of SNAP Materials

Hastelloy N, and zirconium-uranium hydride. Table I, in Appendix II, lists the
coefficients for the derived thermal expansion equation, as well as the coefficients
for expansion from room temperature to 1000, 1200, and 1400°F. The coeffi-
cient (a) is a relative measure of low temperature deviation from the calculated
curve. The coefficient (b) may be regarded as the room temperature thermal
expansion coefficient, while coefficient (c) is the temperature dependent coeffi-
cient. In cases where (c) is small, the coefficient of thermal expansion changes
only slightly as a function of temperature, as shown by the stainless steel; while
larger values of (c) cause an upward concavity, as best illustrated by the
zirconium-uranium hydride.

In the temperature range investigated, all structural materials have thermal
expansion coefficients greater than zirconium-uranium hydride. Part of this
differential thermal expansion is eliminated during heating and normal reactor

operation, due to the fact that the fuel is hotter than the cladding.
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VIl. SUMMARY

Data obtained during this experimental program for SNAP
materials have been compared to the literature, where available,
and found to correspond within normally expected experimental
accuracy. Thermal expansion coefficients obtained for the
temperature range of room temperature to 1200°F are: 10.34 x
10°° in. /in.- °F, for Type 347 stainless steel; 7.46 x 1076
in. /in. - °F, for Hastelloy N; 9.07 x 10_6 in. /in, - °F, for berylli-
um; and 6.12 x 10 in. /in, - °F, for zirconium-uranium hydride
with an Ny, = 6.4. Instantaneous thermal expansion coefficients,
for any temperature from 200 to 1300°F, may be calculated from

derived equations, for use in reactor analysis.
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APPENDIX |
LEAST SQUARES METHOD OF SOLUTION FOR THERMAL EXPANSION DATA

Let:

Expansion from room temperature to t°C (mils/in.)

Temperature (°C x 10-2)

>
0

Y=a+bX+cXZ

I. 2(Y) = Na+bz(X)+cZ(XZ)
II. 2(XY) = aXX) +bZ(X2) + cZ(X3)

III. Z(XZY) - aS(x%) + bZ(X3)+ cZ(X4)

For a standard expansion run which covers the range from room temperature

up to 700 to 900°C, it is convenient, from a calculation standpoint, to use 100

to 700°C for a solution.

For a standard solution (100 to 700°C):
2 3 4
N =7, 2(X) = 28, Z(X") = 140, Z(X°) = 784, 2(X") = 4676

Fitting summations of X into Equations I to III:

7a + 28b + 140c = 2(Y)
28a + 140b + 784c = 2(XY)
2
140a + 784b + 4676c = 2(X“Y)

Dividing through to obtain a:

(1) + 7: a +4b +20c = 2(Y)/7

(2) + 28: a + 5b +28c = 2(XY)/28

(3) + 140: a + 5.6b + 33.4c = Z(XZY)/140

NAA-SR-6047
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Eliminating a:

(5)-(4): b + 8c = 2(XY)/28 - 2(Y)/7 o (7)
(6)-(5): 0.6b +5.4c = Z(X°Y)/140 - 2(XY)/28 . .(8)
Eliminating b:
(8) x 5/3: b + 9c = %[Z(XZY)/IALO - Z(XY)/zs] ..(9)
(9)-(T): ¢ = 3 [E(XZY)/MO - Z(XY)/zs] - [)Z(XY)/zs - 2(Y)/7] ...(10)

Substituting ¢ in (7) or (9), b is obtained.
Substituting b and c in (4), (5), or (6), a is obtained.

Substituting for X and Y:

Expansion :% =ax 10—3 +b x 10_5t +cx 10_7 tz

where:

t is in °C, in the range of 100 to 700°C
a, b, and c are the derived coefficients

AV 2
—— is in in./in.

£
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APPENDIX II
SAMPLE SOLUTION FOR THERMAL EXPANSION

Y
t 2 3 4 -1 2
(°C) X X X X (mil/in.) XY XY
Y

100 1 1 1 1 0.44 0.44 0.44
200 2 4 8 16 1.22 2.44 4 .88
300 3 9 27 81 2.22 6.66 19.98
400 4 16 64 256 3.38 13.52 54.08
500 5 25 125 625 4.70 23,50 117.50
600 6 36 216 1296 6.12 36.72 220.32
700 7 49 343 2401 7.65 53.55 374.85
Z 28 140 784 4676 25.73 136.83 792.05

7a + 28b +140c = 25.73 ... (1)

28a + 140b + 784c = 136.83 ... (2)

140a + 784b +4676¢c = 792.05 ...(3)

(1)= 7: a+ 4b +20c = 3.67571 ... (4)

(2) +28: a + 5b +28c¢c = 4.88680 ...(5)

(3) = 140: a + 5.6b +33.4c = 5.65750 ...(6)

(5)-(4): b + 8c = 1.21109 )

(6)-(5): 0.6b + 5.4c = 0.77070 .. .(8)

(8) x 5/3: b + 9c = 1.28450 ...(9)
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(9)-(7): c

0.07341

= 1.21109 - 8(0.07341)

= 0.62381
= 3.67571 - 4(0.62381) - 20(0.07341)
= -0.28773
- - - 2
Al—'e('n./in.):—Z.SSXIO 4+6..24:x10 6t+7.34x10 9t
Check for solution of sample:
t Olgginal . 2 a+bt+ct2 Deviation
(°C) “XP . a t ct (mil /in. ) from
(mil/in.) mail/in. Original
100 0.44 -0.288 0.624 0.073 0.41 -0.03
200 1.22 -0.288 1.248 0.294 1.25 +0.03
300 2.22 -0.288 1.872 0.661 2.24 +0.02
400 3.38 -0.288 2.496 1.174 3.38 0
500 4.70 -0.288 3.120 1.835 4.67 -0.03
600 6.12 -0.288 3.744 2.642 6.10 -0.02
700 7.65 -0.288 4.368 3.597 7.68 +0.03
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TABLE I

THERMAL EXPANSION OF SNAP MATERIALS

Type
347 | Hastelloy) g Zr -Twt%U
S.S. H/Zr 1.8
Constants in Equation (1)4
~a(x 10%) 6.34 3.94 4.78 2.88
b(x 103) 16.11 11.13 11.76 6.24
c(x 106) 4.52 3.87 7.19 7.34
Calculated @ I (dn.__ (x 106) 19.73 14.22 17.51 12.11
v 400°C \in.-°C ' ‘ ' '
Average Expansion in.__ (x 106)
in.-°C
25 to 500°C 17.9 13.0 15.2 10.1
25 to 600°C 18.6 13.4 15.9 10.8
25to 700°C 19.1 13.8 16.7 11.5
Average Expansion _in. (x 106)
in.-°F
77 to 1000°F 10.05 7.19 8.53 5.63
77 to 1200°F 10.34 7.46 9.07 6.12
77 to 1400°F 10.66 7.18 9.47 6.56
*Equation (1): ~A1—1 = a+ bt + ct?
Where: t is in 'C, in the range of 100 to 700°C
-Aﬁ—f = 0 at25C
a, b, ¢ are derived coefficients
Ta4oo°c Instantaneous coefficient of thermal expansion at 400°C
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