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HTGR EXPERIMENT HRB-15b: PARTICLE LOADINGS AND
IRRADIATION IN THE HIGH FLUX ISOTOPE REACTOR

W. E. Thomas J. A. Conlin
E. L. Long, Jr.* B. P. Johnsen'

ABSTRACT

Candidate high-temperature gas-cooled reactor fissile and
fertile particles were irradiated in the High Flux Isotope Re-
actor removable beryllium reflector facility (RB-5) for eight
reactor cycles. The experiment contained 18 different "types”
of fissile particles and five different "tgges" of fertile par-
ticles. All uranium was 20% enriched in 233y The loose par-
ticles were loaded into "trays"” that resemble flat graphite
washers, each having 116 drilled holes in one face. One hun-
dred eighty-four trays were stacked in columns in an alternate
fertile particle—fissile particle sequence. The particles were
irradiated for 169.4 full power days. Peak fuel burnup in per-
cent fissions per initial heavy metal atom (FIMA) was as fol-
lows: ~20.5% for mixed-oxide fissile particles, ~33.5% for the
other fissile particles, and ~7Z for fertile particles. Maxi-
mum fast neutron fluence (E > 183 KeV) at the end of the test
was ~7 x 1025 neutrons/m?. The report discusses methods used
to specify particle loadings and contains thermal and neutron-
ics results applicable to the irradiation test period.

INTRODUCTION

In high—temperature gas-cooled reactors (HTGRs), all fissile and
fertile materials are contained in tiny microspheres called coated par-
ticles. The Kernel of the coated particle contains the initial (pre-
irradiation) fissile material, 235U, and/or the initial fertile material,
232Th, Kernel diametersvmay range from about 300 to ~500 um. Deposited
on the kernel may be several léyers of carbon and carbide material (e.g.,
SiC). A coated particle is usually defined as consisting of the kernel
and the various coatings and may be further classified as BISO or TRISO,
depending on the number and type of coatings deposited on the kernel. A
conventional BISO particle has two coatings deposited over. the kernel;

innermost is the buffer, which is a low~density pyrocarbon (PyC) whose

*Metals and Ceramics Division.

YGraduate Student, The University of Tennessee.



purpose is to (1) provide a volume for storing gaseous fission products,
(2) accommodate fuel swelling, and (3) attenuate fission recoil. The
outer isotropic PyC coating acts as a pressure vessel to contain the fis-
sion products. A conventional TRISO particle has four coatings: a buf-
fer, which serves the same purpose as for the BISO particle; an inner
isotropic PyC coating to provide mechanical support for the particle énd
to protect the next layer from detrimental reactions with fuel and fis-
sion products; a coating of SiC to provide containment for the gaseous
and solid fission products; and an outer isotropic PyC coating to prevent
evaporation of the SiC layer and to protect the particle from damage dur-
ing handling. The purpose of coated particles in HTGRs, therefore, is

to contain the fission products and to prevent their escape into other
regions of the reactor, such as the graphite moderator and the helium
coolant. A

Experiment HRB-15b tested some conventional TRISO and BISO parti-
cles. However, many of the particles tested were of new design such as
the Si~-BISO, the Zr buffer, and particles that had an additional thin
layer of ZrC dep&sited directly on the kernel, that is, an additional
layer between the kernel and the buffer. See Tables 1 (fissile parti-
cles) and 2 (fertile particles) for a descriptive summary of particle
types in the experiment.

All fertile particles contain ThOz in the kernel (Table 2); how-
ever, the kernel may be of different diameters or may have been produced
by different manufacturing processes. Fissile particles (Table 1) can
have mixtures of ThO; and U0y in the kernel (mixed-oxide kernels), or
they can have kernels of U0y, UCp, or UCxOy with various 0/U ratios.
Thqs, the purpose of experiment HRB-15b was to provide irradiation expe-
rience with a variety of candidate HTGR coated particles. All the ura-

nium contained in the coated particles was 20%Z enriched in 235y,

PURPOSE AND SCOPE OF REPORT

An experiment such as HRB-15b begins with the manufacture of the
candidate particles. Next, the particlés are encapsulated and irradiated

in a nuclear reactor. Following the irradiation period, the particles




Table 1. Experiment HRB-15b, fissile particles

Test plan Parent batch Kernel Description of
designation number material particle coatings
1 6155-05-010 (Th,U)0, TRISOZ
1 6155-05-020 (Th,U)05 TRISO
2 6157-08-020 uco (o/u = 0.5)  TRISO
3 6157-08-030 uco (o/U = 1.0) TRISO
4 6157-09-010 uco (o/U = 1.5)  TRISO
5 6152-01-010 U0, TRISO
6a 6152-02-010 U0, TRISO, Zr buffer?
6b 6152-03-010 U0, TRISO, 5-um ZrC¢
6c 6152~03-020 U0, - TRISO, 10-im zrc®
7 6151-21-010 uc, ' TRISO
8 6445-01-010 (Th,U) 0, S1-BISO
9 6448-02-010 uco (0/U = 0.5)  S1i-BISO
10 6448-01-010 Uco (0/U = 1.0)  Si-BISO
11 6448-00-010 Uco (0/U = 1.5) Si-BISO
12 6447-00-010 U0, S1-BISO
13a 6447-01-010 U0, $1-BI1SO, Zr buffer®
13b 6447-02-010 U0, Si-BISO, 5-im ZrC
13c 6447-02-020 U0, $1-B1S0, 10-im zrcl
14 6449-00-010 U0, S1-BI1SO

ALow-density graphite buffer, inner PyC, SiC, outer Pyc;
bBuffer is PyC + ZrC; other coatings same as a.

®Thin layer of ZrC over kernel; buffer and coatings same as a.
dew—density graphite buffer; outer coating is PyC + SiC.
€Buffer is PyC + ZrC; outer coating same as d.

fThin layer of ZrC over kernel; buffer and outer coat same as d.

Table 2. Experiment HRB-15b, fertile particles

Test plan Parent batch Kernel Description of
designation number material particle coatings
15 6252-15-010 ThO , TRISO”
16 6542-27-015 ThO, BISOb
17a 6542-42-010 ThO , s1-B1s0°
17b 6542-42-010 ThO, S1-BISO
ORNLd ThO, BISO

aLow~density graphite buffer, inner PyC, SiC, outer
PyC.

bLow-density graphite buffer, outer PyC.

cLow-density graphite buffer, outer coating 1is
PyC + SiC.

dSol—Gel process.



are removed from the capsule (in a hot cell) for subsequent postirradia-
tion testing. The scope of this report is confined to the in-reactor ir-
radiation of the candidate fissile>and fertile pafticleé. The purpose of
the report is to document the models and data used to specify particle
loadings and to report particle temperatures, fuel burnup, and fast neu-
tron fluence during the irradiation period. Details of the theory are

presented in various sections of Appendix A.

DESCRIPTION OF EXPERIMENT

The loose particles were loaded into trays that resemble flat graph-
ite washers, each having 116 holes drilled in one face. The trays were
stacked in columns in an alternate fertile particle—fissile particle se-
quence. There were 46 trays per unit or subassembly. A column of four
units (184 trays) was then sealed in a stainless steel primary vessel.
The primary vessel was contained in a secondary stainless steel vessel to
provide double-wall containment for the experiment when in the reactor.
Heat is removed from the experiment by the flow of reactor coolént (wa-
ter) through an annulus external to the secondary vessel.

The inside radius of the primary vessel was 12.3 mm, and the outside
radius of the secondary vessel was 16,4 mm. The length of each unit was
105.6 mm (total axial length of the specimen region was ~422 mm).

There was a total of eight thermocouples, with the junctioﬁ of each
located at approximately tﬁe tray inside radius (~5.6 mm); in the axial
direction, there are two thermocouples per unit. The central region of
the stack of trays providéd space for testing some additional inert par-
ticles (i.e., particles that did not contain fuel in the kernels).

 When the experiment was operating in-reactor, the temperature of the
particles was controlled by varying the composition of the gas mixture
(i.e, by varying the thermal conductivity) in a gap between the outside
radius of the stacked trays and the inside radius of the primary vessel.
The tray outside radius was one of the design parameters to be evaluated.

The experiment resided in the High Flux . Isotope Reactor (HFIR) re-
movable beryllium reflector facility (RB-5). The cylindrical reactor
control plates ("rods”) are positioned between the HFIR core and the RB-5

«
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facility. Control rod management: introduces considerable variation in
the neutron flux during a reactor cycle. (Neutron fluxes are discussed
in detail in Appendix A, Sect. A.5.) The HFIR is a batch-loaded reactor,
operating about 21 full power days per cycle. The experiment was in-
reactor for eight cycles. First cycle operation began at 4:15 PM (EDT)
on July 6, 1978; last cycle operation ended at 5:59 PM (EST) on January
4, 1979. Therefore, the experiment was in-reactor for 182.11 calendar
days or 169,44 full power days [i.e., equivalent calendar days of opera-
tion at HFIR rated power — 100 MW(t)]. HFIR operating data during the
time the experiment was in-reactor are shown in Table 3. The two mid-
cycle shutdowns, one during cycle 1 and the other during cycle 6, began
at 0900 on 7/14/78 and at 0815 on 11/13/78, respectively.

PARTICLE LOADINGS PER TRAY

The types of fissile particles (Table 1) and fertile particles
(Table 2) to be loaded into each of the 184 trays were prespecified and
were not subject to change. The number of particles of é‘particular type
to be loaded into each tray and the tray radius were quantities that had
to be evaluated. The number of particles loaded into each tray, cross
referenced to test plan designation numbers and the tray radius, is shown
in Tables &4 through 7 for each of the four subassemblies. The units or
subassemblies are numbered 15b—-1 through 15b~4 (top to bottom) in the
experiment. How these 1oadings‘were obtained is the subject for most of

this report.

MODEL FOR COMPUTING REGIONAL TEMPERATURES

The aim is to load each tray and arrive at various gap thicknesses
(between tray and primary vessel) that ideally produce a smooth and al-
most flat axial temperature profile in the specimen region at all times

during the history of the experiment, The alternate fertile particle— -

" fissile particle stacking pattern and the thermal contact resistance be-

tween adjacent trays suggest use of a one-dimensional cylindrical heat

transfer model. The specimen region was assumed to have a uniformly



Table 3. HFIR operating data for experiment HRB-15b

Reactor schedule

Experiment Reactor Accumul ated Cycle timeb (hr)
cycle Startup . Shutdown energy FPD2
No. (MWd) R 0 M Total
Date Time Date Time
1 7/6/78 1615 7/30/78 2350 2147.0 21. 47 518.45 65.133 583. 58
2 7/31/78 1752 8/22/78 0030 2124.1 42,71 18.035 510.63 528.67
3 8/22/78 1838 9/13/78 0400 2137.9 64.09 18.150 513.35 531. 50
4 9/15/78 1824 10/6/78 2115 2110.0 - 85.19 62.400 506.85 569.25
5 10/7/78 1650 10/28/78 2400 2128.0 106. 47 19. 583" 511.17 530.75
6 10/29/78 1725 11/22/78 0225 2091.1 127.38 18.583 502.75 58.083 579.42
7 " 11/22/78 2147 12/14/78 0140 2113.8 148.52 19.366 507.89 527.26
8 12/14/78 1945 1/4/79 1759 2092.0 C169.44 18.083 502.23 520. 31
Total 174.20 4073.3 123.22 4370.7

2FPD = full power days.
R = refueling; M = midcycle downtime; 0 = operating, but not necessarily at 100 MW(t).
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Table 4. Experiment HRB-15b, tray size (in.) and
particle loadings for subassembly 15b-1

Tray Fertile particles Tray Fissile particles

No. Radius D No. No. Radius ID No.

1 0. 439 ORNL 58 2 0. 439 8 116
3 0. 439 ORNL 85 4 0. 439 12 106
5 0. 439 17b 116 6 0. 439 10 65
7 0. 439 ORNL 58 8 0. 439 1 116
9 0. 439 ORNL 58 10 0. 439 1 116
11 0. 448 ORNL 106 12 0. 448 3 83
13 0. 448 ORNL 106 14 0. 448 3 83
15 0. 448 15 116 16 0. 448 5 114
17 0. 454 ORNL 111 18 0. 454 2 65
19 0. 454 ORNL 111 20 0. 454 14 77
21 0. 454 17b 116 22 0. 454 4 73
23 0. 454 15 116 24 0. 454 13a 97
25 0. 458 ORNL 112 26 0. 458 4 69
27 0.458 ORNL 112 28 0. 458 13b 108
29 0. 458 ORNL 112 30 0. 458 2 63
31 0.458 16 102 32 0. 458 5 116
33 0. 458 17b 116 34 0. 458 7 68
35 0. 458 ORNL 103 36 0. 458 5 113
37 0. 461 ORNL 116 38 0. 461 7 76
39 0. 461 ORNL 105 40 0. 461 6b 99
41 0. 461 . ORNL 105 42 0. 461 6b 99
43 0. 461 15 116 44 0. 461 4 66
45 0. 461 ORNL 105 46 - 0. 461 7 68

Table 5. Experiment HRB-15b, tray size (in.) and
particle loadings for subassembly 15b-2

Tray Fertile particles Tray Fissile particles
No. Radius ID No. No. Radius D No.
47 0. 461 16 69 48 0. 461 1 116
49 0. 461 ORNL 72 50 0. 461 1 116
51 0. 461 17b 104 52 0. 461 1 116
53 0.461 ORNL 75 54 0. 461 1 116
55 0. 461 ORNL 75 56 0. 461 1 116
57 0. 461 16 72 58 0. 461 1 116
59 0. 461 ORNL 78 60 0. 461 1 116
61 0. 461 ORNL 78 62 0. 461 1 116
63 0. 461 ORNL 78 64 0. 461 1 116
65 0. 461 ORNL 78 66 0. 461 1 116
67 0. 464 17b 116 68 0. 464 9 55
69 0. 464 ORNL 109 70 0. 464 13c 91
71 0. 464 15 116 72 0. 464 11 57
73 0. 464 ORNL 108 74 0. 464 3 65
75 0. 464 ORNL 108 76 0. 464 3 62
77 0. 464 16 103 78 0. 464 3 62
79 0. 464 ORNL 107 80 0. 464 3 62
81 0. 464 17b 116 82 0. 464 3 62
83 0. 464 ORNL 107 84 0. 464 4 54
85 0. 464 ORNL 107 86 0. 464 3 62
87 0. 464 15 116 88 0. 464 6b 85
89 0. 464 ORNL 107 90 0. 464 7 59
91 0. 464 ORNL 86 92 0. 464 1 114




Table 6. Experiment HRB-15b, tray size (in.) and
particle loadings for subassembly 15b-3

Tray Fertile particles Tray Fissile particles

No. Radius b No. No. Radius 1D No.
93 0. 464 15 114 94 0. 464 1 114
95 0. 464 ORNL 107 96 0. 464 7 59
97 0. 464 16 103 98 0. 464 6b 85
99 0. 464 ORNL 107 100 0. 464 3 61
101 0. 464 ORNL 107 102 0. 464 5 98
103 0. 464 17a 105 104 0. 464 3 62
105 0. 464 15 116 106 0. 464 3 62
107- 0.464 17a 105 108 0. 464 3 62
109 0. 464 ORNL 107 110 . 0.464 3 62
111 0. 464 ORNL 109 112 0. 464 3 66
113 0. 464 ORNL 87 114 0. 464 8 116
115 0. 464 ORNL 110 116 0. 464 10 66
117 0. 464 16 105 118 0. 464 12 105
119 0. 464 ORNL 114 120 0. 464 6a 98
121 0. 464 16 109 122 0. 464 6a 98
123 0. 464 ORNL 114 124 0. 464 6a 98
125 0. 464 ORNL 114 126 0. 464 6a 98
127 0. 464 17a 115 128 0. 464 6a 105
129 0. 464 ORNL 116 130 0. 464 6a 105
131 0. 464 15 116 132 0. 464 6a 105
133 0. 464 ORNL 116 134 0. 464 6a 105
135 0. 464 ORNL 116 136 0. 464- 6a 112
137 0. 464 16 116 138 0. 464 6a 112

Table 7. Experiment HRB-15b, tray size (in.) and
particle loadings for subassembly 15b=-4

Tray Fertile particles Tray Fissile particles
No. Radius ID No. No. Radius In No.
139 0. 458 ORNL 70 140 0.458 1 "116
141 0.458 17a 90 142 0. 458 3 62
143 0. 458 ORNL 70 144 0. 458 1 116
145 0.458 15 116 146 0.458 3 62
147 0.458 ORNL 99 148 0. 458 5 108
149 0. 458 ORNL 99 150 0.458 2 55
151 0. 458 ORNL 99 152 0.458 4 60
153 0.458 16 95 154 0. 458 13¢ 94
155 0. 454 ORNL 107 156 0. 454 13a 103
157 0.454 ORNL 107 158 0. 454 14 72
159 0. 454 ORNL 107 160 0. 454 4 66
161 0.454 17a 105 162 0. 454 6c 104
163 0.448 15 116 164 0. 448 6c 103
165 0. 448 ORNL 99 166 0. 448 7 69
167 0. 448 16 95 168 0. 448 4 63
169 0.448 ORNL 99 170 0. 448 6b 99
171 0. 448 ORNL 100 172 *  0.448 7 75
173 0.448 ORNL 93 174 0. 448 5 116
175 0. 448 17a 91 176 0. 448 6b 101
177 0.448 ORNL 93 178 0. 448 7 70
179 0,448 ORNL 93 180 0. 448 9 59
181 0. 448 15 116 182 0. 448 13b 100

183  0.448 ORNL 93 184 0. 448 O T 64




dispersed heat source contributed by one tray of fertile particles and one
tray of fissile particles. The graphite trays and the stainless steel
vessels expand with increasing temperature; thus, thermal expansion was
included in the heat transfer model. Thermal conductivities of the
graphite trays, the stainless vessels, and the gas in the gaps (i.e.,
helium, neon, or helium-neon mixtures) are temperature dependent. Ther-
mal conductivity of graphite is also affected by neutron damage. Tem-—
perature and neutron fluence effects on thermal conductivity were in-
cluded in the thermal analysis computer program. The thermal analysis
program is discussed in Appendix A, Sect. A.l, and the thermal properties
of materials are listed in Appendix A, Sect. A.2. The Poco graphite
trays also "grow” as a function of fast neutron damage. Dimensional
change of the trays attributable to graphite "growth" (discussed in Ap-
pendix A, Sect. A.3) was also incorporated into the thermal analysis
program.

The heat source in the stainless steel vessels results from nuclear
(primarily gamma ray) heating in the metal. Part of the heat source in
the specimen region is contributed by nuclear heating in graphite. Nu-
clear heating varies as a function of both axial position and time into
each reactor cycle. (See Appendix A, Sect. A.4, for data on nuclear heat-
ing in both graphite and stainless steel.) Nuclear fission in the kernel
of the particles in each tray contributes the remaining part of the heat
source in the specimen region. Fission power (watts) per particle resulted

from fuel depletion calculations, discussed in the next section.

FUEL DEPLETION

To calculate fuel depletion, fissile particles were reclassified
into seven types according to initial amounts of fissile material con-
tained in the kernel. Data for each particle type, cross referenced to
test plan designation, are shown in Table 8. The two quantities of inter-
est are the fission power (watts) per particle and the fuel burnup in
units of fissions per initial heavy metal atom (FIMA).

To calculate the aboﬁe quantities, solutions for nuclide concentra-

tion (atoms per barn—cm) must first be obtained for each nuclide of .
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Table 8., Particle classification for
fuel depletion study .

Test plan Kernal loading,
Type  designation Kernel material mg (U/Th)
Fissile particles
I 1, 8 (Th,U)03 0.111/0.109
11 2, 9 Uco (0/U = 0.5) 0.258/0
111 4, 11 uco (0/U = 1.5)  0.237/0
IV 3, 10 uco (o/u = 1.0) 0.207/0
v 7, 14 uca 0.216/0
VI 5, 12 U0, ' 0.130/0
VII 6abc, 13abc U0y 0.150/0
Fertile particles
I 17b ThO, 0/0.412
II 15 . ThoO, 0/0. 430
111 17a ThO, 0/0. 590
1V 16 ThO, 0/0. 600
v ORNL ThO2 0/0.575

interest shown in the chain description (Fig. 1). With the exception of
the mixed-oxide particles, the fissile particles did not'con;ain thorium;
thus, the nuclides to the left of 2357 in Fig. 1 would not be a part of
the chaln description for those type particles. Each depletion case con-
siders a single particle at a specified axial position and obtains solu-
tions for the nuclide concentration as a function of exposure time. A.
series of cases were run at several (24) axial positions for each parti-
cle classification listed in Table 8. These calculations were performed
with the CACA-2 code! (with some modification).

The system of ordinary differential equations of the form

dN(t)
dt

= f(t,N) ,

are solved in CACA-2 by using numerical integration formulas. The pro-
cedure is based on the self-starting Runge-Kutta method.2 For a particu-

lar isotope, the rate of change in nuclide concentration (3N/3t) depends
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Nuclide Half-Life
233p, 27 days
234pa  6.67 hr
237y 6.75 days

232
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Fig. l. Heavy nuclide chain description.
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on its rate of production by radiative capture and/or beta decay minus
its loss rate attributable to fission and/or radiative capture and/or

beta decay — symbolically represented above by f(t,N). The principle

behind the Runge-Kutta formulas? is to develop an integration formula for

the differential equation above of the form

Ny = Ny +h D agf(ey,Ng)
1

where the aj, t{, and Njy are chosen to make the integration formula
agree with the Taylor series expansion of N(t) to some order. The

fourth-order integration formulas are as follows:

N2+1 = N2 + (h/6)(K1 + 2K2 + 2K3 + Kq) >

where

N Kl = f(tl’Nl)’

K2 = f[tl + (h/Z)) Nl + (K1/2)19 » B
Ky = flt, + (h/2), N+ (K,/2)], :
K, = f(t2 + h, N2 +Ky). v

Thé 2's in the above equation are time indices. The length of each time
step h is 6 hr in CACA-2.

Once the nuclide concentrations have been computed, then fuel burnup
and ﬁower per particle can be evaluated. The code maintains a file on
cumulative fissions per unit volume of fuel so that fuel burnup can be

evaluated from the following equation:

FIMA(T,z) = E I:[T ¢(t,z) oe(J) N(J,t,z) dt]/|:102'+ EN(k,o,z)] .
J t=0 . k

As seen from the above equation, fuel burnup (FIMA) is the time-
integrated fission rate (fission per cubic centimeter) per atom density
(atoms per cubic centimeter) of preirradiation heavy nuclides in the par- ‘

ticle kernel N(k,0,z). Heavy nuclides are defined as the isotopes 232Th,
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U, and 238y, TFission rate for fuel at axial position z is the product
of the space-time-dependent total neutron flux ¢(t,z), the weighted fis-
sion cross sections 0¢(J), and nuclide concentration N(J,t,z) for eachb
fissionable nuclide J. The isotopes 232Th, 23%pa, 233y, 235y, 238y,

238 239Pu, and 2*1Pu constitute the 1ist of fissionable nuclides.

Np,
Fission power per particle P(i,T,z) is the product of a constant,
the kernel volume V(i), and the fission rate occurring in the kernel at

time T,
P(1,T,2) = (2.884 x 10711y v(1) 2¢(T,z) 0. (J) N(J,T,2) .

The index i in the above equation relates to particle classi-
fication, that is, each particle type shown in Table 8. The quantity
2.884 x 10-11 g per fission is based on the assumption that the useful
energy release per fission locally within the specimen region will be
180 MeV per fission.

At the end of the third cycle of operation, the experiment was re-
positioned in the facility (axially moved) so that a fuel particle, which
had been irradiated at axial position z, thereafter would be exposed to a
different flux mégnitude characteristic of the new position z + Az. The
nuclide concentrétions at the end of the third cycle were saved and

used for restarting each case. As can be seen from the equation above

for fission power per particle, if ¢(T,z) were changed to ¢(T,z + Az),

that calculation would be continued properly. The saved nuclide concen-
trations would begin depleting at rates characteristic of ¢(T,z + Az),
which is also a proper continuation. Fuel burnup had to be treated as a
two-part problem; that is, the numerator of the burnup equation now be-
comes the sum of‘two integrals, with the first integral reflecting fis-
sion réte (at position z) during the first three cycles of operation and
the second integral reflecting the change in fission rate at the new
position (z + Az) during subsequent cycles.

One-group microscopic cross sections3 used to calculate fuel de-
pletion are shown iﬁ Table 9. The values in parentheses were results

from sensitivity studies with previous rod-type HRB experiments. The
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Table 9. One-group microscopic
cross section (barn)

Nuclide Capture Fission
2327y . 3,96 (2.77) 0.008 (0.006)
233p, 32.2
234py 150.0 1500.0
233y 16.1 151.0
234y 40.1
235y 27.9 144.0
236y 10.2
237y 110.0 .
238y 8.44 (5.908) 0.033 (0.023)
237Np 65.6 ,
238yp 13.0 570.0
239yp 8.3
238py 130.0
239py 142.0 281.0
240py 287.0
24lpy 109.0 239.0
242py 36.5

cross sections not in parentheses were found to be more realistic for

the very dilute HRB-15b experimqnt.

PROCEDURE FOR COMPUTING PARTICLE LOADINGS

At this stage of the calculation, the time-dependent fission power
(watts) per single particle is known for each particle classification at
24 discrete axial positions over the length of fhe experiment. For exam-—
ple, the data in Fig. 2 1llustrate the fission power per particle during
the irradiation history for one type of U0, fissile particle (type VI,
Table 8) and one type of fertile particle (type V, Table 8) if positioned
near the extremity of the experiment. As stated previously, HFIR control
rods are located between the experiment and the reactor core. The rods
are more properly described as "plates” or as two concentric cylinders,
with the smaller diameter cylinderAmoving toward the bottom of the core

and the larger diameter cylinder moving toward the top of the core during

Ca
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each reactor cycle. The neutron absorbers in the control plates (cylin-
ders) therefore are moved progressively in a direction from reactor hori-
zontal midplane (HMP) at beginning of cycle (BOC) toward each extremity
of the core during the cycle. Each piecewise discontinuous curve in

Fig. 2 shows the variation in fission power per particle during each re-
actor cycle. There are ~21 full power days per reactor cycle.

In developing the equation for computing particle loadings, the fol-
lowing must be considered.

l. There is a significant difference in the amount of fissile mate-
rial in the kernel of the various type fissile particles. The various
types of fertile particles also contain different initial amounts of THOZ
in the kernel. The type of fissile particle and the type of fertile par-
ticle to be loaded into each tray is specified.

2. The power per parficle is both position and time dependent; that
is, the shape and magnitude of the power per particle shown in Fig. 2 is
différent at other axial positions for the same type particle;

3. The magnitude of nuclear heating in both graphite and stainless
steel is a function of both axial position and time into a reactor cycle.
(See Figs. A.2 and A.3 of Appendix A, Sect. A.4.)

4. The temperature of the particles can be controlled only by'vary—
ing the composition of the gas in the gap between the stack of trays (all
184) and the primary vessel. - .

5. The gap may be the same over several trays but must become pro-
gressively wider from HMP fo each extremity of the experiment. A pattern
of narrow gap—wide gap—narrow gap should be avoided.

6. The maximum number of particles that can be loaded into any tray
is 116. It was desirable that the minimum number of particles per tray
not be less than about 60.

7. The heat source in the specimen region has been modeled by con-
tributions from tray pairs, that is, from a tray of fertile particles
plus an adjacent tray of fissile particles.

Because of HFIR control rod management, a flat axial temperature
profile in the specimen region cannot be maintained throughout the cycle.

The trays, however, can be loaded so that at two points in time (during
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the history of the experiment) the ratio of power per tray pair can be
made constant; that is, for each tray pair, the trays can be loaded to

obtain a common value for the constant ¢ in the following equation:

(N1Py12) + (N2Ppp)
N3Py ;) + (N2Ppy)

In the above equafion, Ny is the number of fissile particles in a
tray, and Ny 1is the number of fertile particles in the adjacent tray.
The denominator is the power per tray pailr early in the history of the ex-
periment; we chose the beginning of fuel lifetime (BOL), that is, shortly
after the initial start-up. The numerator is the power per tray pair
later in the history of the experiment — the middle of cycle 7 was cho-
sen. Therefore, Py) is the power per fissile particle at BOL, and P;5 is
the power per fiséile particle at middle of cycle 7. Likewise, P2} and
Po2 are power per fertile particle at BOL and midcycle 7, respectively.
Maximizing the value for c.in the above equation is advantageous. The
highest value possible for c¢ will reduce the likelihood of using argon
sweep gas and having to cope with “1A activities. Helium and mixtures of
helium and neon were preferred. A value of 0.5 for ¢ was adequate.

A more useful form of the above equation is expressed in terms of
the ratio of the number of fertile particles to the number of fissile

particles R, for each tray pair, that is,

R = (cPy; — P13)/(Pyp — cP2i)

Let M be defined as the minimum number of particles to be loaded in a
tray (i.e., M ~60 from constraint No. 6 above). For any tray pair
loading to be acceptable implies that R must lie within the following

range:
(M/116) < R < (116/M) .

Note that R depends on the power per particle at two. points in time
and the choice for the constant c. The power per particle depends on the
type of particle to be loaded into each tray and the axial position of

that tray in the experiment. The type of particles to go into each of
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thé 184 trays was specified, along with a desired minimum number of par-
ticles to be loaded into a tray. The value for the constant c, of
course, will be the same for each of the 92 tray pairs. Thus, the larg-
est value for ¢ must be found so that R is always within acceptable range
for the type of particles to be loaded in each tray pair.

If R = 1.0, then 116 fertile particles and 116 fissile particles
could be loaded in the tray pair. If R < 1.0, then only the tray con-
taining fissile particles could be filled; R > 1.0 implies that only the
tray containing fertile particles could be filled. The more particles
loaded into a tray pair, the higher the fission power per tray pair will
be. Thus, if one or the other (or both) of the trays are filled, then
maximum fission power per tray pair is achieved. The range on R for an
acceptable loading also implies that both of the trays may be only par-
tially filled. For examplé, if R > 1.0, there can be M (about 60) fis-
sile particles per tray and somewhat more (the product MR) fertile'par—.
ticles (M < MR £ 116) in an adjacent tray. Thus, the fission power per
tray pair for acceptable loadings can range from some minimum power to
some maximum power.

If one point in time is selected (e.g., BOL) and the maximum fission
power per tray pair is tabulated, along with the minimum fission power
per tray pair, then when the contribution from nuclear heating in each
tray pair is included, the range of the heat source in the specimen
region at each axial position will have been defined, at one time in the
history of the experiment, for all acceptable particle loadings. Knowing
the range of heat source as a function of axial position, then the gap
thickness must be specified (i.e., tray outside_diameters) to give the
desired axial temperature profile; that is, at the axial position of
each tray pair, there will be some "best compromise"” fission power per
tray pair, P*, and some tray diameter that will give the desired axial
temperature profile in the specimen region. The magnitude of P* must
lie somewhere between the maximum and the minimum fission power per tfay
pair. The tray diameters were selected so that there is a stepwise in-
creasing gap from the middle of the experiment to each extremity. Once
P* was determined, then the final particle loadings were computed. A sum~

mary of expressions applicable to particle loading is'given in Table 10.
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Table 10. Summary of expressions for particle loading
Range of particles per tray
Maximum No. ‘Minimum No.
Expression Fertile Fissile Fertile Fissile
R > 1.0 116 116/R MR M
R < 1.0 116R 116 M M/R

v Range of fission power per tray pair

Expression Maximum power
R> 1.0 [(Py;/R) + Ppy]116
R < 1.0 [Pll + (RP21)1116

Minimum power

'[Pll + (RPZl)]M
[(PII/R) + P21]M

Number of particles loaded per tray

Expression Fertile
R > 1.0 RP*/[P; + (RP3)]
R < 1.0 RP*/[P1) + (P;/R)]

Fissile

P*/[Py; + (RPy;)]
P*/[P)) + (Py;/R)]

Once the loadings were computed,
placed in-reactor, several additional
pose of these calculations was to (1)

files at various times during a cycle

but before the experiment was
thermal cases were run. The pur-—
check the computed temperature pro-

and over the expected irradiation

‘history (many cycles); (2) check the sensitivity of computed temperatures

to uncertainties in basic thermal data, such as thermal conductivity,

surface emissivity, and coefficient of linear expansion; and (3) include

graphite growth in the model (see Appendix A, Sect. A.3) and test the ef-

fect of graphite growth on temperature control.

The maximum tray diame-

ter (23.57 mm) was established from consideration of anticipated graphite

growth during the history of the experiment.

Results of these additional
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calculations confirmed that the loadings selected would meet the various

requirements.

MODELS FOR COMPUTING PARTICLE SURFACE TEMPERATURES

One of the requirements on temperatures was that the maximum parti-
cle surface temperature should not exceed 1000°C for any particle in the
experiment. The one-dimensional (1-D) cylindrical model can be used for-
predicting the centerline temperature and also the surface temperatures
at the inside and outside surfaces of the secondary vessel, the primary
vessel, and the tray.

Loose particles are resting in drilled holes in the trays. There-
fore, a method was needed to estimate temperature differences from tray
to particle surface. If we assume that the particles "float"” in the
drilled holes, then an equivalent 1-D spherical model can be used to es-—
timate particle surface temperatures. The equations for the 1-D spheri-
cal model are derived in Appendix A, Sect. A.l. An equivalent volume
spherical annulus surrounding a particle does not adequately represent
the actual particle resting in the tray and tends to overpredict AT (tray
to particle surface). Alternatively, mul tidimensional models were con-
sidered, and .the HEATING code* was used for calculating particle surface
temperatures. The results for maximum particle surface temperature from
a series of such calculations could then be correlated as functions of
particle power P, tray mean temperature T; and gas composition. For ex-
ample, if helium gas surrounds the 800-um particle, maximum AT (tray to

particle surface) can be 6btained from the following equation:
AT(max) = P[2915.7387 — T]/19.1415 .

If P = 1.32 W per particle and T = 800°C, AT from the above ex-
pression is 146°C. For the same problem, the eqhivalent 1-D spherical
model predicts average AT = 183°C. The series of cases'from the HEATING
code had not been completed by the time the experiment began in-reactor
operation. Therefore, during the first cycle, results from the 1-D
spherical‘model were used to estimate particle surface temperature. Once

all the results were in for the multidimensional models, an equation of
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the form

AT =P(J,2,0) [e1 _.T[‘-(Z)]/gz

could be included in the thermal program to compute fissile particle and
fertile particle maximum surface temperatures. Of course, power per par-

ticle P 8) will depend on the type or classification of the parti-
b

cle J, iiézaxial position in the experiment z, and the time 6 that the
experiment was in-reactor. The constants g; and g, depend on the gas
composition that surrounds the particles; values for g; and go are listed
in Table 11. To be.conservative, we assumed that tray "mean"” temperature

T(z) at axial position z and the tray inside surface temperature (at the

same axial location) were identical.

Table 1l. Constants for the equation
used to compute tray to particle
surface temperatures

Mole fraction
of helium in

helium-neon g1 82

gas mixture
1.0 2915.74 19.14
0.9 2648.5 16.1
0.8 2605.0 14.8
0.7 2625.0 14,0
0.6 2666.92 13.49
0.5 2773.0 13.3
0.45 2839.6 13.3
0.4 2928.0 13.4
0.35 3010.5 13.5
0.30 3087.0 13.6
0.25 3194.7 13.8
0.20 3311.2 14.02
0.15 3448.8 14.4
0.10 3584.3 14.75
0.05 3759.0 15,25
0.0 3974.44 15.88
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TEMPERATURES, FUEL BURNUP, AND FAST NEUTRON FLUENCE

Particle loadings and tray diameters (Tables 4 through 7) were
specified so that, with helium gas in the tray to primary vessel gap, the
thermocouples near HMP indicated about 800°C early in the first cycle;
that is, the junction of each thermocouple is located at approximately

-the tray inside radius, and the computed temperatures at these radial
positions (and near HMP) were approximately 800°C. After about one day
of power operation, the thermocouple in the bottom of unit 15b-2 and
those in the top and bottom of unit 15b-3 peaked at 775, 795, and 810°C,
respectively. Agreement between computed temperatures and measured tem-—
peratures appeared to be very good in that part of the experiment. All
thermocouple readings are listed in tables of Appendix A, Sect. A.6, with
one table of data for each of the eight cycles that the éxperiment was in
the reactor. Figure 3 shows the axial temperature profile at the ‘end of
one full power day of operation. Calculated temperatures shown in the
figures result from separate 1-D heat transfer calculations. The tem-
peratures are connected by straight lines to form the axial profiles. In
each figure, one of the curves will illustrate particle surface tempera-
tures, which are the maximum particle surface temperatures as computed by
the method described in the previous section. Another curve in each fig-
ure, the one labeled tray maximum, is for computed temperatures at tray
inside radius. The tray maximum temperatures can be compared with the
measured (thermocouple) temperatures to demonstrate agreement between
computed and measured temperatures at the various axial positions over
the length of the experiment. Each symbol is drawn at the axial loca-
tion either of each of the 92 tray pairs or of each thermocouple. All
measurements are referenced to the top of the HFIR active core. Total
length of the active core is 508 mm (20 in.); thus, HMP will be at 254 mm
in each of the figures.

The axial temperature profile shown in Fig. 3 was expected to be
more symmetrical about HMP than the early results indicated. It was dis?
covered that the middle of the experiment was positioned about 0.02 m
above HMP, which is probably the primary reason for the asymmetric axial

temperature distribution. Helium sweep gas was used throughout cycle 1.
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At that time, the results from the 1-D spherical model were also used for
estimating the maximum particle surface temperatures. The particle sur-
face temperatures shown in Figs. 3 and 4 are results from recalculations
and are based on the multidimensional models described in the previous
section. The change in the shape of the curves (Fig. 3 vs Fig. &) shows
how HFIR control rod management affects temperatures in the experiment
during a reactor cycle.

| Beginning with cycle 2, mixtures of helium and neon were used to
control particle surface temperaturés. The temperatures shown in Figs. 5
and 6 are characteristic of early cycle 2 and late cycle 2 operation, re-
spectively. By the end of cycle 3 (9/13/78), a procedure and the neces-
sary parts were available for centering the experiment with respect to
reactor HMP. As illustrated by Fig. 7, axial temperature distribution

was more symmetrical about reactor HMP thereafter.

Thermal calculations were made frequently throughout the irraaiation
history of the experiment. The results from those calculations were then
used to specify the controlling thermocouple temperature, that is, to
establish the maximum thermocouple temperature so that the maximum parti-
cle surface temperature would not exceed the 1000°C limit. The data in
Fig. 6 indicate that particles in trays near the extremity of the experi-
ment have highest temperatures during the last few days of a cycle. At
other times during the cycle (Figs. 3, 5, 7, and 8), particles in trays
at other axial positions may be at highest operating temperatures. Dur-
ing the fifth cycle of operation (Fig. 8), the surface temperatures of
some of the fertile particles equaled or exceeded the surface tempera-
tures of the fissile particles. Therefore, during the last few cycles
of operation, the surface temperature of fertile particles was of primary
concern.

Fuel burnups in units of fission per initial heavy metal atom (FIMA)
are shown in Figs. -9 and 10 for the fissile and the fertile particles,
respectively (1% of fuel fissioned is ~9500 MWd/metric ton). Fuel
burnups are results from the depletion calculation as described in a pre-
vious section of this report. The burnups shown in these figures are

spacially averaged over the specimen region (radial and azimuthal), and
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the magnitudes reflect the total time that the experiment was in the re-
actor. The abscissas of the graphs are graduated in units of length
equal to the length of each unit in the experiment; For example, 0.0 to
105.6 mm corresponds to unit 15b-1. The symbols on the burnup curves
correspond to the 24 discrete axial positions of the depletion calcula-
tions and should not be interpreted to mean that trays of particles will
indeed exist at those locations. The data shown in Figs. 9 and 10 must
be used with the information on Tables 4 through 7 for extracting fuel
burnup.

Fast neutron fluence (E > 183 keV) is shown in Fig. 11 as a function
of axial position in the experiment. Fast neutron flux used to produce
the fluence curve 1s discussed in Appendix A, Sect. A.5. It is a spa-.
clally averaged flux in the specimen region (radial and azimuthal) at
discrete axial positions over the length of the experiment. Another pa-

5

rameter, the "equivalent HTGR fluence for damage in graphite,”> can be

obtained by multiplying the magnitude of the axial position—dependent
fluence in Fig. 11 by the factor 0.940.

CONCLUSIONS

The methods for computing particle loadings, the models for com-
puting temperatures, and the basic data given in this report resulted in
a design for this experiment which was very predictable; that is, the
preirradiation computed temperatures and the observed thermocouple tem—
peratures (once operation began) were in very good agreement. The flux
gradients in the HFIR removable beryllium reflector facilities are very
steep at the extremities of the experiment, butvthey are predictable. A
consistent set of data for neutron fluxes, cross sections, and thermal
properties of materials must be used. All of the necessary data that
would be required for designing another experiment of similar design to

HRB-15b have been included in this report.
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Appendix A

DATA AND CALCULATIONAL PROCEDURES

The appendix is subdivided into seven sections according to subject
matter. Two computer programs (the thermal program and the utility pro-
gram) were written specifically for experiment HRB-15b. Neither of these
programs will be published in a separate report. The fundamental theory in

each of the programs is discussed in Sects. A.l and A.7 of this appendix.

A.1 Thermal Analysis Program

The purpose of this section is to describe the heat transfer equa-
tions used in the thermal analysis computer program and to indicate the
neceésary assumptiohs required for reducing the general equations to sim-
pler forms. Numerical techniques were also used in the overall program
and are described in this section. Units for the various terms appearing
in the equations have generally been omitted; a consistent set of units,
of course, is implied. The various regions of the experiment can be mod-
eled with concentric cylinders; however, as a separate problem, there was
interest in surface temperatures of the spherical particles resting in
the drilled holes of each tray. The heat transfer equations that follow
aré developed in both the cylindrical coordinate system and the spherical
coordinate system.

The general heat conduction equation is as follows:

k V2T + G = pcaT/2e ,

where

= density of material,
= specific heét,

= thermal conductivity,
temperature,

= time,

Q @© B3 & 0 O
]

= heat generated by internal sources,

V2T = Laplacian operator.
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Assume steady state (3T/96 = 0.0) and uniform heat generation rate
(G = q, the volumetric heat rate). These assumptions reduce the general

6

equation to the Poisson® equation:

V2T =—/k .

For a cylinder of radius r, neglecting the axial gradient (3T/3z =
0.0) and the azimuthal gradient (3T/3y = 0.0) simplifies the Laplacian to

the following expression:

72 1 9 T
T=<3% ("3 )

For a sphere of radius r, neglecting the polar and the azimuthal

gradients gives

The solution for temperature rise AT across a solid cylinder of

radius rl is

2
AT = q1r1/4k1 R

where q, is the volumetric heat rate in the cylinder and kl is the ther-
mal conductivity evaluated at mean temperature. If there are n concen-
tric cylindrical annuli (n > 1) then the temperature rise across the

n'th region is

= '} —_
ATy = 7k [’%n) 1’(n-1)] T

n-l 2
A1 Uw @ | _ I (a-1)
=1 )
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The above equation 1s strictly applicable for conduction in the n'th
region having an outside radius of r(n) and inside radius of r(n—l)' The
heat transfer rate is Q, and A is the surface area through which heat must

flow.

The solution for AT across a solid sphere of radius r is

T = qlrf/6k1 ,

and for n concentric spheriéal annuli (n > 1), AT for the n'th region is

as follows:

q 1 r —-r
Y [, (1) ~ "(a-1)
AT = | T —-r +
(n) 6k<n)[‘“)- ‘“'”] %) | T a-1)

n-1

) Z %) | _ b
A ' 3 *
(m)

m=1

The above equations 1llustrate the difference in conductive heat
transfer for spheres and 1-D cylinders.

Some of the transparent reglons, such as the gas gaps, will trans-
port part of the heat by conduction Qc and the remainder by radiation Qr.
Convection should be negligible and was ignored. 1If the n'th region was
transparent (n > 1), the heat balance equation would be

Qr + Q¢ = Q .
m=] (m?
The rate of heat transfer by conduction across a cylindrical annu-

lus, with no internal heat generation, is

Qe = [k AT A 31/ {r )y An [Ty T (n-1y} -
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The rate of heat transfer by conduction across a spherical annulus,

also with no internal heat generation, is

Q = [k(n)AT(n)A(n-l)r(n)]/{r(n-l)[r(n) =Tl

The radiative heat transfer rate for both concentric cylinders and

concentric spheres 1is

Qr = 0.1714 FA(n_l){[T(n_l)/mol" - [T(n)/mol"} .

We call the factor F a "shape" factor. 1In the literature, F has also.
been called the geometric, view, or angle factor. For concentric cylin-
ders and concentric spheres,7 F is a function of emissivity € and sur-

face area.
F = 1/[1/€(n_1) + n(1/e(n) -1)] .

For cylinders,

n = r(n—l)/r(n) .

For spheres,

= 2
"= e/ Tyl

Temperature~dependent thermal conductivity appearing in the conduc-

tion equations has been expressed in polynomial form:

N
_ =1
Kn) ~ Eo c(1){M" -

Coefficients c(i) for polynomials of degree N are generated from
basic thermal conductivity data by the utility program (see Sect. A.7).
Values for k(n) in the above equation are based on the arithmetic mean
temperature (T) of the annulus. Temperature rise AT across any reglion
depends on k, and k depends on the inside aﬁd outside surface tempera-

tures of that region; thus, an iterative procedure was required. First
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estimate for k was based on a known outside surface temperature for the
region, then AT across the region was computed using that estimate for k.
Thermal conductivity was reevaluated based on the first estimate for mean
temperature of the annulus before repeating the process. Five iterations
were considefed adequate to obtain converged temperatures. These are de-
fined as the "inner” iterations.

Once the temperatures have been computed for each regibnal surface
of the model, the radii are then corrected for thermal expansion., Sur-
face temperatures are then recomputed based on new estimates for the
radii. These are the "outer” iterationms.

Thermal expansion coefficient, q, for the material in each region

was calculated from the following equation:
a= By + BT «

The expansion coefficients are the average from 70°F to T; where T is the
region mean temperature. Values for the constants g, and g, must be sup-
plied to the code as input data.

The estimate for radii for the (J + 1) outer iteration is based on
radii from the previous iterafion (J) as indicated by the following ex—
pression:

+y {r [1 + a(T — 70)] —-r(J)} .

T+ T T
The radius r is the "cold" (70°F) radius, and Yy is a relaxation
factor. A value of one~third was satisfactory for y. Eight outer it-

erations were maximum.

The thermal code treats temperature dependence of thermal conduc-
tivity (inner iterations) and thermal expansion of solid materials (outer
iterations). The procedures are the same as used in the GENGTC8 code.
The thermal program was, in fact, an outgrowth from GENGTC and, as in
GENGTC heat transfer from the secondary vessel to reactor coolant, is

evaluated by the following expression:

Ts = Te + (Q/hA) .
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Ts is the outside surface temﬁerature of the'secondary vessel; Tw is the
bulk temperature of the reactor coolant (water) flowing in the annulus
external to the secondary vessel (assumed to be 130°F). The convective
heat transfer coefficient h was assumed to be 3490 Btu/hreft2.°F for the
experiment in the RB-5 facility. Total heat ioad'Q and external surface
area A are each per unit length of experiment. See Sect. A.2 for discus~
sion of thermal properties of the materials in the experiment. Graphite

growth was also included in the thermal model. See Sect. A.3 for details.

A.2 Properties — Emissivity, Thermal Conductivity,
Coefficient of Expansion, and Density for
Materials in Experiment HRB-15b

The purpose of this section is to document the density and thermal
properties of the materials in the experiment, that is, to list the
values that were used in the thermal program.

Surface emissivity was required for both graphite and stainless
steel in computing radiative heat transport. Values of 0.9 for graphite
and 0.7 for stainless steel were assumed.

Coefficient of linear expansion was required to compute hot dimen-
sions for the center spine (graphite), graphite trays, and the stainless
steel primary and secondary vessels. Consistent with the equation for
the expansion coefficient described in Sect. A.l, the constants are as

follows:

a
Material B B2

Stainless steel 8.9 0.0013
Graphite 4.7 0.0

a

The constants are appli-
cable if temperatures are de-
grees Fahrenheit.

Density of materials was used in computing heat sources from nuclear
heating; see Sect. A.4 for a discussion of nuclear heating in graphite

and stainless steel. Allowing'for the penetrations in the graphite parts,
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the effective room temperature density for graphite was 1l.555 g/cm3. A
value of 7.98 g/cm3 was used for stainless steel (at room temperature).

The true temperature-dependent thermal conductivity9 for the graph-
ite trays must be adjusted to account for the holes or penetrations in the
trays and for radiation damage. Accounting for the drilled holes in the
trays ylelds an effective k that is about 60% of the true graphite thermal
conductivity. Effective k was determined from a separate 3-D mock-up of a
single graphite tray. Fortunately, the effective conductivity was rela-
tively insensitive to temperature change over the range of expected tray
operating temperatures (700 to 950°C) and could be assumed temperature
independent.

Effective tray (graphite) thermal conductivity used in the thermal

analysis program is as follows:

Time k (Btu/hrefte°F)
Boc-1% 17. 14
Midcycle 2 11.18
Cycles 3+ 10.28

%B0c~1 = beginning of
cycle No. 1.

Thermal conductivity for the stainless steel vessels? was assumed
to have a linear temperature dependence; k was computed from the following

equation for the 300 series stainless:

k,. \ = 8.5 + 0.00417t ,

(t)

where t is the arithmetic mean temperature of the vessel in degrees
Fahrenheit, and k is in units of Btu/hre-ft-°F.

Helium, neon, and mixtures of helium and neon were used as sweep gas
and for particle temperatufe control. Temperature-dependent thermal con-
ductivity for the binary gas mixture was computed by the method described
in Sect. A.7 on the utility program. For a specific gas mixture, thermal
conductivity as a function of temperature (degrees Fahrenheit) could be

represented by second-degree polynomials, that is, computed from equations
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of the form

k, .\ = Ag + Ajt + Ay(t)2 .

(t)

The coefficients Ay, A}, and Ap are listed in Table A.l. Each set of
coefficients is applicable to a specific helium-neon gas mixture as indi-

cated in the table.

Table A.1l. Data for equation used to compute temperature-dependent
thermal conductivity for mixtures of helium and neon

MOLE-FRAC TION eeceecse CUEFFICIENTS sovecosces

OF HE IN MIX. Al Al A2
1.0 0.81361&-01 0.88220c-04% -0.16000£-08
Ne9 DeT3T46E-01 0.7936uE-04 ~-0.180005-08
Je 81 0.67026E-U1 UeT1230E-V4 -0.18000%-08
D75 0.60950E-01 0.63369E~-04 =0.17296c-908
Deb} 0.54301E-01 Ue59440E-04 -0.24000z-08
De57 Oe 49621E-01 0.50930£-04 -0.17000£-08
Ne45 0.46953E-01 0.48036E-04 ~0.169455-08
Ueé’ 7e44979E-01 Je4510JE-04 ~0.16000£-28
De 35 0. 42040E-01 O«43065E-04 -0.17120E-08
fe32 0.40256E-01 U«40320E~04 -0.1630002~-08
Je 25 De37496E-01 Ue38445c-04 -0.16992:£-08
De20 De36196E-C1 Ve 35250E~04 -0.15000z-08
Del5 0.33281E-01 Ue34143E-Da -0.16630=~-08
Oe li 0.32381E-01 0306T70E-04 -0.13000£-08
0eD5 029360E-0V1 0¢30127E-04 -0.16088t-08
De U 0.28211E-91 Ve2705uE-04 -0.13000£-08

A.3 Graphite Growth

The Poco graphite (AFX-9Q) trays will "grow" as a function of fast

neutron fluence and perhaps also as a function of temperature.

Neglect~-

ing temperature effects and normalizing the axial position-dependent fast

neutron fluence (y) to 1.0 x 102! neutrons/cm2, that is,

v(z) = f dtfm 6(E,z)dE| /(1.0 x 1021) ,
time E=0. 18 MeV :
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allowed us to compute the ratio of tray radius r* after exposure relative
to the initial (unirradiated) tray radius r, from the following ex-—

pression:
- ' 2 3 Y '
thrg = 10+ lagb,y *a¥,y T agllyy tav,l e

The coefficients!® are as follows:

a, = 6.69103E-03,
a, = 9.14204E-04,
a3 = —4.06037E-04,

Neutron flux ¢(E,z) is discussed in Sect. A.5.

Graphite growth was assumed to be isotropié, that is, not preferen-
tial in any particuiar direction. Growth can be properly accounted for
in the 1-D cylindrical heat transfer model by correcting both the radius
of the graphite components, r = ro(r*/r,), and the graphite density,

p = po/(r*/ro)3. Thermal expansion was treated as an additional effect
on tray physical dimensions.

The factor f was included in the growth equation as a means for nor-
malizing the expression to the "true” growth. There will be some unique

value for the gross correction (f) which minimizes the deviation between

the eight measured (thermocouple) temperatures apd the corresponding com-
puted temperatures. The thermocouple temperatures are listed in Sect.
A.6. The justification for including f in the equation is: (1) graphite
growth may be a function of temperature as well as a function of fast
neutron fluence, and, if true, the equation (when f = 1) could be repre-
sentative of graphite growth at specimen temperatures other than the
actual graphite operating temperatures in the experiment; and (2) the
growth equation also may be somewhat sensitive to the type or grade of
graphite subjected to irradiation. The value for f was determined only
from thermocouple readings taken during the time the experiment was
operated with 100% helium sweep gas. The reason for this is that
temperature-dependent thermal conductivty for helium gas appears to be
well known, whereas there may be some uncertainty in thermal conduc-

tivity for mixtures of helium and neon.



44

During the operating history of the experiment, a control plot simi-
lar to that shown in Fig. A.l was maintained for graphite growth. The
data shown in Fig. A.1l are applicable to the trays in the Vicinity of
reactor horizontal midplane (HMP). Radius ratios predicted by the equa-
tion (with f = 1.0) are compared with radius ratios (labeled, "best fit
to Exp.") which would be required to obtain agreement between calculated
temperatures and measured temperatures. During first cycle operation
(fluence < 1.0 x 1021 neutrons/cm?), we could obtain agreement between
calculated and measured temperatures only if graphite growth were assumed
to be essentially zero. Tray average temperatures during the first cycle
were, at most, about 775°C. Starting with the second cycle, tray average
temperatures were increased about 75°C in the trays around HMP. As can
be seen by the data in Fig. A.l, a sudden and significant increase in
radius ratio was required to produce agreement between calculated and

measured temperatures.

Finally, although computed temperatures for experiment HRB-15b were
very sensitive to gap thickness, we cannot guarantee that the "Best fitc"
trend in radius ratio shown in Fig. A.1l is nécessarily correcte The fol-
lowing assumptions were made: (1) the coefficient of expansion for
graphite (Sect. A.2) is unaffected by irradiafion; howeﬁer, it may not
be; (2) the specimen trays are always perfectly centered with respect to
the primary vessel inner wall; this also may not be true; (3) the shape
of the trays remained perfect circles throughout the irradiation hisfory;
neutron gradients across the experiment may create a noncircular geomefry
with increased exposure which might affect calculated temperatures; and
(4) the thermocouple readings were always correct, that is, that the
eight type k Chromel=-Alumel thermocouples are stable and did not decali-

brate during the time the experiment resided in-reactor.

On. the positive side, there is at least a bit of evidencell,12 that,
at moderate temperatures, high-density graphite can be dimensionally

quite stable (see the curve labeled "Pitner” in Fig. A.l).
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A.4 Nuclear Heating in Graphite and Stainless Steel

Basic data for nuclear heating in both graphite and stainless steel
were obtained from the literature.}3 It was our understanding that the
data were experimentally determined from calorimeters placed in the
HFIR-RB facilities. A reasonable assumption is that the integral mea-
surements would include neutron scattering, as well as beta-gamma inter-
actions with matter, and, thus, the quantity is defined as nuclear heat-
ing. The product of three terms — nuclear heating in a particular
material (watts per gram), the effective density of that material in a
particular region of the experiment (grams per cubic centimeter), and the
regional volume (cubic centimeter) — yields a regional heat source that
is independent of the fissions occurring in the particle kernels. The
above heat source would be present even if the trays were empty.

The magnitude of nuclear heating in both graphite and stainless steel
from the literature comprises the data base. For use in the thermal pro-
gram, it was necessary to compute watts per gram of graphite (or watts per
gram of stainless steel) as a function of both axial position aﬁd time
into each cycle. We chose to subdivide cycle time into increments of one
full power day. Using the method of least squares (Sect. A.7), magnitude
of nuclear heating vs axial position at some discrete time into the cycle
could be expresed by analytical functions. Good fits to the basic data
were obtained with polynomials of fourth degree. At a particular time t
full power days into each cycle, nuclear heating in graphite (or stain-
less steel) at some axial position z can be expressed by equations of the

following form: .

4
P(t,z) = :E: a(t,k)zg ,
2=0

where a(t,2) is the £'th coefficient for the polynomial and P(t,z) is
watts per gram of graphite (or watts per gram of stainless steel) at times
t and z inches from the top of the active core. The coefficients (i.e.,

the a's in the above equation) for graphite and stainless steel are given
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in Tables A.2 and A.3, respectively. The coefficients, of course, re-
sulted from statistical analysis of the basic data.

The above equation was programmed in our thermal code for use in com-
puting nuclear heating in both the graphite trays and the stainless steel
vessels. We found that the method (and the coefficients) described in
this section gave good results for nuclear heating in both the graphite
trays and the stainless steel vessels at all times during the irradiation
“history of the experiment. ' '

Results for nuclear heating in graphite as a function of distance
from the top of the active reactor core are shown in Fig. A.2.

The curves in Fig. A.2 also 11lustrate the change in magnitude (watts
per gram of graphite) during a typical reactor cycle, that is, from begin-
ning of cycle (BOC) to end of cycle (EOC) (~21 full power days). Similar
results for nuclear heating in stainless steel are shown in Fig. A.3.

Note that the peak nuclear heating tends to occur slightly above the re-
actor HMP (HMP = 254 mm).

A.5 Neutron Fluxes

Fast neutron flux (E > 183 KeV) in units of neutrons per square cen-
timeter per second at Z inches from the top of HFIR active core can be

evaluated from the following equation:

4

$(2) = f $(E,2)dE = Y c()z' .
E>0.18 MeV 0.18 MeV 2=0

The coefficients are as follows:

c(0) = 1.83215 x 1014,
c(l) = 3.84547 x 1014,
c(2) = 3.04433 x 1012,
c(3) = —5.43494 x 1011,
c(4) = 1.44914 x 1010,

Coefficients for the above equation were generated by the utility
program (Sect. A.7). Data for magnitude of axilal position-dependent fast
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Time-dependent axial nuclear heating for
graphite in HFIR RB-5 facility

TIME INTO CYCLE
(FULL POWZIR DAYS)

AN

teseeeeaneCOCFFICIENTS FUR THE EQUATIONSesoeceosse

Al

52

A3

A4

e
l.
2.
3.
4.
Se
be
7.
de
e
lLra
11.
t2.
13,
le.
15.
16.
17.

18.

19.
23
2l.
22,
23.

Te 7477
T.:5593E
7.12285¢E
T7.157927E
7.19414E
Te23148E
Te27TINTE
7.30965E
T.34T701E
T.34541F
7.38870c
T.42838E
‘T«4BTBTE
TeH2611F
7 «54014E
T«27647E
T.63561¢
7.65653E
7.09644F
7.74551F
7.79995F

00
o)
0J
20
00
09
09
'N]
)
0N

7.82096E 00

T.86476EF
Te94915E

20 71373c~-01
3.1li348€-11
3432297c-21
3.63340:-91
3.8%62.e-)1
3.909171€-D1
4.35805t~31
4.44351E-01
4.90839e-71
5435706E-J1
5.600611t~-01
6. "99c6E~-11
6.16469E-)1
6.63385c=01
T.22404E-)1
T.725593E-01
8. Y9396E-21
8.54349t-01
9. 4246E~)1
9.6571l6t-71
ledl6o3e DY
1.79917¢ W
lsl6544t 00
l.206i3k 90

2.03357€-01
l+9947E-01
1.99363E~V1
l.94>85€-01
le92¢297€E-01
l.94 32€-v1
ledb 07E-J1
ls 88274E-01
le77. 27E-01
1L.69767E-01
l.64367E-01
l.52 21E-01
1.51782E-01
le.4J4{9E-01
1e266:0)E-CU1
ls14385E-01
l.e24537E-01
9. 31l044E-02
7.93378E-02
b.lu24e7E-02
4.59.03E-02
2.43523E-02
3.99346E-03
~l.14764E-02

~2.25936t-02
~2.24453E-92
-2.24779€-02
-2.27875E-92
-2.18688E-02
~2.21895E-02
-2.14795%-02
~2.187992-352
-2.079415-92
-2.13441:-02
-1.99821E-v2
-1.8%339E-22
-1.,84221lc-.42
-l.72381¢-02
-1.677T713E~-12
=1+57915z-u2
~le44654<-02
-1.39993€-72
-1.24099c-42
-l.11586c-)2
-9.8.293E-03
~Te9T2E-03
~6.,07646t~-13
-4.542427-03

5.91907E-04
5.84365E-04
5.82976E-24
5.71366E-04
5.02584E-04
5.75238F-04
5¢53455E~04
5.6858dc-04
5. 35544L-04
5.26911E-4
5.19171E-04
4. 84490E-04
4.90395E~14
4.064892E-04
4.33387€-2¢
4.J8827E-04
3.87245E~04
3.61495E-0¢
3.30436E-04
2484542034
2.47083E-04
1.98559E-04
le4433)E-04
9.77415E-05

Table A. 3.

Time—-dependent axial nuclear heating for

stainless steel in HFIR RB-5 facility

T1IME INTG CYCLE
(FULL PUwcR DAYS)
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w2

A3

A4

8e33493t
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=le2u3dldut-Jl

-7.52614E="2

~le83192E-13
3.65442c-22
be7LD.4E-22
l.37621&-)1
le755«7c=-0l
2.36195E-11
246148TE~11
3,25644Lk=-031
3. 355 74E-)1
4.64303E-11
5¢73330E~11
92.85439~)1
6.35736L-11
T.lalo4t=-01
8. 14931u-)1
8.89631c~-J1
Y.65849¢=-)1
la 133958 1)
l. 13825 Ju
le2bl322E 70
l.32673E JJ
le4d41l0c 00

3J.91281E-01
3.92 3uE-vl
3.8228TE-01
3.82,55E-01
3.01727c-01
3.70425c-01
3.606 '95E-01
3¢257 43E-0U1
3.53681E-01
3.43030E-D1
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Fig. A.3. Nuclear heating in stainless steel for experiment HRB-15b
in HFIR Facility RB-5.
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neutron flux were obtained from dosimeter experiments3 irradiated in HFIR
facility RB-3. Experiment HRB-15b resided in the RB~5 facility. The two
facilités are each in the removable beryllium reflector, and each are at
the same radius from core center. Azimuthal flux symmetry is generally
assumed for the HFIR; therefore, flux data obtained in RB-3 should also be
applicable to RB-5. Fast neutron fluxes in the RB-5 facility are not sym-
metrical about reactor HMP in the axial (top to bottom) direction.!* Fast
neutron fluxes peak ~1 cm above HMP. Axial flux asymmetry is reflected in
the above equation for the fast neutron flux.

Reasons for asymmetric axial flux distribution in the RB-5 facility
can be explained with the aid of a schematic diagram for the reactor (Fig.
A.4). HBFIR is a flux trap reactor, cylindrical in shape. In the inner-
most (target) region are facilities for irradiation testing which require
the maximum flux magnitude. Surrounding the target region is the cylin-
drical reactor core. The actual core consists of two concentric cylindri-
cal sections, which, to avoid confusion, have not been shown in Fig. A.4.
External to the core are the cylindrical reactor control “plates.” The
innermost cylindrical reactor control plate moves toward the bottom of
the core as fuel depletes during the cycle. The outermost cylindrical
reactor control "plate” consists of four quadrants which can be moved
independently (but usually are moved as a group) toward the top of the
core with fuel burnout. We therefore can best describe HFIR control
plates (or control rods) as being two concentfic cylinders, one smaller
than the other, with the innermost moving toward the bottom of the core
and the outermost moving toward the top of the core as fuel depletes dur-
ing the cycle. External to the reactor control region is the beryllium
reflector. The beryllium reflector is also fabricated in two parts; the
innermost region is called the removable befyllium reflector and the
outermost region is called the permanent beryllium reflector. Facility
RB-5 is in the innermost (removable) beryllium reflector region. The
reactor is cooled (and neutrons moderated) by light water. Water is
present in the target and core and surrounds the control plates and flows

through an annulus external to the experiment in the RB-5 facility. The

. control plates have a section containing tantalum (cross-hatched in Fig.

A.4), a section containing europium oxide (shaded region in Fig. A.4), and
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Fig. A.4. Schematic diagram of HFIR to illustrate location and
management of control "rods.”

aluminum followers (unshaded region in Fig. A.4). The control poisons

(tantalum and Eu,03) are positioned approximately as shown in Fig. A.4

"at the beginning of cycle. In the upper half of the reactor, fast neu-
trons born in the core, escaping and heading toward the experiment (in

RB-5) first encounter the aluminum-water region of the inner control

plates and then the absorber region of the outer control plates before
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entering the beryllium reflectors. Mahy escaping neutrons will suffer
scattering collisions in traversing the aluminum-water section, and part
of the scattered neutrons will be returned to the core. Any neutrons re-
turned to the core can cause fission with fuel nuclei and thus increase
the source of next generation fast neutrons in that part (upper half) of
the core. Neutrons escaping the bottom half of the reactor first en-
counter the control absorbers. Most low—energy neutrons will be absorbed
and not reflected back to the core from that region. Many very high-
energy neutrons will pass through the tantalum and Eu,05 absorbers and
may suffer scattering collisions with the aluminum~water section and/or
the beryllium reflector. Some scattering events will send the neutrons
back toward the core. However, the energy-degraded neutrons must then
return through the control absorbers with a much higher probability for
absorption with the absorber atoms. Neutrons escaping the core thus have
a lower probability of being returned to the core in the bottom half of
‘the reactor than in the top half of the reactor. Therefore, the fission
rate (and source of next generation fast neutrons) will be somewhat
greater in the top half of the reactor, which helps to explain fast neu-
tron peaking above HMP in the RB-5 facility.

Low energy (E < 0.414 eV) neutrons peak slightly below HMP in the
RB-5 facility.lq With reactor control plates positioned as shown in Fig.
A.4, a large fraction of these thermal neutrons escaping the core are ab-
sorbed in the control region and do not arrive at the RB-5 facility. It
is the slowing down source which probably accounts for the asymmetric
thermal neutron distribution in the facility. Neutrons with higher en-
ergies escaping the lower half of the core have a greater probability than
thermal neutrons for penetrating the control region (inner control plates)
and may subsequently suffer scattering collisions in the aluminum-water
region of the outer control plates and in the beryllium reflector on the
way toward the RB-5 facility, thus augmenting the slow neutron flux in the
lower half of the RB-5 facility. Some of the epithermal neutrons escaping
the top half of the core are first slowed down in the aluminum-water re-
gion of the inner control plates before arriving at the strong absorber
region (outer control plates). Thus, a larger fraction of escaping epi-

thermal neutrons are subsequently absorbed in the reactor control plates
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in the top half of the reactor compared with the epithermal neutrons that
escape the bottom half of the core. Toward the end of the cyéle, axial
distribution of slow neutrons will approach symmetry about HMP in the RB-5
facility.

Most of the fissions occurring in fuel contained in the experiment
result from slow neutron fission (1.e., with neutrons whose energles are
less than a few electron volts). In a one-group model, fission rate is
the product of total neutron flux and effective (or weighted) microscopic
fission crosé section for the fissile nuclides. To account for axial flux
asymmetry, the time—éveraged total neutron flux was assumed to peak about

1 cm below HMP in the RB-5 facility.

Because of HFIR control rod management, time-averaged total neutron
flux is not adequate for computing fission rate (and fission heat source)
at all times during a cycle, especially at the extremities of the experi-
ment. To approximate the real flux-time behavior, the experimentally de-
termined time-averaged total neutron flux3 (¢total) was multiplied by
normalized time distribution functions ¥(Z,0) (Ref. 9). The préduct is
an effective flux ¢(Z,8) at a specified axial position Z and time 6 which,
when multiplied by the weighted cross sections, yields a true reaction

rate. Effective total flux 1s defined as follows:

7

$(Z,0) = ¢ (2)¥(2,08) = ¢ (z) X e(r)et
total total -0

where

8 2 '
z : e(2 —1)8
./(;ycle time ¥(Z2,8)30 = 1 _’.z_.._._ = 1.0,
. . 2=

6 = full power days into a reactor cycle (0 < 6 < 21).

The coefficients [e(2), £ =0, 1, 2, «c., 7] and time-averaged total neu-

tron flux at discrete axial positions Z are given in Table A.4.



Data for the position-dependent, time—-dependent total neutron flux
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Table A.4.
avG. FLUX eecesesecsesscsses CUEFFICIENTS FUR TIME DISTRIBUTION FUNCTIUNS eoveccsccsnccsnnaa
PUSITION(®) IN/5Q-CM) £t Ef1) £E(2) £(3) El4) (5) i{o) c(7)
3.N24 1.9993E 15 9.0366c-"1 -4+31)3E~:3 2.0694E-33 -1.7945E~.4 -3.1915E-25 5.397lc-10 -Z.4uoli- [ 3.7147c-°9
3.69% Le281UE 15 9.1189€- 1 -3.,4968E~-"13 2.1415E-73 =3.79726-54 1.3)1TE-05 1.6891c~16 =leldlbi-.7. 2026 E-49
4,360 1e45628 15 9.1922E-11 =1.8954E-13 1. T982E-13 -5.J435E~ 4 5.55)TE-J5 =2.2463:- 16 2.7899:c— 8 e 3219:-11
54022 1.62138 15 9.295lc-01 -0e0363c-04 1.3330E-23 -5.4975E-04 B.lU9TE-uUS -4.8797k-Jo le3 98i- ¢ -1.3151c- 9
5.688 LoTT8LE 15 9.4294E-"1 143373c- & 1.0L04E=)3 -5.3297E-04 B8.9917E-J5 -6.06L2E~06 1483538~ 7 —2.U391E=-u9
6354 19233 15 9.5796C=71 3.4BLTE-.4 7.8944E-74 -4.T5TBE-J4 B8.4T18E-J5 —6.1653E-J0 1e9385c=- 7 —-2.322TE~09
T.020 2.0544E 15 9.7276c-31 2.1272c-34 6.7861E-04 =3.9995E-04 T.2266E~05 -54343Tc-06 LeTTL4E-.17 -2.2411E-,9
7.686 2.1683E 15 9.8568t-.1 -8e37482~5 6.320TE-N4 -3.2385E~114 5.7434E-05 -4.3472E-)0 1e%d696-"7 -1.9131E-.9
Be352 242622E 15 9.9583&-31 -3.8108c-i'4 6.1605E~04 -2.6144E-04 4.4437E-35 -3.4154¢E-s0 Lle2l 36~ -7 ~l.6l4TE-19
9.018 2e3333E 15 1.7012c Jv -5.6787c~"4 6.0633E-24 -2.229E~04 3.61TLE-05 -2.8191:-06 1.028BE-T7 —l.4l4BE-u9
3.684 243792E 15 1.0025¢ JJ —5.8758E~14 5.9117TE=-Y4 -2.1791E-04 3.4167E-05 -2.6831c-'6 9.8d88E-"06 -l.3716E-.9
1.2 2.39T1E 15 1.0001E Do -4.6462E- 4@ 5.7T409E-"4 -2,2%21E-v& 3.77T65E-35 -2:9593E-06 L1.J761E-17 =l.47°2&-.9
10e435 2.3983E 15 9.9876E-I1 =4.u927é-4 5.6962E=74 -2.3324E-04 3.9636E-J5 -3.0993:-76 lellvbE-u7 -1.5189c-09
11.02. 2.38B1E 15 9.9230&-)i -1.6706E-04 5.6151E-04 -2.7387E-04 4.B602E-05 =3.T611E=20 Lle3223E- 7 -1l.T423E- 9
11.68 2.3492E 15 9.8178E-.1 1.3272E- 4 5.8387E-24 -3.3939E-04 06.2783E-05 -4.T)1356-06 Lleb.u2E~ T =~2.0374E-)9
124357 2.2815E 15 9.68B4c-t1 3.2998E-14 6.6934E-)4 ~4.1598E-U4 TeS5T95E-U5 -5.5821i-76 LeB359E= 7 =2.26 15c=19
13.01 2418635 15 9.5466E-01 2475398-04 B.4949E-06 -4,9)29E-J4 B8.5794E-05 ~06.0550E-06 1e9lubi-' 7 -2.2644E-59
13.687 2.0661E 15 9.43596-)1 —1.7823E-"4 1.1460E-)3 -5.4574E-U4 B.T4B4E-25 -5.7424E-D0 L1.6951E-37 -1.8888E-.9
14.35" 1e9241E 15 9.2790&-)1 =1e11718-J3 1.5499E-23 -5.5897E-U4 7T.6325E-J5 -442956£-36 L1.3743E=- 7 =9.956%E~17
15.01 - LoT7651E 15 9.1737E-D1 -2.46)5c-13 L1.980BE~D3 -5.0768E~04 4.9278E-05 -1.5468E-06 5.6431E-1u 4.5863E-10
154689 165948E 15 9.08356-51 —3.7421E~"3 2.2105E-73 -3.66T1E-J4 T.9LTTE-D6 2.1787E-16 ~1.3652E-.7 2.2724E-19
16.343 Le4203E 15 B.9691E-)1 -346962c-:3 1.7196E-93 -1.2923E-04 ~3.5136E-05 5.4294E—0 -2.47 wE-"7 3.6983E-39
16495 16 264TE 15 B.T7542c~-01 -1.6827c=-.4 -2.3111E-74 1.8536E-04 =-4.6023E-25 4.8577:-0o -2.002Tc="7 3.1261E-.9
17.683 1.0926E 15 B.0990c-)1 1.4440c-12 ~6.5859E-13 5.6162E-24 6,3B4JE-05 =9,01655-26 3.4643E~ [ -4.1117E-.9

« INCHEDL FRUM THe

fUP OF THE HFIR A(TIVE CURC.

19



56

Because HFIR is a batch-loaded reactor, the implication is that the
flux magnitude at each discrete axial position will be identical at cor-
responding times in each reactor cycle. Caution: the polynomial time
distribution functions are not applicable from réactor start-up until ap-
proximately the end of first day operation; tﬁat is, the shape of the

curves does not reflect the initial approach to equilibrium xenon.

A.6 Thermocoﬁple Temperatures

A continuous record of thermocouple temperatures was recorded on
strip charts. In addition to the chart records, thermocouple tempera-
tures were also read and recorded on data sheets. The readings were
taken at random times during each cycle throughout the irradiation his-
tory of the experiment. The records of these temperatures are shown in
Tables A.5 through A.12 for each cycle that the experiment was in-
reactor. ; The date and time corresponding to beginning of cycle (BOC)
and end of cycle (EOC) are listed at the top of each table. The‘date
and time that the readings were taken, the mole fraction of helium in
the sweep gas mixture (helium and neon), and the thermocouple tempera-
tures are also given in each table. There were two thermocouples in each
of the four subassemblies (eight total). The junction of one of the pair
of thermocouples was positioned about midlength of the stack of trays in
the upper half of each subassembly, and the junction of the other thermo-
couple was located about midlength of the stack of trays in the lower
half of each subassembly. The top thermocouple in the experiment is
labeled TC-1 in each table (TCs 1 and 2 are in unit 15b-1, TCs 3 and 4
are in unit 15b-2, etc.). A

Note that some of the temperatures listed for TC-8 (the bottom ther-
mocouple) and, on occasion, TC-6 are zero. The zeros are not true tem-
peratures. There was a poor contact in one of the thermocouple lead wire
connectors that caused some erroneous readings for both TC-8 and TC-6.
The connector was eventually replaced and thereafter the trouble disap-
peared. All nonzero temperatures in the attached tables are "good"

readings.
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Table A.5. Data for cycle 1
BOC= 7/06/78 AT 1615 WRS. EOC= 7/3)/78 AT 235) HRS.
a00e THERMOCOUPLE TcMPERATURES ¢ (CoLSIUS) aas HELIUN
DATE TIME TC-1 T¢-2 TC-3 TC-4 [IC-5 TC-6 TC-7 TC-8  MOLE FRAC.
27/26/78 1710 618. 628. 67T. 698, 126. 132. 115. te 1.0
07/36/78 1800 620. 635. 675. 715, T35, 735. 724 a. 1.0
01/17/78 745 64T, 673. 1733. 767, 187. 195. 770, D 1.0
07/77/78 B8y 65). 675. T35, 765. 719). 795. 770, Je 1.0
07/17/78 1503 655. 683. 745, 775, 195, B8ld. 1154 )e 1,00
27/78/78 143) 655. 685. 750. T75. 179i. d'Je. 180, e 1.0.
D1/10/18 157 65l. ©6B8u. Téée Toé. TTT, 18T. 1772, ) 1.0
27/10/78 1130 650. 680. 745, 7T65. 781, 785. 77, " 1.0
O1/11/78 4755 65). 6Bu. 742. 1758. 771. 7T80. 767. e 1.0
IT/LL/TB 1001 657, o68). T4de T67e TT1. 18u. 765, e 1.0.
07/12/78 1752 649. 679, T4l. 756¢. 767. 1T6. Tod. TTi. 1.0"
21/13/78 1837 650. 675. 1735, 750. 760. 775, 760. 765, 1.0
37/13/78 151 650, 678. 737, 75.. 76l. {7l. 1761, 166, 1.9
DT/14/78 1815 650. o75. 735. 75uve T6Js 173 760. 765, 1.0
07/15/78 1603 657 675, 735. T4d. 755. 765. 7T60. T65. 1.0
01/17/78 1755 648. o6T8. 735. 737, T44. 1751. 155. 763. 1.0
JT/17/78 190) 65). 687, T35. 135, T45. 1755. 755, T65. 1.9
07/18/78 1807 65u. 682. 736. T35. 745, 7T26. 155, 7164, 1.0
27/18/78 845 65). 685. 735, 735, T45. 7155. 1755. 765, 1.0
D7/19/78 905 655. 685. 740. 735, 74D, T50. 763, T7). 1.0
07/20/78 0845 660. 690. 740. 730. 740, 750. 760. 779, 1.0,
27720778 1025 657. 69.. 1740, 13u. 736, 155, 158. 172. 1.0
97/21/78 1830 66>, Toh. T45. 73). 135, 753. T6d. 175, 1.00
07/21/78 1415 664. 698. T42. 129. T34, Tés. 762, 118, 1.0
07/24/78 1805 689. 7T22. 745. 722. 126, T4se T64. 197, 1.0
07/24/78 184S 690. T25. 745, 7T20. 725, T4u. 765, 795, 1.0:
07/27/78 1515 660. 69). 730, 715. 7T29. 735, 750, 3. 1.0°
37/28/78 3820 103. 7133, 150, 125. 713d. T45. 175, De 1.03
27/28/78 1341 775. 134. 149. 7T24. 727, T4b. T7l. ie 1.0
07/30/78 11337 775, 758. 753, 715, 7T2). 1735. T73. i, 1.0
Table A.6. Data for cycle 2
BOC= 7/31/78 AT 1752 HRS. EUC= 8/22/To AT 0731 HRS.
eees THERMDCOUPLE TEMPERATURES,{CILSIUS) oo HELIUM
OATE TIME TC-1 1T¢€-2 TC-3 TC-4 TC-5 TC-6 TC-T TC-8 MULE FRAC.

071/31/78 1809 590. 595. 620. 63u. 655. 645. 0640, J. 1.0)
D6/11/78 830 615. 623. 673, 685. T9). 7). 693, 2. 1.0:
08/12/78 1845 620. 635, 680. 690. 7). T:2. 702 Ve 1.0)
08/32/78 905 617, 633. 682. 687. 7J9. 7°2. 698 N 1.0
0s/32/78 1025 807. 825. 880. B880. 93'. 8'3. 901. Ve .5
08/23/78 2845 810. 83u. 88). 890. 900, 9°'5. 905, . Te4Y
08/)4/78 1335 810. 828. 88). 882. B89%. 9)0. 900. . a4l
08/)7/78 1845 81J. 825. B875. 875. 685, 895+ 895, e .46
08/37/78 94, 809. 827, 8T8. 877. HB6. 8YL. 896, Te .47
D8/07/78 1335 613, 0260 6Tle 67¢. 679. 687. 692. Je 1.0°
94/07/78 1125 810. 830. 889, 880. 89l. 897. 900, 7 a4 T
08/08/78 '83) B820. 835, 885. B85. B895. 9)0. 905, 0. D446
08/10/78 1757 B82i. YB4I. 887, 883. 891, - 896. 907. Ve Jeéb
06/11/78 .80) B821. B4u. B89). 8B8u. 889, HIB. 909. 2. .40
08/11/78 183) B815. 835, 885. B875. 885. 895. 905. Ve 1abl
23/14/78 ~895 829. 643, 895, 875. 884, B894. 915, Je Jedd
08/14/78 830 815. 840. B85, 860. 570, 84). 93, N 1o 48
08/15/78 1800 824. 850. B885. B862. 870. 879, 905. 5. Jead
20/15/78 845 820, 645. B88). B60. B865. B875. 90J. 0. 151
08/15/78 1315 821. B847. 88l. 858, 866. 874. 900, e 2.51
00/15/78 1435 637, 658. 69l. 672, 679, 694. 713 2. 1.0m
08/15/78 1515 826. 856, B888. 866, 871, 88u. 908 0. 3452
08/16/78 1837 834, B64. 892, B865. 871, 682. 912. Ja 1449
08/17/78 J750 829, 858. 878. 845. 855, B66. 90J. e 1053
08/17/78 845 825, 855. 875, 845. 855. B865. 895. 0. n.54
J8/17/78 2245 B35, 862. BTT. B845. 852, 864, 899, e 3.53
08/17/78 2305 818. 843. B67. 828. 835. 846. 882. Ja 1457
08/18/76 4745 822. 847, 860, 827. 835, 847. B887. 0. 1458
D8/18/78 1825 1797. B82u. 832. 8)lu. 608, 822. 858, 74 2,64
08/18/78 1845 800. 820. 835, 8lu. B8l). 820. 86). Ve 1,63
08/21/78 1755 845. 823. 824, 786. 793, 8)6. 850, 0. 2466
08/21/778 1223 115. 70l. 694, 662. 668. 679. 720, 765. 1.0
08/21/78 1225 715. 691. 683. 652. 666. 676. 709. 753. 1.0
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Table A.7. Data for cycle 3

BOC= 8/22/178 AT 1838 HRS. EfUC= G9/13/70 AT U400 HRS.

eees THERMOCOUPLE TcMPERATURES s (C. LSIUS)aas HEL UM
J4TE  TiMc TC=-1 1IC-2 TC-3 TC-4 TC-5 TC=6 TC-7 TC-8  MOLE FRAC.
J5/23/78 155 585. 543, 630, 637, 657. 053, 65). 658. 1.2
Ju/24/78 :8l)d 593, 6'3. 648.° 64H. 0665. GOD. bbo. OT ledd -
IB/25/18 1T42 595. 698. 650 65u. 667. b6b. 668. 673, 1.0-
Ju/25/78 141 - 879, 825, 875. B872. 888, 8B8, 892. BIN, .6l
J0/28/78 8)) 87). BlT. B865. ©658. 676. 875. 882, 88, "a42
28/29/78 ~T50 829, 8427 877. 861, 884. g8ce BY2. 889, ‘e3Y
78/29/78 941 816. 035, 883, 873, 89l. nB9. B899. 896, 1o 39
06/29/78 135 292, od6. 641, 64b, 066). bbou. 666, 67.. 1.0
08/29/78 112 - 82). o4u. B886. 874, 896, Je  Whe 430, 1.0 -
d8/29/18 la>! Bl4e., 834. B883.  dT4. 892, a9 . 90, 8906. “e3a
28/30/78 1755 813. ©627. 883, B7Z. B889. 83T. 893, 8594, .39
Ju/30/78 B4s B837. 4&52. 902, B89¢. Is. J-T. 9iB. 9l6. T34
I9/31/78 1315 832, ¥57. 905. B89u. 9Ub. Y 6. 922. 9l6. “e34
2971778 lal: 596. 612s 655« 645>, 059, 66Z. 675, 679. le0:
09/ 11/78 145, 826, 83J. 9DDe 683, 9Jl. I'k. 9lés 9I:. ‘436
99/795/78 4755 838. 872. 915. 886. 9Y3J. 4°¢. 931, 928. “e36
29/°6/78 14 839. ol2. 912. B88,. 894, &98. 928. 929. .37
I9/7°7/78 ~T4b> 848. B83. 9l8. B34. dYB. J.1. 935. J4u. Y
09/ 17/78 815 B824. d58. 092, 85¥. 675, d77. 91). 918, ebs
39/:7/78 1342 825, 86). d91. 856, 87.. al5, 9ll. 919, 1,43
I3/ T/T8 lu4 619, 036 6T5e 649, 0661, bGT. 695, 71, 1.0,
09/:7/78 1529 818. d5Je 884. B47. o86la 369e 903. 9l4. 1ehd
29/37/78 17641 B825. B8b.. 890, 855. 865. o75. 9l). 92:. 43
)9/ 8718 I5) B29. ob6b3. BBB. B853. B65. JT4. Jlla 923. Je43d
29/ :8/78 335 8N9, del. BTl. 833, 845. 334. 892. 903 ks
09/11/76 745 857, o872. B8T7. 833, 843. o33. 90d. 932. “ebs
39/11/78 *82) 837. 85J. 858, 8le. 25, 837. 883, 913. Y53
09/12/78 1116 862. #58. 856. 08l2. ©22. 035, 883 Y2's .54
09/12/78 1295 684, o679, 68ls 0643, 656. 0667. 708, Ts6, 1.0
Table A.8. Data for cycle 4
BOC= 9/15/78 AT 1824 hRS. EUC=13/:6/70 AT 2115 HRS.
veso THLRMOCOUPLE T MPERATURES (C:LSIUS).u. HeL TUN
UATc  TIME TC-1 TC-2 TC-3 (-4 1C-5 ¥§(-b §C-7 TC-8  MULE FRAC.
29/15/78 2°2) 598. 591, 6l4. 66, 612, se 568, ve 1.0
09/ 18/78 183) 624. 633 675, 657, 657, Je  6ld. Je 1.0
J9/18/78 1555 624. 631. 6T5. 652. 657, 6al. 629. 619. 1.0.
09/19/78 742 624. ©63l. 676s. 052. 65T. o42. 063). 62l. 1.9
09/19/78 84) 864. 8679, 923. 894. b96. Bbu. 870. 854, Je30
39/23/78 602 875. 893, 935. 935, 9Yd6. H92. 885, d6T. ".31
09/23/78 752 875. 894. 937. 905. 9J7. d93. 885. 870, te34
89/22/78 152 868. 83T. 932, 9Ju. 9)'. BBh. BB2. Bb4. 7433
I9/22/78 .81ld 617. 628. 66T 64l. b664B. 63v. 632, 625, 1.0:
09/22/78 841 862, 679. 922. 89u. 893, 85Y. 875, 855, 735
09/26/78 T55 865. 88T. 924. 887. B87., 4883, 883, 865, 1435
09/26/78 1435 872. 895« 932, 894. 895. 8. 89). 873, 1433
39/27/78 975) 872. 897, 932. B93. B89%4. 889. B892. 4875. 7433
09/27/78 1815 875. +9i4. 932. 695. B95. $9). 895. 875, 7,33
09/28/78 1345 870. 93). 932, 89l. 692. 889, 89%. 878, 1,34
29729/76 75, 874, 9.8, 933, 89, 6892, 892, 90). B84, “a33
09/29/78 80T 029. 645, 66T, b4y, b&2," 64l. b6b44s 638, 1.0
09/29/78 ‘B4 88). 91T, 932, B892, 892. ©59). 9U). 884, 1434
10/92/78 7752 939, 928. 935. 890. 89l. 895. 9l5. 998, fre36
1 /76/76 1925 913. 937, 925. B878. b&8l. B84, 921. 925. e 35
10/94/78 1055 6835, 679 672, b638. bé's b47. 6724 683, 1.0
13/06/78 1150 914, 4923, 92). 875, 877, 882, 924, 927. .37
1./75/78 4815 925. 930. 925, b75. 875, Bdu. 925. 935, e 36
1,/:5/78 1530 928. 934, 923, 875. 876. Gd4e 925. 937, 7437
1J/25/78 1615 908. 9J9. 900. 852. 655. B62. 905% 923, Tetl
1:/76/76 :75) 916. 912. 903, B85.. 851. 859. 902. 920. .42
15/ 6778 1825 708, 688. 677, 638. 6b4le o647, 68)s 7304 1.0
1./76/78 113+ 708. 683. 677, 636. 643. o048. 683. 7312, 1.0

14776778 1555 713. 674. b62. 637. 0644, 65). 6b6). 683, 1.0
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Data for cycle 5

B0OC=10/07/78 AT 1653 HRS.

£0C=1u/28/Ts AT 2403 HRS.

ose o THERMOCOUPLE TEMPERATURESs (CcLSIUS).es HELIUM
DAT: 1IM& TC-1 T1C-2 TC-3 TC-4 7TC-5 TC-6 TC-7 TC-8 MULE FRAC.
1u/709/78 1805 590, 587. 634, 628. 639. 0627. 60). 592. 1.0
1,/09/78 4927 850. 872. 923. 9)8. 917. 9)4. 88J. 865, T 73
1,/10/78 :8)) B848. B6Be 917. 92J. 91). 30, 8T7. 862. T2k
1)/10/78 833 B864. 884. 935, 92¢. 932. 9Yl8. 892. 877. .27
1:/11/78 1225 856. 879. 93J. 9l4. 924. 913, 887, 872. De2
1u/11/78 135) 870. 895. 948. 934. 942, 932. 903, 887, Y. lo
1,/12/778 5750 872. 898. 950. 937. 945. 937, 907. 890, felé
17/13/78 745 869. 897. 95%. 935, 945, 935, 907. 892. ‘e la
1:/13/78 1325 869. 895. 948. 935, 944, 4934, 907. 890, “al3
1:/13/78 1345 583. 582. 622. 6l3. 625. olo. 598, 592. 1.07
1:/713/78 1415 B87). 895. 948. 936, 945, 935, 9li. 89, lel3
11/16/78 .'745 864. 895. 949. 937. 945. 938. 919. 897, .14
1,/17/78 .T45 B862. B895. 948. 935. 943. 938. 921, 898, e13
1+/18/78 -75) B62. B897. 947. 936. 945. 945. 925. 903, Jal4
13719778 75> B862. B899. 945. 935. 943, 942. 928. 928, .13
1,/20/78 803 B864. 900. 942. 934. 943, 942. 933, 913, .13
1:/20/76 825 591l. 596. 623. 6l2. 622. 617. 612. 601, 1.07
1,/29/78 915 86%. 9ile 943. 935, 943, 942, 935, 913, “el3
1,/23/78 1945 8715 917. 935. 925. 945. 95u. 95J. 935, K V-
15/24/718 ‘852 B883. 915. 932. 922. 942. 48, 958. 948, hel2
12724778 1335 878. 917 926, 917. 937. Y44, 952. 945, .13
1:/24/78 1415 622. 627. 627. 615. 627T. 628. 635. 635, 1.0
1./724/76 1506 880. 9l)e 926. 918. 937. 944. 953, 94T, 7e 14
1,/25/78 >755 867 B90. 900. B88s. 908, 9I1T7. 932. 932. Je2i
13/26/18 1750 874, 88%. 884. B8T3. 894. 925, 923. 930, 1025
1727718 755 877. 873, 872. 867. 881, 892. 9l3. 939, d.28
1727778 1132 6%58. 627. 623. 610. o023. 627. 638. 657, 1.0.
Table A.10. Data for cycle 6
BOC=10/29/78 AT 1725 HRS. <cUC=11/22/7c AT 0225 HRS.
eee s THERMOCUUPLE TEMPERATURESy(CzLSIUS)ess HELIUM
JATE TiME TC-1 TCc-2 TC-3 TC-4 1§C-5 1TC-6 TC-7 7TC-8 MOLE FRAC.

1/30/78 155 568. 598. 60J). 678, 62l. 6'7. YT4. 573, 1.0
1731778 753 579. 572. 620. 6l8. 632. 622. 592. 588, 1.02
13/31/78 1935 839. 865. 920. 929. 949. 943. 922. 973, J.l -
11/°1/778 755 838. 8B6Je. 915. 923. 945, 937. 918. 902. rell
11/71/76 1030 839. 867. 920. 927. 952, 942. 925. 907, .09
11771778 110) 836. B864. 920. 924. 946. 939, 925. 91J. 7409
L1/ 33778 125) B834. 86l. 92V. 926. 949. 941. 924, 906, 5409
11704778 1715 832. 860. 917. 925, 945. 94.. 925. 995. 1.99
11/76/78 :75) 832. 859. 915 925. 945. 93b. 925. Y98, Ce09
11/ 16/78 1820 $78. 574. 608. 6%. o02l. 6l2. 593, 587, 1.0u
11706/78 1745 834. 8062. 920. 93u. 95J. 944. 928, 9l2. 2.09
11/76/78 1045 842. 873. 928. 94l. 960. 955. 938. 922. 1007
1i/)77/78 1,753 833. 862, 920. 93u. 948. 943. 930. 913, Je09
11/°8/78 757 834. 865. 92l. 9Y239. 948, 945, 935, 9l8. o )
11/799/78 747 833, 865. 918. 925. 945. 942. 933, 9l7T. 2.09
11/.9/78 8l 583. 574. 608. 6°4. 618. 613. 598. 59l 1.2
11/79/78 "“B40 832. 863, 915. 923. 943. 942. 933. 9la. el
11/13/78 2625 B846. B880. 915, 920. 943. 95u. 952. 937, 7.09
11716/78 1225 624. 6)2. 635, 627. 638. 640. 625. 622. 1.0
11716778 1345 835. 867. 902. 9lu. 934, 938. 933, 92, .18
11716/78 1505 838. B869. 905. 910. 935. J49. 937. 923. Tel8
11717778 .8d7T B848. 875. 905. 906. 932. 938. 943. 933, %18
11/17/78 160) 842. 867. 892. B893. 918. 925. 932. 925. l.21
11729778 159 875. 817. 890. B887. 9l2. 922. 945. 957, a2l
11/20/78 1837 87d. 870. 883. 879. 9ll). 913. 937. 950. .25
11720778 1935 85T7. 850. B64s B6J. 882. 892. 915. 930, 7.31
1i/21/78 935 86l1l. 85). 860. 855, 879, ©09.. 917. 938. X
11721778 152:) B867. 850. 860. BS54, 877, B86s. 917. 94u. e300
11721778 1530 865. 855, B861l. 852, 878, d8b. 919, 94l. Tadu
11721778 1605 665. 624. 622. 612. 625. b63.. 64l. 667, le0
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Data for cycle 7

B80C=11/722/78 AT 2147 HRS.

£UC=12/14/Ts AT 0147 HRS.

eee s THERMOCOUPLE TcMPERATURES» (CELSIUS) ens HEL TUM
DATE TiMe TC-1 TC-2 TC-3 1C-4¢ 1IC-5 IC-6 TC-7 TC-8 MULE FRAC.
117/27/78 195) 574. 565%. 613. 617. 0632. ov23. 592. 578, 1.0
11/727/78 1245 8l2. H84). B898. 915, 945. 9Y38. 9l8. 933, el
11728778 1753 813. 831l. B89J. 995. 935. 927. 91l2. 898, Tel2
11729778 755 813, 842. 900. 915. 947. 938. 923. 9238, 1l 0B
11730/78 1750 818. 842. 902. 915, 947. 94u. 927. 918, 1,08
11/730/78 1935 820. 865, 903. 917, 947. 94). 928. 9lJ. " e0b
11/30/%% 1000 78le UY.Je 6858. 87l. 90). d93. B883. 867, T 08
L1/730/%¢ 1952 830, u#26. 883. 897, 927. 92). 913, 893, a0
11/30/** 1125 8Jl1. 827. 883, 897, 927. 92u. 913. 893. 2.0
11/730/%% 1155 536. 527« 566« 563, bH8)1s 572. 555. 54T, 1.0
11730778 1225 57l. 559. 602. 6)4. 618. oJ8. 585, 578. 1.0
11/37/78 l448 568. 558. 600. 633. 618, 6'8s 987, 578, 1.0
117/30/78 1602 B8l7. B84l. 90). 915. 947, 938. 926. 9I8. e 09
12701778 750 B822. B46e. 902. 9lbv. 3I48. 9J42. 932. 9Yl2. J.09
12/14/78 755 823. &54. 906. 915. 943. J4u. 938. 918, Jell
14/15/78 753 B826. B58e 908. 915. 943, J4s. 94). 922. Nel
12/36/78 3750 831. b65. 910. 9lo. 943. 942. 947, 928. Tell
127 37/78 2755 831. 868. 903. 9ll. 938, 938. 948, 930, Nell
127 18/78 75) 838, 872. 905. 909. 937. 938, 95). 937, Jel2
127/18/78 817 598. 593, 61l2. 67T. 622. 062¢. 615, 613, 1.0
12/18/78 937 821, Hal. B88). B88l. 937, YJ18. 922. 928, .21
12711776 5750 848. B862. 878, 677. 903. 9'de 932, 936. T 62
1¢/12/78 715 B846. 855. 875, 8B72. 899. 913, 928. 932, . Ne2%
12/12/78 li4) 858, 86l. B8T4. 87u. B98. Y13, 932, 944, Te24
12/12/78 110u 850, B4d. B862. B850, 834. dY9,. 917. 93, te27
12/13/76 142> B858. 4846, B855. B4b. 875, bdue. 908. 928, 1429
12/13/78 1445 B856. B848. 856. o848, 872, 87o0. 908. 927. 029
12713778 1535 659. 617. 62J)« 61li. 624. 0627. 635. 654, le0
Table A.12. Data for cycle 8
BUC=12/14/78 AT 1945 HRS. EUC= 1/'4/79 AT 1759 HRS.
eeoes FTH-RMOCOUPLE TEMPIRATURESs (C-LSIUS)eee HELIUM
DAT: TiMs T1C-1 TC-2 TC-3 171C-4 1C-5 1TC-6 [IC-7 TC-8 MOLE FRAC.

12715778 755 55%3. 5938, 988, 6JJe bl6. G1:e 568. 565, 1.0
12/18/78 .752 565. 558. 608. 6l6. 0629, 0©2,. 588. 579. 10
12/18/78 915 802. B22. 886. 9ll. 942. 43.. 908. 892, "ol
12719778 155 8)2. 822. B88% 9271. 938. 927. 908. 892, Yelua
12719778 850 569. 56), 607. 6)7. 624. 615, 600, 597, 1.0
12/19/78 915 815, B824. 887. 909, 942. 926. 91). 894, “el2
12/20/78 1000 805. 824. 890. 91l0. 943. 93.. 9l4. 897, el
12/21/78 753 80l. ©B24., B85. 937. 943, 927, 9l). #8913, el
12/21/78 1357 80j. &2l. 883, 993. 9Y3l. 923. 9u6. 89). el
12/22/718 1425 803, 827. 887. 3I06. 942, 92d. 913. 695, !
12722778 1440 562, 556. 69). 6- . 06l5. 6733, 583. 578, 1.0
12/22/76 1525 197. &l18. 878. 899, 932, 9l8. 903. 885, “el3
14/28/778 122) 815, 848. 89Jd. 9Y93. 938. I32. 928. 917, T.le
12/28/78 1420 583, 583, 6la., ob6u7. 623, ol8. 608. 604, 1.2
J1/7°2/79 1255 84l. B845. B67. 867, Yil. 912. 918. 925. "o 24
01/22/79 1345 63l. bl.. 62le 6lle 627. 626. 632, 045, 1.2
21/72/79 1415 83l. B832. 854. b655. 88T, B89, 904. 9l2. te20
J1/74/79 8Y3 857. d42. 857. B55. b87. o8388. 908. 925, e 28
NL/54/79 905 853, B37. 849. B4b. b878. ddie. 898. 917, o3
31/714/79 1055 658. 6l3. 625, b6l2. 626. oZ1. 633. 653, 1.0
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During cycle 1, pure helium was used as the sweep gas. Starting
with the second cyclé, mixtures of helium and neon were used for tem-
perature control. Helium sweep gas was always used at the start of each
cycle. The higher thermal conductivity for helium keeps the particle
surface temperatures well below the 1000°C maximum during the time the
magnitude'of the neutron flux is increasing most rapidly, that is, during
the time required for the high cross~section fission products (primarily
135Xe) to reach equilibrium in the reactor core. The sweep gas mixture
was controlled by manually operated control valves (also, the expefiment
was not manned on a 24-hr basis); therefore, pure helium was generally

used during the initial two or three days of the cycle.

We believe that the temperature~dependent thermal conductiﬁity for
helium gas 1is somewhaf better known than the temperature-dependent ther-
'mal conductivity for helium-neon mixtures; therefore, at intervals dur?
ing a reactor cycle, the experiment was flushed out with helium and ther-
mocouple readings were taken. These data were used to renormalize the
calculations for graphite growth (see Sect. A.3). As can be seen by the
data in Tables A.5 through A.12, the times required to obtain the helium
data were very short, and the experiment was not operated for a long time

at reduced temperatures.

The assumption was ﬁade that the thermocouple readings were always
correct and.that neither irradiation nor extended operation at tempera-
ture affected the junction or any part of the lead wire in the reactor.
At intervals during the test period, temperatures were also read using a
calibrated poteﬁtiometer. The potentiometer readings served as a stan-
dard for maintaining the accuracy of the temperature recorders. The most
disagreement between the temperatures read from the potentiometer and
those read from the recorders occurred at the end of cycle 4. The last
entry in Table A.8 is temperatures from the calibrated potentiometer and
is to be compared with the next-to-last entry in that table — about 20°C

maximum difference was noted. The calibrated potentiometer was used to
check temperatures at the following times during the test period, as

tabulated on the following page.
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Cycle No. Date Time Table
2 8/21/78 1225 A.6
4 10/06/78 1555 A.8
6 11/01/78 1100 A.10
6 11/21/78 1530 © A.10
7

12/13/78 | 1445 A.ll

All readings were taken with the HFIR at full power [100 MW(t)],
with the exception of the four entries in Table A.1l1 which have a double

asterisk symbol in the date column. Those four sets of data were taken

with the reactor at 90 MW(t). During part of that 2-hr period, we oper-
ated the experiment with neon sweep gas. The data were helpful in de-
termining uncertainties in computed temperature-dependent thermal con-
ductivity for neon gas and were included in Table A.1ll, principally for
documentation.

The mole fraction of helium F(He) in the sweep gas mixture (helium

plus neon) was computed from the following equation:
F(He) = 1/[1 + (V2/V1)] ,

where V1 is the flow rate (cm3/min) for helium and V2 is the flow rate
(cm3/min) for neon. Flow rates were obtained by multiplying flow meter
scalé readings by the appropriate manufacturer-suggested scale féctor.
For helium, V1 = S1 x 1.43. For neon, V2 = S2 x 1.,38. S1 and S2 are
scale readings from the heiium and neon flow meters, respectively. The
flow meters were Hastings (model ALL-50). No additional pressure or tem-

perature corrections were required for the sweep gas system.

A.7 Utility Program

The utility program is a companion to the 1-D heat transfer program
(see Sect. A.1). It receives various raw data and, by the method of least
squares, generates coefficients for a power series. For the HRB-15b ex-

periment, the program has been used to perform the following tasks.
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1. 1In the general mode of operation, any data [(Xi, Yi), i =1, ...,

n] are used to calculate coefficients (the a's) for the power series:

n

y = Z a(2)[x]*% .
2=0

The coefficients (ag,aj, ses, @) can then be automatically punched on
cards for later use.

2. Specifically, the‘program has been used to process the follow-
ing data: (a) Nuclear heating, watts per gram of material (Yi), as a
function of axial position (Xi). The axial distance is referenced to the
top of the HFIR active core. A series of such calculations will generate
arrays of coefficlents which are applicable at discrete times into a cy-
cle. (b) Thermal conductivity (Yi) as a function of temperature (Xi).
Thermal conductivity ﬁay be reported in various units in the literature.
For convenience, the program can automatically perform the necessary units
conversion so that temperatures will be converted to Fahrenheit and k con-
verted to Btu/hreft*F for processing. (c) Power per particle, watts per
particle (Yi), as a function of axial position (Xi), is another example of
data processed by the program. Data for watts per particle are obtained
from the depletion code, CACA-2.1 (d) The-program has also been used to
process axial position-dependent neutron fluxes. (e) The program may be
used to compute temperature—dependent thermal conductivity for binary mix-
tures of gases. The method is discussed separately in this section.
Once the thermal conductivities have been computed, then the data are

processed as described in (b) above.

Least-Squares Formulas

It is not our intent to present a detailed treatment for data reduc-

tionl® or matrix theory.16 Only the basic formalism will be considered.

We want to find solutions for the coefficients agp, aj, «.., ap, to a curve

of the formy = ap + ajx + +.. 1 + apx™, which best represent the data (Xi,

Yi), 1 = 1,2, «ee, n (n > m). There will be m + 1 normal equations!’
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as follows:
agn + ayIXi + ... + ap IXi™ = IYi ,

agEXi + a IXi? + ... + apEXi™! = Ixivi -,

agIXim + a;Ixi™! + .., + a IX12M = £XiTyi ,

The deviation Di of the data about the curve is
Di = Yi - (ag + a1Xi + ... + apXi™)

The root-mean-square of y deviations about the curve, sometimes called the

standard error of estimatel” Sy, 1s defined as follows:

Sy = \/zniZ/(n —1-—m) .

Finally, there are m + 1 equations to be solved simul taneously to obtain
the coefficients. One method for the solution of simultaneous equations
is by use of determinants., The method is illusfrated by the following ex~
ample. For the purpose of demonstrating the method, we arbitrarily choose

the second-degree polynomial. Let A be defined as follows:

n IXi  Ixi?
A =|IXi rxi2 rxi3|, A # 0.0 .
Ixi2  rx43  Ixt

The solution for the coefficients ag, a), and ap are as follows:
IYi IXi £xi2

IXiYi Ixi2  Ixis
IXi2yi Ixid  Txit

apg = »

> |-

¢



65

n IYi IXi?2
aj =-% IXi IXiYi Ixi3| ,
' IXi2  Exi?yi  Ixit
n IXi IYi
ap =-% ZXi £XiZ2  IxXivi | .
' £Xi2  Ixid3  Txi?vi

Theoretically, the method could be applied to polynomials of any degree.

We found that fifth degree (or less) was adequate for any data processing
required for experiment HRB-15b. To avoid loss of significant digits, it
was necessary to program in double precision when using the IBM-360 series

machines.

Thermal conductivity for binary mixtures of gases

The method formulated by Lindsay and eromley18 was used to evaluate
temperature-dependent thermal conductivity for mixtures of helium and
neon and mixtures of helium and argon. Eﬁch of the above binary mixtures
were candidates for use as sweep gas. Ohly the applicable equations will
be presented in this section of the report. The reader should refer to
Lindsay and Bromely's reportl8 for a detailed discussion of the theory.

Definition of the terms in each equation are given in the nomenclature
at the end of the discussion. For a binary mixture of gases, the follow-

ing equation defines the thermal conductivity:

Ky Ko
Ky =

+ .
1 + (Ap2x2/%1) 1+ (Az1x1/%2)

The dimensionless constant Ajj (either i = 1 and j =2 or i = 2 and

j =1) is defined as follows:

i (1 +s5/T) (1 + 84/T)

o
) ug [ M3\0 75 (1 +85/T)|%5 | (1 + 815/T)
Aij =1/441 + "T:]' M—i 11 ¥ S:/T) a+s{m



66

In the absence of viscosity data, the viscosity ratio (“i/“j) may

be computed from the following equation:

Bi _ Ki(ij + 1.25 R/Mj)

3 ' Kj(cpi + 1.25 R?Mi)

Values for the Sutherland constants (Sj, Sy, or S)2) are:

92]
L]

142 degrees Rankine for helium,

7]
]

l.5 Ty degrees Rankine for neon or argon,

S12 = VY8454, called the geometric mean.

Nomenclature

= thermal conductivity (Btu/hr*ft*°F),
mole fraction,

= viscosity (lby/hr-ft),

2t X R
i

= molecular weight, A
C, = specific heat at constant pressure (Btu/lb*°F),
universal gas constant (1.986) (Btu/F*1lb mole),

H Ao
[]

= absolute temperature (Rankine),

Tp = boiling point at 1 atm pressure (Rankine).
Subscripts:

= mean,

m
1, 2, 1, j = components of the binary gas mixture.
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