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ABSTRACT

Physics parameters related to the safety analysis
of the Gas-Cooled Fast Reactor (GCFR) have been measured
in a series of critical assemblies constructed on ZPR-9.
These measurements represent the first full-scale exper-
imental study of GCFR physics. The critical assemblies
were modelled after the 300 MWe GCFR Demonstration Plant
designed by General Atomic Company. The specific integral
parameters studied were the coolant (helium) depressur-
ization worth, the 238U Doppler effect, control rod worths
and the reactivity worth of materials of importance to
GCFR safety. An extensive study was made of the effects
of steam entry in a GCFR core. The results showed that
the helium depressurization worth is small and considerably
overpredicted (by ̂ 35%) by standard methods, and that the
GCFR spectrum was harder than corresponding LMFBR spectra
as evidenced by the decreased 238U Doppler effect and
control rod worths and central reactivity worths. Steam
entry In the critical assenbly was shown to result in a
positive reactivity insertion and cause a large change in
the magnitudes of the safety related physics parameters.
The results provide a basis for validating the methods used
for GCFR safety analyses.

INTRODUCTION

A critical experiments program has been undertaken on the ZPR-9 facility
at Argonne National Laboratory to provide an experimental characterization
of the neutron!c. features of a GCFR. The program of measurements wap planned
in support of the GCFR Demonstration Plant designed by General Atomic
Company.1 The GCFR critical assemblies represent the first complete mock-ups
of the GCFR ever constructed and the measurements provide the initial ex-
perimental data on GCFR physics parameters. While the critical assemblies
were modelled after the 300 MWe GCFR Demonstration Reactor, the results are
of more general applicability to the GCFR concept. Results of the measure-
ments of safety parameters are reported in this paper along with predictions
made by standard calculational methods.
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The GCFR critical assemblies were designed as homogeneous, single core-
zone mockups of the four-zoned GCFR Demonstration Plane. The reactor
materials including the plutonium fuel vere in the form of plates assembled in
drawers loaded into the stainless steel ZPR-9 matrix. The pressurized helium
coolant of the GCFR was simulated by air at atmospheric pressure contained in
stainless steel void cans. Like pressurized helium, air is relatively trans-
parent to neutrons providing an appropriate neutronic simulation of the
coolant. The unit cell compositions of the assemblies were designed such
that the atom concentration of all important isotopes were matched closely
with those of the reference GCFR design. The fissile enrichment (17.3%) and
void fiaction (53%) of the initial GCFR assembly2 matched the average enrich-
ment and coolant volume fraction of the Demonstration Plant. In the subse-
quent assembly3 the void fraction was reduced to 42% to provide a suitable
sized system for the measurement of seme of the safety parameters. The
radial and axial blankets were composed of U3O8, depleted uranium and void
cans while the reflector was made of stainless steel. Figure 1 gives a
pictorial view of the GCFR Phase II assembly showing some of the important
dimensions.

—f —15.24

MIDPLANE VIEW

Fig. 1: Sketch of the GCFR Critical Assembly
giving the cylindrical dimensions.

Experimental and Calculatlonal Methods

The helium depressurization worth, the 2 3 8U Doppler effect and the
central reactivity worth measurements were made using variations of the well
established sample oscillation-reactivity difference technique. The large
reactivity changes involving control rod worths and steam entry worths were
determined as the differences of the reactivity worths of two reactor con-
figurations. The configuration reactivity worths were determined by the in-
verse kinetics rod-drop technique. The worth results presented in this
paper have been compared with results of earlier work in LMFBR assemblies.

Analysis of the experiments were performed using ENDF/B-IV nuclear data
and two-dimensional diffusion theory methods in a 29 broad group energy
structure. Unit cell averaged isotopic cross-sections were generated for all
appropriate compositions using the MC2-2/SDXlf»5 codes wherein plate hetero-
geneity effects were explicitly taken into account. The Benoist6 method
involving directional diffusion coefficients was used to treat the anisotropic
effects of neutron streaming within the framework of diffusion theory.
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EXPERIMENTAL RESULTS AND COMPARISON WITH CALCULATIONS

Helium Coolant Depressurization Worth

One of the important safety features of the GCFR is the absence of
the large coolant induced positive reactivity effects comparable to possible
sodium void effects in an LMFBR. To gauge the reactivity effect of helium
depressurization, a measurement of the worth of a small cylinder containing
pressurized helium gas was performed at core center. The measurement was
made with aluminum cylinders pressurized to 150 psia and 300 psia with helium.
Table I(A) shows the results of the measurement of the worth of the pressur-
ized helium cylinders. The reactivity worth of the gas was determined to be
linear with respect to pressure (at least up to 300 psi) and was small in
magnitude (170 ± 4 Ih/kg for depressurization). In the analysis of the ex-
periment a perturbation integral transport theory formulation was used to
correct for the flux-distortion effects of the pressure cylinder material.

TABLE I. Safety Coefficients Measured in the GCFR Assemblies

A.

B.

C.

Helium Bepresi

Helium ? (152.

Helium @ (299.

surlzatlon Worth

.4 i 0.5) psia

.4 i 0.5) psla

Control Rod Worth

Control Rod

Composition

1

2

3

Axial
I 0B Weight

per linear inch,
g

4.63

9.25

16.2

2 3 8U Doppler Reactivity Worth

Sample

2 3 8yO2

Temperature
Range, °K

300 - 1100

Experimental,
In

-0.161 t 0.004

-0.302 ± 0.005

1DB Atom

Concentrat ion,
1021 atoms/cm3

3.59

7.17

12.5

Experimental
Worth, Ih/kg

-0.623 t 0.009c

Calculated
Ih

-0.211

-0.411

Experimental

-454 t 1.8

-847 • 2.3

-1150 i i6.8

Calculaed
Worth, Ih/kg

-0.51'

C/E

1.31

1.36

Worth,
lh/kR

Calcularedb

-481

-920

-1353

C/F.

0.83

Flux
Distortion
Factor

0.90

0.90

C/E

1.06

1.09

1.18

The flux distortion factor Is the ratio of the worths obtained using t'ic perturbation integral-transport
theory formulation to that obtained from first order perturbation theory.

Infinitely dilute B cross-sections were used in those calculations.

The normalized Doppler worth in the GCFR assembly is -2.69 * 10~^. This compares with a normalized
Doppler worth of -5.21 * 10"' for the FTR-EMC and -5.81 * 10""3 for ZPH-6 assembly 7.

The large C/E ratio is quite typical of light scattering materials. Sig-
nificant improvement (VLH) in the calculated value has been effected by
using bilinear weighted cross-sections and a finer group spectrum calculation.
The C/E bias factor for the small-sample worth was applied to the calculated
full core depressurization worth, resulting in a value of 99 Ih (31c) for
this event. This result indicates that for an ac:ual GCFR, the loss of He
coolant does not result in a large reactivity insertion.

Doppler Effect of 233U at Core Center

A consequence of the predicted harder GCFR spectrum is the reduced
238U Doppler effect - an Important inherent safety mechanism of fast reactors.
The Doppler reactivity worth of a 238U sample was measured at core center to
Doppler worth measurement for the temperature ran;;e 300-1100°K. The re-
activity worth, normalized to the 239Pu central worth of the assembly, is al-
most a factor of 2 smaller than the corresponding value for LHFBR assemblies,
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indicating the relative hardness of the GCFR spectrum. A modified pertur-
bation theory method was used to calculate the Doppler reactivity worth.
Integral-transport theory methods were used to generate the Doppler cross-
sections and hot sample/cold core resonance interaction effects were ex-
plicitly taken into account. The calculated value was t>17% lower than the
experimental value (C/E = 0.83). This misprediction is considerably larger
than that experienced in LMFBK assemblies and the cause of this appears to be
the harder spectrum in a GCFR. About 42% of the calculated Doppler effact
comes from the unresolved resonance energy range for 238TT (^A Ke\M>40 KeV)
in which the calculated Doppler effect is more uncertain than in the resolved
energy range. Additionally, the low calculated prediction of the central
10B worth (taking into account the central worth discrepancy) lends credence to
belief that the low energy flux is computed to be smaller than it actually is.
Direct spectrum measurements using proton recoil proportional counters have
confirmed this.

Control Rod Worth Determinations

The GCFR designs call for "gray" control rods. Several possible con-
trol rod compositions with different 10B linear weights were simulated using
B^C plates. Table I gives the experimental worths of these rods along with
calculated predictions. The calculations used infinitely dilute cross-
sections for 10B and llB and gave C/E values that are typical of earlier ex-
perience.

Small Sample Reactivity Worths

The reactivity worth of a large number of materials of interest to the
GCFR program were measured at the core center of the assemblies. Radial
and axial distribution of the worths were also determined. The individual
isotopic worths reported in Table II can be used to construct the composite
worths of fuel, clad, structural and control materials, for accident analyses.

TABLE II. Central Reactivity Worths In the GCFR Critical Assemblies

Sample or
Isotope

" 9 P u

2"°Pue

2Ulp u
e

2".2pu
e

2 35g

2 38,,

232The

10B

CH2 Foam

C

Stainless Steel
e

Aluminum

e
Oxygen

Experimental
Worth, Ih/kg

238.08 ±

42.19 ±

288.04 ±

30.92 ±

295.38 ±

170.45 ±

-11.26 ±

-21.37 t

-3412.3 i

-2520.1 ±

159.3 ±

-21.23 ±

-7.64 ±

-13.33 •

-16.46 •

1.97

0.38

2.48

0.38

2.7ft

1.40

0.31

0.43

50.9

31.8

6.9

0.72

0.08

4.92

5.60

Calculated
Worth, Ih/kg

276.48

51.35

374.39

41.35

345.00

203.49

-12.77

-25.72

-3398.5

-2893.3

-273.65

-43.78

-10.35

-15.15

-27.64

C/E

1.16

1.22

1.30

1.34

1.17

1.19

1.13

1.20

1.00

1.15

-1.72

2.06

1.35

1.14

1.68

Typical C/E b

values for LMFBR
assemblies

1.19

-

1.17

2.04

1.12

1.38°

-

-

Ratio of normalized
Worth In GCFR and
nornalized worth In

LHFBR

1.0

-

-

-

-

0.85

0.69

0.77

1.38

12 Ak/k = 971.97 Ih.

These results are for ZPR-6 assembly 7, a benchmark LMFBR assembly.
cThls result IB for the FTR-EHC assembly.

All rat ios refer to experimental values.
eThe worths of these materials were measured in an unreflected assecbly. Ccsparfsjns have lcjlcated that

the experinental worths In the unreflected assembly differ by no nore thar. 1* frc- et»ie 1= tfce reflected
assembly.
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Table II also shows the calculated predictions of the worths obtained for
first order perturbation theory methods. The isotopic worths shown were in-
ferred from composite sample experimental worths. The agreement of calculated
predictions with the measured worths show the same general featuxes as the
results for earlier LMFBR assemblies. The central worth discrepaucy is very
much in evidence as is the chronic problem with the prediction of. the worths
of light scatterers. Table II also presents a comparison of the normalized, ex-
perimental central worths in the GCFR assembly and a typical IMFBR assembly -
the ZPR-6 Assembly 7. The evidence clearly points to a harder GCFR spectrum.
Axial and radial worth profiles of some of the isotopes were also measured to
provide information for core disassembly accident analysis. Figure 2 shows
some typical radial worth profiles.

Reactivity Worth of Steam Entry

Since the secondary steam pressure in a GCFR is higher than the helium
coolant pressure, the hypothetical accident scenario involving the leakage
of steam into the core is an important safety consideration. The reactivity
effects of such a steam entry were experimentally determined for the first
time in this series of measurements.

Polyethylene (CH2) foam was used to simulate steam in these exper-
iments. Foam strips were inserted into the void cans to mock-up the
actual entry of steam in the coolant channel in an operating reactor. The
steam densities simulated were within the range of possible accident situ-
ations as reported by Broido a.id Rothenstein. ° The reactivity worth of
steam entry was investigated in a small central core zone and also for the
entire assembly. In addition, the reactivity worths of small samples of
foam and water were measured at the core center and at various axial and
radial locations in the assembly. All these measurements were made in a
clean assembly ie. without neutron poisons in the core. The central small
sample worths, the large zone worth and the full core steam entry worth wero
all determined to be positive for every case suidied, in contradiction to
earlier predictions. The small sample worth calculations were performed with

Fig. 2. Radial reactivity worth
traverses of 239Pu, 2 3 % and
stainless steel-304 samples
in the GCFR critical assembly.
Both the experimental and
calculated values are normal-
ized to the respective reac-
tivity worths at core center.
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first order perturbation theory, while the large region steam worth calcula-
tions were performed with eigenvalue difference and exact perturbation theory
methods. The cross-sections of all isotopes in the steam-filled regions were
re-generated to account for effects of spectral softening due to steam entry.
The Benoist bi-directional coefficients were also re-generated for the steam-
filled regions.

The results of the reactivity measurements are summarized in Table III.
The refined calculational methods correctly predicted the sign of the central
zone steam entry reactivity effect and reproducad all the trends of the
variations of the worth with steam density; however, the worth per unit mass
of steam was mispredicted. The sign of the small sample (M) mass) worth is
mispredicted by first order perturbation theory, resulting in a misprediction
of the slope of the worth versus steam density curve at the origin. For the
whole core steam entry case, the experimental worths are positive, but small-
er than anticipated from earlier predictions. The present calculated pre-
dictions are negative with the standard methods of analysis. The net re-
activity effect of steam entry consists of a balance between the negative
effect of the reduced fc, of the assembly and the positive effect of decreased
leakage. Presence of hydrogen in the assembly causes errors in the eigen-
value calculations as indicated by the consistently poorer C/E ratios for

TABLE III. Summary of Steam-Entry Reactivity Worth Experimental Results

A.

No.

1

2

3

4

B.

No.

1

2

3

Small Central-Zone Steam-Entry Experiments (GCFR Phase- I Assembly)

Weight of
CH2 in Zone,

kg

0.7840

0.4082

0.3738

0.1940

Equivalent
steam density,
g/cm3

0.0217

0.0113

0.0103

0.0054

Reactivity Worth. Ih

Calculated

Exact Perturbation
Experimental AK Theory

157.2 ± 2.6 207.8 222.4

69.0 ± 2.7 73.8 67.8

59.9 ± 3.3 58.3

26.1 ± 2.9 6.6 8.0

b
Full-Core Steam-Entry Experiments (Core radius 54.79 cm)

Weight of
CH2 in
assembly,

kg

6.03

11.91

23.51

Equivalent
steam density
in core,
g/cm3

0.0022

0.0042

0.0082

Experimental Calculated
Reactivity Worth, Reactivity Worth,

Ih Ih

84.0 ± 10.3

204,5 ± 14.3

522.1 ± 10.1 -436.26

a U Ak/k = 976.64

These numbers are all for a clean (unpoisoned) core. For a core radius of 56.10 cm,
the steam entry worth went from 484.1 1 0.8 Ih for a clean core to 357.2 • 47.1 Ih
for a poisoned corp • a decrease of 26 Z.
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steam-filled configurations CvO.99) compared to corresponding "dry" config-
urations (^1.00). Present evidence suggests that the balance between capture
and leakage events in a steam-filled system is not computed accurately enough
and improvement in processing codes and methods are necessary for the analysis
of steam-filled GCFR systems.

Impact of Steam Entry on Physics Parameters

Figure 3 shows the calculated spectra at core center for the dry and steam-
filled GOFR Phase II assembly. The dramatic softening of the spectrum results

CRLCULflTEO NEUTRON SPECTRR

10' Iff 10s
ENERGY CEV)

Fig. 3. Comparative neutron spectra at core center for
the dry reference GCFR assembly and the steam-
filled GCFR assembly.

in a change in the values of the safety physics parameters. The integral para-
meters were re-measured under the steam flooded condition. Table IV presents a
summary of the results of these measurements along with comparisons with calcu-
lated values and the ratio of the steam filled to dry values. The central
worth ratios show the effect of spectrum softening (eg. the 18% increase in
the 2 3 8U central worth and the 45% increase in the 10B central worth). The
calculated predictions of the worths are slightly superior to the correspond-
ing values in the dry reference assembly (see Table II). Of particular
interest is the fact that the polyethylene foam and water sample worths were
predicted to be positive in this case, in agreement with experiment and in
contradiction to the calculated results in earlier GCFR assemblies. Table IV(B)
shows the Doppler reactivity worth ->£ 2 3 8U at the center of the steam-flooded
core. The worth increased by 92% relative to the dry case and the calculated
prediction was considerably better. The normalized 2 3 8U Doppler worth is com-
parable tp the LMFBR values. Figure 4 shows the experimental Doppler worths
in the dry and wet GCFR assemblies as a function of sample temperature.

To study the effect of neutron poisons in the core on tha reactivity worth
of steam entry, a set of B^C rod worth measurements were made in the steam-
filled and dry assemblies. Columns of Bi+C plates were positioned at the core
center and also in a ring withia the core and the worths were measured rel-
ative to void. Table IV(C) summarizes the results of the measurements and
corresponding calculations. The 10B cross-sections used in the analysis
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TABLE IV. Coaparlaon of Integral Safety-Phyalca Paraaetera for the
CC?S Reference Aaaeably and the Steai-Hlled Aaaeably

A. Central inactivity Worth

Iaotope or Material

Steaa

Experimental Reactivity
Worth,

237.55

177.00

-13.M
-4934.3

328.65

-7.32

Ih/kg

± 2.13

• 1.83

* 0.35

t 66.1

i 10.58

i 0.09

Filled,

Calculated
Worth, Ih/kg

272.42

211.97

-15.16

-5434.8

319.57

-9.12

C/E

1.15

1.2C

1.14

1.10

0.97

1.25

Ratio of
normalized worth

In the steaa-fllled metbly
to chat In the dry aaseably

" 9Pu

235O

238Q

10,

Ch2 Foaa

Stainless Steel

1.00

1.04

1.18

1.45

2.06

0.96

B. z3eU Central Doppler Reactivity Worth

Experimental
Reactivity Worth,

Calculated
Reactivity Worth,

Ratio of normalized
worth in the steam-filled
assembly to that in the

c.

Temperature Rang

300 - 1100

Reactivity Worth

e, #K

of Poison (tods

Ih/kg

-1.197 t 0.oioa

Ih/kg

-1 .193

C/E

0.997

dry assembly

1.93

Experimental
Value,
In

Calculated
Value"
Ih

491.57

573.96

C/E

1.015

1.053

Ratio of worth in
steam-filled
assembly to
that in dry
assembly

1.13

l-_ Wirth of a centrally located Bi,C
column in the dry reference aaaeably

-484.18 t 1.87

2. Wovth of centrally located B^C column -544.B3 t 3.71
in the steam-filled assembly

3. Worth of ring of 8 Bi,C columns in -1934.16 ± 33.85 -1901.69
the ilry reference assembly

4. Wor'.h of ring of 8 B^C columns in -2061.16 ± 46.79 -2242.15
the steam-fDled assembly

0.98

1.088 1.07

IX bt.IV - 953.98 Ih.

All ratios refer to experimental values

The worths In the dry reference case are listed In Table I.

The normalized Doppler reactivity worth is -5.19 » 10"3 which is coinparable in magnitude to the value in the

Infinitely dilute *°B cross-sections were used in these calculations.

Fig. 4. The central 238U Doppler
reactivity worth as a
function of temperature
for the reference and
steam-filled GCFR assem-
blies.

300 uo an too no no
Sample Temperature, "K
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were infinitely dilute (ie. no spatial self-shielding corrections were
applied). The agreement between experimental results and calculations is
typical of past LMPBR experience. The worth of steam entry was found to be
reduced by 26? when poisons were present in the core. This factor also in-
cludes the effect of increased worth of the poisons due to spectrum softening.

CONCLUSIONS

A complete set of GCFR safety physics parameters have been measured for
the first time in critical assemblies. The results of the critical exper-
iments provide a set of reference integral data useful in evaluating GCFR
safety analysis. The harder spectrum of the GCFR relative to LMFBR assemblies
was apparent from the results (e.g., decreased 238U Doppler worth and 10B
worth). Despite the presence of neutron streaming effects the reactivity
worths were generally predicted with the same degree of certainty as the
LMFBR parameters. The reactivity worth of helium depressurization was inferred
to be small based on the gas reactivity worth measurement and the calculational
methods gave conservative predictions for this worth. Loss of coolant accidents
in a GCFR appear to involve smaller safety consequences than the corresponding
podium voiding accidents in a LMF3R. Standard analytical methods also gave
a conservative prediction (by about 17%) for the 238U Doppler effect.
Finally, the accidental entry cf steam in a GCFR was shown to have a positive
reactivity effect in the critical assembly environment. The magnitude of the
reactivity insertion was found to be sensitive to many core characteristics
i.e., steam worth with neutron poisons (control rods and/or fission products)
present in the core. The calculations of the reactivity effects of steam entry
provide a very stringent test of the methods of analysis. The results of the
experiments suggest that improvements are necessary in the methods. Finally,
it was shown that the increased 238U Doppler effect and the control rod and
poison worths with steam entry would mitigate the positive reactivity effects
of steam entry in a GCFR.
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