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German Nazi state conducted researches in nuclear technologies as an attempt to achieve vari-
ous military goals. As the result of these researches, German scientists developed different,
advanced nuclear technologies in years before and during World War II. In an attempt to de-
velop the “Uranmaschinen”, in which controlled release of high energy in fission process can
be achieved, various approaches were examined, theoretically and experimentally. These stud-
ies were conducted under support of the German Nazi state and were known as the First and
Second “Uranverain® (Uranium Society/Club). Versions of the “Uranmaschinen” were
based, mainly, on natural uranium fuel and moderators of heavy water, regular water or paraf-
fin. The latest known fission device was the subcritical nuclear fission reactor B-VIII, re-built
in village Haigerloch, Bavaria, Southern Germany, in first months of 1945. It was a tank type
device with natural uranium metal fuel and heavy water moderator, reflected by graphite. Ra-
diation shielding of the device was achieved, primarily, by surrounding the reactor tank by
regular water. The whole device construction was assembled inside a concrete hole in the floor
of an underground cave, ex beer cellar. A recent neutronics study of this reactor was done, as-
suming fuel rods with lumped parameters approximation, by Italian Bologna University LIN
(Laboratorio Ingegneria Nucleare) research group in 2009.

This paper is a new approach to the neutronics study of the B-VIII reactor with an attempt to
model real fuel-moderator geometry. This study points out many approximations and simpli-
fications, made during the B-VIII material composition and geometry modeling, due to miss-
ing data. The paper investigates the influence to criticality of numerous uncertainties in the
material compositions, mass densities and geometry of the facility. The Monte Carlo
MCNP6.1 code with the latest ACE type neutron nuclear cross section data is used for that
purpose. Additionally, an attempt of estimation of the uncertainty of the experimental result
of the neutron multiplication was given. Differences in the calculated values of the neutron
multiplication and the experimental one are investigated and tried to explain. These analyses
show that the B-VIII was a subcritical device, as it was shown by the experimental results of
the German scientists achieved in March-April 1945 in Haigerloch.
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INTRODUCTION

German Nazi state initialized and conducted (in
the period from 1939 to 1945) research in nuclear tech-
nologies, as an attempt to achieve diverse military ap-
plications. As the result of this research, and research
done in earlier years, German scientists developed dif-
ferent, advanced nuclear technologies in years before
and during World War II (WWII). In an attempt to de-
velop the “Uranmaschinen”, in which controlled re-
lease of high energy can be achieved, by thermal neu-
tron induced fission process of uranium (metal or
oxide), various approaches were examined, theoreti-
cally and experimentally. Thermalization of neutrons
was achieved after fission neutrons were slowing down
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by different moderators: the heavy water, regular water
and paraffin. Graphite was abandon as a moderator, ac-
cording to Heisenberg [ 1] and Bethe [2], due to reported
high absorption cross section obtained as a result of
measurements conducted by Bothe and Jensen in 1941
[3]. These, the “Uranmaschinen”, studies, conducted
under (mainly financial and organization) support of
German Nazi government, were known as the First and
Second “Uranverain” (Uranium Society/Club) [2]. Top
German scientists, who remained in Nazi “Third Reich”
during those years, were involved in the “Uranverain”
program, including the Nobel Prize laureates like
Werner Heisenberg and Otto Hahn. These key German
scientists include also Walther Bothe, Paul Harteck,
Walther Gerlach, Carl Friedrich von Weizsacker, Karl
Wirtz, Kurt Diebner, Claus Clusius and Erich Bagge. In



M. P. Pesi¢.: A New Approach on Modelling of the B-VIII, the Ultimate ...
2 Nuclear Technology & Radiation Protection: Year 2018, Vol. 33, No. 1, pp. 1-23

spite of difficulties that influenced their work, like
heavy war circumstances, international ban on spread-
ing the information on nuclear research progress, in-
cluding losing financial and political support as time
progresses, less than a hundred of those scientists
achieved very notable research and technological re-
sults. Their achievements and fails in scientific and mil-
itary applications of nuclear technologies were exam-
ined and estimated from different aspects, including
technical ones [4-16]. A brief overview of the research,
related to construction of different versions of the
“Uranmaschinen”, including B-VIII, was given by
Heisenberg, Bopp and Wirtz[17-23]. A part of their old,
mostly classified, progress reports, is also available to-
day to public in archives of the Deutsches Museum in
Munich, Germany, in digital forms [20, 22, 24].

The examinations of different types of the
“Uranmaschinen”, using various forms of uranium
fuel and moderators, were carried out at the
“Uranverain” laboratories in several different German
cities, including Berlin, Gottow and Leipzig. The ver-
sions of the “Uranmaschinen” were coded in the Ger-
man reports by the initial letter of the city (were the ex-
periments were done) and by the Roman (or Arabic)
numerals (indicating chronological order of the partic-
ular device).

The ultimate device, which was achieved in the
technological progress towards controlled neutron in-
duced fission system, was the (subcritical) nuclear fis-
sion reactor labeled (by designers) “B-VIII” (“B8” or
“Bg”), initially assembled at Kaiser-Wilhelm Institute
(KWTI) in Berlin in January 1945 [4]. Its construction
was based after the “B-VII” (“B 7 or “B,”) version of
the “Uranmaschinen”, operated at KWTI in Berlin dur-
ing the last months of 1944. The B-VIII was never op-
erated in KWI and was disassembled in February 1945
[4]. This was done due to unsafe experimental work
carried out under heavy bombardment by the Allied
Forces and due to the circumstance that Soviet army
was approaching to the Nazi state capital — Berlin. The
B-VIII construction elements were evacuated from
KWI (by end of February 1945) by Lorries, supervised
by E. Bagge, to Southern Germany and re-built in vil-
lage Haigerloch in South Bavaria, in March-April
1945 [4].

The B-VIII was a tank type fission device with
the natural uranium metal (nUm) fuel and heavy water
moderator, reflected by graphite. Radiation shielding
of the assembly was achieved, primarily, by surround-
ing the reactor tank by regular, deminerilized water.
The whole device structure was re-assembled inside a
concrete pit in the floor of an underground cave,
ex-beer cellar under Haigerloch castle church. The
B-VIII is still interesting to nuclear community due to
complex fission core structure designed by German
scientists and its possible criticality of the fission pro-
cess. German scientists have reported that the neutron
multiplication factor (M) of 6.7 was achieved in mea-

surement at the B-VIII, during operation at Haigerloch

in March-April 1945 [17, 19, and 23]. The uncertainty

of this experimental result was not given.

Acrecent neutronics study of the B-VIII was done
by the LIN research group from Italian Bologna Uni-
versity in 2009 [25] under following assumptions and
simplifications:

— thetotal 664 nUm cubes (no impurities mentioned)
with mass density of 19.05 gem ™ (considered as
high purity nUm [26]) were used, arranged in the
“U-Al chains” containing 8 or 9 nUm cubes per the
U-AlI chain. The nUm cubes were hanging in the
U-Al chains using the cube vertexes. This last as-
sumption was mentioned in [25], but due to ho-
mogenization in the lumped parameter “fuel” ele-
ments (see below), this assumption did not have
any importance;

— thenUm cubes formed an uniform (circular) lattice
in the D,O moderator;

— the nUm cubes, the Al wire from each single the
U-Al chain, and part of the D,O moderator were ho-
mogenized in a lumped parameter “fuel” cylindrical
rod with an equivalent diameter of 10/3V6 cm. This
was done separately for the U-Al chains with 9 or
8 nUm cubes;

— the Al wires were assumed as double threads with
2 mm diameter made of Al type 5025, (with the
composition given in tab. 1 [25]), which contains
Mg as the major impurity;

— purity of the D,O moderator was assumed as 95 %
mol D,O and remaining 5 % mol H,O, without any
judgment. This value of the D,0 purity increased
neutron absorption in the system and conse-
quently, gave a lower value of calculated neutron
effective multiplication factor (kef);

— the Mg (the inner) tank was made of AZ91 Mg al-
loy (composition given in tab. 1 in [25]) with wall
thickness of 5 mm, instead of 3 mm. This increased
wall thickness increased neutron absorption in the
system and therefore, also reduced the value of cal-
culated k.sr;

— materials (32 kg Mg alloy and 75 kg stainless steel
(SS), according to [17-19]) used for construction of
the cover of the Al and Mg tanks, were neglected;

— domed top cover of the graphite, designed over the
top cover of the Al tank, was neglected;

— the Al (the outer) tank was assumed to be made of
Al 1100 alloy (see the composition given in tab. 1
[25]) with wall thickness of 2 cm, instead of 5 mm,
which increased neutron absorption in the system
and, as aresult, decreased the value of k¢, as well;

— three different types of graphite: pure graphite;
graphite with impurities equal to 1 ppm (1 pgg™)
of equivalent boron content (EBC) [27]; and natu-
ral graphite, were assumed. The corresponding
mass densities of graphite used in the modeling
were given in tab. 2 [25], while the composition of
the natural graphite was given in tab. 3 [25];
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— theradial graphite reflector (GR), as well as the top
and bottom GR, are assembled without any holes
and hermetically sealed for entrance of the regular
water;

— regular water covers up to the top of the pit above
Al tank and domed top graphite cover and reflec-
tor, according to the sketch made by German scien-
tists;

— the central chimney and the experimental tubes, in-
cluding possible neutron sensitive probes in the
tubes, were neglected;

— external neutron source in the core was neglected;
and

— contributions of the neglected air voids and materi-
als in the core, GR and water shielding, to the reac-
tivity of the B-VIII, were estimated at value of
about —0.035 %, without any judgment or an ex-
planation how this value was deduced.

The version 5 of the MCNP code [28] with the
ACE continuous-energy neutron cross sections, at
temperature of 293.6 K, selected from the actia,
endf66a, endf66b, endf66¢c, endf60, rmccs, endl and
Sab2002 nuclear data libraries, distributed with the
MCNP5 code, was used.

This paper presents a new approach to the
neutronics study of the B-VIII reactor. It shows an at-
tempt to use, as close as possible, the real fuel-modera-
tor geometry, accessible material and geometry data of
the B-VIII components and points out many approxi-
mations and simplifications done during modeling due
to missing data of the B-VIII. The paper investigates
the influence to criticality of numerous uncertainties in
the materials composition, mass densities and geome-
try of the facility. The version 6.1 of the Monte Carlo
MCNP computer code [29] with the endf71 ACE type
continuous-energy neutron nuclear cross section data,
based on the ENDF-VII.1 library [30], was used for
this analysis. Furthermore, both versions (5 and 6.1) of
the MCNP code, tested extensively worldwide, e. g. at
the Vinca Institute on the validation of the RB reactor
experiments [31, 32], were used in same cases of anal-
ysis for a comparison.

As the Allies forces were approaching to
Haigerloch, the German scientists removed the nUm
cubes from the B-VIII and hide them, i. e., buried in
ground at a nearby field. The heavy water was also re-
moved from the B-VIII to the storage and transport con-
tainers. Nevertheless, the Allies special task unit
ALSOS (a mission consisting of military personnel and
scientists) discovered the B-VIII place and most of the
hidden nUm cubes [33, 34]. The ALSOS personnel dis-
mantled by hands the B-VIII assembly by mid-April
and moved most of the B-VIII components and docu-
mentation to the USA for the investigation. The major-
ity of German top scientists who worked on the
“Uranmaschinen” (e. g. Heisenberg, Hahn, Diebner,
von Weizsacker, even the Nobel laureate Max von
Laue, opponent to Nazi regime) were captured and
transferred to Farm Hall, near Cambridge, U. K. The

replica of the B-VIII was built inside the Atomkeller
Museum, housed in the cave under the Haigerloch cas-
tle, in 1979. The inauguration ceremony (in May 1980)
was attended, among others, by K. Wirtz, C. F. von
Weizsacker, and K. H. Hocker [21].

THE B-VIII DESCRIPTION

In this chapter a description of the B-VIII is pre-
sented, based on the material and geometry data pub-
lished in many reports. Data (of technical character)
presented in this chapter are extracted from several
references [17-23] and are used to “construct” a
three-dimensional (3-D) model of the B-VIII (shown
in the next chapter). In a case when different data were
shown in the references, the original articles or re-
ports, written by German scientists involved in the
B-VIII construction, were preferred in the modeling.
The numerous uncertainties in material compositions,
mass densities and geometry of the facility had influ-
ence to the criticality of the B-VIII. These uncertain-
ties are examined, evaluated and tried to resolve in this
article by the assumptions and simplifications made
during the B-VIII modeling and calculations (chapter
Calculation results and discusion).

Accordingto [17-19, 23], the B-VIII was assem-
bled in the concrete pit in the floor of the a cave. The Al
tank was inserted and centrally located at wooden
beams, placed at the pit bottom, first of all. Then, the
bottom GR (height45 cm, [20]) was built at the bottom
of the Al tank. Next, the radial GR (about 43 cm thick,
[20]) was built, also inside the Al tank, along inner sur-
face of the wall of the Al tank, up to the height of the Al
tank. The GR were built from prefabricated graphite
blocks of the same size. The total amount of 1.5 t of the
nUm, 1.5 t of the heavy water and about 10 t of graph-
ite was available (mainly originated from the B-VII
[20]) and used for design of the B-VIII. After that, the
Mg tank (initially used in the B-VI) was inserted in the
centre of the radial GR, built in the Al tank. The Mg
tank was, then, covered (and hermetically sealed) with
the top metal disk covering and sealing hermetically
the Altank as well. This top sealing metal disk was de-
signed to carry the total weight of the nUm cubes,
hanging at Al wires in 78 the “U-Al chains” below the
central top graphite (thick 43 cm-45 cm, [20]), central
top graphite reflector and the domed top GR, designed
above the metal disk.

The vertical experimental tubes and the central
chimney were inserted through the domed top GR to
reach the Mg tank, the radial GR and water shielding.
Some of these vertical tubes were also anticipated for
insertion of Cd rods in order to stop neutron multipli-
cation. Finally, the regular, demineralized, water was
poured into the pit, around the Al tank. The sketch of
the B-VIII, made by German scientists, shows that the
water level covered completely the domed top GR,
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above the height of the Al tank. The external neutron
source was inserted through the chimney before the
D,0 moderator was poured, step by step, into the Mg
tank. Neutron multiplication was measured, using
neutron sensitive probes, for each sequential station-
ary level of the D,0O in Mg tank, during such method of
approaching criticality.

It was stated in [ 17-23], that the previous experi-
ments had shown: “in accordance with the theory, that
cubes were the best forms of {natural}” uranium
{metal} in the D,0 moderator. The favorable dimen-
sion of the {natural} uranium {metal} cubes should
be about 6 cm-7 cm according to the theory. From
{Diebner's} attempts in Gottow, however, a larger
number of {natural} uranium {metal} cubes of 5 cm
edge were available {fig. 1}. It was therefore decided,
with regard to the impossibility of producing suffi-
ciently fast the {natural} uranium {metal} dices of de-
sired dimensions, to produce further {natural} ura-
nium {metal} cubes with edge of 5 cm to supplement
the favorable ones”.

To be able to compare 'the cake forms' of new
uranium fission device with the earlier ones, espe-
cially with the B-VI and B-VII, the B-VIII experi-
ments were carried out in the same Mg cylindrical tank
with the graphite blocks forming a radial reflector, as
was used in the B-VI and B-VII. The previously used
natural uranium plates in the B-VI and B-VII, were re-
placed by nUm cubes. For this purpose, the available
664 (680 mentioned once in [17-19, 21]), pieces of the
nUm cubes were used. The total volume of 664 nUm
cubes is 83 000 cm?. The total mass of 664 nUm cubes,
for an assumed mass density of nUm of 19.05 gcm™3, is
1.58 t. The amount of 1.5 t of 664 nUm cubes gives the
average mass density of nUm of 18.07 gem .

Material composition of the nUm and its mass
density were not given. Recent investigation, based on
measurement of 87Sr/%°Sr ratio in the sample, taken
from one sample nUm cube discovered, and content of
the Rare Earth Elements [33, 34], showed that the

Original Uranwiirfel
aus dem
Atomforschungsprogramm
in Haigerloch

Dauerleihgabe der Landesanstalt filr Umweltschuiz (LIU)Y

Figure 1. Natural uranium metal cubes
(photo taken from Atomkeller Museum at Haigerloch)

nUm cubes were produced using the uranium ore from
Joachimsthal region (now Jachymov in Bohemia) in
Czech Republic. The nUm cubes, used for German
Nazi program, were manufactured by the subsidiary
Auergesellschaft, Berlin, of the German Gold and Sil-
ver Extraction Corporation “Degussa”, Frankfurt
(now Evronik Industries AG), in 1943 [4, 33-35]. Ac-
cording to [35], the archives of the Auergesellschaft
were destroyed in bombardment of Berlin during the
WWII and data on the U metal production, from that
period, do not exist in the archive of Evronik Indus-
tries AG, anymore. According to the [4] the U metal
produced in Degussa contained “more impurities than
the original {U} oxide, {used for the nUm produc-
tion}, largely emanating from the calcium used in the
reduction processes”. This statement was not sup-
ported by any reference in [4].

A cladding of the nUm cubes was not mentioned
in German reports. However, according to [4], each
nUm cube was lacquered with a new polystyrol emul-
sion to prevent the nUm cubes from chemical reac-
tions with air or water and to provide a basic protection
to operators from radiation. This emulsion was devel-
oped at the laboratories of the nUm manufacturer com-
pany and tested by Prof. Otto Haxel, who had found its
neutron absorption to be negligible, i. e., “virtually
nil” [4].

The fission products and significant amount of
Pu were not found [33, 34] in the nUm cube material,
leading to a conclusion that the B-VIII had not
achieved high neutron flux density (i. e., the nUm was
not burned-up). It was reported that the sample of the
single nUm cube under investigation [33, 34] had 5 cm
edge and mass of 2.4 kg, which gives mass density of
the cube 19.2 gem™3, slightly higher than theoretical
one of the nUm: 18.95 gem [36] or 19.1 gem™ [37].
These data should be also taken with the caution since
the uncertainties (tolerances) of the reported dimen-
sions and mass were not given and only one sample of
the nUm cube was under investigation.

In the latest information, received [38] from the
same research group [33, 34] at EU JRC Institute for
Transuranium Elements in Karlsruhe, Germany, the
Inductively Coupled Plasma Mass Spectroscopy
(ICP-MS) was used for measurement of the content of
metallic elements in the sample of the nUm cube. The
provided tab. A1l (in Appendix) of the elements com-
position of the sample of the nUm cube contains 25
metallic impurities with weight fractions in a the range
of 1.3 ppm for Be to 1680 ppm for Fe. The weight frac-
tion of the nUm, determined as a balance to 1.0, is cal-
culated to 0.996634. The ICP-MS technique provided
results with a relative uncertainty of +12 %. Boron
was not listed in the tab. Al. Using data from tab. A1,
the total EBC of impurities is calculated to about 7.1
ppm. Theoretical mass density of the nUm sample, de-

“text in {...} is added by the author of the article
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termined from these metallic element weight fractions
and theoretical mass densities of the impurities and U,
is calculated to 18.72 gem™3, which is lower than the
one calculated from data reported for mass and dimen-
sions of the sample.

The nUm cubes were inserted in the inner (Mg)
tank of the B-VIII. This was done by the “U-Al
chains”, made by Al wires attached on the central top
GR of the Mg cylindrical tank. For the construction of
the U-Al chains, small notches were made across
edges of the nUm cubes, as can be seen at the photo-
graph shown in fig. 1. It was written [17-19, 23] that
these U-Al chains (78 total) were designed either with
9 nUm cubes (40 U-Al chains), or with 8 nUm cubes
(38 U-Al chains), as can be seen in figs. 2 and 3. These
two types of the U-Al chains were alternatively
hanged below the central top GR in such a way {form-
ing the “lattice”} that the distance between centers of
two neighboring nUm cubes was about 14 cm [17-19,
23]. The U-Al chains with the nUm cubes were shifted
for half of the reported distance of 14 cm (in respect to
the height of the Mg tank) in aim to simulate the 'cake
geometry', examined in previous (Gottow) fission de-
vices with U plates and D,0 moderator. The radial
hanging scheme of the U-Al chains (i. e., type of the
lattice) was not shown in the reports. The material
composition, mass density and dimensions of used Al
wires were not given.

The total amount of heavy water for the experi-
ments was a collected as a mix of several D,0 batches
sent, in the period from 1941 to 1943, to Nazi Ger-
many from Norsk Hydro company, located in Rjukan
at (German occupied) Norway. The Vemork hy-

1500 kg heavy water

>1500 kg U metal cubes

Neutronensonden JOETul el il

Schweres Magnesium
wasser kessel

Stutzbalken wasser
Betonhtille

500 mg radium-beryllium

dro-electrical plant of Norsk Hydro produced, as a
by-product, the heavy water with purity of about 99 %
mol D,0 (99.8 % [39], 99.76 % [42], 99 % [19-21,
40]). The uncertainty of this purity value was not given
in the reports. On Nazi demand, the Vemork plant in-
creased production of the heavy water manifolds, from
10 L per month, to 120 L per month in 1941 and, later,
to over 200 L per month [17-19, 23]. The Allies air
forces and Norwegian commandos, after a few at-
tempts, succeeded to destroy the heavy water produc-
tion line of the plant (1943) and sink the last shipment
of the heavy water in Lake Tinn (Tinnsjo), in 1944
[39].

Exact purity and mass of the heavy moderator,
used D,0 in the B-VIII experiments in March-April
1945, were unknown. The references give different
values, from 95 % [25]t0 99 %[19-21,40] of D,O mo-
lar content in the heavy water moderator and the total
mass of about 1.5 t. It was known to German scientists
that purity (molar content of D,0) of the heavy water
decreases with time due to absorption of moisture
(H,O) from air during experiments and handling.
Therefore, German scientists had developed an elec-
trolytic recovery technological process, in the KWI in
Berlin-Dahlem, in which were able to recover purity
of one ton of the heavy water in two months [19-20,
23]. That technological line was destroyed in bom-
bardments of Berlin, shortly after beginning of opera-
tion [19-20, 23]. As an example, for the comparison,
the initial (in 1962) 99.72 % molar purity of the heavy
water of the RB reactor at the Vinca Institute of nuclear
sciences (about 6 t) was decreased, in the period of the
most intensive experimental works during operation

ARt

Figure 2. Sketch of the vertical cross section of the B-VIII construction in Haigerloch in 1945
(Legend: Neutronen quelle = external neutron source; Schweres wasser = heavy water; Wasser = water;
Magnesium kessel = Mg tank; Aluminium kessel = Al tank; Uran-wiirfel = natural uranium metal cube in chains,;
Graphit = graphite; Betonhiille = concrete shell; Stiitzbalken = wooden blocks grate; Kamin = central chimney,
Neutronensonden = probes for measuring neutron flux density distribution)
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Figure 3. Top graphite reflector with chains of natural uranium metal cubes suspended below (photos taken from [22]

and from the B-VIII replica at Haigerloch museum [last])

of the RB reactor [41], to 98.34 % molar (in 1970),
i.e., by average rate of about 0.15 % mol D,O per year.
Therefore, it is hardly to believe that normal handling
of the heavy water, by German scientists during a few
years, would reduce its purity below 98 % mol D,O.

The central top GR of the Mg cylindrical tank of
the B-VIII was constructed in order to be able to: (a)
carry the mass (about 1.5 t) of the U-Al chains with the
nUm cubes, (b) hermetically (watertight) close the Mg
and Al tanks and (c) act as a top axial neutron reflector.
The graphite belt (e. g., the radial ring of the graphite
having function of the primary neutron reflector) was,
like in the B-VII, placed in between the inner, Mg tank
and the outer, Al tank. All these construction elements
led to the structure of the B-VIII experiment shown in
the sketch in fig. 2, as a vertical cross section (along
the device diameter) through the design of the B-VIII.
The color sketch of the B-VIII (at the left side in fig. 2)
is completely based on the black-and-white sketch (at
the right side in fig. 2, taken from the [22]) made by
German scientists, in the original papers [17-19, 22,
23].

The cylindrical Al tank was placed in a large wa-
ter pool (which size was not mentioned), made with
concrete walls (with unspecified thickness), in the
floor of the laboratory (i. e. adapted underground pit).
Material compositions, mass density and dimensions
of concrete surroundings were not given. The Al tank
(210 cm diameter, 210 cm height and 5 mm wall thick-
ness, [17]; 210.8 cm diameter, 216 cm height and
0.4 cm wall thickness, [20]) was positioned on the
wooden blocks (40 cm height [20]). All dimensions,
material compositions and mass density of the wooden
blocks were not given, neither their number. The water
surrounding the Al tank was supposed to provide radi-
ation shielding and (expected) cooling of the fission
core. The water thickness along any direction was not

reported. Material composition (purity) and mass den-
sity of Al used for the Al tank and in the U-Al chains,
were not given. The thermal neutron absorption cross
section o, = 0o, — 0, = 0.44 b (0.44-1072* cm?) for Al,
which was used in calculations by German scientists
[20], is almost double one (0.23 b) as evaluated in the
ENDEF/B-VII.1 data library [30] and may indicate that
that Al was not high purity.

The cylindrical Mg tank, taken from the B-VII,
had diameter of 124 cm, 164 cm height and 3 mm wall
thickness [4, 17-19, 23]. Material composition of Mg
tank and its mass density were not given, but it was
mentioned [19, 20] that the tank was made of the
“Elektron”, which was a name, in the first part of the
20t century, for a range of Mg alloys with high content
of Mg (about 90 %) and Al (up to 9 %) and other impu-
rities.

The domed top cover (made of the graphite
placed above a metal plate) was screwed at the top of the
Al tank to provide water tightness. The domed top
cover and the GR had openings for the central chimney,
used for insertion the external neutron source (probably
Ra-Be of 500 mCi Ra =18.5 GBq Ra) in the Mg tank
with U-Al chains (already inserted in the Mg tank). Af-
ter that, the D,0 moderator was poured thought the cen-
tral chimney, into the fission core, assembled in the Mg
tank. Dimensions and material composition of the ex-
ternal neutron source or the central chimney were not
given. The domed top cover and the GR had also open-
ings for experimental tubes, through which probes of a
range of neutron sensitive materials (i. e., Ag or Dy), or
Cd neutron absorber rods, were inserted (from the top)
in the B-VIII core, the radial GR and the radial water
shielding. Material composition and dimensions (diam-
eters and lengths) of the central chimney and the experi-
mental tubes, their mass densities, or number and loca-
tions, were not given.
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The central top GR was designed like a sandwich
that fits in the Mg tank, inserted from the top. It was
made of the graphite cylinder acting as an axial top
neutron reflector. In aim to carry the complete struc-
ture of the nUm cubes lattice (U-Al chains), this top
graphite cylinder was backed (at bottom side) by a
metal cylindrical disk (fig. 3). This graphite cylinder
had also, at the top side, a metal cylindrical disk used to
seal the Al tank and Mg tank, as well. The entire top
GR was designed below the domed top cover. The top
dome was made of the graphite blocks above the top
metal disk (fig. 2). The dimensions of the domed top
cover were not reported. Material composition and di-
mensions of the metal disks and its their mass density
were not given, either.

The Mg tank was surrounded by, about 40 cm,
thick layer of graphite, designed of prefabricated rect-
angular graphite blocks of 5 cm x 10 cm x 50 cm [17]
(5 cm x 10 cm x 44 cm, [20]). It was reported that exist-
ing graphite blocks were not appropriate to the B-VIII
reflector size requirements [17, 19]. Tolerances of de-
clared dimensions of the graphite blocks were not
given, but it is hardly possible that graphite blocks had
undamaged edges and surfaces after multiple manipula-
tions during assembly processes of GR, in different fa-
cilities. Material composition (purity) of the graphite
was not given, but was mentioned that it was 'relatively
pure graphite' [25, 23]. The natural graphite may have
the mass density in a the range of 2.1 gcm > t0 2.3 gem™>
[43]. It was reported that mass density of the used
graphite was 1.7 gem™[17,20], i. e., the same one as the
nuclear grade graphite with the EBC less than 1 ppm
[44]. Diffusion length for thermal neutrons in nuclear
grade graphite is about 50 cm. To compensate for air
gaps created during construction of the GR, an equiva-
lent mass density of 1.58 gcm™ for the graphite was
used in calculations by German scientists [20]. This
number also means that, in these calculations, a homo-
geneously distribution of the air gaps within the GR was
assumed, with the equivalent average volume fraction
estimated at about 7.1 % (since the air mass density is
much lower than the one of graphite). The evaluated to-

tal cross section of thermal neutrons for pure C of o=
494 b (at 23.5 meV), according to data in the
ENDF/B-VII.1 nuclear library [30], is very close (about
3 % higher) to one (o, =4.8 b) that was used for graphite
in the calculations done by German scientists [20].

A simple geometry analysis (section Graphite
reflectors modeling in the next chapter) would shown
that the graphite blocks (of the shape and dimensions
given) would not fill completely the space of the ring
between the Mg tank and the Al tank. It is difficult to
see if any gaps were designed in the graphite mantle at
the photograph (fig. 4, left), made during dismantling
the B-VIII by the ALSOS team. Therefore, it could be
assumed that the air space between the graphite blocks
was filled with a graphite powder or much smaller
graphite blocks, made of the same graphite material
and the same mass density. A photograph (fig. 4, right)
of the B-VIII replica at Haigerloch does not show any
gaps in the radial GR, too. Moreover, a simple geome-
try analysis of this photograph would show that di-
mensions of the graphite blocks used in the B-VIII rep-
lica do not correspond to the reported dimensions of
the graphite blocks [4, 19-20, 22]. The photograph at
the left in fig. 4 also shows (in background behind the
ALSOS staff) the top cover metal disk of the Al tank
(at the left) and the D,O storage and transport metal
cylindrical containers (at the right).

The temperature of material components of the
B-VIII during experiment was not known, but was as-
sumed that all components of the B-VIII were at the am-
bient temperature in the cave. According to Heisenberg
recalling “the spring 1945 in Haigerloch was fantastic
warm weather and I was able to ride a bicycle” [45].

THE B-VIII MODEL

In aim to create a three-dimensional (3-D) model
of the B-VIII, many simplifications and assumptions
in geometry and material compositions of the B-VIII
components are made. The data about B-VIII are taken
from the published or internal reports. The simplifica-
tions are made for (complete or partially) known de-

Figure 4. ALSOS team dismantling B-VIII at Haigerloch in 1945 (left) and graphite radial reflector at B-VIII replica at

Haigerloch (right), [46]
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vice data which were evaluated and, after analyses,
judged that may be omitted in the 3-D model, i. e., that
have (most probably) negligible effect on the neutron
multiplication in the B-VIII. The assumptions are
made for unknown (to the author) device data which
are judged that should be included in the B-VIII 3-D
model as necessary, because they could have non-neg-
ligible effects on the neutron multiplication.

The simplifications and assumptions

The simplifications in the B-VIII 3-D model in-
clude the following:

— size of the water pool was not mentioned in the re-
ports, so the pool (pit) concrete walls and bottom
are neglected due to the locations which are far
away from the fission core;

— wooden blocks below the Al tank are neglected
(i. e., replaced by water) after a speculation that the
mass density of the wood is close to the water mass
density;

— small notches, cut across the edges of the nUm
cubes, are neglected based on judgment that such
small deviations in the geometry have small influ-
ence at criticality, i. e., the nUm cubes are modeled
with plain square faces and exactly 5.0 cm long
edges;

— a thin polystyrol emulsion covering nUm cubes
(with unknown material composition and thick-
ness) was neglected due to the experimental con-
clusion by German scientist (O. Haxel) that such
emulsion has negligible effect on neutron absorp-
tion [4];

— Al wires “hanging structure” of the U-Al chains,
designed and attached below the top GR bottom
metal disk, is neglected based on the facts that ma-
terial and dimension data about this hanging struc-
ture are unknown from the reports and its location
is at the top of the fission core;

— part of the Al wires that were wound up along faces
of the nUm cubes are neglected in the geometry of
the 3-D model of the B-VIII. To account their con-
tribution to neutron absorption in the B-VIII fuel
cells, their total mass is “added” to the Al wires,
placed between the nUm cubes, as a small increase
to the Al wire (equivalent) diameter, setto 1.11 mm;

— apartofthe materials used to support the construc-
tion of the cover of the Al and Mg tank, [17-19,
23], due to missing dimensions and locations, is
simplified in the 3-D model as two Mg disks and
one SS disk. The SS support disk is completely ne-
glected in the 3-D simple model since it was lo-
cated far away from the U-D,O core and, there-
fore, judged to have a negligible effect on the
neutron multiplication;

— the domed top graphite cover is neglected due to
missing dimensions and its distance from the fis-
sion core in the Mg tank;

— the external neutron source in the B-VIII fission
core and its support structure are neglected as well,
due to unknown data on the support structure,
source neutron intensity, material composition,
precise location and dimensions. This was also
feasible due to possibility of the computer code
used (MCNP, [28-29]) to determine the k. with-
out modeling existence of the real external neutron
source in the fission core. Therefore, as it is known
from the fission reactor theory for a subcritical sys-
tem with external neutron source [47], the ke 1S
connected to the neutron multiplication (M), after
transient time of neutron population vanished [48],
by a simple relation:

1
1-k eff

— the vertical central tube (chimney) and the vertical
“experimental” tubes (located along Al tank radii),
used for neutron sensitive probes, as well as the
openings made for these construction elements in
the domed top graphite cover, the GR and the water
shielding, are neglected., This conclusion is based
on the judgment that these elements, located in the
GR and water shielding, have a small contribution
to neutron multiplication in the B-VIII core, since
the holes were far away from the fission core. It is
believed that material of the tubes and chimney
(eventually) immersed in the core, GR and water
shielding, had also small neutron absorption effect
in the B-VIII core, due to small amount of the ma-
terial. These experimental tubes and chimney, in-
cluding air inside them, are replaced, in the 3-D
simple model, by the surrounding materials: the
D,0 moderator in the core, the graphite in the re-
flectors and the water in the water shielding. This
replacement of the materials in the 3-D simple
model, consequently reduces the neutron leakage,
what in turn, contributes to increase of the k. cal-
culated for the 3-D simple model of the B-VIII;
and

— inserted (likely) neutron sensitive probes (foils,
wires) and their support elements in the experi-
mental tubes, were neglected.

The assumptions during Monte Carlo calcula-
tions include ones made due to missing neutron cross
sections data for particular isotopes in the endf71 ACE
continuous energy neutron data library. The assump-
tions in the 3-D model of the B-VIII include ones made
for materials and geometry data:

— dimensions of all neighboring material zones of
the B-VIII 3-D simple model are matching exactly
at contacts surfaces, without any gaps;

— due to unknown thickness and composition of the
concrete walls and bottom of the water pool, the
size of the water shielding is limited at 60 cm thick-
ness around the Al tank (as in [25]), i. e., more than
10 diffusion lengths for thermal neutrons;

M =
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there are no air gaps between the graphite blocks
included in the 3-D simple model of the B-VIII,
i. e., there are no damaged edges or surfaces of the
graphite blocks;

the same (assumed natural) graphite material (with
reported mass density of 1.7 gem ) is used for all
graphite elements of the B-VIII construction;
thickness of the top (radius equal to 62.0 cm + 43 cm)
and bottom (210 cm diameter) graphite in the 3-D
simple model is assumed either 40.0 cm or 50 cm;
in the 3-D simple model, the radial GR is com-
pletely filling the space between the Mg and Al
tanks, i. e., its thickness is 42.7 cm;

two axial metal disks of the central top GR are
made of the same material as the Mg tank, i. e., of
the most widely Mg alloy: AZ91D. The diameter
of both the disks is 124.6 cm, while the thicknesses
of the disks are 1.0 ecm (bottom) and 0.5 cm
(top).The disks are modeled without any gaps. The
AZ91D alloy has mass density of 1.81 gem and
the same composition, assumed by the LIN re-
search group. In the 3-D simple model, the central
top GR is modeled with a single (top) AZ91D disk
(with equivalent thickness of 5 cm);

material compositions and mass densities for all
materials are assumed at 20.0 °C (except D,0, H,O
or air, see below);

for a feasible study of the B-VIII criticality, the
“100 % pure materials” (i. e., without any impuri-
ties and with theoretically mass densities at 20 °C)
are taken from [36, 37], except for the air which is
assumed at Haigerloch pressure and temperature
of 20 °C;

the total of 664 nUm cubes are used, arranged in
the U-Al chains containing either 8 or 9 nUm cubes
per the U-Al chain (total 78 U-Al chains);

as a consequence of information given in [4 and
35], the nUm material is assumed in 3-D simple
model with impurities content equal to 5.0 ppm
EBC to account for any imperfections in techno-
logical processes of the production of nUm at the
time of WWII. This EBC value is higher than typ-
ical EBC value (about 0.5 ppm) in nUm direct in-
gots (which enter to an nUm fuel production
line) at 1950-s [49], or typical impurity content of
2.5 ppm EBC in the nUm produced in NCCP,
Russia [50]. An analysis of variation in the EBC
of impurities in the nUm in the range of 1 ppm to
20 ppm, is done for the 3-D simple model. The
nUm mass density of 19.05 gecm, the same one
of the LIN research group [25], is used;

the vertical distance between centers of two neigh-
boring nUm cubes in one U-Al chain is always
14 cm, while a distance between two neighboring
nUm cubes belonging to two adjacent U-Al chains
depends on the (assumed) fuel cell lattice type, but it
is around reported (14 cm) in the B-VIII (section
B-VIII fuel cell model of this chapter);

the Al wire, used to construct the U-Al chains, is
assumed to be of Al alloy 5025 type with the mass
density of 2.64 gem°, the same one used by the
LIN research group [25] in their study. Its material
composition is taken from [25], as well;

the material of the Al tank is assumed to be Al alloy
5051A, which is the oldest (1983) German Al alloy
reported in Aluminum Association Inc. (USA) pub-
lication [51]. Hence, its composition and mass den-
sity of 2.69 gem ™ are taken from [51]. It has only
slightly higher thermal neutron capture cross sec-
tion (o.=0.261 b) than Al type 1100 (o.=0.240b),
assumed and used by the LIN research group [25].
The Al alloy 1100 is reported in [51], by the USA in
1954;

the heavy water moderator composition (D,O mo-
lar purity) is assumed in the range of 89 % mol to
99 % mol DO at different ambient temperatures.
Mass density and atom densities of the D,O mod-
erator are calculated, at supposed temperature and
purity, using formulae shown in [41], taken from
the LATREP code manual;

the graphite material, declared as the “relatively
pure” [17-19, 23] is assumed with impurities
equivalent to10 ppm EBC, assuming a variation of
the EBC in the range of | ppm to 20 ppm. The natu-
ral graphite used by the LIN research group con-
tains impurities equivalent to 4.212 ppm of the
EBC;

the level of the D,O moderator in the B-VIII core
was not reported in the the reports. Simple calcula-
tions show that if all the reported amount (total
mass of about 1.5 t) of the D,O moderator was
poured in the Mg tank with the U-Al chains in-
serted, the level of the D,O moderator in the Mg
tank was 119.79 cm for an amount exactly to 1.5 t.
Therefore, if the level of the D,O moderator was
assumed at 124.0 cm in the 3-D simple model, i. e.,
up to the bottom metal disk of the central top
graphite cover, it would assume the total mass of
the D,O moderator of 1.65 t;

the two disks in a “sandwich type” of the top
graphite cover are assumed to be made of Mg
AZ91D alloy with diameter of 124 cm and thick-
ness of 1.0 cm (at bottom) and 0.5 cm (at top);

an assumption is made that the “sealing disk” of
the Al tank is made of SS 340 type with mass den-
sity of 7.7 gem and composition taken from [44],
with diameter of 211.0 cm and thickness of 1.0 cm;

the light (regular, demineralized [19, 23]) water
(H,O) is assumed at temperature and pressure of
ambient air in the cave, with a natural content of
the D,O (0.0115 % mol);

the air is assumed at ambient temperature and at
pressure equivalent to Haigerloch cave altitude
(about 440 m). Average air ambient temperature in
Haigerloch in spring time (March-April) is about 6
°C (the MSN weather web site: http://msn.com).
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Variation of the cave average air ambient tempera-
ture is assumed in the range of 5 °C to 20 °C;

— the fuel cell lattice of the B-VIII reactor was not re-
ported. In this study, different types of lattices are
examined: the hexagonal lattice, the square one and
the circular-uniform one (like the LIN research
group used). The constrain for all used lattice types
was to keep the distance between centers of two
neighboring nUm cubes around 14 cm;

— the cross sections of all isotopes of Ar in the air are
replaced by cross section of “°Ar only;

—  due to missing data for the cross sections for '"*O iso-
tope in the endf71 neutron data library, its small
atom fraction is added to atom fraction of '°O iso-
tope, because these isotopes have similar neutron
total cross sections [52].

B-VIII fuel cell model

The 3-D fuel cell of the B-VIII is modeled as a
unit with the face side length (edge, a) as close as pos-
sible to (around) 14 cm to fulfill reported (approxi-
mately 14 cm) distance (d) between the centers of two
neighboring nUm cubes (in 3-D space). Height (in ax-
ial direction) of the fuel cell is set to # = 14 cm exactly,
i.e.,itis a distance (d) between two nUm cube centers
on the same U-Al chain. Exact dimension of the fuel
cell edge « (in the radial direction of the Mg tank) in
the 3-D model depends of on assumed type of the fuel
cell lattice geometry:

— square (@ =12.0 cm, d = 14.07 cm),

— hexagonal (¢ =7.0 cm, d = 13.53 cm), or

— LIN uniform-circular (average radial distance be-
tween neighboring concentric rings of the U-Al
chains is 11.51 cm, while the distances between two
nUm cubes in neighboring rings, measured in 3-D
space is around d = (13.5 + 0.8) cm, depending on
the nUm number along circumference of the rings.

It should be underlined that these 3-D models of
the fuel cell do not entirely satisfy the reactor theory
requirements for a symmetry with adjacent fuel cells
in a horizontal directions. However, the symmetry is
satisfied for every second fuel cells. Nevertheless,
such fuel cells are used in the modeling because they
provide easy insight in a dependence of the &, from
different material and geometry parameters of the fuel
cell (section Fuel cell infinite multiplication factor of
the next chapter).

If an assumption is made that required distance
between two neighboring nUm cubes of 14 cm, which
is the distance between two neighboring U-Al chains,
then the fuel cell would have the side length (edge) of
a =14 cm. This option would not satisfy requirements
of the total 79 radial distributed fuel cells (78 U-Al
chains and one cell containing the central chimney) in
the Mg tank with the radius of 62.0 cm, but only 61
fuel cells would fit in the core area.

An another possible case is an option that the
fuel cell has side a = 7.0 cm, which provides that the
distance (d) between two nUm cubes is 14.0 cm as
well, but the nUm cubes should be at the same height,
i. e., in every second U-Al chain. This design would
create, for 79 square fuel cells of the U-Al chains, a
U-D,0 core with an equivalent radius of 35.1 cmand a
radial D,0O reflector, to inner surface of the Mg tank
wall, with a thickness 0f 25.9 cm. This was not the case
in the B-VIII design.

The fuel cell contains the D,O moderator with
the fuel of the nUm cube (with 5 cm edge) located in
the center of the fuel cell and the Al (5025A type)
hanging wires (with equivalent radius of 1.11 mm)
used to fix the nUm fuel cubes in the U-Al chain. The
Al wires, in the 3-D model, are assumed that may (re-
gardless the real case in the B-VIII) depart vertically
from:

— the center of the opposite cube edges (the “Edge”
nUm cube model = “E” model), or

— the cube opposite vertexes (the “Vertex” nUm
cube model = “V”” model), or

— the middle point at the cube opposite faces (the
“Face” nUm cube model = “F” model),

and extend to the centers of the opposite faces of the

fuel cell.

The examples of the 3-D models of the square
(left) and hexagonal (right) fuel cell are shown in fig.
5, where the model of the nUm cube is the “Edge”
(left) or the “Vertex” (right).

B-VIII 3-D simple model

The 3-D simple model of the B-VIII is con-
structed after all (reported, assumed and estimated)
material, geometry data and the simplifications,
shown in sections The simplifications and assump-
tions and B-VIII 3-D simple model of this chapter, are
used. There are no gaps in the 3-D simple model. This
3-D simple model is the closest to the one used in the
study of the LIN research group [25], except for mod-
eling of the fuel and the top cover sealing. Only the top
Mg disk of the central top GR is modeled in the 3-D
simplified version. The 3-D model of the B-VIII fis-
sion core, assembled in the Mg tank, assuming the
square lattice pitch for the U-Al chains with the Vertex
model of the nUm cubes, is shown, as an example, in
fig. 6. The Al wires of the U-Al chains are not shown in
fig. 6 deliberately, due to their very small (radial) di-
mensions compared to scale of the core.

The fig. 7 shows the vertical (along diameter)
and horizontal (at elevation of 56 cm above the bottom
of the Mg tank) cross sections of the B-VIII 3-D sim-
ple model. In the central part of fig. 7, the square lattice
fuel cells are shown with the Edge model of the nUm
cubes in the D,0 moderator (height 124 cm). In this
3-D simple model of the B-VIII, the GR (thick 40 cm)
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Figure 5. 3-D models of the fuel cells: the nUm cube Edge model hanging in the square fuel cell (left) or the nUm cube

Vertex model hanging in the hexagonal fuel cell (right)

Figure 6. The 3-D model of the B-VIII fission core in the
Mg tank

Graphite

and the water radiation shielding (thick 60 cm) are
around the reflected core and completely fill the space
occupied. The walls of Mg tank and Al tank are not
clearly visible in these geometrical cross sections due
to their small thickness compared to the total scale of
the B-VIII 3-D simple model. Therefore, fig. 8 shows
only enlarged part (i. e., a zoom in the top right corner)
of the top GR above the Mg tank wall, the wall of the
Al tank (extended through the top water shielding in
this 3-D simple model) and the top AZ91D disk (thick
S cm).

Graphite reflectors modeling

In the real design of the GR of the B-VII/B-VIII,
German scientists were faced with the classical prob-
lem of “squaring the circle” inside cylindrical Al
tank. The first possible case of the GR actual design
may assume that, according to [17-19], the GR were

Graphite

Figure 7. The vertical (left) and horizontal (right) cross sections of the B-VIII 3-D simple model
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Figure 8. A zoom in vertical right corner of vertical
cross section of the B-VIII 3-D simple model

built from prefabricated graphite blocks of the same
size: 5 cm x 10 cm % 50 cm. Tolerance of these dimen-
sions were not given and, in these analyses, it is as-
sumed that edges and surfaces of graphite blocks were
not damaged. The volume of the graphite block is
2500 cm’. Reported total mass of the graphite was
about 10 t. Taking the reported value of 1.70 gem™ of
the graphite mass density, a simple calculation would
show that mass of a single graphite block is 4.250 kg.
Consequently, the 2350 graphite blocks were con-
tained in 10 t. Total volume of all 2350 graphite blocks
is 5.875 m>. Total volume of the space existing for
three (top, bottom and radial) GR in the B-VIII was ap-
proximately between 5.65 m?® and 5.97 m3, depending
on the height (210.0 cm or 216.0 cm) of the Al tank.
The lower volume would require about 2260 (or 2390)
graphite blocks to completely fill the space (without
gaps).We may conclude, after a simple geometric
analysis shown below, that, if no other forms (e. g.,
powder or much smaller pieces) of graphite were used
in the GR construction, the reflectors were constructed
with gaps between the graphite blocks.

A straightforward geometric analysis shows that
the densest graphite “covering” of the circular or ring
spaces of the radial and axial (top and bottom) reflectors
could be achieved if the graphite blocks were placed
with the shortest edge (5 cm) to the inner surface of the
Al tank wall and with the 10 cm edge pointing in the ra-
dial direction to the centre of the Al tank. Therefore, the
longest edge of the graphite block should be positioned
vertically, i. e., the graphite blocks should lie down on
their 5 cm % 10 cm faces. The longest edge (50 cm, or
44 cm in the other case) of the graphite blocks would
not fit in the radial direction in the space (with the radial
thickness 42.7 cm) between the Mg tank and Al tank.
This analysis does not include evaluations and correc-
tions due to unknown uncertainties in dimension toler-

ances of the graphite blocks and (probably a tiny) gaps
among two adjacent graphite blocks, during assembling
process. Such possible design would provide a height
of 50 cm (or 44 cm) of the bottom and top axial GR. It
would require also four lateral circular rows in the radial
graphite mantle, between inner wall of the Al tank and
the space occupied by the central Mg tank. The thick-
ness of the graphite mantle would be 40 cm. Such de-
sign would leave an air ring space, between the Mg tank
outer wall and the closest graphite blocks, thick of about
2.7 cm, wide enough for the insertion of the Mg tank
along vertical axis of the Al tank. One such lateral row
of this design would contain 395 graphite blocks in the
radial reflector. Four lateral rows in the Al tank would
be necessary to achieve the total height (of 200 cm or
167 cm), which will include the height (50 cm or 44 cm)
of the bottom reflector, the height (124 cm) of the fis-
sion core in Mg tank and the height (50 cm or 40 cm) of
the top reflector in the Mg tank. Hence, such construc-
tion of the radial reflector would require a total of 1580
graphite blocks.

The densest bottom GR, below the Mg tank,
would be built from only one, single lateral row of the
graphite blocks placed on their 5 cm x 10 cm faces.
Each of the five possible circular rows would be as-
sembled from the maximum number of the graphite
blocks (190). The same, or very similar, design could
be arranged for the top GR, inserted at the top of the
Mg tank. The holes between graphite blocks in the top
GR would allow easy penetration of the central chim-
ney and the experimental tubes.

Such a design of the GR would require two cen-
tral (single block height) rows of the GR (under the Mg
tank and inside it, at the top), each made of 190 graph-
ite blocks. Hence, the total amount of 1960 graphite
blocks would correspond to about 83.4 % of all graph-
ite blocks. The total mass of graphite would be of
about 8.3 t. Additionally, some number of the (broken
or whole) graphite blocks would be used to fill the
space of the central hole in the bottom GR and to build
the graphite “domed top cover” shown in fig. 2, at the
original sketch of the B-VIII. A sketch of the above
mentioned version of GR possible design is shown in
fig. 9 (left). The central circular part shows the graph-
ite blocks at the bottom of the Al tank (i. e., below Mg
tank). The outer ring shows arrangement of the graph-
ite blocks in the one of four lateral rows of the radial
graphite mantle and outside radius of the Mg tank. A
disadvantage of this design option is that the total
height of the bottom and radial GR would be higher
than the top edges of the Al and Mg tanks, what would
require a design of a complex sealing system for the
both tanks.

The same, fig. 9 (left), is valid if the graphite
blocks of 5 cm x 10 cm x 44 cm, from the B-VII design
[20], were used. In this case, the volume of a single
graphite block is 2200 cm? and the mass 3.740 kg, for
the mass density of 1.7 gcm™>. Ten tons of the graphite
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would contain about 2670 graphite blocks. The similar
number of graphite blocks would be used for construc-
tion of the radial reflector, as in the previous case of
larger blocks. The height of four axial layers would
reach 176 cm, including height of the bottom GR of
44 cm (the first layer), in the Al tank. If the height of
the Al tank was 216.0 cm [20], five layers would get to
210.0 cm in the Al tank. The top GR would be de-
signed in an analog way as the bottom one, with addi-
tional (maybe broken) graphite blocks used to fill the
remaining gaps. A design of the sealing metal disk of
the Al and Mg tanks would be more complex in the
case 0f 216.0 cm height of the Al tank than in the case
of 210 cm height.

Another possible version of a real design of the
GR is shown at the right side in fig. 9. The graphite
blocks would be assembled at the bottom cylindrical
space in the Al tank (radius of 105.0 cm) with 10 cm x
50 cm (or 10 cm x 44 cm) side laying down, up to a
height of nine layers (45 cm). Such a design would re-
quire 54 whole graphite blocks per layer, i. e., the total
of 486 graphite blocks (in the case of 50 cm edge).
Similar arrangement could be used in design of the top
GR, thickness about 40 cm. An unknown number of
the broken graphite blocks would be used to fill the
gaps created by such a design. The radial GR with
thickness of 40 cm would be designed by laying the
graphite blocks on 5 cm x 10 cm side in three vertical
layers (150 cm height) above the 45 cm thick bottom
GR, in the same way as it was explained in the para-
graphs above. The arrangement with 44 cm-45 cm
thick bottom GR would provide that the top edges of
the Al tank (210 cm height) and Mg tank (164 cm
height) reach almost the same level, what would facili-
tate a design of the sealing metal cover. The top level
of the radial GR would be about 15 ¢cm, or about 33 cm
(in the cases of 50 cm or 44 cm graphite block edge

length, respectively), below the Al tank top edge (210
cm). This ring shaped gap would be filled with some
number of the broken graphite blocks, too. The gaps
would remain in the design of the top and bottom GR,
while the radial GR would be without any gaps, up to
possible construction level. Such a design would cre-
ate a 2.7 cm thick gap between the Mg tank outer wall
and the inner surface of the radial GR. The total num-
ber of the whole graphite blocks would be similar to
the one estimated in the previous version of the design.

B-VIII 3-D upgraded model

The B-VIII 3-D upgraded model is constructed
after all reported, assumed and estimated material and
geometry data and the simplifications, shown in the
previous sections of this chapter, are used. Contrary to
the LIN research group model, the square lattice of the
U-Al chains with the Edge model of the hanging of the
nUm cubes was selected for the 3-D upgraded model.
This selection is judged as the easiest technically de-
signed option, according to the notches made at the
nUm cubes and shown in fig. 1. Main upgrades are as
follows:

— composition of the nUm (with an equivalent EBC of
7 ppm [38] and the mass density of 19.05 gecm ) is
accepted, assuming that all nUm cubes used in the
B-VIII were from the same production batch. The
last assumption is not most likely true, since the
nUm cubes were delivered by the manufacturer to
various “Uranverain” laboratories during a period
of several war years and collected for the B-VIII de-
sign;

— itisassumed that the heavy water was delivered in a
few batches with 99.0 % average molar percent of
the D,0 and that the this purity was not changed sig-

Figure 9. Sketches of the possible graphite reflectors designs made of the 5 cm x 10 cm x 50 cm prefabricated graphite
blocks (inner circle shows diameter of the Mg tank and outer circle shows diameter of the Al tank)
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nificantly during normal handling and transporta-
tion of the D,O moderator;

— the maximum level of the D,O moderator in the
U-D,0 core is assumed to 119.8 ¢cm, which corre-
sponds to exact amount of 1.5 t of the D,O modera-
tor;

— mass density of natural graphite (with equivalent
EBC of4.212 ppm) is 1.7 gem  in the radial reflec-
tor (without gaps), and 1.58 gem ™ in the top and
bottom GR to account for (about 7 %) volume of the
air gaps (assumed homogeneously distributed) in
graphite [20];

— acylindrical air gap, thick 2.7 cm, exists between
the Mg tank outer wall and surface of the radial GR
(thick 40 cm);

— sealing of the Mg and Al tanks is modeled with the
top SS disk (211 cm diameter and 1.0 cm thick) and
two AZ91D (62.0 cm radius) disks placed at the top
(0.7 cm thick) and bottom (1.0 cm thick) of the top
GR (39 cm thick) at the top of the Mg tank.

The vertical cross section (along diameter) of the
B-VIII 3-D upgraded model is shown at the left in fig.
10 together with a version (at the right) which includes
modeling the central chimney and six vertical experi-
mental tubes. Zones of the B-VIII 3-D model at the
right side of fig. 10 have the same materials as at the
left side version of fig. 10. Positions, material, dimen-
sions and number of the experimental tubes are un-
known and are modeled according to the B-VIII
sketch shown in fig. 2. Dimensions and material of the
chimney and experimental tubes are chosen by the au-
thor of this article according to his experimental expe-
rience. The material of the chimney is modeled of the
5051A (or 1100) Al alloy or AZ91D Mg alloy. As-
sumed dimensions of the chimney are: tube diameter
of 5.0 cm and wall thickness of 1 mm. Six experimen-
tal tubes are modeled with the same material as the
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Al tank rho = 1.58 gom®

60 cm water reflector

chimney, with 1 mm wall thickness and 2.0 cm tube di-
ameter. The closed bottoms (1 mm thick) of the
experimental tubes are assumed to exist below the ra-
dial mid-plane of the U-D,O core, at 54.0 cm above the
bottom of the Mg tank. The inner space of the chimney
and the experimental tubes is filled with the air, 7. e.,
without any experimental probes and the probe's sup-
port material. It is also assumed that there are no Cd
control rods inserted in the B-VIII system. Any varia-
tion of this B-VIII 3-D upgraded model will be ex-
plained below tab. 4, which includes only a small num-
ber of many calculation results.

CALCULATION RESULTS
AND DISCUSSION

Fuel cell infinite multiplication factor

To evaluate the B-VIII possibility to make
self-sustainable fission reactions in a reactor lattice, the
neutron infinite multiplication factor (k) in the “infi-
nite” media is calculated for the fuel cell (section B-VIII
fuel cell model of previous chapter). This is done with
the MCNP6.1 code applied to the neutron transport and
continuous-energy neutron cross sections from the
ACE type endf71 data library, at temperature of
293.6 K. Neutron scattering effects in neutron thermal
energy range on: (a) the deuterium and hydrogen atoms
bounded in the D,0, or H,0 molecules and (b) the car-
bon atoms in the graphite, are included applying ACE
type endf71Sab thermal neutron scattering library at
293.16 K. The temperature of the D,0 moderator in the
fuel cell is assumed at 20 °C. The materials of the 'ideal
purity’ (100 % pure nUm, 100 % mol pure D,O and
100 % pure Al), with theoretical data taken from
[36-37], are used for these cases.

TR
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Figure 10. B-VIII 3-D upgraded model
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The infinite media is simulated in the MCNP6.1
code by setting the periodic (or reflector) boundaries
at side surfaces of the fuel cell. The code is run for two
million (active) neutron histories (2 Mnh) in the neu-
tron transport mode (MODE N, KCODE) which pro-
vided the relative (statistical standard deviation, 1o)
uncertainty of £0.00025. This uncertainty of the calcu-
lation results is considered as acceptable since the
measured neutron multiplication factor in the B-VIII,
done by German scientists in March-April 1945, was
reported at M = 6.7, without any uncertainty. From this
reported experimental value of the neutron multiplica-
tion factor, it was simply deduced that the B-VIII was a
deeply subcritical system, since the value k= k was
calculated to 0.85075, i. e., almost 15 000 pcm (1 pcm
=1.0-107° Ak/k) below the critical value (1.0).

MCNP6.1 calculations are done for the Vertex
model of the nUm cubes in the fuel cell of the square
lattice. Because the nUm cubes were assumed to be
completely immersed in D,0 moderator in the B-VIII,
i. e., all faces of the cube were covered by the modera-
tor, the orientation of the nUm cube (i. e., the 'hanging
mode') has no significant effect on neutron transport
and multiplication in the fuel cell. The results of the
calculated £, = k;; in function of the square lattice
pitch (a) are shown in fig. 11. The fig. 11 shows that, if
the square lattice pitch (a) is changing in the range of
9 cm to 21 cm, the value of the &, is increasing from
0.89994 + 0.00024 to 1.28134 + 0.00025. The calcu-
lated value of the k¢ for the B-VIII assumed pitch
(a=14 cm) is 1.21328 £ 0.00026, while for a square
pitch of a=12.0 cm, k; ;= 1.13969 + 0.00029. There-
fore, the B-VIII could become critical, in a case of
“100 % pure materials”, in both cases of the square
pitches above mentioned, if the geometry arrangement
(“geometry buckling”) was such that neutron leakage
from the system does not reduce the k. below 1.0.
This conclusion is valid under assumption of the fuel
cell complete symmetry (section The simplifications
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Figure 11. Infinite neutron multiplication factor (ki) in

function of the square lattice pitch (@) of the B-VIII fuel
cell

and assumptions of previous chapter) and suggests
that German scientists were missing appropriate quan-
tity of nuclear material and suitable geometry arrange-
ments to achieve a critical fission system.

Another analysis of the B-VIII fuel cell shows
dependence of the k;, ¢ in function of the purity of D,O
moderator in the square lattice fuel cell with 14 cm
pitch (fig. 12). MCNP6.1 calculations are done for the
Vertex model of the nUm cube in the cell. The code is
run for 2 Mnh in the neutron transport mode which
provided the 1o of £0.00025. The nUm is assumed
with impurities equal to 5 ppm EBC. Only for the
“100 % pure materials” case of (100 % mol) pure D,0,
the results of the calculations are also added by the re-
sult obtained for the 100 % pure nUm. When the molar
percent of the D,O in the D,0 moderator is changing
in the range 0f 90 % to 100 %, the ;s is changing from
0.96758 £ 0.00025 to 1.19957 + 0.00025. The fig. 12
shows that the k;,p, in this case of the fuel cell, is higher
than 1.0 (i. e., the B-VIII could be critical) for the mo-
lar percent of the D,O in the D,O moderator higher
than 92 % mol (assuming full fuel cell symmetry, sec-
tion The simplifications and assumptions of previous
chapter). It also may be concluded, from fig. 12, that
reactivity (Ak;,¢) of the infinite fuel cell decreases for
about —2300 pcm per reduction of 1 % mol of D,0.

Influence of the D,0O moderator temperature on
the k¢ in the B-VIII fuel cell, with a pitch of 14 cm and
the Vertex model of the nUm cube (with the impurities
equal to 5 ppm EBC), is shown in fig. 13. The
MCNP6.1 code is run for 20 Mnh in the neutron trans-
port mode which provided the 1o of + 0.00008. When
the D,O moderator temperature is changing from 5 °C
to 20 °C, the k,,; is changing, roughly, like a parabolic
curve with the maximum (1.19973 £0.00008) achieved
at the temperature of 17 °C. This observation is under
question, since the calculated values of the k; are
changing within the 1o uncertainty of the calculation
results. The lower relative statistical 1o uncertainty
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Figure 12. Neutron infinite multiplication factor (ki) in
function of molar percent of D,O in moderator of the
B-VIII fuel cell with the square lattice pitch @ = 14 cm
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Figure 13. Neutron infinite multiplication factor (ki) in

function of the DO moderator temperature (7) in the
B-VIII fuel cell with the square lattice pitch a =14 cm

could be achieved by increasing the number of neutron
histories in the code run, what would require much lon-
ger clock time of the calculations. However, this result
of change of the k., with the D, O temperature, points out
that exact temperature, at which the B-VIII was oper-
ated, had a negligible effect on the neutron effective
multiplication factor (k) of the facility, i. e., on the
neutron multiplication factor (M).

B-VIII 3-D simple model

Results of MCNP calculations for B-VIII 3-D
simple model, for '100 % pure materials' are shown in
tab. 1.

The calculation results for the “100 % pure mate-
rials” cases, shown in tab. 1, confirm the reactor theory
prediction that orientation (E, V, F) of the nUm cubes
fully immersed in the D,0 moderator of the fuel cell,
has no importance, since the obtained values of the kg
are within the 1o uncertainty of the results. The calcu-
lation results also show that all selected lattices of the
fuel cell with the “100 % pure materials” could form a
critical system since the obtained values of the & are,
roughly, in the range of 1.009 to 1.014 in case 0of 40 cm
thick bottom GR. The thickness of 50 cm of the bottom
GR increases the values of the kg for (102 £ 16) pcm,
i. e., the graphite thickness has a small effect on the k.
However, the “100 % pure materials” cases are not

practically feasible due to technological and economi-
cal constrains in the material production at an
industrial scale, i. e., there are no 100 % pure materials
in large quantities. The impurities in “real materials”
and reduced purity of the D,O moderator would re-
duce this values of the kg for several hundreds or even
thousands pcm. These results also show that attaining
the criticality in the B-VIII fission system would be
very unlikely with available quantities of the nuclear
material in chosen geometry, as German scientists had
estimated and concluded in their reports [18, 19].

Beside the cases with the 100 % pure materials in
the 3-D simple model, the cases with materials con-
taining impurities are investigated as well. MCNP6.1
calculations are done for the Edge model of the nUm
cubes in the square lattice. The chosen content of im-
purities in the nUm is 5 ppm EBC, in the graphite (C) —
10 ppm EBC, while purity of the heavy water modera-
tor (at 20 °C) is 99 % mol D,O0, as the 'reference 3-D
simple model'. The Mg tank and its cover are made of
alloy AZ91D, the Al tank is made of alloy 5051A,
while the Al wires are made of alloy 5025A. Neutron
cross sections for all the solid materials and
deminerilized water (with natural content of the D,0)
are taken at 20 °C. The MCNP6.1 code is run for
10 Mnh in the neutron transport mode, which provided
the 1o of £ 0.00017. The calculated kg for this 'refer-
ence 3-D simple model'is 0.95405 £0.00018, which is
far above expected one (0.851).

The variation of the EBC of content of impurities
is done in the range of 1 ppm to 20 ppm for the nUm,
keeping the content impurities in the graphite at
10 ppm EBC and the D,0 moderator purity at 99 %
mol D,O. The selected variations of the EBC of con-
tent of impurities in the graphite are 4.212 ppm EBC
(natural graphite [25]) and 10(5)20 ppm EBC, keeping
the EBC of impurities in the nUm at 5 ppm and the
D,0 moderator purity at 99 % mol D,0. The nuclear
grade graphite with 1 ppm EBC is selected, as well, for
these variations. Results of the calculations are shown
in tab. 2 and fig. 14. Effect of the purity of the D,O
moderator was examined also using the reference 3-D
simple model. The contents of the impurities of 5 ppm
EBC in the natural U metal and 10 ppm EBC in the
graphite are kept constant, while variation of the D,O
moderator purity is covering the range of 89(2)99 %
mol D,0. Results of these calculations are shown in
tab. 3 and fig. 15.

Table 1. MCNP6.1 calculated neutron effective multiplication factor (ki + 1) for the 3-D simple model of the B-VIII

Materials 100 % pure
Axlal graphite 40 em thick 50 cm thick
nUm cube Lattice model Lattice model
model Square Hexagonal LIN-circular Square Hexagonal LIN-circular
Edge (E) [1.00863 + 0.00016/1.01081 + 0.00016|1.01383 + 0.00016|1.00983 + 0.00016/1.01169 + 0.00016|1.01481 + 0.00016
Vertex (V) |1.00878 £ 0.00016/1.01085 + 0.00016/1.01369 + 0.00016/1.00990 + 0.00017|1.01184 + 0.00016/1.01462 £ 0.00016
Face (F)  |1.00879 + 0.00016/1.01075 + 0.00016/1.01390 + 0.00016/1.00996 + 0.00016/1.01198 + 0.00016|1.01470 + 0.00016
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Table 2. MCNP6.1 calculated neutron effective multiplication factor k. = 1o for influence of impurities in natural
uranium metal and graphite in the 3-D simple model of the B-VIII (99 % mol D,0 at 20 °C)

Impurities (ppm EBC) in nUm for ft 1 Impurities (ppm EBC) in graphite for fet 1
10 ppm EBC impurities in graphite off T 10 5 ppm EBC impurities in nUm off T 10
1 0.96154 +0.00017 1 (nuclear grade) 0.97127 £0.00016
5 0.95405 £ 0.00018 4.212 (natural) 0.96418 + 0.00016
10 0.94508 £ 0.00017 10 0.95405 £ 0.00018
15 0.93599 +0.00016 15 0.94732 +£0.00017
20 0.92808 + 0.00017 20 0.94199 + 0.00017
Table 3. MCNP6.1 calculated neutron effective 0.960 e
multi- plication factor k. % 1o for the purity of the D,O 0.950 4 - BV S simple mode " "
moderator (at 20 °C) in the 3-D simple model of the B-VIII —_ UiE i
(mUm + 5 ppm EBC and graphite + 10 ppm EBC) ke ] G,;phﬁznl 10 ppm EBC .
Purity of D,O moderator (% mol D,0) kot 1o e
89.0 0.85496 + 0.00015 R .
91.0 0.87756 + 0.00015 09107
93.0 0.89893 + 0.00015 0900 .
95.0 0.91968 + 0.00015 0.890 1 " Ko
97.0 0.93823 +£0.00016 0.880 -
99.0 0.95405 +£0.00018 0.870
0.860
-
From results of the calculations, shown in tab. 2 0.850 +———T—T T T O

and fig. 14, we may conclude that the reactivity (Ak/k)
of the B-VIII decreases about —175 pcm per increase
of 1 ppm EBC of the impurity content in the nUm and
about —150 pcm per increase of 1 ppm EBC of the im-
purity content in the graphite. Results of the calcula-
tions given in tab. 3 and fig. 15, show that reactivity
(Ak/k) of the B-VIII decreases for about —1000 pcm
per decrease of 1 % mol D,O purity, i. e., the purity of
D,0 has the major effect on keff of the B-VIIL

The tabs. 2 and 3 and figs. 14 and 15 show that
the values of calculated k.4 + 1o provide values of the
neutron multiplications factors M which are still far
away from the expected one (0.851) indicating that, if
the measurement result was truthful, the materials and
dimensions used in the B-VIII simple modeling are not
correct, due to different reasons, and should be up-
graded, if possible, as it was tried in the next section.
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Figure 14. Calculated effect of impurities in natural
uranium metal and graphite on k¢ for B-VIII simple 3-D
model
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Figure 15. Calculated effects of D,O purity on k. for
B-VIII simple 3-D model

B-VIII 3-D upgraded model

To evaluate the B-VIII criticality, the 3-D upgraded
model is used to determine the kg in the system. This is
done with the same computation tools mentioned in sec-
tion Fuel cell infinite multiplication factor of this chapter.
The temperature of the D,0 moderator in the B-VIII core
is assumed at 20 °C. The materials explained in previous
sections are used and briefly noted in tab. 4. The cases la-
beled with initial capital A cover the non-flooded system,
while ones with initial capital H cover the H,O flooded
system. Any variation of this B-VIII 3-D upgraded
model, or computation tools, is explained below for par-
ticular option (case) of the modeling. The MCNP6.1
code is run for 10 Mnh in the neutron transport mode
which provided the 1o of £ 0.00017 and the results are
given in tab. 4.

Cases A4, A6, and A7 show calculation results
for the neutron multiplication at the B-VIII 3-D up-
graded model obtained under assumption that all
graphite and the water reflectors are replaced with air,
i. e., for the U-D,O unreflected and unshielded core in
the Mg tank.

Cases A12L, A14L, and A16L show MCNP6.1
calculation results with materials used by LIN research
group and obtained for the B-VIII 3D upgraded model.
Case A12L uses the nUm cubes in the U-Al chains, in-
stead the fuel lumped rods (cases A14L and A16L),
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Table 4. MCNP6.1 calculated neutron effective multiplication factor and neutron multiplication factor for the B-VIII 3-D
upgraded model

3 U-D,0 Nat. Graphite _ |Air or HyO|Chimney & six
Case | UM fgg%;[) [gc;n 1& [nli)zlo" %] lattice & |reflectors p [gem ]| in gaps in | experimental ker+ 1o M+ lc
ppm ' |nUm model| & EBC [ppm] Al tank tubes
cubes, p = 19.05, Square, p=1.70, .
Al ep 90 | P i Air No 0.95310 +0.00017 |21.32 + 0.08
A4 cubes, p = 19.05, 950 | Saquare, Air® Air No 0.82675 +0.00017 | 5.77+0.01
EBC=7.0 . Edge : - e
cubes, p = 19.05, Square, p =158, .
A5 T 950 | Sl sheaas Air No 0.91405 + 0.00016 | 11.64 + 0.02
A6 cubes, p = 19.05, 950 | Saquare, Air® Air No 0.81166 +0.00018 | 5.31+0.01
EBC=7.0 ) Edge ) - T
cubes, p = 19.05, Square, . (b) .
A7 S 9.0 | S Air Air No 0.81036 +0.00019 | 5.27+0.01
cubes, p = 19.05, Square, p =170, .
A10 Ty 9.0 | Spe shc ke, Air AL5051A | 0.95053 +0.00016 | 20.21 = 0.07
cubes, p = 19.05, Square, p =170, .
All L1 9.0 | Spie bk, Air No 0.95109 +0.00017 | 20.45 + 0.07
(© cubes, p = 19.05, LIN, p =1.80, .
Al2L L1 950 | gawo | LT 1E0 Air No 0.93160 + 0.00016 | 14.62 % 0.03
A14L®]  LIN lumped rod 950 | [LIN p = 1.80, Air No 0.85930 +0.00018 | 7.1 +0.01
: Vertex | EBC =4212 83930 0. AT£0.
_ =170 & 1.58
AlS CUbE%g - 71%05’ 99.0 ngare’ (7% air) Air No 0.93775 +0.00017 | 16.06 +0.01
: 8¢ EBC =4.212
@ LIN, =130, ‘
Al6L LIN lumped rod 95.0 Vertex EBC = 4212 Air No 0.85830 +0.00018 | 7.06 +0.01
_ =170 & 1.58
A17® CUbEEg 2150 94.0 Sg‘&are’ (7% air) Air AL5051A  |0.90221 +0.00016 | 10.23 = 0.02
‘ ge EBC =4.212
_ p=1.70 & 1.58
A18© C“b]‘;%g - 71%05’ 90.0 Sg‘:iar:’ (7% air) Air ALS051A |0.86509 = 0.00015 | 7.41 +0.01
: & EBC =4.212
_ p=1.70 & 1.58
A19¢ CUbE%g - 71%05’ 88.0 ngare’ (7% air) Air ALS051A |0.84499 = 0.00016 | 6.45 +0.01
: 8¢ EBC =4.212
_ =170 & 1.58
A20{® C”bgfg’cp 2190 88.0 Sg‘(liare’ (7% air) Air AL5051A | 0.84478 +0.00015 | 6.44 +0.01
‘ ge EBC =4.212
_ p=1.70 & 1.58
A21x C“b];’;g - 71%05’ 88.0 Heﬁg"e‘lal’ (7% air) Air ALSO51A |0.83953 +0.00015 | 6.23 +0.01
: & EBC =4.212
_ =170 & 1.58
A2L | cubes,p=19.05, | ¢g4 | LIN, (7% air) Air AL5051A  |0.85106 +0.00015 | 6.71+0.01
EBC=17.0 Vertex o
EBC = 4212
_ =170 & 1.58
A2z | ubespm 1905 g0 | d (7% air) Air AL5051A | 0.84530 +0.00016 | 6.46 = 0.01
=7. ertex _
EBC = 4212
_ =170 & 1.65
H7 C“b]g;g - 7190'05’ 96.0 Sggare’ (7% H,0) H,0 No 0.89595 +0.00015 | 9.61 +0.01
: ge EBC=4.212
_ p=17&1.65
Hg® | cuben p T I905. T ggq | Spuare (7 % H,0) H0 | AIS0SIA |0.89596+0.00015 | 9.61+0.01
: g EBC=4212
_ =170 & 1.65
Ho® CUbEfg’g - 71%05’ 92.0 Sg‘éar:’ (7 % H,0) H,0 | AISO051A |0.86595+0.00015 | 7.46 +0.01
: & EBC =4.212
_ p=1.70 & 1.65
H10® C“bggg - 7190'05’ 90.0 ngare’ (7 % H,0) H,0 | AISO05IA |0.84864+0.00015| 6.61+0.01
: g¢ EBC =4.212
B p=1.70 & 1.65
Hi1j®|  cubes o= 1905 900 S]g‘éar:’ (7 % H,0) H,0 | AIS0SIA |0.8491140.00015| 6.63+0.01
: g EBC=4212
- p=1.70 & 1.65
Hi2x | CUbeSpZIR05. g9 Hexagonall T gy 0 H:0 | AISOSIA | 0.84137+0.00015| 6.30%0.01
: g EBC =4212
_ p=1.70 & 1.65
Hi3L | cubes,p = 19.05, 900 | LN (7% H,0) H,0 | AIS051A | 0.85344+00015 | 6.28+0.01
EBC=7.0 Vertex EBC=4212

Notes: (a) all graphite replaced by air; (b) all graphite and H,O replaced by air; (c) LIN materials, MCNPS and LIN selected neutron data library; (d) LIN
materials, MCNP6.1 and endf71 neutron data library; (e) estimated purity of the heavy water moderator for the measured multiplication factor; no flooding of
the U-D,O core in the Al and Mg tanks; endf71 neutron data library; (f) estimated purity of the heavy water moderator for the measured multiplication factor;
flooding of the U-D,0 core in the Mg tank and in the Al tank with H,O from the water reflector; (g) MCNP6.1 with jeff3.2 neutron data library.
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Figure 16. LIN fuel cell (¢ = 11.5 cm) for lumped fuel rods (left) and heterogeneous (cube) fuel (right)

used in the article [25] prepared by the LIN research
group. The results (A14L and A16L), obtained using
MCNP5 or MCNP6.1 versions of the code for kg, are
very close to the one reported for the 'Model C' (the re-
flector from the natural graphite with mass density of
1.8 gem ) in [25]: 0.85748 +0.00013. Comparing the
results of the A12L case with the A14L or A16L cases,
we may conclude that a relatively large difference
(about 6 000 pcm) in k4 is the consequence of using
lumped fuel rods in [25] instead of the real fuel geome-
try (cubes). The MCNP®6.1 calculation gives the k., for
the of B-VIII fuel cell of'asquare (¢ =11.5 cm) lattice
with lumped fuel rods and 95 % D,O (shown in fig. 16
left), a value k., = 0.96762 £ 0.00034. This value of the
k., 1s far below the one obtained for the same lattice pitch
with the fuel cell with the Vertex model of the nUm cube
with Al 5025A wires and 95 % D,0, shown in fig. 16
(right): k., = 1.09670 £ + 0.00024.

The LIN lumped fuel parameters were calcu-
lated using mass fractions of the material component
in the fuel homogeneous cylindrical rod with equiva-
lent diameter equal to 10/(3/+/6) cm [25], which in-
creased the surface for interaction to the D,0 modera-
tor of the equivalent fuel rod about 2.5 times compared
to the surface of the nUm cubes. That homogenization
had a consequence in change of the neutron resonant
absorption and self-shielding effect in the nUm (thick)
fuel and, therefore, made a difference in the calculated
k. compared to the real fuel-geometry used in B-VIII
3-D upgraded model.

Cases from A17 to A19 show the influence of the
D,0 moderator initial purity on the criticality of the
B-VIII. They demonstrate that the purity of about
88 % molar of the D,0 moderator is the one which
gives the calculation result of the MCNP6.1 almost

equal to the experimental multiplication factor. The

assumptions used are as follows:

— the hermetically sealed Al and Mg tanks, i. e., air
zones exist in these tanks,

— all nUm cubes have composition determined in
[38] and mass density of 19.05 gem ~,

— total amount (exactly 1.5 t) of D,O was inserted in
the Mg tank, and

— thenatural graphite was used with the mass density
of 1.7 gem° in radial GR, and 1.58 gem ™ in the top
and bottom GR.

Comparing the cases A10 and A1l we may con-
clude that the calculated reactivity of —(58.9 + 23.3)
pem, of the chimney and six experimental tubes, is
about the value (-35 pcm), assumed by the LIN re-
search group. However, the MCNPG6.1 calculation re-
sults shows, comparing the cases H7 and HS in cases of
the flooded Al and Mg tanks with water, that the experi-
mental tubes and chimney have a negligible reactivity
in the system. The case A23 is the same as A19, but the
SS material is replaced by Al 5051A alloy and value of
the reactivity change of (37 £ 23) pcm between two
cases indicated that the composition of this material in
the B-VIII model has a very small effect on k.

The low value (88 % mol) of purity of the D,O
moderator, required to reproduce the experimental re-
sult for neutron multiplication in B-VIII reported by
German scientists, in the calculations done by MCNP
code, deserves an attention and a brief study. This low
value of the purity of the D,O moderator could be con-
sequence of (1) the total amount of D,0O moderator
was distributed from the producer with such initial pu-
rity value; (2) mixing the D,0 moderators from sev-
eral batches of different purity; (3) careless handling
of the D,0O moderators during usage (in several de-
signed facilities) and transportations; (4) partially or
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total breaching of the top metal cover, used for sealing
the Al and Mg tanks; or (5) any combination of the
events mentioned in cases from (2) to (4). The first
possibility will not be discussed, since it is a specula-
tion of the initial molar purity of the D,O moderator, in
spite that the references [40-42] show the initial purity
of about 99 % mol D,0. Second case is the most prob-
able. Third case is possible, but not so likely. In the 4
mentioned case, the H,O from the water reflector
could have penetrated into the Al and Mg tanks and
overflowed the air gaps above the D,0 moderator in
the Mg tank and in the Al tank with the GR. Such a
case (H7) was supposed assuming that the H,O from
the water reflector had instantaneously filled all the air
gaps in the Al tank and the air space (thick 4.21 cm)
above maximum height of the D,0 moderator (deter-
mined for 1.5 t) in the Mg tank. The air gaps (7 % vol-
ume fraction), homogeneously distributed in the top
and bottom GR, are filled with water and an equivalent
average mass density of graphite-H,O mixture in these
GR has a calculated value of 1.65 gcm™. An amount of
the H,0O had mixed with the D,O moderator (under as-
sumption that their volumes in the Mg tank are con-
served), and consequently, had reduced the D,0 mod-
erator purity. It was also assumed that the D,O
moderator could not exit from the Mg tank and mix
with H,O in the Al tank, or in the water reflector. Sim-
ple molar calculations would show that, if the original
molar purity of the D,O moderator was 99.0 %, such
amount (about 4.21 cm x 7 x 62.0% cm? = 50 840 cm?)
of H,O and instantly mixed with D,0O moderator
(about 1 446 620 cm? for exactly 1.5 t), would reduce
the purity of the D,0 moderator in the Mg tank to
about 96 % mol. Possible earlier mixing (during slow
process of approaching to criticality) would have
caused very slow leaking of the H,O in the Mg tank
and have significantly reduced the purity of the D,O
moderator. Slow H,0-D,0 mixing would have a con-
sequence that the total amount (1.5 t) of the D,0 mod-
erator could not be finally inserted in the Mg tank,
what was not mentioned in the reports of German sci-
entists. Furthermore, a low purity of the D,O modera-
tor may be a consequence of smaller total amount (less
than 1.5 t) of D,O moderator and mixing with H,O
during supposed flooding.

Cases from H8 to H10 show the influence of the
D,0 moderator purity on the criticality of the B-VIII
in case of the flooding the Al and Mg tanks. They dem-
onstrate that the purity of about 90 % molar of the D,O
moderator is the one which provides that the
MCNP6.1 calculation result is almost equal to the ex-

perimental value of the neutron multiplication factor.
Cases A20j and H11j show MCNP6.1 calcula-
tion results obtained for A19 and H10 case, with the

square lattice and the nUm cubes Edge model, respec-
tively, but using the jeff3.2 neutron data library [52].
We may conclude that both the libraries (endf71 and
jeff32) show almost the same result for the kg of the
B-VIII, i. e. a difference is within the 1o relative un-
certainty of the calculations. Cases A21x and H12x
show MCNP6.1 calculation results obtained for the
hexagonal lattice cases (with the nUm cubes Edge
model), respectively, and the endf71 neutron data li-
brary. Cases A22L and H13L show MCNP6.1 calcula-
tion results obtained for the LIN circular-uniform lat-
tice cases (with the nUm cubes Vertex model) and the
endf71 neutron data library. We may conclude that all,
above mentioned, similar cases (the air gaps filled by
air or flooded by H,0) show almost the same result for
the k. of the B-VIIL, i. e., the difference is within the
lo relative uncertainty of the calculations.

The experimental result of the German scientists
for the neutron multiplication factor M (6.7) was re-
ported [17-19] as the quotient of (measured) average
numbers of neutron population in the final stage
(113.4) and average number of neutron population in
the initial stage (16.9) in the process of approaching
criticality of the B-VIII. We may assume, due to deci-
mal numbers reported, that the experimental values
were obtained as the average numbers after a (large)
number of statistical measurements of counting from
the activity of the neutron sensitive probes (Dy) and
that Gauss distribution was satisfied. If the other statis-
tical and systematical uncertainties were not included,
the average values of the counts allow us to estimate
the standard deviation of the average number of the
counts as a square root of the average number of neu-
trons [47] and to estimate uncertainty (equal to the
standard deviation, i. e., 1o) of the M as + 1.75. There-
fore, it may be believed that the experimental result of
the neutron multiplication M (6.71) was (roughly) be-
tween 4.96 and 8.46, with a probability of about 67 %.

It is also assumed that the value of the experi-
mental neutron multiplication factor was obtained af-
ter measurements in which the fundamental mode of
neutron flux density in the B-VIII has achieved (in
time domain) the asymptotic, i. e., saturation, level
[47,48]. This assumption is required for the validity of
a proportion of the neutron flux density and the neu-
tron multiplication in the subcritical system with an
external neutron source. Furthermore, it is expected
that experimental measurements of the neutron popu-
lation in the B-VIII were done, at reported levels of
D,0 with the external neutron source, after all neces-
sary corrections were applied to obtain activity ofused
neutron probes. These corrections include location of
the probes, the probe's sizes and masses, times of irra-
diation, cooling and activity measurements and back-
ground counts measurements.
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CONCLUSIONS

This paper is a new approach to the neutronics
study of the B-VIII reactor, with an attempt to model
real geometry of fuel-moderator interaction and use the
best data for the geometry and materials of the system.
This study points out many approximations and simpli-
fications, made during modeling of the B-VIII material
composition and geometry, as consequences of missing
or inconsistent data. The paper also tries to investigate
and show the influences to criticality of numerous un-
certainties in the material compositions, mass densities
and geometry of the facility. The Monte Carlo
MCNP6.1 code and the ACE type neutron nuclear cross
section data from endf71 are used for that purpose. Ad-
ditionally, an attempt of estimation of the uncertainty of
the experimental result of the neutron multiplication,
was given. Differences in the calculated values of the
neutron multiplication and the experimental one are in-
vestigated and tried to explain. Some possible reasons
for the calculated low value of the purity of the heavy
water moderator are given and analyzed. Therefore, re-
sults of the water flooded the U-D,O core and the
graphite reflectors of the B-VIII, as a possible source of
the D,O moderator reduced purity, are shown too.
Analyses are done for three assumed fuel lattice types
and three models of space orientations of the nUm
cubes hanging on the Al wires. It was shown that the
major influence to criticality of the B-VIII reactor had
the purity of the heavy water moderator, assuming that
most of the geometry and material data (especially for
the composition of the nUm cubes, the core geometry
and the graphite reflectors) were given correctly in the
German reports and published articles. The analyses
confirm that the B-VIII was a subcritical device, as it
was shown by the experimental result of the German
scientists done in spring 1945 at Haigerloch, i. e. the
criticality was not achieved in the B-VIII reactor of re-
ported design. However, the analyses in this study, done
on the B-VIII model, indicate that the B-VIII reactor
was not so deeply subcritical, as it was shown by the ex-
perimental result [17-19] of the German scientists. The
analyses also confirm a conclusion derived by German
scientists that they had not enough quantity of the nu-
clear material and had not achieved proper geometry ar-
rangement to make the B-VIII a critical fission system.
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ABBREVIATIONS AND NON-SI UNITS

KWI - Kaiser-Wilhelm (now Max Plank)
Institute, Berlin

nUm  — natural uranium metal

GR — graphite reflector

EBC - equivalent boron content

SS — stainless steel

WWII — World War 11

Mnh  — million neutron histories

NCCP — Novosibirsk Chemical Concentrates Plant

ICP-MS - inductively coupled plasma mass
spectroscopy

lo — relative statistical uncertainty
(standard deviation) of MCNP calculation

keef — neutron effective multiplication factor

ke — neutron infinitive multiplication
factor (king)

M — neutron multiplication factor

in an subcritical system with external
neutron source

Jol — mass density, [gem ]

0o (01t) — neutron total cross section (b) at 2200 ms !

o — neutron capture cross section (b) at
2200 ms™'

O — neutron absorption cross section (b) at
2200 ms '

o — neutron scattering cross section (b) at
2200 ms'

b — barn (1-10** cm?)

pem  — reactivity equal to 1-10° Ak/k

ppm  — 1:10° gg” (1.0 ugg ™)

Appendix 1

Table Al. Content of metallic impurities in the natural
uranium metal cube sample [38] (ICP-MS, relative
uncertainty =12 %)

Element | eight fraction | gy o, | Weight fraction
[ppm] [ppm]
Al 602 Mo 2.0
As 1.3 Na 74
Ba 6.3 Ni 98
Be 15 p 245
Ca 30 Pb 250
Ce 1.3 Si 418
Co 1.6 Sn 32
Cr 29 Ti 24
Cu 15 \ 29
Fe 1680 W 96
K 31 Zn 8.4
Mg 2.7 Zr 6.6
Mn 43 U Rest®

Note: (a) U weight fraction is calculated as a balance
(b) 1 ppm = pgg ' of U
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Muaan I1. IIEIINTHR

JEJAH HOBM IPUCTYII MOJEIOBABY ,,B-VIII” CUCTEMA,
KPAJIBbEM JOCTUTHYRHY APYIOI' YPAHNJYMCKOI NPYHNITBA

Hanucruuka Hemayka gp>kaBa CIpOBOJIAJIA je CTPasKiBakha y HyKJIeapHUM TEXHOJIOTHjaMa Kao
MOKYIAj fla MOCTUTHE pa3lIniWTe IUJbEBE y BOJHUM IpuMeHaMma. Kao pesynTaT THX HCTPaXHBaiba,
HEMauKM HAYYHHIU Cy PasBUIM Pa3HOBPCHE, HANPE/IHE HyKIeapHe TCXHOJ‘IOFI/I_]C y TOiMHAMa Tpe 1 3a
Bpeme [lpyror cBeTckor para. Y HOKyma]y la pasBHjy ,,YpaHMaImHy , ¥ KOjoj ce Moxke mocTwhu
KOHTpOJIUCaHO ocinobabame BeIuKe eHepruje y npouecy guchuje, pa3inyuTd IPUCTYNH Cy UCIUTUBAHHU,
TEOPHjCKU 1 eKcriepuMeHTanHo. OBa H3y4yaBama cy n3BoheHa y3 noapuiky Hemauke HanucTHIKe ApskaBe u
Omya cy 1mo3HaTa Kao IPBO W APYro ,,YpaHWjyMCKO IpyIITBO/Kiny6 . Bepsuje ,,Ypanmammuna” cy Ouie
3aCHOBaHe, Ipe cBera, Ha TOPUBY Off IPUPOJHOT YpaHUjyMa U TEILIKOj BOAK, OOMYHO] BOAY U NapauHy
kao mopepatopy. Ilocneawu no3natu pucuoHu ypebaj 6uo je MOTKpUTHYAH HyKJIeapHU peakTop Bg
(B-VIII), koju je (moroBO) m3rpaben y ceny Xajrepiaox (Haigerloch) y Jysxknoj BaBapckoj y mpBuM Mecenuma
1945. To je 6uo ypebaj TaHK THITa ca TOPUBOM Off IPUPOHOT YPAHUjYM MeTajla U MOJIEpaTOPOM O TEIIIKe
Bojie, peduiekToBaH rpacduToM. Panujanuona 3amrura ypebaja octBapeHa je mpuMapHO, OKPYXKEHeM
peakTOpCKOr TaHKa oOMYHOM BofoM. LlenokymHa KOHCTpyKumja ypebaja Ouna je cMmemTeHa yHyTap
OGETOHCKOT OTBOpa y NMOAY jefiHe nof3eMHe nehune, OuBIIer NUBCKOT ofpyMa. CKopallmba CTyuja OBOT
peakTopa je ypaheHa, y3 mpeTnocraBKy alpoKcuMannje ropruBa Kao MUK, yCPeAHhEeHOT ca npumafajyhom
ATyMHUHUjYMCKOM 3KHUIIOM u MojaepaTopoM, of crpane JIMH (Laboratorio Ingegneria Nucleare)
UCTpaKuUBauKe Ipyle ca YHuBep3urera y bonowu, Mranuja, 2009. roguse.
Ogaj paj mpefcTaBsba cacBUM HOBY CTyAHjy Bg peakTopa y3 nokyiaj na ce popMupa peasHa reoMeTpuja
ropuBa W MojilepaTopa, yka3yjyhu Ha MHOTOOpOjHE anpoKCUMaIyje U yIpourhema yInmheHa TPIITIKOM
MOJleJIOBaha MaTepHjaIHuX ¥ TeOMEeTPHjcKuX Kapakrepuctuka bg ypebaja, Hacrana ycnen HeocTaTka
WM HecariiacHocTH nogataka. MCNP6.1 pauyHapcku mporpaM 3acHoBaH Ha MonTte Kapno meronu, ca
ACE 6u61m1oTeKoM HeyTPOHCKUX HYKJIeapHUX MolaTaka MCKOpHITheH je 3a Ty CBpXY. Y pajly ce UCTIUTYje
yTUIA] HA KPUTUIHOCT OpOjHUX HeoppebeHocTH y cacTaBy martepwjajia, TYCTUHH W T€OMETPHjCKAM
nopanuma ypebaja. [JonaTHo je yuumeH NOKYyIIIaj IpolieHe HeoipeheHOCTH HaBeleHOT eKCIIEpUMEHTATHOT
pe3yaTara Mepema HeyTpoHcKe MyaTuruKanuje. [Tokymano je ga ce aHanusupajy u oGjacHe JodujeHe
pasnuke u3Mebhy u3mMepeHe BpeTHOCTH U IpopadyHaTux BpefHocTu. OBe HOBE aHAIN3€e MOTBP/AMIIE CY fia je
B¢ 610 1y6oKo NOTKpUTHYaH ypebaj, Kao ITO ¢y TO NOKa3aJlu €KCIePUMEHTATHN Pe3yATaTH HEMayKuX
Hay4YHUKa JoOujeHu MapTa-anpuia 1945. rogune y Xajrepioxy.

Kwyune peuu: Hayucitiuuku Hykaeapuu iapozpam, B-VIII, ¢paxitiop myaitiuilaukayuje HeyitipoHa,
MCNP6.1



