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FOREWORD

On October 11 and 12, 1960 the Army Nuclear Power Program
(ANPP) Reactor Analysis Seminar was held at the Nuclear Division
of The Martin Company.

This seminar was sponsored by ARM, AEC, Division of Reactor
Development and The Martin Company, to afford personnel associated
with work in the field of reactor analysis within the various ARM
programs an opportunity to more thoroughly acquaint themselves with
current activities and experience throughout the ANPP. This was
accomplished by the presentation of papers based on their activity
in the Army reactor program.

Thanks are extended to all those who participated in the seminar
and in particular to the authors of the papers presented and the
session moderators:

B. J. Byrne, Alco Products, Incorporated,
W. J. Houghton, Aerojet-General Corporation,
Dr. A. M. Perry, Oak Ridge National Laboratory,
L. C. Noderer, Combustion Engineering, Incorporation.

For the sake of completeness, the questions and answers relating
to each paper are included immediately following the papers to which
they apply.
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INTRODUCTION

J. D. RAUTH, Vice President, The Martin Company

General Manager, Nuclear Division

In behalf of The Martin Company I want to welcome you to the
Army Nuclear Power Program Reactor Analysis Seminar. We hope
that you will all find this meeting fruitful and that it will lead to other
such exchanges of information in an area of importance to us all.

Although the nuclear reactor field is approximately 15 years old,
the existing techniques of reactor analysis still require the filling of
gaps in our knowledge of the design of the most important portion of
nuclear powerplants, the heat source itself. Few of us would consider
it wise, as yet, to design a new nuclear reactor (or for that matter
even an improvement on an existing one) without benefit of expensive
experiments to verify our analysis.

In the conventional powerplants that are the competitors of the
systems we must sell, technology has developed to the point where the
heat sources can be reliably designed on the basis of analysis and
engineering experience along with the attendant savings in design costs.

In order to be in a better position to compete and have confidence
in our products we must fill the gaps in our analytical capabilities and
verify the reliability of our analysis through experiments and the
analysis of reactor operating histories.

As more reactors are built and operated in the future, I am certain
our confidence in our analytical techniques will grow. The task of
developing reliable analytical techniques and tools is a large and ex-
pensive one and will require the cooperative efforts of both industry
and government. We feel that meetings such as this one are a healthy
indication that we are all aware of and capable of meeting the challenge.

In this regard I want to conclude by extending our sincerest thanks
to the Atomic Energy Commission and our colleagues in both the
government and industry who by their contributions have made this
Seminar possible. It gives me great pleasure to now introduce to you
Mr. R. D. McFarren speaking for Colonel Gordon B. Page, Assistant
Director (Army Reactors) of the AEC under whose organizational
auspices most of the work reported on in this Seminar has taken place.
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Col. Gordon B. Page, Assistant Director (Army Reactors), AEC

Speaking for the Army Nuclear Power Program, I wish to welcome
you to the ANPP Reactor Analysis Seminar. It has been a great pleasure
to observe your enthusiastic response to our invitation for your parti-
cipation in this seminar. For this I want to thank you. I also want to
thank Joe O'Brien and the Martin Nuclear Division for their excellent
job of organizing and hosting this seminar.

In a large program such as the Army Nuclear Power Program,
wherein several different types of reactors are being developed by
numerous contractors, it becomes difficult for the right hand to be
continually aware of what the left hand is doing. Consequently, a
primary objective of this seminar is to provide an opportunity for in-
dividuals associated with reactor analysis projects under joint Army-
AEC auspices, to acquaint themselves with current ANPP activities
and experience in this field. Presently, we are supporting two code
development programs, in addition to the reactor analysis work normally
associated with the design and development of our required reactor
systems. These two programs are the Boiling Water Reactor Code
Development Program with Combustion Engineering, Inc., as contractor
and the Pressurized Water Reactor Code Development Program with
the Martin Nuclear Division as contractor. Under the latter contract,
a code has been developed for pressurized water reactors which will
be capable of accounting for disadvantage factors of fuel and burnable
poison elements, spatial depletion of fuel and burnable poison and
spatial distribution of fission products, all as a function of time,
operating history and nonuniform fuel loading. This pilot code will be
available on November 1, and a topical report describing the code and
its operation will be available November 30. I am emphasizing this
to encourage the use of this code by your organizations to help check
the code and expand its applicability.

It is my sincere hope that the exchange of information, which will
take place at this seminar today and tomorrow, will enhance your
overall comprehension of ANPP efforts in the area of reactor analysis
and code development and will encourage greater utilization of the
developed information.

As many of you are aware, development work, such as reactor
analysis, which does not produce "nut and bolt hardware" is difficult
to justify in a military program whose stated objective is to develop
nuclear power plants for military application. A basic problem that
we continually encounter is that approving agencies do not always
completely comprehend all that is involved in this work or why con-
tinuing efforts are required. We must, therefore, consider better ways
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of presenting our programs and the ways that the results of these
programs will contribute toward producing better cores. Part of the
problem, I feel, is our own fault, as we have given the impression that
we have progressed further in this field than we really have. For
example, a calculation of reactivity or critical mass quoted to several
figures of accuracy, when only one or two are justified by the assumptions
that went into the calculation.

What I have in mind and am asking each of you to consider is briefly
this: When you plan new work, think how you can present it in a form
that a man trained in business administration can understand. Also,
present past efforts in the same manner. In particular, pictorial and
almost animated presentations would be very helpful. Examples of
this are:

(1) A one-dimensional, three-group calculation could be
presented pictorially by pictures that:

Show the heterogeneous core that one is attempting to
calculate.

Show the curves of how neutrons are slowed and how for
purposes of calculation these curves are divided into a few
discrete groups.

Show the measured cross-section curves of the materials
involved and the assumed effective group cross sections.

And finally, show how the complex heterogeneous core is,
for purposes of calculation, lumped into a homogeneous,
spherical mass.

(2) Pictorial presentation of the treatment of control rods as
window shades with resultant neglect of effects between the
rods.

(3) Pictorial comparisons of the results of prior crude or "bulk"
calculations with those available from new computer code
calculations or proposed new methodology.

I will not attempt to go further as I am the first to admit that the
work you are doing is most difficult, and therefore, the details of such
a simplified presentation as I have attempted to describe must come
from you who are intimately acquainted with this field. I will say that
our success in obtaining funds for your work depends in great measure
on how well we are armed with information that will sell the programs.

Thank you again for your enthusiastic participation in this effort
and on the part of the Army Nuclear Power Program- -WELCOME.
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PROBLEMS ASSOCIATED IN THE DESIGN OF A HIGH

PERFORMANCE PRESSURIZED WATER REACTOR (SM-2)*

P. E. Bobe
Alco Products, Incorporated

I. INTRODUCTION

The design analysis for the SM-2 Core and Vessel Program was
performed under contract with the United States Atomic Energy Com-
mission, New York Operations Office. The contract listed the following
general specifications for the core:

(1) The core is to be of the APPR-type.

(2) The core is to be capable of approximately 25-mwt operation
at 100% load factor for a minimum of one year. Growth
potential in core life should be provided.

(3) Fuel elements, both control and fixed, as well as absorbers,
are to be interchangeable with the SM-1 and SM-lA.

(4) Temperature coefficient is to be sufficiently negative to
ensure inherent safety in plant response.

(5) Control rod array must be capable of shutting down the
core at room temperature, no xenon, with a reasonable and
adequate stuck rod criteria.

This paper will concern itself with the major nuclear analysis per-
formed during the development of a final design for the SM-2. Most
of this work has been reported in APAE No. 65 (Ref. 1). The nuclear
analysis performed on the final SM-2 design is presented in another
paper (Ref. 2) and report (Ref. 3).

II. FUEL LOADING

The original philosophy followed in the design of the SM-2 was to
make it as similar to the APPR-1 (now designated the SM-1) as possible;
accordingly, operating conditions of 4400 F and 1200 psia were chosen

*AP Note No. 302



2

as preliminary design values. Due to the relatively high UO 2 fuel

loadings required to meet the design lifetime specifications, the fuel
plate thickness was increased from 30 mils, as employed in the SM-1,
to 40 mils, in order to maintain a weight percent of UO2 in the fuel

matrix no greater than that employed in the SM-1 ('26 wt %). It was
decided to design the core with an initial K of 1.03 with control rods

full out, at temperature, with equilibrium xenon. This slight excess
reactivity represents a compromise between the need for adequate
startup margin and the need for adequate shutdown margin. An extensive
nuclear parameter survey was made to determine K effas a function

of U-235 and B-10 loadings. The calculations were performed using
modified two-group theory. Fast group parameters were calculated
by the MUFT-III, IBM-650 code while the thermal properties were
calculated by use of P3 theory for APPR-type fuel elements (Ref. 4).

The results of these calculations are shown in Fig. 1.

Many combinations of U-235 and B-10 would yield the desired Keff

of 1.03. Preliminary analysis performed during the SM-2 planning
stage indicated that 36.2 kilograms of U-235 in the core should meet
the core life design requirements; from Fig. 1, 63.3 grams of B-10
would be necessary to obtain a K of 1.03. These loadings were

chosen as preliminary values for further analysis.

A nonuniform burnup calculation, employing the NUB -1, IBM-650
code (Ref. 5) was performed upon the core; the water reflector was
replaced by a thick laminated steel reflector for reasons described
later in this paper. The results of this calculation predicted a core
life of approximately 29 megawatt years, which exceeded the contract
design requirements; therefore, the U-235 loading of 36.2 kilograms
in the core was selected as the reference. It was recognized that core
design changes would undoubtedly be made at a later time; therefore,
the boron loading remained flexible throughout the program in order
to compensate for various design changes.

III. REFLECTOR CONFIGURATION

In the SM-1 type core with a water reflector, there is considerable
thermal flux and power peaking at the edge of the core. This peaking
results in high fuel burnup in the fuel plates near the core edge and re-
quires a higher coolant flow rate to avoid boiling. Experiments (Ref. 6)
and calculations (Ref. 7) performed during the SM-1 Zero Power Ex-
periments had shown that a steel reflector, either solid or laminated,
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Fig. 1. Kef Versus U-235 and B-10 Core Loadings (45-Element Core)
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would substantially reduce the peaking effects at the core edge. These
experiments also showed that a relatively thick steel reflector is nec-
essary to avoid a loss of core reactivity. The value of a steel reflector
in reducing the power peak at the core edge is shown in Fig. 2. These
results were calculated by use of the VALPROD, an IBM-650 code for
a core containing all stationary fuel elements. A thick, solid steel re-
flector was ruled out due to thermal stress problems.

To determine the minimum thickness for a laminated steel reflector
in order to avoid any loss of core reactivity, the change in reactivity
as a function of reflector thickness was calculated by use of the VALPROD
code. These results are shown in Fig. 3. A representative metal-to-
water volume ratio of 12 for the laminated reflector was assumed; the
U-235 loading shown is not the reference loading since these calculations
were performed during the SM-2 planning program, prior to the deter-
mination of the reference loading. These curves are a function of tem-
perature, fuel plate loadings and reflector metal-to-water ratio; how -
ever, in all cases considered, it was found that a minimun thickness of
five inches would extract maximum benefit from such a reflector. The
net gain in reactivity for thicknesses in excess of approximately five
inches is relatively small. The use of a relatively thick, laminated
steel reflector also made possible the use of a relatively small pres-
sure vessel, by reducing the gamma heating in the pressure vessel
walls.

IV. REACTOR VESSEL

Concurrent with the selection of the reflector design was the selec-
tion of the reactor vessel design. Two designs were contemplated:

(1) A carbon steel vessel with a water reflector.

(2) Austenitic stainless steel vessel with a laminated steel
reflector.

Paramount in the design of the vessel was the radiation damage prob-
lem. Most of the data pertaining to irradiation effects upon the prop-
erties of metals is related to the temperature of irradiation and to the
total nvt greater than 1 Mev. The nvt greater than 1 Mev was calculated
for various reflector and vessel designs by the so-called one fast group
model developed at WAPD (Ref. 8). Only slowing down by hydrogen was
considered. These results are shown in Fig. 4. These values were
calculated for a reactor operating at 25 megawatts for 20 years at 100%
load factor. Metallurgical design indicated that austenitic stainless
steel could be used with confidence at nvt (>1 Mev) levels in excess of
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1 x 1021 neut/cm2 , whereas carbon steel vessels are limited to about

5 x 1019 nvt. A stainless steel vessel was selected principally because
a smaller vessel diameter could be used. A reference inside diameter
of the vessel was selected based on the curves presented in Fig. 4.
The actual reflector is a combination of steel and water. An inside
diameter of 41 inches for the vessel was selected, corresponding to a

nvt (>1 Mev) of 1 x 1021 neut/cm2

A diagram of the reactor cross section is shown in Fig. 5. The
laminated reflector was made nearly 8 inches thick, filling the entire
space between the core and pressure vessel, in order to further reduce
the gamma heating in the pressure vessel walls. The reactor cross
section shown in Fig. 5 is not the reference design; the final design is
given in Ref.3.

V. CORE OPERATING CONDITIONS

During the course of development of the final design, a plant opti-
mization study was made to determine the operating conditions to yield
the most efficient and economical design of the secondary system. To
provide nuclear backup to this study, the effect of operating conditions
upon core life was calculated. These calculations were based upon
determination of the change of critical mass of U-235 needed to com-
pensate for changes of core temperature and pressure. The results
of these calculations are shown in Fig. 6. In spite of the loss in core
life associated with an increase of core temperature, results of the
plant optimization study indicated that a much more efficient second-
ary system could be obtained by employing a two-pass core operating
at 28 mwt, at an average temperature and pressure of 5100 F and 2000
psia, respectively; therefore, these values were chosen as the refer-
ence operating conditions.

VI. TWO-PASS CORE

Two methods of achieving two-pass flow were studied:

(1) Use of boxed elements

(2) Use of a flow divider.

The box-type fuel element was similar to the regular APPR-type
element except that an additional plate, composed of solid steel, was
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placed on each side of the fuel element to form a box containing the
regular fuel plates. A schematic drawing of this element is shown in
Fig. 7. Shown is a quarter cross section of the element. This design
would allow any two adjacent fuel elements to have coolant flows in
opposite directions.

The flow divider design considered is shown in Fig. 5. All of the
control rod elements are contained within the flow divider.

To compare the relative merits of the use of box-type elements as
opposed to use of a flow divider, the effects upon core reactivity, criti-
cal mass and local power peaking were calculated. The results of
these calculations are shown in Table 1; the comparisons were made
relative to a one-pass core containing regular SM-2 elements. It is
seen that use of. box-type elements results in lower reactivity and re-
quires a larger critical mass than use of a flow divider; this is due to
the fact that the box-type element design adds more steel to the core
than does use of the flow divider. The factors Q(AT) and Q(& 8) are
the nuclear hot channel factors. These factors are considerably higher
for the box-type elements as compared to use of a flow divider, re-
sulting in significantly higher coolant requirements. After considering
the nuclear, thermal, hydraulic and mechanical aspects of these designs,
the box-type element was dropped from further consideration.

TABLE 1

COMPARISON OF TWO-PASS CORES TO A ONE-PASS CORE

Core Composed of Regular Elements
Parameter Box-Type Elements with Flow Divider

Reactivity Loss (%op) -1.3 -0.6

Critical Mass In-
crease (Kg U-235) 1.0 0.5

[Q(AT)1.322 1.003 - 1.005 (inner pass)

ATsone 1.095 (outer pass)

[Q(Ap 1.250 1.003 - 1.005 (inner pass)

Q(O) one pass 1.095 (outer pass)

The flow direction through the SM-2 core is indicated on Fig. 8.
The coolant enters the vessel from the inlet nozzle, flows up through
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the outer pass of the core, down through the laminated reflector into
the plenum, up through the inner pass of the core and out of the vessel
through the outlet nozzle.

VII. SUPPRESSION OF POWER PEAKS

The average power density of the SM-2 core is about 200 watts/cm3
The relatively high fuel loading and the presence of non-fuel regions
in the core results in high local power peaking which places stringent
coolant requirements upon the SM-2 to avoid any local boiling. One
source of power peaking, at the radial edges of the core, was removed
by use of the laminated steel reflector. Another source of power peak-
ing is in the gap between the control rod fuel elements and their re-
spective absorber sections. Analysis performed on the SM-1 Core II
(Ref.9) showed that 7/8-inch europium integral flux suppressors, fab-
ricated at the end of the meat of each control rod fuel plate, would
eliminate this peaking. This method was adopted to the SM-1 Core II,
SM-1A, PM-2A and the SM-2.

Analysis and experimental measurements showed that a large power
peak occurs at the bottom of the core. The success of the integral flux
suppressors in the control rod fuel element plates to suppress power
peaking, led naturally to the idea of their use at the bottom of the sta-
tionary fuel element plates. The effect of 1/2-inch europium suppres-
sors fabricated at the bottom of the fuel matrix of each stationary fuel
element plate (Fig. 9) is shown in Fig. 10. These calculations were
performed by use of the WINDOWSHADE, IBM-650 code and the results
were verified during the SM-2 Flexible Critical Experiments. These
suppressors cause a loss of core reactivity but effectively eliminate
the power spike at the bottom of the core.

Another sizeable power peaking occurs within the fuel elements, in
a direction parallel to the fuel plates (perpendicular to the side plates)
at the end of the fuel matrix. This peak was calculated as a function of
fuel matrix width (with a constant fuel and poison loading) by use of P3

theory. These results are shown in Fig. 11. Metallurgical design de-
veloped improved fuel plate fabrication techniques which allowed the
fuel plate dead edge to be decreased and an increase in the fuel matrix
width from 2.54 inches (as used in the SM-1) to 2.65 inches. This re-
duced the local innercell power peaking by 7 %.
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VIII. REACTOR CONTROL

The contract design requirements specified that the SM-2 core
should be of the APPR-type; therefore, the same type of control rod
was employed as in the SM-1. This rod is of the MTR type, which in-
cludes the use of a water-filled, absorbing shell, with a fuel element
follower; europium was chosen as the absorber to eliminate the pos-
sibility of absorber plate swelling inherent with the use of boron ab-
sorbers. This rod has a high relative worth which permits use of a
relatively small number of rods in the core. It is desirable, from the
mechanical design standpoint, to employ no more rods than the number
used in the SM-1. The worth of the seven-rod bank of the SM-1
is nearly 2 5%p. Preliminary analysis performed during the planning
stages of the SM-2 indicated that the maximum reactivity to be con-
trolled would not exceed approximately 17%op; therefore, it was felt
that seven control rods would be sufficient for the SM-2.

Two control rod arrays were studied:

(1) Closed seven array (shown in Fig. 12).

(2) Open seven array (shown in Fig. 13).

The closed seven array is employed in the SM-1; normal operation is
by a five-rod bank with Rods A and B fully withdrawn. Due to the large
coolant flow rates and consequent large pressure drop through the rods
of the SM-2, ways were sought, from the mechanical design standpoint,
to increase the weight of the SM-2 control rods to enable them to over-
come this pressure drop. The use of either larger diameter control
rod racks or larger caps were studied; however, for the closely packed,
closed rod array, these larger racks or caps would create difficult
mechanical design problems associated with finding enough room to
accommodate them.

Critical experiments and analyses were performed to compare the
open versus closed seven-rod arrays. Critical experiments were per-
formed upon a SM-2-type core, containing about 12 % excess reactivity,
to ascertain various stuck rod conditions. Consideration of the stuck
rod condition for any single rod, including the central rod, showed no
significant difference between the two arrays. The total worth of the
seven-rod bank was calculated to be about 231 op for both arrays; ex-
perimental measurements yielded a slightly greater worth for the open
array over the closed array. If rod programming were employed, to
obtain a more uniform burnout of fuel, the open array could be used
more effectively than the closed array since the control rods are fur-
ther apart from one another.
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Therefore, based primarily upon the mechanical design advantages
of the open array and upon the advantages obtained if rod programming
were employed, the open seven-rod array was selected as the refer-
ence design.

The determination of the stuck rod criteria for the SM-2 was based
upon SM-1 operating experience, laboratory tests performed upon the
SM-1 control rods and experimental measurements performed during
the SM-2 Flexible Critical Experiments. This is discussed in another
paper (Ref.2) and report (Ref.3).
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Question: (J. F. O'Brien, The Martin Company) You indicated that
the effect of the stainless steel reflector was a decrease in the thick-
ness of the reactor vessel around the area where the final thickness
was chosen. Is this about two inches?

Answer: No, the actual thickness fills up the entire space. The first
slab, I believe, is about 3/4-inch thick. Then there's a 1/4-inch water
gap, then another slab across 1 inch, then another water gap and so
forth.

Question: That additional thickness of reflector makes a difference of
two inches in the wall thickness of the vessel, is that right?

Answer: Not necessarily, that would depend on the gamma heating.
The stainless steel vessel was chosen primarily because of its resist-
ance to irradiation damage and it would not have made a whole lot of
difference if we had two or four inches of steel there.

Question: (J. W. Houghton, Aerojet-General Corporation) What is the
average uranium burnup for 21.9 megawatt years?

Answer: Possibly 40%.

Question: (F. Hittman, The Martin Company) You gave a comparison
between the opened and closed array of control rods and you indicated
that your experimental values were actually slightly higher for one
than the other, but you did not indicate how closely your calculated
values of the control rod worths corresponded to the experimental.
Can you enlighten us on this ?

Answer: I believe Mr. Byrne when he talks about the final design
calculations will discuss this to some extent.* I believe that the calcu-
lated values slightly underestimate the measured values.

Question: (F. Hittman, The Martin Company) I see. The reason I
bring it up is because we've had some experience along this line which
will be touched upon as quite to the contrary.

Answer: We are dealing with very high reactivities and don't know
just how good they are. The latest figure is approximately 22.8% for
the major worth of the rods. We're in the process of writing a new
code for control rod calculations for asymmetric rod arrays which was
developed by D. Raymond Murray. This is in the process of being
coded. We haven't tried this code. The method is the so-called
SCRAM-3 which is a code for calculating rod worth for a reflected
core.

'(Prediction of the Nuclear Characteristics of the SM-2 Core: Ed.)
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Question: (J. W. Houghton, Aerojet-General Corporation) If the
average uranium burnup is 40%, what is the peak burnup?

Answer: The peak burnup is approximately 74%.

Question: Do you care to say anything about the material's capability
of doing this ?

Answer: I believe that the burnups obtained on the SM-1 are higher
and those elements did not fail.
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PM-1 NUCLEAR DESIGN ANALYSIS

E. A. Sciechitano and R. A. Hoffmeister

The Martin Company, Nuclear Division

I. INTRODUCTION

The PM-1 is a pressurized water, highly enriched, medium power,
nuclear power plant designed and being constructed by The Martin
Company for the USAEC. The specified output is one megawatt elec-
trical and 7 million Btu/hr of heat for use at an Air Force Station
near Sundance, Wyoming. The plant is to be operational by March
1962.

Described herein are the methods and results of the core nuclear
design analysis.

A. CORE SPECIFICATIONS AND NUCLEAR ANALYSIS
DESIGN CHARACTERISTICS

Figure 1 is a top view of the PM-1 core showing the basic core
configuration, control rod locations, fuel element locations, lumped
poison rod locations, shroud, thermal shields and pressure vessel.

The core consists of a central bundle plus six identical (inter-
changeable) peripheral bundles. The peripheral bundle outline can
be seen in Fig. 1.

The core nuclear design characteristics are summarized in
Table 1.

TABLE 1

Nuclear Analysis Design Characteristics

Overall Performance Data

Reactor thermal power output, mw 9.37

Core life requirements, mw yr 18.74

Design core life (minimum), mw yr 18.74
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TABLE 1 (continued)

Average core coolant temperature,
* F

Core Design Characteristics

Geometry, right circular cylinder
(approximate)

Diameter, in.

Equivalent core diameter, in.

Height (active), in.

Moderator, coolant and reflector

U-235 inventory (minimum), kg

U-235 burnup (18.74 megawatt
years), kg

Fuel Element Data

Tubular, cermet type

Pitch, triangular, in.

Diameter, outside, in.

inside, in.

Clad thickness, in.

Material

Meat thickness, in.

Meat Composition

U-235 (per element), gm

UO2, wt%

463

23

22.74

30.0

H2 0 at 1300 psia

29.2

9.0

0.665

0.500

0.416

0.006

Modified ASTM 347 SS

0.030

39.4

27.98
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TABLE 1 (continued)

SS (ASTM 304 L), wt %

Fuel element length (active), in.

Fuel elements, No.

Control System Characteristics

Control Rods

"Y" shaped rods, No.

Composition

Absorber, length, in.

Blade width, (absorber) in.

Blade thickness, (absorber) in.

Worth of six rods, % .Op

Five rods

Four rods (min worth)

Three rods (every other rod)

Lumped Poison Rods

Number

OD (maximum), in.

Material

Composition

72.02

30.0

741

6

Europium compound dis-
persed in SS (equivalent
to 30 wt % Eu2 O3 )

32.0

3.5

0.25

-19.06

-12.9

-7.4

-8.0

72 full length
18 2/3 full

0.50

Boron steel

0.383 gm of B-10/full
rod (0.27 wt% natural
B in SS) 32.161 gm B-10
in core
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TABLE 1 (continued)

Average Core Neutron Fluxes

Fast flux (2.5 x 104 - 1 x 107 ev)

Epithermal flux (0.056 - 2.5 x 104 ev)

Thermal flux (0.056 ev)

Two Years
Initial (nv)

5.1 x 1013 5.5 x 1013

3.3 x 1013 3.6 x 1013

0.7 x 1013 1.4 x 1013

Average Temperature Coefficients

Overall (680 to 463* F)

Operating temperature

( Ap/* F)

1.1 x 10,4  0.9 x 10-4

2.1 x 10-4 1.9 x 10,M

B. NUCLEAR DESIGN APPROACH

The core nuclear design analysis consisted of parametric studies,
preliminary and final design, zero power test and a design evaluation
and analysis. These are discussed in detail.

1. Parametric Studies

Parametric studies consisted of burnup analyses to show the rela-
tive effect of design variables on initial Keff and core life. The inde-
pendent variables considered were core height and diameter, fuel
element outside diameter and spacing, fuel matrix thickness, tempera-
ture, burnable poison loading and the UO2 concentration in the fuel
matrix.

The results consisted of:

(1) Core life as a function of the eight variables.
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(2) Data showing fuel inventory versus number of fuel elements
for cores giving two-year core lives.

(3) Relative effects of the different variables on core life.

(4) Variation of core life with deviation from the optimum level
for the different variables.

2. Preliminary Design

The preliminary design consisted of analysis of the parametric de-
sign results and studies to establish the preliminary core design.

Detailed nonuniform burnup studies for several cores in the range
of interest were performed. The feasibility of a lumped burnable
poison system to reduce control requirements was established. Over-
all nuclear design characteristics were evaluated.

3. Final Design

Final design consisted of analyses to establish final core design

specifications.

4. PM-1 Flexible Zero Power Test Program

The zero power test (ZPT) program represented a series of experi-
ments from which sufficient data were obtained to evaluate and support
the physics calculations of the reactor design. These include reactivity,
temperature coefficient, flux, power density, lumped burnable poison
and control rod worth. The zero power test core is shown in Fig. 2.

The design of the ZPT core and experiments provided flexibility
in several ways. The design core diameter could be varied as could
the thermal shield designs and locations. Any fuel element or groups
of elements could be removed as required. Special subassemblies
for heterogeneity studies were used. The number and location of the
lumped burnable poison elements were completely variable, thereby
permitting optimization of design.

5. Design Evaluation and Analysis

Design evaluation and analysis consisted of determining the nuclear
characteristics of the final core design and evaluating these results
in terms of the data obtained in the zero power test program.

The specific analyses described include:
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(1) Keff calculations.

(2) Reactivity effects due to temperature, xenon and other fis-
sion product poisons.

(3) Lumped burnable poison design and evaluation.

(4) Core life studies.

(5) Control studies.

(6) Power distribution studies.

II. REACTIVITY

A. ANALYTICAL METHODS

The effective multiplication factor, Keff, was calculated using the

IBM-709 machine one dimensional multiregion three-group diffusion
code F-3 (Ref. 1). Three group constants for the different regions of
the core and reflectors were obtained from the multigroup diffusion
code C-3 (Ref. 2).

The distribution of core materials within a region was considered
to be homogeneous. A thermal disadvantage or cell correction factor,
defined as the ratio of the thermal flux in the material to the thermal
flux in the moderator, was used to account for heterogeneity. The fuel
element thermal cell corrections were calculated using Program 1-2
(Ref. 3) which solves the Boltzmann equation for cylindrical geometry
by the P3 spherical harmonic approximation.

These values are:.

68* F 463* F

H20O = 1.0 1.0

g- = 0.825 0.880

= 0.835 0.887
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The effects of epithermal fuel material cell corrections on re-
activity were investigated and found to be negligible.

Lumped burnable poison cell corrections will be discussed later.

Reflector savings were calculated by using a combination of the
multigroup equivalent bare core calculation and the multiregion
three-group calculation using a consistent Keff technique. That is,

the equivalent bare core Keff coincides with the one dimensional

multiregion calculation in both the radial and axial directions. In this
manner, the effect of both side and end reflector regions is considered.

Results of the analytical calculations using the methods described
were compared with experimental results. Experimentally, total core
reactivity was obtained in five experiments. In all cases, the basic
core geometry was the same.

In the first three cores (Cores 84, 52 and 27), the weight percent
of boron in the boron steel rods were 0.84, 0.52 and 0.27, respectively.

In Core Zero, the boron steel rods were replaced by stainless
steel rods. In the fifth core, Core FE, the boron steel rods were re-
placed by fuel elements. The core reactivity range for these cores
was from 8 to 23%.

Theoretical reactivity calculations for the final design core analysis
were found to be 1.1 to 1.6% higher in Keff than the experimental value

for four of the cores and 2.9% higher for Core Zero.

Studies currently in progress investigating the nature of the bias
include evaluating the values of cross sections used, in particular
boron and stainless steel,and two-dimensional versus one-dimensional
representation.

III. REACTIVITY TRANSIENTS

A. TEMPERATURE COEFFICIENT STUDIES

The reactivity of the core as a function of temperature from 680
to 473 F was calculated for several times in core life. Nuclear,
density and burnup effects were considered.
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Specifically, the change in reactivity with temperature at a given
time in core life was assumed to be due to:

(1) The change in microscopic thermal cross sections with
temperature.

(2) The change in the thermal heterogeneity factor as a function
of temperature.

(3) The change in reflector savings resulting from a change in
buckling with temperature.

(4) The change in density of water with temperature. Core
materials other than water were assumed to have a constant
density in the temperature range between 680 and 4630 F.

For the PM-i core, the effect of Items (1), (2) and (4) is negative;
the effect of Item (3) is positive. The overall effect is negative.

The average temperature coefficient from 68* to 463 F is -1. 1 x 10-4

.Ap/* F. This value decreases from 1. 1 x 10-4 to 0. 97 x 10-4 Ap/* F over

the two-year core life. The operating temperature coefficient decreases

from 2. 1 x 10-4 to 1. 98 x 10-4 Ap/* F over the two-year period.

Evaluation of the temperature coefficient calculation was done by
comparing analytical and experimental results. Experimentally, the
effect of temperature on reactivity was determined over the tem-
perature range of 680 to 170* F for the various experimental cores
previously described. For these cores, the six control rods were
inserted to the critical bank position.

Analytically, to account for the insertion of the rod bank, a window
shade model technique was used.

Agreement between theoretical and experimental temperature
coefficients was good within the experimental and analytical error.

B. FISSION PRODUCT POISON

1. Xenon-135

The buildup of Xenon-135 at initial startup at full power and startup
from zero concentration after 400 and 800 days of operation is shown
in Fig. 3. As seen in the curves, the xenon concentration increases to
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an equilibrium value in approximately 50 hours at which time the rate
of its formation, by decay of Iodine-135 and direct production as a
fission product, is equal to the rate of its removal by radioactive decay
and neutron capture.

The buildup of xenon and equilibrium xenon concentrations was
calculated using the standard xenon equations.

The equilibrium xenon concentration was calculated at each time
interval for the core life studies. The concentrations for full power
operation of 9.35 megawatts at 0, 400 and 800 days are tabulated in
Fig. 3. The decreases in reactivity resulting from the xenon are
also given.

The equilibrium concentration decreases slightly with time due
to a change in the core energy spectrum. However, the reactivity
effect increases slightly.

The xenon concentration as a function of time after shutdown is
shown in Fig. 4 for shutdown after 0, 400 and 800 days of operation
at full power. As seen in Fig. 4, the xenon concentration increases
for several hours because it continues to be formed as a decay product
at a rate greater than it decays before reaching a maximum value,
after which it decreases. The time of peak xenon concentration is
approximately five hours after shutdown.

The reactivity associated with the additional xenon buildup (above
the equilibrium concentration) increases from 0.002 to 0.003 to
0.005 for 0, 400 and 800 days of operation.

2. Other Fission Product Poisons

In the preliminary studies, poison effects due to fission other than
Xe-135 were evaluated by the Deutsch method which consisted of adding
to the core an amount of 1/V absorber (Boron-10) proportional to the
fractional fuel burnup. More recent analysis indicate that this method
results in underestimating the fission product poisoning in the core
with significant epithermal power since the effective epithermal ab-
sorption cross section isotopes are actually of the same magnitude
as the thermal values. Revised fission product analysis utilizing the
multigroup effective absorption cross sections (on a per fission basis)
recently published by General Electric (Ref. 4) for the low cross
section, stable fission products was made. Stable, high cross section
fission products of significance (Sm-149, Sm-151, Gd-155, U-155,
Cd-113 and Gd-157) were lumped into a single group.
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IV. LUMPED BURNABLE POISON STUDIES

A. FEASIBILITY

Since the core contains enough fuel for a two-year core life and
enough fuel to compensate for temperature and fission product ef-
fects, the amount of reactivity that must be controlled is high.

The use of homogeneously distributed burnable poisons to reduce
peak control requirements is well known. For reactors having rela -
tively short lives, a homogeneous distribution of a burnable poison
is adequate for keeping the peak reactivity at a relatively low level.
However, for reactors having longer core lives and in which the
maximum poison loading is such that the reactor is just critical at
initial operating conditions, the peak value of reactivity with time
may be higher than desired. By lumping some or all of the poison,
the self -shielding of the poison changes its burnout characteristics
and can result in a lower reactivity peak. If the effect on core
life from residual poison is negligible, or if the lowering of peak
reactivity is more desirable than eliminating the additional fuel in-
ventory, the use of lumped poisons is justified.

The approach to the problem used in the preliminary analysis was
to calculate Keff as a function of time for different concentrations of

poison from the two-group equation diffusion theory calculation.

Results of the initial parametric study are shown in Fig. 5. Curve
1 shows the effective multiplication factor, Keff, as a function of op-

erating time for a core with no burnable poison; Curve 2 is for a
core with homogeneously distributed poisons and Curves 3, 4 and 5
are for several cases involving lumped poisons of different initial
concentrations (i.e., different initial self -shielding factors). Curve 6
is for a combination of homogeneous and lumped burnable poison.
The initial quantities of poison for all cases are such that the initial

Keff = 1.01.

Results of this study showed that the use of burnable poisons in
the PM-1 system was practical and indicated that lumping some or
all of the burnable poison would significantly reduce the peak reactivity
that must be controlled.
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B. DESIGN STUDIES

Preliminary design burnable poison studies consisted of essentially
the same type of analysis as above but using the preliminary design
parameters.

The results of these studies also indicated that an all lumped poison
system or a combination of lumped poisons and homogeneously distribu-
ted poison are suitable.

In view of the results obtained and the added advantages of eliminating
the burnable poison from the fuel element matrix, an all-lumped burn-
able poison system was selected. For reasons of simplicity, a single
boron concentration was used.

Final design lumped burnable poison rod studies consisted of analysis
to determine the number, size and poison concentration of the lumped
poison rods to give minimum control requirements and maximum core
life.

The number, size and range of poison concentration were deter-
mined from survey burnup studies. These were followed by detailed
nonuniform burnup studies for a narrow range of interest. The loca -
tions of the rods were selected from two dimensional (X -Y) flux dis-
tributions obtained using the two-dimensional code PDQ (Ref. 5). The
rods were placed in high flux regions for both the rodded and non-
rodded core.

C. FINAL DESIGN EXPERIMENTS AND EVALUATION

A series of experiments were performed to evaluate the system
design and analytical techniques used to calculate the lumped poison
rod self-shielding factor. These consisted of obtaining the core re-
activity for the design core containing stainless steel rods in all of
the lumped poison locations and boron stainless steel rods in all of
the lumped poison locations for 0.27, 0.52 and 0.84 wt% boron. These
concentrations were established from the results previously described
to give measurable data for g (self shielding factor) concentration over
a complete range of interest.

In the analysis of the experimental results, several methods of
calculating lumped poison rod cell corrections were used.



1. Method 1 - -Diffusion Theory

The gLPR is defined as the ratio of the average perturbed flux in

the rod region to the average unperturbed flux when core material was
substituted for the poison material. The average fluxes were obtained
from the three-group one-dimensional multiregion diffusion code F-3.

2. Method 2 -- P 3 Theory

The gLPR is defined as the ratio of the average flux in the rod re-

gion to the average flux in the cell region associated with the lumped
poison rod. The cell flux distributions were obtained using Program
I-2.

3. Method 3--P 3 Modified for Spectral Hardening

For these studies both thermal and epithermal cell corrections
were considered. The results showed that the effect of epithermal
cell corrections becomes more important as the concentration of
poison increases. The effect of fast cell corrections is negligible
for the range of poison concentrations investigated.

Both Methods 2 and 3 gave satisfactory results in calculating the
reactivity difference between any two concentrations. Method 3, the
most refined of the three, gave better reactivity comparison with
experimental data and was used in the final analysis.

The self-shielding factors, g as a function of boron concentration
in the rods, are shown in Fig. 6 for different lethargies.

Additional detailed experiments are presently in progress using
special subassemblies in which the lumped poison is replaced by
homogeneously distributed boron in the form of boron solution. From
these results, more refined self-shielding evaluations can be made.

V. CORE LIFE STUDIES

The effective multiplication factor, Keff' versus core life was

calculated using the Burnup Code (Ref. 6) programmed for the IBM-
709 for this study. This code links the multigroup criticality code
(Program C -3) with a three -group multiregion one -dimensional code
(Program F-3) and calculates:
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(1) Burnup for fuel and poison material.

(2) Buildup of xenon and other fission products.

(3) Variation of the thermal self-shielding factor for the fuel
element materials with core life.

(4) Variation of the thermal and epithermal lumped poison rod
materials self -shielding factors with core life.

(5) Variation of spectral hardening effects with core life.

In the axial burnup calculations, a "window shade" model rod bank
insertion subroutine, including a criticality search option, can be used.

For these burnup studies the core was divided into six radial and
12 axial regions. Essentially, the method used is to obtain the flux
distribution in the core for the initial core loadings followed by the
calculation of the burnup of fuel and burnable poison and formation
of fission product poisons for each region over a given time interval.
The new concentration of each material in each region is then cal-
culated and the new flux distribution in the core is obtained. The entire
process is repeated until the end of core life is reached.

In the nonuniform axial burnup with control rods inserted, the rod
bank equivalent absorption cross section is added to each point up to
the calculated bank insertion as determined by the criticality search
option.

Figure 7 shows the reactivity versus time, for the final core de-
sign. This curve includes the total nonuniform burnup effects. The
calculated core life, assuming the 1.6% bias, is 795 days at 9.37
megawatts or 20.4 megawatt years. Assuming a 2.9% bias as ob-
tained in one of the five cores described in the reactivities studies,
the calculated core life is 730 days at 9.37 megawatts or 18.74
megawatt years.

VI. CONTROL ROD STUDIES

A. ROD DESIGN AND WORTH

The control rod system was designed so that the reactor would
have a minimum number of rods consistent with the core design and
control requirements.
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The locations in the core are shown in Fig. 1. The rods geometry
and composition are described in Table 1.

Control rod worth was calculated using the two-dimension, three-
group diffusion code, PDQ in X -Y geometry.

Because of the rod "Y" geometry, two of the three arms of each
rod had to be approximated stepwise for analysis in X -Y geometry.
The effect of these approximations was determined. A separate cor-
rection factor was calculated for each of the two unique relative arm
positions in the core. The product of the machine calculated worth
for the rod bank and its correction factor yields the worth of the rod
bank corrected for the effect of the approximations.

A comparison of the calculated and experimental rod bank worth
is as follows.

TABLE 2

Theoretical and Experimental Rod Bank Worths (Cold Clean)

Experimental Theoretical

Core FE Core 27 Core 52 Core 52
Rod Banks (% p) (% p ) (%p ) (%p )

1 rod -1.82 -1.82

2 adjacent
rods -4.98 -4.83

3 rods (every
other one) -8.31 -8.02 -10.4

4 adjacent rods -8.59 -7.42 -9.3

5 rods -13.93 -12.79 -16.5

6 rods -19.06 -27.3

The calculated worth was ~20% higher than the experimental
values for 3, 4 and 5 rod banks. The calculated six-rod bank worth
was 30% higher. Differences are due to several factors such as
method of approximation, rod material cross sections and the fact
that in the analysis the lumped poison rods were homogenized in the
core thereby placing the rods in higher flux regions.
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1. Shutdown Margin Evaluation

Control requirements and shutdown margin evaluation are shown in
Fig. 8. The results show that the control system will satisfy the design
requirements.

The relative effectiveness of the rod banks as a function of the axial.
position in the core was calculated using a "window shade" model
technique. First, a concentration of poison in the core that resulted in
a decreased K effequal to that resulting from the full insertion of the

rod bank was calculated. This concentration of poison was then in-
cluded with the core materials in the regions of rod bank insertion in
a multiregion, one -dimensional, axial calculation. By varying the rod-
ded region height, a series of core reactivities was obtained from which
the worth versus insertion was calculated. The six-rod bank worth
versus insertion is shown in Fig. 9. As can be seen, the results were
in good agreement.

VII. POWER DENSITY DISTRIBUTIONS

Power density distributions for the PM-1 design core, including the
effect of rod insertion were evaluated. From these studies axial peak-
ing, axially integrated radial power distribution and "peak" power fuel
elements were determined. Sufficient data were also obtained to per-
mit analysis of the gross three dimensional relative power distribution
in the core.

Analytical gross power density distributions obtained in these
studies included:

(1) One-dimensional "window shade" model axial power density
distribution with six rods partially inserted for different
insertions of the rod bank.

(2) Two-dimensional radial power density distribution for the
core without control rods.

(3) Two-dimensional radial power density distribution for the
core with six rods fully inserted.

From these results, synthesized three-dimensional power distributions
were obtained.

The one -dimensional "window -shade" model axial power densities
were obtained from the three -group one -dimensional multiregion dif -
fusion theory code F-3. The two-dimensional radial power density
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distributions for the core were obtained using the three-group two-
dimensional diffusion theory code PDQ.

Experimental power distributions were obtained for the core with
the six -rod bank inserted to the critical bank position (~21.0 inches)
and with rods fully withdrawn. The experimental data were obtained
by measuring the fission product activity of the fuel elements following
exposure in the reactor at power levels of -5 watts for 20 minutes
duration. Relative power density was obtained for every fuel element
in the central bundle and every fuel element in a 30-degree sector of
the core which, because of core symmetry, represented a complete
radial evaluation of the core. Measurements were taken at 22 locations
along the axis of each fuel element thereby providing a complete power
distribution in the core. The experimental data were normalized to
the average in the core for comparison with analytical data.

A comparison of theoretical and experimental radial power density
distributions in the core with the six-rod bank fully withdrawn is shown
in Fig. 10. Good agreement is shown between theoretical and experi-
mental results in the regions around the Y-rods. The rise in the
theoretical power density in the regions between the Y-rods is due to
the fact that in the experimental core, the burnable poison was in the
form of lumped poison rods while in the analytical studies the poison
was homogeneously distributed over the entire core.

The peak power fuel elements are located along the water channels.
Since preliminary design analytical results indicated a large peaking
factor at the vertex of the rod channels, the location was allocated for
a stainless steel tube (or a lumped poison rod if the effect on control
rod worth was not prohibited). As mentioned previously, a two-third
length poison rod is in this location in the final design.

The experimental average power in the fuel elements adjacent to
the water channel is slightly larger (-5%) than the calculated value.
However, in heat transfer analysis, the end point values (~10% higher
than the experimental results) were used. Axial peak-to-average in
each element was 1.39 both experimentally and calculated.

Power distributions with the rods inserted to the critical bank
position are shown in Fig. 11. (The analytical results were synthe-
sized from one- and two-dimensional distributions.) Similar analyses
for various rod bank insertions were made. Results of these studies
indicated that at no time in core life is there any excessive power
peaking in the core.
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Question: (W. B. Wright, Combustion Engineering, Incorporated) On
one of your slides there was a plot of self -shielding factors as a func -
tion of weight percent boron with lethargy as a parameter. Now, as I
understood, these were a series of one velocity problems and the low-
est energy corresponding to the 18.5 lethargy units was something
less than kT. Now on the same slide there was a line that was
labeled "SOFOCATE averaged cross sections" and it fell below the
18.5 line. It is surprising that the kT energy would give a smaller
self-shielding factor than the hardened cross sections which would
have an effective energy of above kT.

Answer: If the thermal group self-shielding factor is modified for a
SOFOC~ATE fit, the values are actually lower. The level of 18.5
lethargy units corresponds to a kT temperature of about 12000 F,
while for cores operating at 4630 F the spectral hardening tempera -
ture comes out to be somewhere around 7000 F. So this is still below
the 18.5 lethargy level of about 12000 F. I think the energy corre-
sponding to that lethargy is about 0.09 electron volt.

Question: (W. B. Wright, Combustion Engineering, Incorporated)
Your representation of the wye -shaped rods where you have "n"
steps, have you compared the difference in reactivity as a function of

Answer: Yes. One is limited by several factors including the thick-
nesses of each step. The final number of steps is actually determined
so that the thickness of each step is the same thickness as the wye-
rod arm. Between a 1- and 4-step approximation the maximum dif-
ference that is obtained is on the order of 15% from one step.

Question: (B. E. Fried, Alco Products, Incorporated) Do you have a
water reflector in this core?

Answer: Yes, there is a combination of the water, thermal shield and
pressure vessel.

Question: Did you examine the power peaking at the edge of the core?

Answer: The core configuration is actually very close to being a
cylinder and there is essentially no water gap as such between the
outer fuel elements and the shroud. The water gaps which do exist
are approximately 0.33 inch in thickness and results both experimen-
tally and analytically show just a very slight peaking of the neutron
flux.

Question: (S. Visner, Combustion Engineering Incorporated) There
was a curve shown giving some calculations for different types of
burnable poison. I believe some of them had a slight reactivity in-
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crease during lifetime and I think the best one was rather flat, but
later on when you described the lifetime performance for this design
it seemed to me that the reactivity decreased monotonically. Can you
explain the difference between those two curves?

Answer: The curves shown were for the initial parametric survey and
were fTr 0.375 inch diameter rods. In the final design the lumped
poison rods are 0.5 inch.

Question: I have one other question. In your critical experiments
how close did you come in agreement between the measurement and
the calculation on any configurations where you had a sizable amount
of lumped poison and how about the comparison of the fluxes, the
measured fluxes and the calculated ones?

Answer: Well, to answer the first part, the calculated Keff was 1.1

to 1.6 higher than the experimental value for four of the cores, that is,
with a core containing 0.27, 0.52 and 0.84 wt % boron in lumped poison
rods--the largest discrepancy was in the case in which there was no
boron, the stainless steel cores-- and this discrepancy was 2.9%.
The power distributions were relative to the average in the core and
in regions near the control rod channels where there is neutron flux
peaking there was good agreement within 5%. In the regions between
the rod, the experimental values were lower because the poison rod
was homogeneously distributed in the two-dimensional calculations.

Question: (D. H. Shaftman, Argonne National Laboratory) I would like
to ask three questions--two of them very brief. The first one is what
were the fuel rod self-shielding factors?

Answer: The fuel element self -shielding factor at operating conditions
is 0.88. Separate values are calculated for the stainless steel and for
the fuel matrix. The stainless steel is very close to 0.887 as opposed
to 0.880 for the UO2 matrix.

Question: It's a little surprising that P3 would work as well as
apparently it did for self-shielding as great as that.

Answer: I don't see why it shouldn't. I think you would actually ex-
pect it to work for this type of geometry. This is not too large a
thermal self -shielding factor.

Comment: Independent calculations by a number of people have shown
that when you get to even 5% self-shielding that P3 can underestimate
the result by perhaps 2 or 3%.
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Question: What fraction of fissions were thermal--however you would
define the thermal group?

Answer: Defining thermal at 0.032 ev, initially 60% of fissions are
thermal and this increases to about 70 to 75% over the two-year core
life. If it is defined in terms of cadmium cut-off it's approximately
75 to 80% thermal.

Question: You mentioned that there are multigroup fission product
cross sections either now being compiled or that have been compiled.
Have these been used in the analysis you described today?

Answer: Yes, the ones that were used in the final analyses were
based on the work of Breslauer at General Electric.

Question: What I'd like to know is, how much reactivity is tied up in
fission products at the end of core life and what do you estimate the
uncertainty in this to be?

Answer: The amount of reactivity that is tied up in other fission
products is approximately 3% in reactivity after two years. Using the
effective multigroup cross sections actually increases fission product
amount by about 2% over and above the Deutsch method. As far as to
what do I estimate the uncertainty to be, I'm not sure I could answer
that. One thing that I failed to mention is that in an evaluation of the
method of calculating core burnup, using identical methods, fission
product cross sections and window shade model technique, multiregion
radial and axial calculation gave a calculated SM-1 core life to within
3% of the actual value.
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STEADY-STATE REACTOR PHYSICS ANALYSIS

OF THE ML-1 CORE

L. M. Maki and T. P. Wilcox

Aerojet-General Corporation

I. INTRODUCTION

The ML-1 nuclear power plant is a high temperature, gas cooled,
water moderated reactor with a compact power conversion unit. This
closed cycle gas turbine power plant will have an electrical power
generating capacity of 300 to 500 kilowatts and serve as an operating
prototype for plants to furnish electrical power at remote military
installations. The plant incorporates the military characteristics
needed in Army field electrical generating plants and will be trans-
portable on either the C-124, the C-130 or the C-133 military cargo
aircraft; by ship or barge; by railroad flatcar; or by standard Army
trailers. An artist's conception of the ML-1 power plant is shown
in Fig. 1.

The ML-1 core contains 61 stainless steel pressure tubes, 1.796-
inch in diameter, arranged in a hexagonal lattice 20.6 inches across
the flats. The fuel elements, consisting of 18 fueled pins in a 19-pin
bundle with an active length of 22 inches, are placed in the pressure
tubes. A lead fast neutron reflector encloses the sides of the core.
The upper (inlet) end of the core is water reflected while the bottom
of the core is essentially unreflected. Tungsten flow baffles in the
inlet and outlet plenums act as fast neutron reflectors as well as
gamma shields. Six pairs of semaphore control blades enter the core
from periphery. Five of these control blade pairs are made of a
silver-indium-cadmium alloy and act as shim-scram rods, while
the sixth is made of stainless steel and is used as a regulating rod
(see Figs. 2 and 3).

The ML-1 fuel element is shown in Fig. 4. Nineteen Hastelloy-X
pins, 0.241 inch in diameter, are placed in a cylindrical array in a
1.426-inch ID inner liner. The center pin is devoid of fuel, the next
six pins contain fully enriched UO2 pellets, 0.177 inch in diameter,

while the outer 12 pins contain pellets made of a UO2-BeO mixture.



'I

K I Al

I 0

Fig. 1. ML-1 Power Plant

c,

A

... :.

M .r c

f

.

r

aqq

MINNOW ft-

t

r

1i



GRAYLOC SEAL RING -INLET GAS DUCT

UPPER PLENUM

UPPER TUNGSTEN SHIELD
UPPER MODERATOR SHEAR RING
SHIELD WATER SEAL UPPER TUBE SHEET

MODERATOR INLET - MODERATOR

TLE

LEAD 
SHIELD

LEAD REFLECTOR

TUNGSTEN REFLECTOR
TYPICAL CONTROL-'-

TYPICAL FUEL
ELEMENT TUBE

7-!LOWER TUBE SHEET

LOWER EXPANSION A

JOINT 8 WATER SEAL
f SHEAR KEY

LOWER TUNGSTEN LOWER PLENUM

EXHAUST GAS DUCT

Fig. 2. Elevation of the ML-1 Reactor
cny
co



+h/r

CONT"O +CA"r

400 
40-S

I

! "

1"

C to

o

CAB 
00

t t "

t

,f

t

+O'
i

+4'x'00 

>

f i Ov

40

n
o s

s "

sc
O f
f

f i
O "
O

O

0e

0."
S

04

s
0

100

Fig. 3. Cross Section of the ML-1 Reactor

60

(



ANGER-SUPPORT PIN 3PACER OUTER LINER LOWER

UPPER $PIDER INSUL NATION INNER LINER MOSE ORIFIC

.20001A.

.00 FOIL BURNABLE POISON

OVERALL LENGTH OF ELEMENT

SPIDER

E

GAS

FLOW

FUEL PELLET -U

L720 DA.

FUEL PELLET-B0-UOa

Fig. 4. ML-1 Fuel Element

r-

2



62

II. STEADY-STATE CORE NEUTRONICS

A. DESIGN PHILOSOPHY

The design of the ML-1 reactor was aimed primarily toward
achieving a system which would produce the desired power within the
size and weight limitations imposed by the military specifications.
Power distributions are an exceedingly important parameter since it
is necessary to get a maximum of power from a small core.

The radial power distribution should be flattened to minimize the
amount of fuel element orificing required and thereby lower the sys-
tem pressure drop. (The thermal efficiency of a gas turbine cycle is
very sensitive to pressure losses.) The axial power distribution
should be shaped to lower fuel element surface temperatures since
the surface temperature limits the reactor outlet temperature which
can be achieved. In addition, the power distribution in the fuel element
should be designed to provide near-equal fuel pin surface temperatures.
This will permit maximum utilization of the fuel.

The ML-1 system was designed to operate with 61 fuel elements
and has no provision for the insertion of additional fuel elements. The
core must be designed to assure criticality with less than 61 fuel ele-
ments and yet be capable of operating with the design excess reactivity
with 61 fuel elements installed.

The calculational techniques used in the reactor core design were,
in general, the most advanced available. In some cases, the methods
available were found to be inadequate for treatment of the ML-1 core.
Because of this, new techniques were developed and considerable
emphasis placed on a detailed experimental program. The theoretical
calculations were normalized to the experimental data when necessary.

B. FAST CONSTANTS

Since a relatively large fraction (ti 30%) of the fissions in the ML-1
occur at energies above thermal, a careful evaluation of the epithermal
nuclear constants is very important. The small size and high leakage
properties of the ML-1 core necessitate a study of the reflector neu-
tron spectrum.

Epithermal few-group core constants for diffusion theory analysis
were obtained using the MUFT-4 (Ref. 1) code on the IBM-704. This
Fourier transform code utilizes a 54-group cross-section library. A
neutron spectrum is computed and the energy dependent cross sections
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are averaged over this spectrum. The MUFT-4 code was developed
and written at Westinghouse specifically for water moderated systems
and includes a careful analysis of such items as inelastic scattering,
resonance parameters and hydrogen slowing down.

Since the neutron spectrum in the ML-1 reflector regions differs
considerably from the ML-1 core spectrum, the few-group cross-
sections in these regions were evaluated independently. The MUFT-4
spectrum is based on a fission source so that cross sections averaged
over this spectrum could be in considerable error if used in the re-
flector regions of the core. The SIC (Ref. 2) code for the IBM-704
was developed at AGN to meet this type of problem. SIC averages 75
group cross sections over an input spectrum. SIC is somewhat less
sophisticated than MUFT-4; using for example, the method of Deutsch
(Ref. 3) for the calculation of the Fermi age in metal-water mixtures.
It does, however, have the advantage of using an input spectrum and
gives results sufficiently accurate for reflector materials. The fast
neutron spectra for the various reflector regions were obtained by
use of the SNG (Ref. 4) code. SNG is a one dimensional, multi-energy
group code utilizing the Sn approximation to transport theory. Fast

group constants for SNG were obtained from the MYSTIC code (Ref. 5).
MYSTIC averages 75-group cross sections over an input spectrum to
obtain the multigroup cross sections for SNG. It is therefore neces-
sary to iterate between MYSTIC and SNG to find the neutron spectrum.
The MYSTIC code includes such items as inelastic and anisotropic
scattering in the center of mass frame.

C. THERMAL CONSTANTS

Thermal neutron cross sections were averaged over a hardened
Maxwellian spectrum and flux weighted to obtain homogenized cross
sections for core calculations. The thermal neutron temperature and
flux weighting functions were found using a combination of theory and
experiment which will be described below. Homogenized, two-group
cross sections for the various regions of the core are given in Table
1.

As previously described, the ML-1 fuel element consists of 19
pins in a cylindrical array with the inner pins containing fully enriched
UO2 pellets. These fuel pellets are only 0.177 inch in diameter and

are enclosed in a 0.241 inch OD Hastelloy-X tube. The small size and
high absorption of the fuel pins indicates the use of transport theory
for analysis of the thermal flux shape within the fuel element.



TABLE 1

Two-Group Core Constants for ML-1
(without burnable poisons)

Core
Parameters

D1

1

2.1234

0.011466

0.016092

0.016160

0.2277

0.1433

0.2490

2

2.0408

0.010777

0.017902

0.015169

0.2197

0.1320

0.2260

Core Region 1 consists of the

Core Region 2 consists of the

Core Region 3 consists of the

Core Region 4 consists of the

center 7 elements

next 12 elements

next 18 elements

next 24 elements

ral

R

02;y f

3

1.8993

0.009553

0.021177

0.013429

0.2106

0.1080

0.1830

4

1.7962

0.008371

0.024457

0.011709

0.2000

0.08181

0.1269
v1f2
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The usual technique for analysis of such fuel elements is to
homogenize the properties of the fuel element into annular rings and
then solve the problem in cylindrical geometry. This method, how-
ever, fails to account for neutron streaming between the fuel pins.
A problem solved in this manner indicates that the average thermal
flux in the moderator water is about 100 times that in the central fuel
pin. Experiments show this ratio to be about 10. It is therefore ob-
vious that a method must be used which will compensate for the neutron
streaming.

The I2 (Ref. 6) code for the IBM-704 is a one dimensional, cylindrical

geometry code utilizing the P3 approximation to transport theory.

With this code it is possible to simulate the neutron streaming between
the fuel pins by making use of neutron sources and sinks. The fuel ele-
ment is homogenized into one dimensional cylindrical rings in the usual
manner and then sources and sinks inserted as indicated in the sketch
below to simulate the neutron streaming.

This source-modified I2 method is normalized to experiment in

the following manner: A set of source-sink values is assumed and a
series of calculations made varying the neutron temperature. A
curve of the ratio of average flux in the moderator to average flux in
the fuel is drawn and the experimental intercept located. This gives
the first estimate of the equivalent neutron temperature for the cell.
The sources and sink are now varied until the thermal flux ratios in
the fuel pins agree with experiment. If the new source-sink values
differ greatly from those originally assumed, the neutron temperature
of the cell is recalculated and the process repeated until good agree-
ment with experiment is obtained.

Source Source Sink

H2 0

Fuel rings I
Once the source-sink combination has been found for a particular

fuel element, it may be used over a considerable range of fuel load-
ings and neutron temperatures to predict the intracell thermal flux
shape. Experiments show that the epithermal flux shape is relatively
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insensitive to fuel loading and may be assumed constant in the range
of interest. Using these flux distributions, it is a simple matter to
compute the intracell power distributions as a function of epithermal
power ratio and fuel loading.

A comparison of the source-modified I2 method with experiment

is given in Table 2. Pin-to-pin thermal power ratios are given for
a variety of fuel loadings, pin sizes and environments. All of the cal-
culated values were normalized to a single experiment. As may be
seen, the agreement of the theory with experiment is quite good. The
agreement, however, grows somewhat worse as the calculated point
deviates from the normalizing point.

In order to achieve even better agreement between theory and ex-
periment, work is presently underway to write a two-dimensional x-y
geometry transport theory cell code. This code will be based on
Carlson's TDC code which uses the Sn method in r-z geometry.

D. CRITICALITY AND GROSS POWER DISTRIBUTIONS

The thermal and fast homogenized cross sections were used in
diffusion theory calculations of criticality and gross power distribu-
tions. When applicable, calculations were performed in one dimen-
sional geometry using the WANDA-4 (Ref. 7) code on the IBM-704.
In most cases, however, the small size of the ML-1 core necessitated
the use of the two dimensional PDQ (Ref. 8) code. Although some prob-
lems were run using four energy groups, the majority of the problems
were run with two groups to provide an easier means of comparison
with experiment. Since the calculations were, in general, normalized
to experiment, the small difference in the results between two- and
four-group problems was not considered significant.

III. POWER DISTRIBUTIONS IN ML-1

A. INTRACELL POWER DISTRIBUTION

It is very desirable to have an intracell power distribution that will
result in near equal surface temperatures for all fuel pins. The power
output of a gas cooled reactor is, in general, limited by a maximum
fuel surface temperature. A power distribution which results in equal
surface temperatures for all fuel pins therefore permits maximum
utilization of the fuel.

The ML-1 fabrication schedule imposed certain limitations on the
fuel element design. Due to the long lead times required for the



TABLE 2

Calculated Versus Experimental Values of
Pin-to-Pin Thermal Power Ratios

U-235 Loadings Experimental Calculated

Inner Outer Pin Size (p/P) (P/P (P/P) (P/P
Element (gm) (gm) (in.) Reactor Position 3  1 2 1  3 1 2 1

Mod 1 75 26.6 0.177 ML-1-1B Crit 1 1.44 1.20 1.52 1.16

Mod 2 75 20.2 0.177 ML-1-1B Crit 1 1.36 1.33 1.36 1.32*

Pellet 58 20 0.177 ML-l-1B Crit 1 1.47 1.24 1.29 1.26

Pellet 58 20 0.177 ML-1-1B Crit 28 1.60 1.28 1.34 1.26

Powder 58 20 0.200 ML-1-1B Crit 1 1.99 1.40 1.59 1.44

Powder 58 20 0.200 ML-1-1B Crit 49 1.42 1.19 1.66 1.44

PR 1 31.3 13.26 0.165 ML-1-1A Crit 1 1.21 1.23 1.11 1.20

PR 2 60 18.38 0.165 ML-1-1A Crit 1 1.24 1.25 1.27 1.18

PR 2 60 18.38 0.165 ML-1-1A Crit 12 1.20 1.19 1.27 1.18

PR 2 60 18.38 0.165 ML-1-1A Crit 45 1.16 1.20 1.26 1.18

PR 3 49.9 23.90 0.165 ML-1-1A Crit 12 1.39 1.00 1.44 1.20

1B-1$T 75 30 0.177 BRR -- 1.49 1.10 1.62 1.14

1 cal - means +0.02 -0.03
Len

*Sources normalized to this element. 1 0.14 0.06

12

lxcal xmeas
n



68

purchase of fabricated fuel pellets it was decided that the central pins
of the fuel element would contain fully enriched, high density UO2,

while the outer 12 fuel pins would contain a UO -BeO compact of a
composition to be decided on the basis of powe? distributions. The
determination of pin-to-pin power ratios as a function of fuel loading
has been described. The evaluation of fuel pin surface temperatures
will be described in a later paper, "Fuel Element Temperature Pre-
diction and Optimization for ML-1", W. J. Houghton and R. J. Vetter-
lein, Aerojet-General Corporation.

Fuel pin surface temperatures are a function of the pin-to-pin power
ratios. Since these power ratios are a function of the fuel loading in
the fuel element, it is possible to plot the maximum fuel pin surface
temperature as a function of fuel loading at constant power, as is done
in Fig. 5. Two curves are shown; one for a 19-pin element and the
other for an 18-pin element in which the center pin is devoid of fuel.
In both cases the U-235 content of the inner fuel pins was held constant
at 75 gm/pin. As the fuel loading of the outer pins is increased, the
maximum surface temperature decreases to a minimum and then in-
creases. The minimum point corresponds to the condition of equal
fuel pin temperatures (not equal power). Low outer pin fuel loadings
result in the inner pins running hot while high fuel loadings shift the
hot spot to the outer fuel pins.

The minimum fuel pin surface temperature occurs at an outer fuel
pin loading of 30 gm/pin for the 18-pin configuration and at about 50
gm/pin for a 19-pin element. For a 61-element core, these loadings
correspond to a total loading of about 50 kilograms and 69 kilograms,
respectively. Since a 69-kilogram loading would result in a prohib-
itively high excess reactivity, the 18-pin geometry was selected for
ML-1.

B. RADIAL POWER DISTRIBUTION

The efficiency of a closed cycle gas turbine power plant is very
sensitive to the pressure drop losses in the system. It is, therefore,
very desirable to flatten the radial power distribution and thereby
minimize the amount of fuel element orificing required. Power flat-
tening may be achieved by radial variation of poisons, fuel loading or
moderator density. In the ML-1 it is desirable to have all the fuel
elements identical and therefore the spacing of the elements was alter-
ed to provide a radial variation in the moderator-to-fuel ratio.
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As may be seen from the work of Geortzel (Ref. 9) and others, a
first approximation to a flat power distribution is a uniform thermal
flux. For a constant thermal flux, the source of thermal neutrons
must be equal to the sink in any unit volume.

+2 Ea 2 Vf 4+1 2 I;Vm

or

2 = 1 si m

a2 f

where: 1 = fast (epithermal) flux

+ 2 = thermal flux

z a2 = macroscopic thermal absorption cross section

= average logrithmic energy decrement

Es l = macroscopic fast scattering cross section

V = moderator volume fractionm

Vf = fuel volume fraction (including structure)

Assuming that all absorption is associated with the fuel and all scatter-
ing with the moderator, the above equations are valid, and for a con-
stant thermal flux we find:

+1 m = constant

Vf

or
Vf

1V
m

This indicates that the fuel-to-moderator ratio should be propor-
tional to the fast flux distribution. A normal mode (1 = KJ0 (2.405 r/R)
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was taken as a first approximation and machine code (PDQ) problems
run to determine the desired fuel element spacing. A relatively flat
thermal flux was achieved, but mechanical limitations in the core de-
sign prevented the attainment of a flat power distribution (See Fig. 6).

Both theory and experiment indicate a radial peak-to-average
power ratio of about 1.3. Some of the items which prevented further
flattening of the power distribution are:

(1) It would be difficult to fabricate a core with fuel elements
more closely spaced in the center of the reactor. This
places a limit on the range of fuel-to-moderator ratios
attainable.

(2) A lead radiation shield is required near the core to reduce
weight which precludes the use of a moderating reflector.

(3) The core is hexagonal rather than circular causing local
power perturbations along the periphery.

(4) The necessity for inserting the fuel as 61 discrete fuel
elements prevents a smooth variation in moderator-to-fuel
ratio.

C. AXIAL POWER DISTRIBUTION

The unperturbed axial power distribution in a reactor resembles a
"chopped" cosine while the most desirable distribution in terms of
heat transfer is a decaying exponential. It is, therefore, important to
shape the axial power distribution to approach an exponential config-
uration. In ML-1 this power shaping is accomplished by use of poisons
and reflectors.

The lower (outlet) end of the core is essentially unreflected, while
the upper end of the core has a two-inch water reflector. The axial
power distribution is thus raised at the inlet end of the core and de-
pressed at the outlet. Extending the fuel into the reflector region
would result in slightly lower fuel temperatures at a considerable in-
crease in inventory. The ML-1 utilizes a burnable poison for reac-
tivity control as the core burns out. This poison was positioned in the
core to provide an additional improvement of the axial power distri-
bution.

A series of computer runs were made in one and two dimensions
(WANDA-4 and PDQ) to determine the axial power distributions for
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various burnable poison distributions. In each case, heat transfer
calculations were made to evaluate the effect on fuel pin surface tem-
peratures. Figure 7 shows the selected power distribution with the
unpoisoned distribution for comparison. A 30* F reduction in the
maximum fuel pin surface temperature was realized by the addition
of the poison. Figures 8 and 9 show a comparison of theory and ex-
periment for the fast and thermal fluxes in the ML-1-IB critical as-
sembly.

D. CRITICALITY PREDICTION

As pointed out earlier, the fuel loading for ML-1 was selected
primarily on the basis of the intracell power distribution. The limi-
tations imposed by the scheduling of long lead-time items precluded
the possibility of optimizing both power distributions and system re-
activity.

Homogenized two-group cross sections were used in two dimen-
sional diffusion theory calculations (PDQ) for the prediction of ML-1
criticality. The basic 61-element core configuration was calculated
both with and without the selected burnable poison distribution. The
reactivity worths of other items were calculated independently. Where-
ever possible, calculations were compared with experiment.

The ML-1 uses tungsten as a gamma shield in both the radial and
axial directions. Half of the radial reflector contains tungsten and
there are tungsten baffles in the plenums at each end of the core. The
tungsten in the radial reflector acts as a poison while the end baffles
act as fast neutron reflectors. The reactivity worths of these com-
ponents, calculated using the SNG transport theory code, were found

to be -0.9% and +0.5% respectively.

The ML-1 control blades retract into the radial reflector and act as
reactivity poisons even when fully retracted. The reactivity worth of

these retracted control blades was calculated to be -0.7% % using

a two-group three dimensional perturbation theory analysis. These
calculational results were found to be in excellent agreement with
experimental data.

The initial critical loading of the ML-1 has been calculated to be
about 50 fuel elements. This corresponds to an effective multiplication
of 1.050 with 61 elements loaded into the core. The desired initial
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cold and clean keff is 1.015 so that about 3.5% in reactivity must be

poisoned out to achieve this objective. This will be accomplished by
placing an absorbing material (steel plated with silver) in the space
between the fuel element and the pressure tube. Two-group perturb-
ation theory calculations indicate that 0.0015 inch of silver plated on
the lower 6/10 of the steel sleeves and placed around all 61 elements
will provide the necessary poisoning effect. In actual practice, the
steel sleeves will be plated with 0.00175 inch of silver and will be in-
serted into the core until the desired reactivity is obtained.
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Question: What was the basic reason for going from the concentric
rings to the pins in the fuel elements?

Answer: Basically, the change came about due to shortening of the
core to meet transportation requirements. Concentric rings did not
allow adequate heat removal.

Question: There was no physics reason?

Answer: No.

Question: Could you tell us what burnup is planned for the pins and
what the maximum internal fuel temperature is?

Answer: Maximum internal fuel temperature is about 25000 F.. Atom
percent U-235 fuel burnup runs between 3 and 9%. It is around 3% in
the center and 9% in the outer rings. This is equivalent to about 10,000
hours of operation.

Question: (F. Hittman, The Martin Company) Have you irradiated any
of these elements ?

Answer: Yes, we have irradiated them.

Question: (B.E. Fried, Alco Products, Incorporated) Could you tell me
the gas temperature the reactor is operating at and also the moderator
temperature ?

Answer: Inlet gas temperature under normal conditions is 800*F and
mixed mean outlet temperature is 12000 F. Moderator temperature is
1900 F.

Question: (J.F. O'Brien, The Martin Company) Was the power flattening
that you achieved an objective?

Answer: We attempted to flatten--we thought we could go further--it
was an objective. It was also somewhat fortuitous as a result of the
way in which the control rods are inserted in the core. We do spread
the fuel elements farther apart at the periphery which gives the same
effect. Hopefully in a future core we can achieve more power flattening.

Question: Well, apparently then what has been achieved is a condition
of more or less uniform burnup rate in the meat of the fuel element.
Is that right ?

Answer: True.
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Question: Then what is then the peak-to-average burnup in the meat
of the fuel elements? This would give some sort of a measure of the
degree of power flattening that had been attained.

Answer: There is about a gross 1.3 peak-to-average in the radial
direction with about a 1.15 peak-to-average in a cell.

Question: Is there a reference available on the sink-source method?

Answer: No. We will publish the method shortly.

(J.W. Houghton, Aerojet-General Corporation) I would like to say that
the axial power flattening was done originally for the core with the
curved plate element and in that core the peak-to-average was 1.1 and
was verified experimentally. This is radial across the whole core.
So in that core it was not fortuitous, it was designed into the core and
was achieved within 10%. However, subsequent to that time, we had
to go to the pin elements for some of the reasons mentioned. The
uranium loading has more than doubled and this has cut back our ad-
vantage considerably.

(J.F. O'Brien, The Martin Company) Well, my point was that since
you have a power flattened situation and the way in which the flattening
is done appears to be by loading heavily toward the center, this gives,
in a good homogeneous case, a flat thermal neutron distribution. This
would mean if you substitute homogeneous elements in the same loca-
tions the result would be uniform power generation in the fuel meat
everywhere in the core. This is really a condition of Goertzel' s theory
and also it's a condition for minimum critical mass at the end of life.
So under those conditions the same amount of power would be produced in
all the elements. Ideally, and with this kind of a beast as you point
out, the departure is not surprising since even with a fairly homogeneous
core, the departure that you get is still substantial.

Question: (F. Hittman, The Martin Company) What is the design core
life and what is the expected burnup in kilograms of uranium and the
atom percent burnup ? My particular concern is about the total amount
of fuel that actually will be in this core and the economics of a core of
this type.

Answer: The economics are pretty pathetic. I do not know the numbers
for total burnup.

Question: Was there a design life aim?

Answer: Yes, 10,000 hours at three thermal megawatts. Burnup is
about three to nine atom percent U-235 in the inner and outer rings,
respectively.
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Question: (Tom Olsen, The Martin Company) About two years ago,
The Martin Company did some work applying Goertzel's theory to
power flattening radially and found that perhaps we needed 6 to 1
average fuel distribution and this would give a flat thermal flux and
flat power at the beginning of life, but as the core burned out a very
unfavorable power distribution resulted. So what could be designed
and fabricated turned out to be something perhaps 2 to 1 and this
actually resulted in a power distribution that remained constant through-
out life or was closer to an initial distribution, that would remain con-
stant. I wonder if you've made any investigations in the ML-1 along
this line?

Answer: We do not anticipate any major changes in power distribution
with burnup. We have not done any detailed burnup calculations as yet

primarily because of the very low thermal flux--about 3 x 10 1 2 -- but
considerable detail has been spent on fission product poisons because
of the low thermal neutron flux.

Question: (F. Hittman, The Martin Company) What is your gas coolant?

Answer: Nitrogen with 1/2% oxygen.

Question: On the basis of experiments and calculations, what is the
maximum heat flux that you anticipate on the gas side?

Answer: About 130,000 Btu/hr/ft2 peak.

Question: What is your total thermal loss percentagewise out of the
four megawatt thermal heat produced to the water coolant-moderator?

Answer: About 0.4 megawatt goes to the moderator largely by radiation
deposition--we lose about 40 kilowatts by thermal conduction through
the insulation.
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COMPARISON OF THEORY WITH THE OPERATING SL-1 REACTOR

H. Cahn

Combustion Engineering, Incorporated

ABSTRACT

Shortly after Combustion Engineering assumed operational respons-
ibility of the SL-1 plant, an evaluation of the reactor was conducted to
determine its capabilities in terms of its original design requirements.
The SL-1 is a highly enriched, natural circulation boiling water reactor
with the X8001 aluminum-nickel alloy as fuel plate clad and diluent.
Both full and half length strips of discrete borated X8001 are in the
core as a burnable poison.

The nuclear characteristics of the "as-built" core were determined
under cold, hot (zero power), and full power operating conditions. The
treatment of the self shielding of boron and fuel was particularly in-
volved in this core due to complex geometry, and the method is des-
cribed in detail. Core reactivity, as computed using one- and two-
dimensional diffusion theory calculations agreed with observation on
SL-1 to within 2 to 3%. Lifetime calculations by both "window shade"
and a first order synthesis are discussed and the results are presented.

I. CORE DESCRIPTION

The SL-1 reactor, formerly called the ALPR (Argonne Low Power
Reactor), was designed for the Army by Argonne National Laboratory
and is at present in operation at the National Reactor Testing Station.
The SL-1 is the prototype plant for the PL series of plants presently
being designed for the Army by Combustion Engineering. The reactor
is a natural circulation, boiling water reactor operating at a pressure
of 300 psig and designed for three years operation at a power level of
3 mwt and a 0.7 load factor. Shortly after Combustion Engineering
assumed operational responsibility for the SL-1, an evaluation of the
reactor was conducted to determine its capabilities in terms of the
original design requirements and to check out methods presently in
use at Combustion for the analysis of boiling water reactors.

The basic diluent, cladding and structural material in the SL-1 is
the X8001 alloy, which consists of aluminum alloyed with 1 to 2% nickel.
The fuel elements consist of 50-mil plates of X8001 containing highly
enriched uranium, clad with 35 mils of X8001. Nine such fuel plates
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are assembled into boxes (3-7/8 inches square) leaving 310-mil coolant
channels between plates. The present core consists of 40 fuel boxes as
shown in Figs. 1 and 2. The original design of the core makes provision
for 59 fuel boxes; however, the positions for the additional 19 boxes are
occupied by dummy elements consisting mainly of water and X8001 side
plates. The 40 element core has a mean diameter of 31.4 inches, is 25.8
inches high and contains 14 kilograms of U-235.

Discrete boron is used in the core, both as a burnable poison and for
the purpose of suppressing power peaks. Strips of X8001 (26 mils thick)
containing approximately 0.5 gram of B-10 are tack welded to the sides
of each fuel box in the core, and run the full length of the core. As shown
in Fig. 2, these full length strips comprise a cruciform in the center of
each control cell. In addition to these, half-length strips (21 mils thick)
containing about 0.2 gram of B-10 are added to the lower half of the
center 16 fuel boxes adjacent to the control rod channels. The total
Boron-10 loading in the core is 22.6 grams.

There are five control rods in the SL-1 core located as shown in
Fig. 2. The rods consist of a sandwich of 60 mils of cadmium between
two 80-mil plates of the X8001 alloy. Followers consisting of the X8001
alloy are included on all rods, the center rod follower being 17 inches
in length while the remaining followers are only five inches long. The
control rods, followers and a vertical cross section of the fuel elements
may be seen in Fig. 3. Provisions were made for "T" shaped rods as
shown in Fig. 2 for use with the 59-element core; however, the "T" rod
slots were not used in the present core.

Considering the arrangement of materials in the SL-1 core, it is
evident that the many heterogeneities in the core introduce a considerable
complexity into the analysis. The flux distribution and reactivity associ-
ated with a "control cell' (see Fig. 1) depend markedly on whether or
not control rods are inserted or whether followers are inserted. A
control cell near the center of the core has a boron distribution depending
on whether it is in the upper or lower half of the core. The lower central
region of the core may have one rod follower inserted (the 17-inch central
follower) and have a higher boron loading than the outer region of the
lower core. The control rods extend into the reflector which forces con-
sideration of rodded and unrodded reflector regions. In summary, al-
though the concept of a control cell is useful in the analysis, there is
no cell region which can be defined as "typical" of the core. This re-
quires the consideration of a large number of core regions in order
to achieve proper homogenization of the core materials.
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II. DETERMINATION OF NUCLEAR CONSTANTS

For the purpose of analysis the "as built" core was considered, and
available chemical analyses of the fuel and boron plates were con-
sidered. Constants were obtained for cold (830 F), hot zero power
(420 F) and hot operating (2.56 mwt) conditions. Since during operation
the volume fraction of vapor in the core varies with position, constants
were computed as a function of vapor volume fraction. Fast constants
for each core region were obtained by use of the MUFT IV code for
one group of fast neutrons. A total core fast buckling was used as input
to the code for all regions. Since the MUFT IV library does not contain
constants for aluminum, number density was converted to an equivalent
amount of zirconium using an equivalence factor of 0.42. Equivalence
was defined as resulting in the same age-to-thermal for the range of
aluminum/water ratios of interest.

Microscopic thermal constants were obtained by a Maxwellian
average at the moderator temperature. Averages over a Wigner-
Wilkins spectrum (obtained by means of the SOFOCATE code) were
considered; however, a comparison of thermal utilizations obtained
using the two approximations yielded little difference between the two.

Thermal disadvantage factors were obtained from detailed flux
distributions calculated for control cells of various compositions, by
means of the SIMPL code. This code is a version of WANDA modified
to determine flux distributions in one dimension for one energy group
in a double P-1 approximation. The self-shielding factors were cal-
culated in two steps. First, a single fuel plate and its associated water
channel were considered. The fuel, clad and water were represented
explicitly. The source of thermal neutrons was made proportional to
E s for each region. Homogenized number densities weighted by the

local flux distribution were then determined for the fuel region in a
control cell. The second step in the homogenization concentrated on
the control cell in one dimension. The geometry in this SIMPL cal-
culation consisted of a fuel region homogenized as described above
with boron plates, water gaps and structural material treated explicitly.
Thermal flux distributions typical of those obtained from this calcu-
lation are shown in Fig. 4 for a central control cell in the lower half
of the core. It will be noted that the flux in two adjacent fuel assemblies
is different due to the side boron plates. In general, the side and center
boron do not see the same flux and are, therefore, self shielded dif-
ferently. These calculations were performed for each of the many core
regions described above for cold and hot (zero power) conditions and
for several vapor fractions. The disadvantage factors for the uranium
in a fuel plate ranged from 0.87 for the cold condition to 0.92 for a 25%
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vapor fraction. The disadvantage factor is defined as the ratio of
average flux in the uranium to that in the fuel plate and water channel.
Control cell disadvantage factors for the uranium ranged from 0.88
(for the upper half of the core with rods out under hot zero power
conditions) to 1.09 (for the lower core, rods in, cold conditions). For
the boron, disadvantage factors varied from 0.42 (side boron plate,
lower core, rods in, cold) to 0.92 (center boron plate, upper core, rods
in, hot). Variation of disadvantage factors with vapor fraction was linear
in the range considered (0 to 25% vapor).

On the basis of the above calculations, the various materials in the
core were homogenized for each of the conditions described. It should
be noted that the calculations were all performed in one dimension. A
comparison in several cases with a two-dimensional PDQ cell calculation
using diffusion theory yielded a negligible difference between the two
methods. In addition to the approximation of one dimension, all cal-
culations were carried out for a central control cell. The different
self shielding experienced by fuel boxes adjacent to the reflector was
not taken into account.

III. BEGINNING OF LIFE CRITICALITY

Early in the testing of the SL-1, critical rod bank positions were
determined for cold, hot zero power and hot operating conditions. It
was decided to analyze these three situations to determine whether the
analytical methods will yield the correct eigenvalue of 1.000 for the
reactor with rods at the critical position. The first step in the analysis
was to determine a homogeneous poison cross section, to be used in the
rodded regions of the reactor, which would be equivalent to the control
rods. The eigenvalue corresponding to the rodded region of the core
with the rods explicit was determined from a two-dimensional PDQ
calculation. The cadmium in the rod was treated by means of a black
rod boundary condition in the thermal group. A one-dimensional radial
WANDA calculation was then performed with the same core composition
as the PDQ to find that homogeneous poison cross section which would
yield the same eigenvalue as the PDQ. The ratio of absorptions by the
rods in the core to those in the reflector region was determined from
the PDQ and an appropriate ratio of core to reflector rod poison used
in the WANDA. It should be noted that in addition to accounting for rod
absorptions in the core, the poison cross section includes the effect of
treating the core as a cylinder in the one-dimensional calculation.

With the rods treated as a uniform poison in the rodded region the
criticality of the core under cold and hot conditions was determined in
R-Z geometry. The reactor was represented as a cylinder with the
various core and reflector regions as cylinders or cylindrical annuli.
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Self-shielding factors appropriate to each region were used in the
determination of thermal constants, and the PDQ code was used for
the calculation. The resulting eigenvalues were 1.034 for the cold
condition and 1.020 for hot zero power. In determining the cause of
these seemingly large biases in the criticality calculation, two effects
were examined. The first effect was the treatment of the core as a
cylinder. In the rodded region the effect of "cylindricalization" is
properly included in the equivalent rod poison. In the unrodded region,
however, the effect is ignored. Comparison of radial leakage from an
explicit PDQ representation of the unrodded core with that predicted
by the cylindrical model indicated that the effect would amount to 2.4
and 2.2% in reactivity for the unrodded core in the cold and hot cases,
respectively. When this is factored into the R-Z PDQ results by
appropriate flux weighting, the cold and hot eigenvalues are reduced
by approximately 1.0 and 1.5%, respectively.

A second effect which could contribute markedly to the bias is the
different self shielding in the fuel boxes near the reflector from those
near the center. This effect is small in the unrodded region; however,
in the rodded region the presence of the reflector would put the fuel
at a greater disadvantage relative to the boron than was determined
for a control cell. This effect, estimated at 1.0% cold and 0.1% hot,
would further reduce the eigenvalues by 0.6 and 0.06% for cold and
hot, respectively. Combining the two effects mentioned, the cold and
hot eigenvalues are estimated to be approximately 1.018 and 1.004,
respectively. These results are of the accuracy expected for a core
of this complexity using these techniques. (MUFT-Maxwellian con-
stants and two-group diffusion theory.)

In calculating the criticality of the operating reactor it was first
necessary to evaluate the sensitivity of core reactivity and power
distribution to the vapor distribution and content. An initial estimate
of the vapor distribution obtained by hand calculation, assuming slip
flow at a constant slip ratio, was obtained on the basis of an assumed
axial power distribution. One-dimensional radial and axial criticality
calculations were conducted for various vapor distributions. In the
radial cases, vapor contents corresponding to several axial locations
were assumed and the resulting power distributions shown in Fig. 5.
In the axial cases, the rods were placed at the hot zero power critical
bank position and the total core vapor distributed in various ways,
as indicated in Fig. 6. This figure shows the resulting axial power
distributions. The discontinuities in the power observed at several
locations in Fig. 6 come about as a result of the different self-shielding
factors used for the various core regions. The eigenvalues from the
axial calculations are compared in Table 1.



6

4

2 - - - - - - -_ - - - - - - - - -- - -- - -

0 - -- - -- - _-- -- -- - - - - - - - -_-- - -_-- - -_- --_ - - - --_- - -

STEAM DISTRIBUTION
AT TOP OF CORE

--- STEAM DISTRIBUTION 4
AT TIP OF CONTROL ROD ------

STEAM DISTRIBUTION AT TOP OF
--- CORE UNIFORMLY DISTRIBUTED

CENTER BOX PMIX/
REST HOT WAT E R

PH2 ".9

I -

4 8 12 16

,1 4. ,

11M
20 24

CORE RADIUS (cm )

I' 17'a.
28 32 36 40

Fig. 5. Radial Power Distribution in SL-1 Core for Various Steam
Distributions

90

2.

2.

2.

4

M 2.

w

01.

I.

8

6

1.21
0

--

Q
a

\



1

0 5 10 15 20 25 30 35 40 45
DISTANCE FROM TOP OF CORE (cm)

50 55 60 65 70

Fig. 6. Axial Power Distribution in SL-1 Core for Various Steam
Distributions

}

Q

4

Ho

D

CLJ

No

25

24

22 ,r,,

BOTTOM OF SIDE
FOLLOWERS

18

CENTER OF CORE

16

ROD BANK
14 __ __

13

12

11

10/

8 ____/____ ___ ___

ACTUAL STEAM DISTRIBUTION

UNIFORM STEAM DISTRIBUTION -- -
6 OVER ALL CORE

5 ALL STEAM IN TOP 25% OF.CORE -

4 STEAM UNIFORM OVER BOILING LENGTH -'-

3

23 _____

2 L_____ -_____T____



92

TABLE 1

COMPARISON OF CORE REACTIVITIES FOR VARIOUS
VAPOR DISTRIBUTIONS

From Hot,
No Void

Description of Problem Eigenvalue (Ak x 100(%))

Hot, No Voids 1.0166 -

Uniform 7.4% Voids over
Entire Core 0.9993 1.73

Best Estimate of the Void
Distribution 1.0043 1.23

Best Estimate of Void Distri-
bution with No Voids in Top
Reflector Region (to Determine
Effect of Exit a) 1.0044 1.22

Uniform Voids over Boiling
Length 0.9990 1.76

All Voids in the Top 27.1%
of Core 1.0108 0.58

Figures 5 and 6 show that the gross power distribution is not too
sensitive to the vapor distribution; however, the effect on reactivity,
as is evident from the table, is significant.

In determining a final vapor distribution, iteration is required
between vapor and power distribution. The dependence of power on
vapor is shown above. The vapor fraction at a given axial location,
in turn, is proportional to the integral of the power from the bottom
of the core to that location. The results of this iteration for SL-1 are
shown in Fig. 7. The initial vapor distribution was based on the axial
power shape determined by Argonne in the design of SL-1 (labeled "A"
in Fig. 7). A new power distribution based on this vapor distribution
was computed as shown in Fig. 7 (shape B) which, in turn, produced
only a small change in the vapor.

The power distribution and criticality of the hot operating reactor
were determined in the same manner as for the cold and hot cases.
A rod poison cross section was obtained by hand extrapolation of the
value obtained from the X-Y PDQ and WANDA calculation for the hot
zero power core. An R-Z PDQ calculation was performed as for the
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cold and hot cases. Here the necessity of including the vapor distri-
bution in considerable detail further complicated the situation. The
geometry for the calculation is shown in Fig. 8. Self-shielding factors
and vapor fractions appropriate to each region shown were used in the
constants for the calculation. The thermal flux distribution determined
from this calculation is shown in Fig. 9, and the resulting eigenvalue
was 1.030. This indicates a 1% increase in bias over the hot zero power
calculation described above. Attempts to find the cause of this additional
bias were unsuccessful until more detail was available in the hydraulic
calculations. As stated previously, the computation of vapor fraction
was based on a single slip ratio. Subsequent development of the STREAC
code at Combustion Engineering enabled the use of a point variation in
slip ratio as a function of fluid velocity and flow quality. The code when
applied to SL-1 yielded an average vapor volume fraction of 11.6% com-
pared to the 7.4% used in the R-Z PDQ. This increase in vapor fraction
was sufficient to remove the apparent increase in the bias.

IV. LIFETIME CALCULATION

Calculations of the reactivity lifetime of the SL-1 core were con-
ducted both by a one-dimensional "window shade" method and by a first
order synthesis.

Prior to the one-dimensional lifetime calculation it was necessary
to convert the R-Z calculation of the hot operating core to a comparable
one-dimensional case. The constants in the various axial and radial
regions in the R-Z PDQ were flux weighted to arrive at a three-core
region one-dimensional axial WANDA. The three core regions con-
sisted of a nonboiling unrodded region, a boiling unrodded region and
a boiling rodded region. The rodded region was defined by the observed
hot operating bank position.

Several WANDA cases were run in this geometry for a range of
group and region independent radial bucklings. In each case a value
of homogeneous rod poison was found which would yield a critical core
at the observed rod bank position. The ratio of power produced in the
rodded region to that in the unrodded region was determined for each
case. Values of rod poison and radial buckling were then selected
such that the P rodded/P unrodded ratio matched that observed in the
R-Z PDQ and, at the same time, yields criticality. This matching of
the power ratio has been shown in the past to result in substantially
the same axial power distribution as the more elaborate R-Z PDQ.
Thus, with the correct power distribution at beginning of life, the
axial distribution of core burnup is adequately considered. In addition,
it should be noted that this technique automatically normalizes to
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criticality at beginning of life and the calculational bias is removed.
The process is shown in Fig. 10. These values along with the appro-
priate number densities for the three regions were then used in an
axial CANDLE calculation to determine the lifetime variation of re-
activity. The.core was maintained critical by moving the rod poison
boundary out of the core to maintain criticality. The core eigenvalue
with control rods removed (no control eigenvalue) is shown in Fig. 11
as a function of lifetime in hours. The initial drop in eigenvalue at
beginning of life represents buildup of equilibrium xenon. The core
lifetime is seen to be about 30,000 hours at the 2.56-megawatt power
level. The effect of maximum xenon is also shown.

A slightly more refined estimate of core lifetime is obtained from
a first order synthesis. In this method, radial CANDLE cases were
run to determine the variation in composition with time in a rodded
section, an unrodded section and a so-called "history section." This
last region is kept rodded in the calculation for the first 12,000 hours
and unrodded thereafter. This is based on the window shade result,
which showed that after 12,000 hours the rods are continually moving
out. Radially flux weighted constants and radial bucklings were de-
termined from these cases as a function of average U-235 depletion.
Axial WANDA calculations for several times in core life were run
with constants appropriate to the depletion in each region at the given
time. The boundary between rodded and unrodded regions was varied
until criticality was obtained. Figure 12 shows the variation in rod
bank position with time as determined from the synthesis, with the
window shade results shown for comparison. The synthesis yields a
core lifetime about 10% shorter than predicted by the window shade.
Both calculations, however, indicate that the SL-1 core reactivity
lifetime is substantially higher than the design value (about 25%).



98

3

PR/PUR

1-[---J- -

I

.2 0 - ------- --------

- - - - - - -

.0023 .0025 .002721
JiI

.oo3

RADIAL BUCKLING (cm- 2 )

Fig. 10. Power In Rodded Region/Power In Unrodded Region

Sp

.029

.025

7

E
.020 *

.01588

.015

--

^1
rvI

_



14

I_ _ _ __ _ __ _ _ __ _ _ _

4%

L.O

MAXIMUM XENON
LIFE: 29,250 HRS

EQUILIBRIUM XENON
END OF LIFE: 29,750 HRS

I4I4 F %C4* I

I. a

Vw

>1.02-
z
wa

0

z
0

0z

.00

0.99
0

EQUILIBRIUM XENON PRESENT I
MAXIMUM XENON AFTER SHUTDOWN
2.56 MW OPERATION PRESENT I

FROM

K
4 i1--

5 10 15 20 25 30
LIFETIME (HOURS x IO-3) AT 2.56 MW (8000 LBS/HR STEAM FLOW) OPERATION

Fig. 11. No Control, Eigenvalue Versus Lifetime (Window Shade Technique)

__________ J. __________ A. & I I

35
CD
CD

4 4 i 1 --

- -- m

N

, 
-

ls .

I

END OF

%_

1



0

0

w
0

0a:
LL.

C.bz
0

0a-

z
4
0o
00:
-J
4
-)

Ur

20 21 22 23 24 25 26 27 28

LIFETIME, (HOURS X 10-3)

Fig. 12. Critical Control Rod Bank Position Versus Lifetime
(8000 lb/ hr Steam Rate)

100

27

26 TOP OF CORE

EQUILIBRIUM XENON
END OF LIFE, SYNTHESIS

25 27,200 HOURS
SYNTHESIS
TECHNIQUE

2 410 
0

23

22

"WINDOW SHADE"
21

TECHNIQUE

20 - -

19



101

Question: (B. Fried, Alco Products, Incorporated) How wide is the
core?

Answer: The mean diameter is about 31.4 inches and it is 25.8 inches
high.

Question: With this width it would be expected that the cylindrical
mockup of a slab-type core would be satisfactory, but something in
the order of 2% bias is pretty high.

Answer: Well, all I can say is that we have traced down the various
effects in the calculations and through checking several ways by adding
up neutrons in different ways, we are able to attribute 2% to the treat-
ment of the boundaries. There is a 70% reduction in the area (you
could use that as a criterion) of the outer boundary when going from
the actual geometry to the cylindrical geometry.

Question: But you used the equivalence-in-area technique for the core?

Answer: The way in which the core was converted to a cylinder was
essentially to conserve materials, so equivalent area was used.

(B. Byrne, Alco Products, Incorporated) Apparently all of these
approximations depend on the core. People have run into various
other empirical corrections and use these dependent upon the type
of core.

Question: (L. M. Maki, Aerojet-General Corporation) In this multi-
region core how did you treat the buckling input on the MUFT IV?

Answer: There was some study conducted there. It was suggested
and found to give most meaningful results to use an estimated over-
all core buckling as the input for all MUFT IV cores. Now for example,
in treating a relatively small region we found if you try to use a buck-
ling appropriate to the region you're considering, you do get ridiculous
answers. So strictly speaking there is some question as to the justifiability
of calculating different fast constants or computing an overall different
fast spectrum for two adjacent regions both of which are rather small.
So this is the method which we have applied with success in the sense
that we do have an overall bias of 1 to 2% which we haven't been able
to eliminate.
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PREDICTION OF THE NUCLEAR CHARACTERISTICS

OF THE SM-2 CORE*

B.J. Byrne and B.E. Fried
Alco Products, Incorporated

I. INTRODUCTION

A previous report (Ref. 1) has described the developments which
led up to the selection of the final design of the SM-2 core. This paper
describes the methods used to predict nuclear characteristics of the
final SM-2 design. Most of the emphasis has been placed on the em-
pirical corrections used to force agreement between theoretical cal-
culations and actual experimental data.

II. CORE LIFETIME CALCULATIONS

Contract design requirements for the SM-2 included a core life of
at least 25 megawatt years. Preliminary estimates indicated that a
core loading of 36.26 kilograms of U-235 would meet this requirement.
Two independent calculations were made to determine core life for
this loading. These calculations were based upon two computer codes:
CANDLE-2 (Ref. 2) and NUB-1 (Ref. 3).

CANDLE-2 is an IBM-704 code developed by Westinghouse for one-
dimensional, multiregion, few group fuel and poison depletion calcu-
lations. The code calculates reactivity, pointwise burnup and flux and
power distributions for a number of time steps. It uses stored
microscopic cross sections for each group and for each isotope to
compute few-group parameters as a function of burnup. Effective one
group microscopic cross section files were prepared for the SM-2 be-
cause initial group constants calculated from the Westinghouse files
were not consistent with those calculated by the MUFT code. Even
with these new files, the variation of group constants with burnup was
not consistent with the MUFT-III calculation scheme. The CANDLE
code does not account for the change in effective microscopic cross
sections in each group due to the change in flux spectrum with burnup.

The applicability of CANDLE to SM-type cores was tested by com-
parison of a lifetime calculation on the SM-1 Core I with actual ex-
perimental data. Figure 1 shows a comparison of the calculated and
measured control rod bank position as a function of core energy release.
Agreement is quite good although slight discrepancies are apparent.
*AP Note No. 303
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The results of a CANDLE calculation on the SM-2 core are shown
on Figs. 2, 3 and 4. Figure 2 shows the effect of nonuniform radial
burnup on core reactivity. The effect of control rod fuel elements on
core reactivity was treated by two methods. The first method considers
the effect of these elements to be equivalent to a uniform poison in the
thermal group. The second method treats these elements as equivalent
cylindrical rings having different isotopic concentrations than the sta-
tionary fuel elements. Both methods show essentially the same re-
activity effects. Figures 3 and 4 present the results of an axial CANDLE
calculation to which a reactivity correction has been applied to account
for nonuniform radial burnup. Core lifetime is about 29 megawatt
years corresponding to 40% average burnup of U-235.

A second calculation of the SM-2 lifetime was made using the NUB-1
code. This is a two-group burnup code for the IBM-650 which differs
from CANDLE in the following respects:

(1) The NUB-1 code computes average burnup for a relatively
small number of core regions rather than for each space
point.

(2) In computing fuel and poison burnup, the NUB-1 code as-
sumes that the shape of the initial flux distribution remains
constant with time and that only the amplitude of the flux
distribution changes with burnup.

(3) The variation of fast group constants with burnup is con-
sistent with MUFT-III calculations and the computation of
thermal group constants is consistent with a synthesized
two-dimensional P 3 calculation. The consistency in group

treatment between the uniform and nonuniform burnup cal-
culation is maintained by use of a curve fitting routine which
describes the group parameters as functions of fuel and
poison burnup.

Results of the NUB-1 calculations on the SM-2 core are shown on
Fig. 5. The calculated core lifetime is about 29 megawatt years.

The NUB-1 calculation is superior to the CANDLE calculation as
far as the treatment of group constants is concerned. However, the
CANDLE code offers a much better description of the space and time
dependence of the flux, power and local burnup. No significance should
be attached to the apparent agreement between the two calculations of
SM-2 lifetime.
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III. TEMPERATURE COEFFICIENT

Measurements on the SM-1 (Ref. 4) and SPERT-III (Ref. 5) reactors
show that above 1500 F a strong correlation exists between the tem-
perature coefficient and the coefficient of thermal expansion of water.
This is shown in Fig. 6.

For SM-1: y " 38000

For SPERT-III: 'Y 4400 $

where

7 = temperature coefficient, cents/OF

B = 1 +T_= expansion coefficient, F-

T = temperature, OF

P = water density, gm/cm3

In the SM-2 mockup experiments (Ref. 6) the temperature coeffi-
cient at low temperatures was measured directly while the temperature
coefficient above 150 F was measured using aluminum strips to sim-
ulate reduced water density. Results are shown on Fig. 7. For the
SM-2, 'y 3700 0 represents a good correlation of the experimental
data. Calculated values of the temperature coefficient are in general
agreement with the measurements, particularly at higher temperatures.

Assuming that the SM-2 mockup data are accurate, the temperature
coefficient at average operating temperature (5100 F) is about -4.3 cents/
F and the change in reactivity from 69 to 5100 F is about 880 cents.

IV. DETERMINATION OF POISON LOADING

From the standpoint of control rod requirements and core power
distribution it was desirable to incorporate as much burnable poison
as possible. However, in order to provide an adequate startup mar-
gin it was decided to design for an initial Keff = 1.03 at operating tem-

perature with equilibrium xenon. The following procedure was used to
find the poison loading which would meet this design condition:
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(1) An approximate mockup of the cold clean core was assembled
and its reactivity was measured by experiments.

(2) Differences between the actual SM-2 core and the SM-2
mockup were tabulated as shown in Table 1.

(3) The effect of these differences on core reactivity was found
by experimental measurements or by analytical calculations.

TABLE 1

Differences Between Actual SM-2 Core and SM-2 Mockup

Core reactivity

Flux suppressor

Equilibrium xenon

Side plate thickness

Flow divider

Temperature

Pressure

Fuel and poison

B-10 in meat

B-10 on surface

Reflector

Meat width

Plate width

Meat length

Actual SM-2 Core

K =1.03

Yes

Yes

0.040 in.

Yes

5100 F

2000 psia

Mixed

56.8 gm

None

Steel

2.65 in.

2.839 in.

22.0 in.

SM-2 Mockup

K = 1520 cents
ex

No

No

0.0327 in.

No

69* F

Atmospheric

Separated

None

67.9 gm

Water

2.51 in.

2.77 in.

21.6 in.

After making all of the reactivity corrections associated with the
differences between the actual core and the SM-2 mockup a loading of
56.8 grams B-10 was obtained.
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V. CONTROL ROD WORTH

Analytical predictions of the SM-2 control rod worth yielded a
value of 21% p for the seven-rod bank. This was obtained from a two-
group calculation of the worth of an array of cylindrical rods in a cyl-
indrical core (Ref. 7). Experimental measurements of the seven-rod
bank worth are shown on Fig. 8. These values were obtained from a
number of bank calibrations at various fuel and poison loadings. With-
in the accuracy of the experimental data, bank worth at the critical
bank position is nearly independent of core loading. The integrated
bank worth is about 33 dollars or 23% p .

The maximum core reactivity is about 16% p. For a bank worth of
23% p, the control margin is 7% p. Measurements have shown that
this margin is sufficient to permit shutdown of the core in its most
reactive condition even if any one rod sticks in the full-out position.

VI. POWER DISTRIBUTION

Nuclear calculations were used to define the power distribution re-
quired for analysis of core thermal performance. Comparison of
measured and calculated power distributions in the cold SM-2 mockup
revealed the need for empirical correction factors to account for
observed discrepancies.

Figure 9 shows the radial power distribution parallel to the plane
of the fuel plates. It is apparent that the calculated distribution obtained
from a PDQ (Ref. 8) computation underestimates the inter cell flux
peaking due to the presence of non-fuel regions. Likewise Fig. 10 shows
that the measured axial power peak is not as great as that predicted by
a Windowshade calculation (Ref. 9).

A combination of a TURBO (Ref. 10) x - y calculation and an axial
CANDLE calculation was used to find the variation of the power distribu-
tion with burnup. The overall maximum-to-average power ratio increases
from 2.92 at startup to a maximum value of 3.25 at about 9% average core
burnup.
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Question: (J.F. O'Brien, The Martin Company) The first curve in
whifh you showed a comparison of rod bank withdrawal as a function
of time for the SM-1 and your calculated curve indicated that, in the
reactor at the beginning where you would normally expect the excursion
in reactivity to result in rod insertion rather than rod withdrawal
did not happen to as great an extent as in the calculation. Also in the
curves which you showed of lifetime for the SM-2, it was apparent that
there is a relatively greater excursion in reactivity as a function of
time than there was for the SM-1. Do you know from the operation of
the SM-1 and the calculations of burnup that you have done why this
discrepancy exists? Is it contributed to the fact that there are control
rod followers or what?

Answer: When the only piece of data you get is a dial indicator US
time, you've got a lot of things you can look at and attribute significance
to. For one thing, the calculation which we did was a CANDLE cal-
culation and the variation of the CANDLE constants with burnup was not
determined precisely and the fact that the calculation shows the bank
going in and the experimental data shows it coming out. I would not want
to contribute any great significance to it.

Question: Do you think, though, that the bank does go in?

Answer: Not as far as the experimental measurements are concerned
and not as far as a NUB calculation that we made a couple of years
ago. Unfortunately, that calculation was made on a core which had
full boron content and we have found that, based on analysis of reject
fuel plates, the SM-1 core has lost about 22% of the boron during
fabrication. I personally would like to see that calculation repeated
with the right boron loading and I don't think it would show that the
bank moves in.

Question: Do you think the bank moves in for the SM-2?

Answer: Yes. We've got a lot more boron--we have a lot more fuel
but -there is 56 grams of B-10 there and SM-1 has a loading of 16 grams
B-10.

Question: (L.M. Maki, Aerojet-General Corporation) I have two questions.
You say that control rods are worth about 23% per bank of seven, you
have an initial Kexcess of 3%, and with two rods out you are just

critical. There seems to be a discrepancy of numbers here.

Answer: Perhaps I emphasized the wrong thing. There is a 23% rod
worth. The initial keff of the core, hot with equilibrium xenon, is 1.03

The maximum reactivity of the core cold, with no xenon, occurs after
about 16 megawatt years of burnup and this is about 16%, so a core with
a 16% reactivity can be controlled with a six-rod bank.
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Question: On your curves of intracell peaking where you calculate
with PDQ, I was wondering that since the PDQ calculated low and I
have seen some work saying that if Maxwellian constants are used
instead of Wigner-Wilkins constants you can usually hit it pretty well--
I was wondering what kind of thermal constants you used?

Answer: I think if you ran an analytical experiment and saw what kind
of group constants gave you right peaking you probably could find such
a neutron temperature. We have used a hardened neutron temperature
concept which is similar to the Deustch description but its got a dif -
ferent constant in it. These neutron temperatures tend to be lower
than the effective neutron temperature you would get from a Wigner-
Wilkins model. We have found analytically that we do better on the
intracell peaking with the present model than with the Wigner-Wilkins
calculation. This is consistent, I think, with what some of the people
at Westinghouse have found.

Question: (E.E. Gross, Oak Ridge National Laboratory) I have a
question about the calculated axial power distribution on the last slide.
In the bottom reflector did you consider that just water?

Answer: Yes

Question: There is really actually a lot of stainless steel down there,
isn't there?

Answer: There is and there isn't. In these cores we do have big flow
holes through the core support plate there. Of course, it depends along
which axis you're taking traverses whether you've got water there.
So far as the relationship between the measured peak in the core and
the spike at the bottom of the core, the measured values and the cal-
culated values are fairly consistent in that respect. We do see the
spike at the bottom of the core both analytically and experimentally.

Question: (E. Scicchitano, The Martin Company) I notice that in your
experimental core you didn't have the flow baffle but in the actual core
you do. How did you account for this in your lifetime calculation?

Answer: In the lifetime calculations this was corrected for--we mocked
up the flow divider in the CANDLE calculation as a region of steel and
water and we lost about 1% in reactivity due to the flow divider.

Question: You don't have a reactivity check on whether or not this
amount of stainless steel in that location would give that decrease in
reactivity?
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Answer: We tried to get a check but it has been rather difficult. Ex-
perimentally in order to measure this a plastic core support plate about
an inch thick was used on top of the regular core support plate and in
order to get the flow divider in, the elements were displaced out a
little bit and steel was inserted. We can find some change in bank
position here but you don't really know whether the seven-rod bank
worth calibration holds any more for this core which is quite a bit
different from the one previously measured. When the measurement
was done an attempt was made to check the effect of putting in a steel
plate in the water gap and the effect of the baffle, as I remember, may
have been within 20% of that calculated.

Question: (M. Wiener, CIV AEC) Would you repeat your temperature
coefficient that you gave during the talk?

Answer: 4.4 cents per F at about 5100 F.

Question: One other thing here, your temperature coefficient, was
that taken at zero power hot or was that operating hot?

Answer: Well now, the measurements on the SM-1 core, of course,
were taken in an operating reactor. The SPERT measurements--I'm
not sure may have been at no power, I really don't know. Of course,
the SM-2 core was a mockup with aluminum and, of course, it was not
done at any appreciable power level.

Question: (C.E. Vizner, Combustion Engineering, Incorporated) Just
for clarification with regard to the SM-2, was the temperature coef-
ficient calculated or was that measured in the critical?

Answer: What is done is to displace water with aluminum and to affect
the change in density that one would get at operating conditions.

Question: What about the effect of aluminum on the age and leakage
from the core; is that taken into account?

Answer: Aluminum has fairly low scattering and fairly low absorption
and when you use it to displace water we have done some calculations
that say perhaps 90% of the effect is due to displacing water from the
core. You're just reducing the number density. There is some effect
due to the aluminum scattering and absorption but it is relatively
minor.

Question: (D. Schweller, The Martin Company) In connection with
the same problem, what about the effect of reducing the absorption
cross section for the materials with temperature; was that taken into
account?

Answer: Experimentally, no. Analytically I think we found that for
these types of reactions it is a relatively small effect because boron,
uranium, steel, water are almost 1/v.
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ANALYSIS OF BOILING WATER REACTORS

L. C. Noderer
Combustion Engineering, Incorporated

Since the reliability of the analysis methods for boiling water
reactors is closely tied to the status of these methods for the sister
pressurized water reactors, a brief review of pressurized water
physics follows.

In designing pressurized water reactors, we can expect to predict
the initial reactivity within a percent or so, and the power peaks and
reactivity lifetime within 10 to 15%. This has been made possible by
the more widespread usage of high-speed digital computers with
large memories within the last few years and by the large concentrated
theoretical effort required in designing such high performance cores
as the Naval Reactors for example. Within the diffusion theory frame-
work we have codes such as PDQ, TURBO, TKO and DRACO which are
able to depict in two and even three-dimensions a reactor core and its
lifetime behavior. In the realm of transport theory we have multi-
group one-dimensional codes such as DSN and RDR-5 plus some codes
based on low order spherical harmonics such as CEPTR. In the not
too distant future, we expect as indicated by the gentleman from AERO-
JET, to have a plane two-dimensional transport code. These trans-
port codes have been useful in homogenizing the fine structure of re-
actor cores and in obtaining appropriate boundary conditions for con-
trol rods especially when materials such as hafnium with large
epithermal resonances are considered. Through the efforts of such
people as Wilkins and Nelkin, for example, we have a better under-
standing of the thermal problem and are able to better represent flux
peaking near water channels.

When we turn to reactors containing fuel of low enrichment, the
significant problems are those of resonance escape and cross sections
for the Uranium-238 chain. We at Combustion have developed a re-
sonance escape code QUERY which includes unresolved resonances
and Doppler corrections and which gives results agreeing with Monte
Carlo calculations and Hellstrand's experimental data. Our knowledge
of the reactivity behavior of the uranium chain is still incomplete but
promising results are being obtained from experiments testing the
effective 1l in the RMF of samples irradiated in the MTR.

The main uncertainties are thus in the cross section area but these
are probably outweighed by the uncertainties in how much irradiation
a given fuel element will take metallurgically. That we have the ability
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to predict the behavior of pressurized water reactors is demonstrated
by the success of high performance submarine cores and more im-
mediately by some of the results presented at this meeting.

We are interested in boiling water reactors since by allowing
steam to form the pressures and hence container wall thicknesses
can be reduced. Though natural circulation, pump requirements are
reduced and the possibility of eliminating heat exchangers through a
direct steam cycle is intriguing. Through an integral superheater
one can greatly improve the steam conditions.

The problems in the analysis of a boiling water reactor include
whatever problems are encountered in pressurized water reactors
plus the presence of steam voids. The bubbles greatly affect re-
activity in a position dependent manner through increased leakage and
lowered resonance escape modified by increased thermal utilization.
If the steam were allowed to blanket the heat transfer surfaces, burn-
out would occur. To adequately depict boiling water reactors, one
must be able to analyze the void distribution.

In forced circulation, the subcooled water enters the bottom of the
heating channel where it is heated to saturation temperature within
the nonboiling length of the channel. Subcooled boiling produces bubbles
which, though condensed at subsaturation temperatures, exist for some
delay time and thus effectively increase the apparent voids in the core.
When saturation temperature is reached most heat goes to produce
steam and these bubbles travel up the core faster than the liquid. This
leads to the concept of slip ratio; i.e., the ratio of steam mass flow
rate to liquid mass flow rate. The void content in the boiling region
is essentially inversely proportional to this ratio. Much experimental
work has been done at Argonne, for example, in studying slip ratios
which are functions of pressure, velocity and steam quality. Various
theoretical and semi-empirical models have been proposed; thus,
Levy has a slip momentum model which at low qualities makes the
slip ratio proportional to the square root of the product of steam
specific volume and void fraction. Zmola and Bailey have had some
success in correlating an incremental overall steam velocity with
specific volume.

In considering natural circulation reactors, the bouyancy of the
bubbles provides the main driving force and the uncertainty in the two-
phase frictional pressure drop becomes important. Martinelli and
Nelson have used a turbulent-turbulent model to correlate two-phase
pressure drops especially at high steam qualities. Lottes and Flynn
use an annular flow model in which the increased pressure drop is
assumed to be attributable to the increased liquid velocity only. This
has given good quantitative agreement with experiment but only fair
qualitative agreement.
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In predicting steam voids it is first essential to know in what flow
regime, i.e., bubble, slug, annular, one is dealing with and what the
degree of turbulance is. A glance at the literature devoted to the fluid
flow and heat transfer in a boiling channel shows that a great deal of
work has been done in this field. The major part of this work is based
on rather crude theoretical models. Moreover, it would appear that
further progress in this field is most likely to result from the analysis
of more sophisticated models and from more careful experiments on
simple systems. The theoretical work of Forester and Zuber on the
rate of growth of single bubbles in a superheated liquid stands out by
virtue of its analytical integrity as well as for its power to predict
experimental results. Forester and Zuber did not include in their
analysis the phenomenon of bubble coalescence. It would seem useful
to study bubble coalescence in turbulent two-phase flow.

A model of two-phase flow based upon turbulent flow of the liquid
and treating the gas flow as bubbles by means of a Fokker-Planck type
of equation seems physically realistic. The turbulent velocity com-
ponents would provide the random forces acting on the bubbles. Thus,
the bubbles would interact by coalescence and would grow in size by
coalescence, by motion in a pressure gradient and by evaporation of
water at the bubble surface. Such a two-phase theory should predict
the onset of plug flow from bubble flow. It would contain as a source
term a bubble distribution which appears to be physically realistic
for nucleate boiling. Such a theory might, in fact, be useful in studying
the heat transfer at a surface in nucleate boiling. The theory should
give some physical insight into such quantities as slip ratio, pressure
drop in a fuel channel, etc. The following is an indication of how such
a theory might be constructed.

It is simplest to consider first bubble growth by coalescence alone.
The similarity of bubble coalescence to coagulation is at once apparent.
However, one soon finds that coagulation theory cannot simply be taken
intact as a description of bubble coalescence. One can, however, make
use of certain results arrived at in coagulation analysis. At Com-
bustion we are pursuing this model in an attempt to understand such
a simple device as a percolator.

Since the power distribution of the core determines the void distri-
bution which in turn through its reactivity effects shapes the power
distributions, iterations between these two distributions are required
to depict the beginning-of-life hot operating core. H. Cahn has shown
in his paper how these iterations affect the distributions. GE has a
code which performs these iterations but it is unavailable for outside
usage. Fukai and others have tried to use the fact that the integrated
power above the nonboiling length determines steam quality to obtain
the void distribution but the simplified assumptions as to slip ratios
and reactor nuclear model make these methods of dubious practical
value. At Combustion we have developed a boiling water reactor
thermal and hydraulic code called STREAC which I will now describe.
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STREAC is an IBM-704 code designed to calculate the steady-state
thermal and hydraulic behavior of one pass natural circulation boiling
reactors. Given the power distribution along the axis of each box in a
multichannel reactor under the assumption of axial and radial power
separability, the code yields steam void distributions, inlet velocities
and pressure drops for each box. Further information is also obtained
on pressure differentials and velocity behavior for the worst channel
when the power is increased. A discussion of the average reactor
calculation will help to illuminate the methods used.

For the average reactor calculation with a fixed feed-water enthalpy,
the position of no net boiling or the "nonboiling length" is readily deter-
mined through the power required to raise the feed-water enthalpy to
that of the saturated liquid. One then assumes an inlet velocity and the
quality of the steam above the nonboiling length is directly proportional
to the excess of integrated power above that at the boiling length. Having
thus determined the quality as a function of position, the slip ratios;
i.e., the ratios of steam-to-liquid velocities, which for the given pressure
are in tabular form as a function of inlet velocity and quality, are also
obtained as a function of position. The steam void distribution is then
obtained from the definition of quality; i.e., the ratio of steam mass
flow rate to that of total mass flow rate. Local two-phase friction factors
are determined by a modified Lottes and Flynn relationship and are
integrated to obtain an average factor. The acceleration pressure drop
factor is assumed to be a function of exit void fraction and quality only.
Since all the pressure losses including those due to two-phase friction,
acceleration, and exit, entrance and down comer losses are proportional
to the square of the velocity and must be balanced by the buoyant effects
of the steam, a new velocity is obtained. This entire process is repeated
a sufficient number of times to make the difference between two suc-
cessive velocities lower than some preset value.

For the multichannel case, one initially assumes that the inlet
velocity for each box is that obtained from the average reactor calcu-
lation; here, however, each nonboiling length depends on the assumed
velocity which determines the inlet enthalpy. Iterations are performed
on the inlet velocity for each box in a manner very similar to that
described above. These new velocities will yield a different total mass
flow rate which in turn determines a new inlet water enthalpy. Using
this new inlet enthalpy, the inlet velocities are again iterated to con-
vergence. This process is repeated until the difference between suc-
cessive total mass flow rates is less than some pre-assigned value.

For each box, the output includes steam void distribution, inlet
velocity, average void fraction, exit void fraction, box flow rate, steam
production rate, nonboiling length and the pressure loss term.
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The power extrapolation routine determines the flow rate for the
"hottest' box; i.e., that one producing the most power, for various
powers within this box. Here the inlet enthalpy is assumed to be un-
changed and the velocity iteration is carried out for only the one box.
This information is useful as a stability criteria since beyond some
critical power value the flow rate will decrease instead of increase
and a given flow rate can correspond to two power values.

The maximum power rating of a given boiling water reactor is often
determined by stability considerations since, especially with high con-
ductivity plate fuel elements, fuel centerline or burnout temperature
limits are not usually reached. Stable operation of a boiling reactor
exists when the power oscillations are random in nature and only a few
percent in magnitude during steady-state operation. There are two
types of unstable operation which have been found in the Borax and
Spert series of experiments. The first is characterized by a pro-
nounced but nondivergent periodic power oscillation amounting to 10%
or more. The second exhibits itself in a divergent oscillation leading
to a scram or reactor damage. The condition of reactor operation is
controlled by the interaction of various reactor design parameters.
Among the significant factors are operating pressure, hydraulic
characteristics, fuel time constants and the reactivity associated with
steam voids. This last factor has been shown not to be a good criterion
of instability. For example, Borax IV was found to be unstable with
0.4% reactivity voids at atmospheric pressure yet stable at 300 psig
with 5.5% reactivity in voids.

Theoretical models of the complete reactor system usually in a
linear approximation of the transfer and feed-back functions have been
investigated with analogue computers with some degree of correspondence.
Our transfer function code TPF1 will serve the same function on digital
computers. This code will help us to isolate the design parameters of
significance and at the same time lead to a better description of stability
behavior.

The most successful method of predicting stability for boiling water
reactors is to express conditions for stability in terms of the transfer
functions of power to reactivity input. Analyses of experimental power-
reactivity feed-back transfer functions for a reactor operating at differ-
ent power levels and pressures can allow determination, with reasonable
success, of the parameters of semi-empirical transfer functions. These
have been useful in extending, with some confidence, the stable operating
range of the EBWR. At the same time, simple models with theoretically
determined parameters have given good qualitative agreement with EBWR
and Borax cores at least at higher frequencies where the recirculation
time of the reactor does not enter. These results give the approximate
location of a power resonance on the frequency scale, but magnitudes
and phase shifts are not as well represented. As more detailed models
requiring more time constants are used, improvement is noticed.
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TPF1, an IBM-704 transfer function code, has been programmed and
is now being tested. Input to this code consists of various reactor de-
sign parameters (power level, coolant temperature, equilibrium pressure,
etc.) and the angular frequencies of sinusoidally varying excess re-
activities of fixed (but unspecified) amplitude. The output provides the
magnitudes in decibels and the phase angles in radians of the open loop
and closed loop transfer functions of a model of a boiling water reactor.

The equations represented in the program are Laplace transforms
of linearized differential equations describing a reactor model which
combines features of various models previously suggested in reactor
literature. The output represents the steady-state response of the re-
actor power to a periodically varying excess reactivity. This allows
the designer to apply the techniques of stability analysis developed for
the design of servomechanisms to the reactor model with various com-
binations of reactor parameters. It also provides a means of determining
the effect on the response of the system of varying different parameters.

The code is limited to processes which occur within the pressure
vessel only. The reactivity feed-backs considered are those caused
by voids and fuel temperature Doppler effects. Void changes are in-
duced by direct heat transfer, pressure flashing and condensation,
and temperature and velocity effects. Figure 1 shows a block diagram
for a model of a boiling water reactor.

The status of methods for predicting the behavior of boiling water
reactors is not as good as those for pressurized water reactors but as
H. Cahn has shown earlier in this meeting in his evaluation of the SL-1,
reasonable results were obtained. When we require larger void fractions
because of either lower pressures or higher powers required, the pre-
dictions should be poorer. In analyzing stability behavior, Iriarte,
Thie and others have shown reasonable qualitative agreement at least
with oscillation experiments on the EBWR.

If the physicist has a complete enough physical description of a
boiling water reactor and has cross sections and other physical data
of sufficient accuracy, he can set up codes which will help obtain the
desired results. The basic want for a better description of the void
distribution in boiling reactors dictates the need for simple, clean
experiments on slip ratios, subcooled boiling and two-phase pressure
drops and an enlargement of the underlying theory of heat transfer and
bubble transport in boiling channels. We should also make better
utilization of integral reactor experiments to test our completed
physical models. For economy in digital machine usage, we must
spend more effort on the significant physical processes and through
parameter studies eliminate the parameters of negligible significance.
Finally, more sophisticated mathematical methods must be used in the
art of designing codes especially in the field of non-linear kinetics.
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Question: (R. Magladry, The Martin Company) You referred to
coagulation theory when you were speaking of bubble coalescence and
I'm not acquainted with this theory and wondered if you might mention
at least what the basic principles are in the theory.

Answer: Well, we have particles moving around under the forces of
Brownian motion and they tend to coalesce together to make a larger
bubble.

Question: (L. M. Maki, Aerojet-General Corporation) I was wondering
on your two phase flow-pressure drop, etc., if you considered the work
of Grossman and Schrot which is the extension of Martinelli's correla-
tions, I understand it works fairly well and is applicable to high-speed
computers.

Answer: No, I did not.

Question: (L. Dingee, Battelle Memorial Institute) You correct me if
I'm misstating anything here, but I think finding a void in a reactor
is probably the first problem, most important, and if given the voids,
predicting the Keff of the system probably is not as difficult as the first

problem and I wonder if you are investigating ways of getting the voids
in an operating reactor.

Answer: No, not experimentally. These measurements are very
difficult and usually somewhat indirect.

Question: (C. Graves, Nuclear Development Corporation of America)
Do you assume a constant slip ratio in your codes?

Answer: We use an average slip ratio but one should use a proper
representation. At present we have lumped the reactor and assumed
a constant slip ratio.

Question: Does STREAC calculate the power distribution?

Answer: No, it does not. The power distribution must be given as
input data. A power distribution is assumed, a void distribution is
calculated and a new power distribution is determined and a new
void distribution is determined. The two void distributions do not
greatly differ one being about 7.3% average void and the other 7.1%
average void so a great number of iterations are not required.

Question: Is there a report available on STREAC?

Answer: No, but it will be out shortly and time involved as well as
limitations will be given.
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HETEROGENEOUS CONTROL ROD STUDIES

B. W. Colston, E. E. Gross and M. L. Winton
Oak Ridge National Laboratory

I. INTRODUCTION

As a part of the NS SAVANNAH "upgrading" program, the Oak
Ridge National Laboratory is performing some advanced core design
and development work for the Office of Maritime Reactors (AEC). A
part of this design work has been concerned with the utilization of
existing machine codes to adequately describe the nuclear properties
of the NS SAVANNAH core arrangement. A small portion of the work
pertaining to the investigation and development of methods for handling
control rods in a heterogeneous core is presented here.

II. CORE GEOMETRY

The heterogeneous nature of the SAVANNAH core is indicated by
Figs. 1, 2 and 3. The SAVANNAH core configuration consists of 32
square fuel boxes and 21 cruciform control rods on a 9.7-inch pitch,
as shown in Fig. 1. One of the 66-inch (active length) Core I fuel ele-
ments is shown in Fig. 2. A fuel element consists of 164 stainless
steel tubes filled with UO2 pellets. The tubes are held in a rigid

bundle by 1-inch long stainless steel ferrules that are spaced about
every 8 inches axially.

Details of a section through the ferrule region, as well as details
of a control rod, a control-rod follower and the structure of a fuel-
element can are shown in Fig. 3. Water, acting as both coolant and
moderator, flows between fuel tubes, through the ferrules, around the
control rods or followers and between egg-crate cans. Further design
details may be obtained from Volume I of the "Final Safeguards Re-
port" (Ref. 1).

III. CROSS SECTIONS

To make full use of the two-dimensional PDQ code (Ref. 2), four-
group cross sections for all core materials were generated. The
thermal-group cross sections were obtainea by averaging cross section
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data over a hardened Maxwellian spectrum and using the thermaliza-
tion results of Brown and St. John (Ref. 3). The cross sections for
the three nonthermal groups were obtained by averaging basic data
over a slowing-down flux spectrum resulting from a multigroup GNU
(Ref. 4) calculation of a volume-homogenized SAVANNAH core. The
resulting group cross sections are presented in Table 1.

IV. HOMOGENIZATION STUDY

The repetitive nature of the fuel pins suggests defining a cylindrical
fuel-pin cell with an area equal to the square of the fuel-pin pitch.
Applying a symmetry boundary condition (zero current boundary con-
dition) on the pin-cell boundary allows for the solution of the neutron
conservation equation for the four-group fluxes. The solutions were
obtained by using the S-4 approximation available in the SNG code
(Ref. 5).

Homogenized fuel-region cross sections (also listed in Table 1)
obtained from the pin-cell calculation were then used to obtain four-
group S-5 fluxes in a one-dimensional fuel-element-can cell. The
resulting four-group S-5 fluxes for the case when control rods are
present in the water channels between fuel cans are shown in Fig. 4.
The strong effect of the control rods on some of the nonthermal fluxes
may be seen, as well as the expected effect on the thermal flux. Also
the perturbing influence of the water channel region on the flux shapes
is evident.

Based on these flux shapes, a study was made to determine the best
way to reduce the complexity of this geometry from the five regions in
Fig. 4 to two or three regions. The necessity for such simplification
is often demanded by economy or by the limitations of available machine
codes. The approach taken in these investigations is to attempt an
evaluation of the approximations which are inevitably made by com-
paring results with a reference calculation containing as much detail
as possible.

The eigenvalue results for various homogenization schemes are
shown in Fig. 5. For the case when control rods are present in the
water channels, the three-region scheme (Case II in Fig. 5) shows
best agreement with the more detailed five-region reference case
(Case I), although one of the two-region schemes (Case III) is also
very close to the reference case. The normalized power profiles
resulting from Cases I, II and III are shown in Fig. 6. The three-re-
gion scheme again shows slightly better agreement with the reference
power profile (Case I) than does the two-region scheme. The other



TABLE 1

Four-Group Cross Sections for NS SAVANNAH Core I Materials

Cross Sections (cml1)

E4

E a4

(1 - -)4Es 1MO 4

E34

vf3

Ea3

Zs (1- o3

E23

vE f2

E a2

(1 - -)2

E12

v~a 1

Eat

E (1--)t

UO H2O s
2 2 SS

Group 4 (9.1 x 103 ev E

0.0146 0 0

0.0106 0.0007 0.0058

0.214 0.155 0.255

0.00003 0.0760 0.00007

Group 3 (15.17 ev E 9.1

0.0424 0 0

0.0558 0 0.0133

0.375 0.566 0.709

0 0.208 0

Group 2 (0.15 ev E 15

0.1542 0 0

0.118 0.0025 0.0302

0.366 0.590 0.958

0 0.281 0

Group 1 (0 E 0.15

1.0936 0 0

0.578 0.0181 0.211

0.376 2.138 0.836

B-SS

107 ev)

0

0.0215

0.281

0.00007

x 103 ev)

0

0.372

0.725

0

ev

136

Homoge-
nized
Fuel

0.00574

0.0047

0.1902

0.036

0.0133

0.019

0.521

0.116

0.0462

0.0397

0.565

0.161

0.2 73

0.182

1.539

ev)

0

4.37

0.969

0

0

25.04

0.875

7

5.17



5.0

4.0

x

U-

2.0

1.0

2 4 6 8 10

x DISTANCE FROM CONTROL ROD CENTERLINE (cm)

12 14

Fig. 4. S-5 Flux Distributions in NMSR Core I Control Rod Can Cell

ORNL-LR-DWG 49861

1.71 wt % B-SS
SS CLAD

WATER CHANNEL
~ S CAN _ __ _ _ _ _ _ _ _ _HOMOGENIZED FUEL

.-.....- 
--.-.---

- 3 15.17ev<E<9.1 x 03ev

-- _-_-' _ _ _ __ _ _ OF CAN CELL

02 0.15 ev< E<15.17ev

O<E<0.15ev

9.1 x10 3 ev<E<10 ev
- - - - - - - -

0
J

CF3



138

ORNL - L R -DWG 49854R

k
CONT ROL

ROD FOLLOWER

ss

B-SS
Case I

B-SS

+ SS CLAD

Case II

Case III

Case IV

Case V

H2 0

B-SS
+ SS CLAD
+ H2 0
+ SS CAN

B- SS
+SS CLAD
+ H2 0

B-SS
+ ss

FUEL

H2 0

+ SS CAN

FUEL

FUEL

FUEL
+SS CAN

FUEL
+ H20

+ SS CAN

Fig. 5. Eigenvalue Results for Various Homogenization Schemes

1.148

1.152

1.143

1.131

1.163

i

1.274

1.276

1.275

1.273

1.276

I
1



0.11

0.10

-0.09
zw
a

2 3 4 5

X, DISTANCE
6 7 8

FROM CONTROL ROD
9 10

E (cm)

12 13

(0
Fig. 6. Power Profiles for Cases I, II and III of Homogenization Study

ORNL -LR - DWG 53633

1.71 wi. % B-SS

SS CLAD

WATER CHANNEL

__ _ _ _ _ - CASE I.
----- CA SE II

/ ---- CA SE III

H OMOGENIZED FUEL

-- OF CONTROL ROD . OF CAN CELL

_ _-_ _-I-_ _ _-- ----- - -- - - -- _ _-- - -- -- -- _ _--- - _ _--- - _ _-- - _-- - -

0.08
w
0a-

0.07
0

N

2 0.06
0z

S0.05

0.04

0.03
0 I



140

two-region cases examined (Cases IV and V of Fig. 5) give power
profiles very different from the reference power distribution, mainly
because these cases have changed the boundary of the fuel region.

V. LOGARITHMIC-DERIVATIVE

BOUNDARY- CONDITION STUDY

At the time that this work was being done, the only two-dimensional
machine codes available were based on diffusion theory. However, it
is well known that the inadequacy of diffusion theory near strongly
absorbing regions (such as control rods) can be largely compensated
for by the use of appropriate extrapolation-distance boundary conditions.
The PDQ diffusion-theory code has provisions for a logarithmic-
derivative boundary condition (which is closely related to an extrapola-
tion-distance boundary condition) in the form of specifying the current
per unit flux at the boundary in question. For a very strong absorber,
it is customary to use a "no-return-current" boundary condition
(sometimes called a "black-body boundary condition"). Diffusion
theory gives -0.5 for the current per unit flux at a plane "black
boundary" next to an infinite, homogeneous, diffusing region, whereas
transport theory gives the value -0.47.

The presence of scattering material in an actual control rod, to-
gether with possible heterogeneities near the rod and the "nonblack"
nature of many of the epithermal absorptions, makes the use of the
classical no-return-current boundary condition rather suspect. How-
ever, if a suitable one-dimensional representation for the control rod
is available, an SNG solution of the type presented in Fig. 4 provides
an unambiguous method for obtaining transport-theory logarithmic-
derivative boundary conditions with due regard for the above mentioned
effects. The values of the current per unit flux obtained in this man-
ner from Fig. 4 are listed in Table 2. It may be seen that although
the NS SAVANNAH control rods are quite "black" to neutrons in Energy
Group 2, as well as to neutrons in the thermal group, the SNG values
for the current per unit flux at the rod surface are somewhat less
than the expected black-body value of -0.47 for these two groups. The
current per unit flux values for Energy Groups 3 and 4 are quite
small compared with the black-body value, and one would therefore
expect that diffusion-theory boundary conditions would apply to the
control-rod region in these energy groups.



141

TABLE 2

Values of Current Per Unit Flux
Obtained from Fig. 4

Group J/p at Rod Surface

4 -0.0068

3 -0.078

2 -0.325

1 -0.429

A study was made of the effect on eigenvalue and power distribu-
tion of successively replacing diffusion-theory boundary conditions
with logarithmic -derivative boundary conditions (Table 2), beginning
with the thermal group. The results are shown in Table 3. A gage of
power distribution is the ratio of maximum to minimum power shown
in the last column of Table 3. It may be noted that agreement with
the transport-theory calculations becomes progressively better as
more of the groups use logarithmic-derivative boundary conditions ob-
tained from the transport-theory results. Little change is noted as
the two highest energy diffusion groups (Groups 3 and 4) are replaced
by logarithmic-derivative boundary conditions, as would be expected
from the relatively small values of the current per unit flux at the rod
surface for these groups. However, even when logarithmic-derivative
boundary conditions are used for all four energy groups, there is still
a significant difference in the predicted eigenvalue when compared
with the eigenvalue of the reference transport-theory calculation.
We regard this difference as real, and use these results to correct
further two-dimensional diffusion-theory calculations.
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TABLE 3

Effect of Successively Replacing Diffusion-Theory
Boundary Conditions with Logarithmic - Derivative

Boundary Conditions

Group Boundary Conditions

Diffusion-
Theory Groups

Logarithmic-
Derivative

Groups k
P /Pmax mmn

4, 3, 2, 1

4, 3, 2

4, 3

4

1

2, 1

3, 2, 1

4, 3, 2, 1

4 S-5 groups

VI. EPITHERMAL NATURE OF THE NS SAVANNAH RODS

Another interesting result obtainable from the fuel-element-can
cell fluxes of Fig. 4 is the energy distribution of absorptions in the
NS SAVANNAH control rods, as shown in Table 4. Of all the neutrons
absorbed by the control rod, only about 25% have energies in the
thermal range. A similar absorption-energy distribution is also
exhibited in the calculations for the B4 C rods proposed for the Ex-

perimental Gas-Cooled Reactor (Ref. 6).
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TABLE 4

Energy Distributions of Control Rod Absorptions

Absorption Rate
Group (%)

4 10

3 27

2 38

1 25

The strong nonthermal absorption properties of boron are also ex-
hibited by Fig. 7, which shows the relative control-rod worth as a
function of enriched boron concentration. These results were obtained
by repeating the fuel-element-can cell S-5 calculations for various
amounts of boron in the control rod. Although the control rod is
"thermally black" for enriched boron concentrations of about 0.1 wt %,
there is a considerable rod-worth increase for higher boron concen-
trations.
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Question: (C. Graves, Nuclear Development Corporation of America)
Could you give me the designation of the code you were talking about?

Answer: SNG code written in slab geometry. We converted it to an
odd order approximation, S-5, S-7, etc., to eliminate difficulties with
the flux at 90*. Verner Anderson at K-25 rewrote the code.

Question: (L. M. Maki, Aerojet-General Corporation) On the first
slide where you showed the picture of the fuel element, there's a very
strange looking pin in the center in the bundle. What is it?

Answer: It is a hollow, water filled, stainless steel tube acting as a
tie rod.

Question: (D. H. Shaftman, Argonne National Laboratory) Paul Greibler
and others, have used various ways of averaging transmission coeffi-
cient as a function of energy. Did I understand correctly that you
fixed the cross section in the group and then simply changed the con-
tent of the material?

Answer: Yes.

Question: Do you have any idea what might happen if you were to ob-
tain an average cross section as a function of weight percent of boron,
following some scheme like Greibler's?

Answer: I don't know what would happen.
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THE ARMY PRESSURIZED WATER REACTOR PILOT CODE

G. Cannon, E. A. Colbeth, D. Frederick,
T. Olsen, E. Schaefer, D. Wolf

The Martin Company, Nuclear Division

The APWRC Pilot Code is one of the first results of the U. S. Army
Pressurized Water Reactor Code Development Program (Ref. 1). The
Pressurized Water Task of this Program is being conducted at The
Martin Company. Its objective is to develop a nuclear physical model,
for pressurized water reactors, which will accurately and automatically
predict reactivity, critical rod positions, one, two and three-dimen-
sional power distributions and reactor lifetime at operating tempera-
tures. The end product, called the Final Code in this paper, must also
account for and predict disadvantage factors for fuel and burnable poison
elements, and spatial distribution of fission products as a function of the
three factors: time, operating history and initial material distribution.
It must also account for the effects of fuel recycling, void distributions
due to boiling and lumped poisons.

It was realized at the beginning of the effort that the development of
such an automated and general Final Code would require some time even
by using existing physical models and techniques from other installations.
But there was a need for an immediate and rapid capability of solving
nuclear design problems and for developing various techniques to
automate the Final Code. Consequently, it was decided to automate the
various techniques in use at The Martin Company at that time, since
they had been producing good agreement with experiment (Ref. 2), and
produce a Pilot Code.

A Pilot Code would predict most of the nuclear quantities of interest
with only one trip to the digital computer, and provide experience in
combining the various physical models and machine programs necessary
to determine each quantity of interest. It would also test the use of
FORTRAN as a means of satisfying two requirements:

(1) Compatibility with any large scale competitive digital
computer.

(2) Ease of replacing various physical equations to avoid
obsolescence.

The APWRC Pilot Code consists of three basic parts corresponding
to the three fundamental types of calculations involved in the physical
models which existed at The Martin Company at the start of the APWRC
Development Program (Ref. 2):



(1) CELCOR:

(2) SYNFAR:

(3) SYBURN:

Determination of one and synthesized two-
dimensional multigroup cell corrections for
heterogeneity using SN transport theory.

Determination of one and synthesized (Ref. 3)
two-dimensional few -group gross flux distri-
butions and reactivity using P1 or SN transport
theory.

Determination of reactor lifetime using material
depletion equations in automated combination with
results of (1) and (2).

The physical models used are geometrically general for slab, cylindrical
or spherical fuel elements and core configurations. The foundation of
these models is in the few-group constants used in obtaining fine or
gross spatial flux distributions. The few-group constants are produced
by flux weighing 20-group cross sections. The required multigroup
fluxes at each space point or in each region are obtained by one of three
available 20-lethargy level solutions to a moderation equation, Eq (1).

(1)
( /"y)r S - (9 /y) EL

du (/1y)YE+r
S L

with definitions:

q = slowing down density

u = lethargy

s = neutron source

= macroscopic scattering cross section
S

IT = macroscopic absorption and leakage cross section

such that

, = 6, V = 1

Ti = f:, y = (

11 = 6, 7 = 'V

gives Modified Age Model

gives Coveyou-Macauley Model

gives Greuling Goertzel Model (Modified)
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S= average logarithmic energy decrement per collision

2Y = average squared logarithmic energy decrement per
collision

One of two consistent buckling iteration schemes is used to couple the
multigroup moderation and few-group spatial flux equations. The first
is to find, by trial and error, the buckling values (energy independent)
corresponding to the dotted line in Fig. 1. The second is very similar
to the GNU method of Foderaro (Ref. 3) and is shown in Fig. 2. Both
schemes converge rapidly. The second is more accurate and general
since it allows space and energy dependence, but is somewhat slower.

Several improvements in basic cross-section data and in these fund-
amental physical models were made during automation of the Pilot Code.
Thus, it was possible to significantly improve the accuracy and utility
of the Code without greatly increasing the effort required to complete
it.

A scheme was developed and checked out for automated reduction
of up-to-date plotted or tabulated cross-section data to punched card
form for input to a digital computer. The computer is then used to
automatically apply the Breit-Wigner Formula, generate an inelastic
scattering matrix, compute average logarithmic energy decrements
and then reduce the cross sections from a reference set at 1001 log-
energy levels to as few levels as needed. This general cross-section
data reduction scheme can be used for both the Pilot and Final Codes.

The Pilot Code physical model was improved by adding the options
of dynamic flux and reactivity theory (Ref. 4), the latest one -dimensional
SN transport theory (Ref. 5) and eigenvalue convergence acceleration
(Ref. 6). These three improvements will also be incorporated in the
Final Code. Each was selected instead of other possible methods of
accomplishing the same thing because of its generality and simplicity.

The dynamic flux and reactivity theory of Gross and Marable cor-
rects the neutron flux distributions and multiplication factor for the
time and energy dependent effects of delayed neutrons. It determines
a corresponding dynamic reactivity which can be compared directly
with an experimental value obtained using the In-Hour equation. Fig-
ure 3 compares results of dynamic theory and the usual static theory.

Carlson' s latest one -dimensional SN transport theory, which is
used in the Pilot Code, is more accurate than previous versions and
involves simpler finite difference equations. These equations are
fundamental to the two- and three-dimensional forms which are also
covered by this latest SN theory. The manner of solution permitted
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addition of the one-dimensional equations to the Pilot Code as an al-
ternate to the existing P1 equations with a minimum of additional stor-
age requirements for the angular fluxes. This new option added to the
Pilot Code includes automatic inner iterations, to speed convergence,
an automatic alternate and approximate step function solution for prob-
lems with too few space points for a regular and rigorous solution and
adjoint theory results. Any of the solutions P1, S2, S4, S6, S8 and
S16 is possible with a change in only one input parameter. Dynamic
SN computations are also possible. Some of the results of a compari-
son of the Pilot Code P1 and SN options are shown in Fig. 4.

The eigenvalue convergence acceleration theory devised by Duane
(Ref. 6) and used in the Pilot Code for both P1 and SN computations,
is simple but effective. Both flux and reactivity are assumed to ap-
proach asymptotic solutions as given by Eq (2) with an exact solution
for the asymptotic values given simply by Eq (3).

+F = * - ae -bF cos (mF + n) (2)

40 (F-1 4F+1 - 4F 4F) f' 1OF-1 - 24F + 4)F+1) (3)

where 4)= flux with space and energy subscripts omitted,
also K-effective if desired

F = iteration index

a,b,m,n parameters

The Pilot Code applies Eq (3) periodically and automatically when-
ever Eq (2) is satisfied for three consecutive iterations. Results ob-
tained by Duane for a sample SN problem are shown in Fig. 5. Simi-
lar results are obtained by the Pilot Code for both P1 and SN theory.
In many cases, there is a factor of two or three saving in computation
time.

Additional improvement in the theory used in the Pilot Code was
made by extending SYBURN, the burnup option, to synthesis and to
more accurate and general options than those available at the start of
the Program (Ref. 2). The latest options are listed in Table 1. The
most important is probably the two-dimensional synthesis. In this
option, the core is depleted both axially and radially. The microscop-
ic constants in each axial region are obtained by first depleting the re-
gion radially and using the resulting fluxes to produce radially averaged
constants for the region (see Fig. 6). This method has been used very
successfully at Westinghouse-Bettis (Ref. 7). Other important options
are iteration for critical rod positions, pointwise burnup, fitted constants
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TABLE 1

SYBURN Depletion Options

One -Dimensional Axial-Radial Synthesized Burnup

One -Dimensional Axial Burnup

One -Dimensional Radial Burnup

Critical Rod Bank Position Search

Critical Homogeneous Poison Search

Critical Buckling Search

Constant Microscopic Cross Sections Instead of Repetitive Moderation
Calculations

Radially Flux Weighted Average Microscopic Cross Sections for Each
Axial Region

Pointwise Burnup as Alternate to Regionwise Burnup

Automatic Fuel Recycling

Automatic Optimization of Time Step Length

Corrections for Resonance Absorption During Moderation and Burnup

Accurate Fission Product Poisoning and Burnup Conversion Corrections

Lumped Poison Depletion

Time Dependent Self-Shielding Factors (cell corrections)

Flexible Polynomial Fits for Representation of Any Additional Time
Dependent Quantities

Termination on Unsuccessful Peak Xenon Override

Restart Option

End -of-Life Options

End-of-Life Summary Edit
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and the choice of either P1 or SN fluxes or both. For example, SN
burnup might be necessary in a pencil-shaped core radially, but not
axially.

Development of the Pilot Code has been supported by an active ex-
perimental program. In addition to supplying data for heavily loaded
stainless steel cores where there was little information available, the
program has also answered questions of theory concerning the Pilot
Code. For example, an experimental two-dimensional flux map of a
SM-1-type element was made to see what approximations, if any, could
be used in computing cell corrections for such an element. Future ex-
periments, described in a companion paper (Ref. 8), will provide fur-
ther check on the cell correction results and also provide pulsed neutron
data for checking the dynamic theory option of the Pilot Code. The
Code Development and other ANPP Program experiments provide ample
data for checkout of the Pilot Code over a wide range of core param-
eters. Such checkout has been started and will continue for the dur-
ation of the program using the latest experimental data.

To date, most of the CELCOR and SYNFAR segments of Pilot Code
are already checked out and have been in production status for six to
nine months. Those parts will be available shortly to other installa-
tions through the AEC. The remaining major effort is on SYBURN
options and this should be completed shortly.

It is emphasized again that the Pilot Code will determine major
reactor characteristics such as initial critical bank position or re-
actor lifetime, in one step from core design drawings, by automated
combination of CELCOR, SYNFAR and SYBURN.

FORTRAN was used to compile the Pilot Code to permit its con-
venient use on an IBM-704, 709, 7090, Philco TRANSAC-S -2000, or
any other competitive large scale digital computer.

In conclusion, the Pilot Code has met its objectives. It provides
an automated capability of physics analysis using existing methods un-
til a more sophisticated and final code is completed. It has demon-
strated that it is possible and practical to automate and combine many
small physical models and computations, which were previously done
separately, into a larger, faster code. It has provided experience and
confidence in combining large machine programs, which separately
exploit the computer and its peripheral equipment to capacity, into a
single code by means of a library tape system. The techniques de-
veloped in accomplishing these things will greatly simplify the task
of producing a final code.

A few words about the final code are worthwhile at this point. The
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Pilot Code attains the limits of accuracy, speed and generality possible
with one -dimension analysis---including synthesis--for a highly enriched
pressurized water system. For accurate analysis of certain problems,
such as hot spots in the corners of a SM-1-type core, relaxed, unsyn-
thesized multidimensional flux distributions must be computed. The
corresponding multidimensional physical models are really the founda-
tion of the Final Code. Thus, since the Pilot Code will be completed
shortly, studies have already been started to determine which of sev-
eral such existing physical models are most practical for use in the
Final Code. Accuracy, running time, generality and ease of applica-
tion to the Final Code must be considered. For this purpose, a com-
parison of two-dimensional P1 and SN theory and results using CURE

and TDC5 is nearing completion.
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Question: (B. E. Fried, Alco Products, Incorporated) What is the
average running time for some typical core with not too many mesh
points ?

Answer: The maximum size problem having 200 space intervals and
three energy groups and 25 regions radially acid axially would take
perhaps an hour or so just looking at one time step to get dynamic
reactivity but if you do not require that much accuracy, as in a survey
problem, you can do the same problem in 20 minutes. This is for the
IBM 709. The IBM 704 would be approximately the same.
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SOME RESULTS OF THE EXPERIMENTAL PROGRAM

CONDUCTED IN SUPPORT OF APWRC

C. Eicheldinger and L. Welshans,
The Martin Company, Nuclear Division

A program of experimental reactor physics is being conducted in
support of the analytical phase of the ANPP Code Development Program,
Pressurized Water Task, being conducted by the Martin Nuclear Division

for the Atomic Energy Commission. The objective of this program is
to provide reliable, pertinent experimental data for use in the analytical
effort. In general, the experiments are conducted on cores whose con-
figuration and material constituents are of particular interest to the
ANPP and the nature of the information which is generated is such that
it is not available from other sources within the program.

The experimental information is utilized in the analytical program
in several different ways. First of all, it is used in the evaluation and
selection of codes. In almost all cases, several machine codes are
available for any particular reactor calculation. Selection of one of
these must be based primarily on its ability to predict valid experi-
mental results. Experimental data are also used in evaluating assump-
tions made in linking programs together to perform a certain calcu-
lation or in the generation of new programs. For example, in writing
the cell correction subroutine, CELCOR, certain questions arose con-
cerning the nature of the fine flux structure in the active and inactive
regions of a flat plate-type fuel element. An experiment was performed
in which this structure was mapped and the results were used as speci-
fications for the CELCOR calculation. Finally, experimental results
will be used to evaluate the accuracy and reliability of the pilot code
and the final APWRC* program.

The experimental program is divided into two phases. The first
phase, a series of clean core experiments, is currently under way.
These tests are designed to study parametrically the behavior of
fully enriched uranium, stainless steel, water moderated cores. The
parameters which are varied are metal-to-water ratio and boron
density. Fuel density and cell size are maintained constant. In order
to ensure that the analysis of these experiments is straightforward,
the configurations of the cores are as clean as possible; that is,
perturbations due to control rods, the safety system and extraneous
structural material are minimized or eliminated. A detailed description
of the cores, the experiments performed and some of the results which
have been obtained are given later in the paper.

*Army Pressurized Water Reactor Code
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The second phase of the experimental program will be devoted to
the study of larger cores with a significant amount of excess re-
activity. Typical of the experiments which will be performed on these
cores are determination of critical rod bank position and critical water
height, total core reactivity and rod worth by pulsed neutron techniques.
Gross and fine activation distributions will be measured. The effect of
nonuniform fuel and boron distribution will also be investigated. This
second phase of the experimental program is expected to get under way
early in 1961.

The experiments are conducted in Cell No. 2 of the Martin Critical
Facility. Figure 1 is a drawing of the reactor tank and support structure.
The entire assembly is located in a concrete pit which is 8 feet square
and 12 feet in depth. The 60-inch diameter stainless steel reactor tank
rests on a 5-1/2-foot high support stand. Within the tank, the reactor
structure rests on a support stand which is 28 inches high. The fuel
boxes which make up the core are suspended by means of welded lugs
from the upper grid shown at the top of the reactor structure.

Figure 2 shows some additional components in and around the re-
actor pit. The control rod and source actuators are mounted on a
two-level I-beam structure above the pit. The reactor water may be
heated by steam coils located around the bottom of the tank.

Water is added to the reactor tank from an external storage tank
by gravity. Standpipes of different height and diameter within the
storage tank limit the rate at which the water is added. The tank is
normally filled to a height of six inches above the top of the core. At
the conclusion of an experiment or in the event of a scram, a six-inch
dump valve at the bottom of the reactor tank is opened discharging
the water to the pit. From the test pit drain, the water is pumped back
to the storage tank.

The experimental cores are built of fuel elements, the details of
which are shown in Fig. 3. The overall length of an element is 28.5
inches, although the active length is only 22 inches. In cross section
the element is 2.825 by 2.851 inches. Each element contains 18 laminated
fuel bundles separated by one-quarter inch wide plastic spacers. The
center plastic spacer is used to keep the bundles tight and to eliminate
trapped air between laminations. The critical experiment control rods
are thin stainless steel boxes packed with powdered boron carbide.
Normally, three critical experiment (CE) rods are included in a core.
In order to minimize core perturbations, each rod is inserted between
two adjacent fuel bundles. The center spacer is removed and the two
edge spacers serve as rod guides. Two safety rods are normally used
with each core. They are located in the reflector region adjacent to
the core; here again the objective is to minimize core perturbations.
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A typical bundle configuration is shown schematically in Fig. 4. The
cell which consists of a fuel bundle and the adjacent water channel is
0.163 inch wide. Since a full element always contains 18 bundles, the
cell size is constant for all cores investigated. The fuel bundles are
built up in the following order: a stainless steel strip, a fuel plate, a
boron stainless steel strip, a fuel plate and a stainless steel strip.
Symmetry is maintained about the boron steel strip. A fuel plate con-
sists of a uranium foil 2.5 inches by 22 inches by 0.0018 inch, sand-
wiched between two pieces of five-mil thick stainless steel cladding.

The weight percent of boron in the stainless steel and the thickness
of the boron steel and the outer stainless steel covers are varied to
secure the desired boron density and metal-to-water ratio. A three-
digit identification number is applied to each core indicating the values
of these parameters. The first two digits indicate the bundle thickness
of the core and the third indicates the boron density relative to the SM-1
design value, 0.1544 gram per fuel plate. For example, Core 403 has
a nominal bundle thickness of 40 mils and a nominal boron loading per
bundle three times greater than the SM-1 design value. The complete
program includes cores with bundle thicknesses of 35, 40 and 45 mils
and boron densities of zero, two, three and four times the SM-1 design
value.

The investigation of any one of the experimental cores proceeds as
follows: the core is built up to criticality and adjusted to obtain a
nearly symmetrical, just critical, configuration with all rods withdrawn
and the core temperature at approximately 200 C. Additional fuel is
then added to provide enough excess reactivity for the experiments.
The critical experiment control rods are calibrated and the following
experiments are performed:

(1) Measurement of gross activation distributions along the
three axes of the core.

(2) Measurement of fine thermal activation distributions within
a unit cell.

(3) Determination of the temperature coefficient of reactivity.

(4) Determination of fuel and boron reactivity worths at various
radial locations in the core.

(5) Determination of the percent of fissions caused by sub-
cadmium neutrons.

In addition, pulsed neutron experiments have been performed on
cores recently studied and homogeneous element substitution experi-
ments will be performed on the last three cores to be studied. In the
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remaining sections of this paper, each of these experiments will be
described in detail and typical results will be presented.

The reactor core is built up to criticality by the usual method of
incremental fuel addition and plotting of the inverse multiplication
curve. The core is adjusted to obtain a configuration as nearly square
as possible. The critical experiment control rods are withdrawn from
the core and the temperature is adjusted, if possible, to 200 C. A
typical critical configuration is shown in Fig. 5 along with the locations
of some of the instrument sensors.

Figure 6 shows a plot of critical mass as a function of boron densi-
ty for all cores investigated to date. Curves for the 35- and 45-mil
cores are shown.

After determining the critical mass, a number of fuel plates are
added to the core and the critical experiment control rods are inserted
to a point where they may be calibrated. The calibration is by incre-
mental period measurement.

Gross activation distribution measurements are made along the
three axes of the rectangular cores. Three foil materials are used for
these measurements: thorium, cadmium-covered gold and dysprosium.
The thorium foils are counted for fission product gammas and, since
the thorium fission threshold is about 1 Mev, they function as fast
neutron detectors. The cadmium-covered gold activations are due pri-
marily to resonance absorptions, principally at 4.9 electron volts.
Dysprosium is, of course, primarily a thermal detector.

The thorium metal foils are approximately 10 mils thick and one-
half inch in diameter. The gold foils are 0.0025 inch thick and 3/16
inch in diameter. The cadmium covers are 30 mils thick. An alloy
of 10% dysprosium and 90% aluminum is used for the dysprosium foils.
The size of these foils is one mil in thickness and 3/16 inch in diam-
eter. Smaller foils, 1/16 inch in diameter, have been used on occasion.
The foils are calibrated in the reactor to account for differences in
weight and distribution of material.

Figure 7 shows a typical plot of thorium activations in the axial
direction for Core 452. The equation for the normalized distribution
is obtained using the machine program, COFIT, which fits the exper-
imental data points with a cosine curve. The plot also yields the
distance at which the fast flux extrapolates to zero; in this case, the
distance is approximately 4.5 centimeters.

Fine thermal activation distributions are determined using dyspro-
sium foils, one mil thick and 3/16 inch in diameter. Figure 8 shows a
transverse (perpendicular to the plane of the fuel plates) distribution
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across a fuel bundle and the adjacent water gap. Foils are placed be-
tween each lamination of the bundle and at several locations in the water
gap. In this case, special fuel plates were used so that foils could also
be placed on either side of the uranium foil. The thermal flux peaking
in the water channel and depression within the bundle are clearly evi-
dent. A curve has been drawn through the experimental points, although
it is not necessarily intended to indicate the shape of the thermal flux
distribution since no corrections for spectral hardening have been made.

Figure 9 shows. the results of a coplanar (parallel to the plane of the
fuel plates) measurement in Core 452. In this case, foils were extended
into the water gap between boxes. The minimum activation level at the
center of the fuel plate is approximately 50% of the peak value in the gap
between boxes. This plot illustrates the importance of the coplanar
thermal cell correction for flat plate-type fuel elements.

Figure 10 illustrates the results of a measurement mentioned ear-
lier in the paper in support of the CELCOR calculation. The figure
shows the cross section of a fuel bundle with foil locations and relative
activations noted. Note that the transverse distribution is much flatter
in the inactive region of the bundle than in the active region.

Figure 11 illustrates another type of measurement which has been
made of several cores. Transverse measurements through several
fuel bundles adjacent to the core-reflector interface are made and the
traverse is extended into the reflector region. Superimposed on the
usual intracell distribution is the relatively stronger reflector peaking.

The temperature coefficient of reactivity is determined for each
core studied over the range from 30* to 600 C. The procedure used is
to heat the water in the reactor tank to approximately 650 C. The water
is held at this temperature for about 30 minutes to remove as much
dissolved air as possible. The water is then allowed to cool. The
change in reactivity is determined at 5 C intervals by period measure-
ments. A plot of reactivity versus temperature is shown in Fig. 12. A
quadratic equation is fitted to the experimental points and then differ-
entiated to determine the temperature coefficient. For the cores studied
to date, the temperature coefficients at 35* C have ranged from - 8.34

x 10-5 to - 18.2 x 10-5 K/K/*C.

Fuel and boron reactivity worths at various radial positions are
also determined for each core. For this experiment, the fuel plates or
the boron steel strip are removed from a bundle and replaced by an
equivalent thickness of stainless steel. The change in reactivity is
noted and expressed as reactivity worth per gram of material. In the
cores studied to date, fuel worths have varied from 0.0013 to 0.00336
%E K/K/gm and boron worths have varied from -0.0575 to -0.1260
%AK/K/gm. The absolute magnitude of the reactivity worths are, of
course, largest in the cores which are smallest in size.



1 2 3 4 5 6

Distance from Edge of Element (cm)

Fig. 9. Coplanar Dysprosium Activation--Core 452

174

1.0

0.9

0

C)

0.8

0.7

0.6

Element 35

U-235

Side of element

0.5

0.4
0 7

I



77777/f/IiLI iit /IJillLLL11
1"0991

Water channel
between bundles

1.032

1. 782 1. 955

Uranium foil

S932 1. 637 1 947

4.2 mil Boron steel

0. 971 1. 613 1. 911

Uranium foil

Stainless steel
AtIfI AtI

1. 718

1. 736

1.840
1.4

aU

cU
a o

*o 1.822

1.847

1.848

1.856

AN m Aff Ar-- - - - - - -Air-- - -IF-- - - - - - - Ui

. - - mmmmmm mqm

1.715 1.946

Fig. 10. Two-Dimensional Thermal Activation Distribution in a Unit
Cell--Core 353

1.000

lmft

1.911

2.030

2.065

2.044

2.013

2. 14

2.097

1. 929

7
c

Sa

2.113

cox

2. 218

2. 136

2. 160

2.241
cl

Air AV AF AF AF Aff AF Air AV



1.00 -- - -

Fuel bundle Fuel bundle Fuel bundle
0. 95

0.90A

0.85

0.80

0. 75

0.770

0.65 - - - - - - - - -- _ - _

.0.60

0.55---

.0. 50

0. 45

0.40

0.35

0.-30

0.25

0.20-O

0. 15

0.10 ------ _ _____

1.2 1.0 0. 8 0. 6

Fig. 11. Intracell
Core 350

0.4 0.2 0 0.2 0.4 0.6
Distance from Edge of Core

Thermal Activation at Reflector-Core Interface--

0.8

0

a

C)

44

a

a

1. 21.0



0

-0. 10

-0.20

20 25 30 35 40 45
Temperature ("C)

50 55 60 65

Fig. 12. Reactivity Versus Temperature--Core 350

177

O Experimental points

Curve: p ' +3.476x 10~ +8.437x 10-5 t

___- 2. 986 x 10-6 t2

-0.30
Uoo

r
V

-0.40

-0.50

-0.60
15



178

Another measurement which is made in all cores is the determina-
tion of the percent of fissions caused by neutrons below the cadmium
cutoff energy. Uranium foils, with and without cadmium covers, are
exposed at various radial locations in the core. Fission product
gammas are counted. The difference between the bare and cadmium-
covered activations divided by the bare activation yields the fraction
of fissions caused by subcadmium neutrons. Values obtained for a
typical core, No. 352, are 69. 8% at the center of the core, 71. 66%
half way between the center and the edge of the core and 86. 6% at the
core-reflector interface.

Pulsed neutron experiments have been performed on the last several
cores investigated. In these experiments, pulses of 14. 3 Mev neutrons
are injected into the core. These neutrons slow down and produce suc-
cessive generations of neutrons. Quantitative study of the behavior of
the neutron population after a pulse yield some of the basic multiplica-
tion properties of the core.

The experimental setup is shown schematically in Fig. 13.

The basic pulsing cycle is controlled by the external repetition rate
generator on the left in Fig. 13. The rate is variable from 1 cpm to
10 cps. Upon receiving a pulse from the repetition rate generator, the
analysis unit begins to store background counts in channel No. 1 of the
256-channel memory unit. The counts are received from a scintillation
detector and preamplifier located in the reactor reflector at the edge of
the core. A borated plastic crystal is used in the scintillation detector.
The background count continues for a preset time; at the end of this
interval, the pulse generator, which is an integral part of the analysis
unit, triggers the neutron generator control unit. This results in the
injection of a burst of 14. 3 Mev neutrons into the core. The neutrons
are produced by deuterium ions impinging on a tritium target, the reac -

3 4tion being H (d,n) He . After the burst, the counting equipment is
"dead" for a period of time which is sufficient to allow the neutrons to
slow down, diffuse and produce successive generations of neutrons.
Counting is again initiated and, for a preset interval of time, the counts
are stored in Channel 2 of the 256-channel bank. Successive counts are
stored in Channels 3, 4 and 5 and so forth. The result is a time analysis
of the neutron population. The above procedure is repeated a sufficient
number of times to ensure good statistical accuracy and the experiment
is terminated. The stored information is read out through the data
processing unit.

Some results of experiments on Core 350 are shown in Fig. 14.
This is a plot of the number of counts as a function of time using dif-
ferent settings on the electronic equipment. The displacement of the
curves is not significant. It will be noted, however, that over a partic-
ular time interval each curve is well approximated by a straight line.
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Since the curves are plotted on semilog paper, this implies an exponen-
tial decay of the neutron population. In fact, what is being observed is
the decay of the prompt neutron population during th time interval be-
fore the delayed neutrons become significant. The decay constant,
which may be determined from the slope of the curve, is the important
quantity since it is directly related to the ratio of 0/1, the effective delay
fraction and the mean neutron lifetime, as well as to the reactivity of
the core. The critical core was also pulsed and the decay constant
measured. Using these data and an assumed effective delay fraction of
0.0065, a mean prompt neutron lifetime of 22 microseconds was calculated.

From the critical and subcritical decay constants, the worth of the
CE rods was calculated to be $2.5 which is in relatively good agreement
with the value of $2. 2 determined by period measurements.

Finally, a series of homogeneous fuel element substitution experi-
ments is planned for Cores 402, 403 and 404. If the results are favor-
able, it is likely that two other cores will be rebuilt and similar experi-
ments performed in them. The objective of these experiments is to
evaluate the reactivity effect of the heterogeneity of the reactor cores.

In essence, the experiment consists of removing a heterogeneous
element from a just critical core and substituting in its place an element
of the same size, shape and material content but with the materials in
powdered form and homogeneously dispersed in a plastic matrix. The
experiment will be repeated in all asymmetric locations in the core and
the reactivity change noted in each case.

Development of a fabrication technique for the homogeneous elements
provided some interesting problems. The basic fabrication process is
hot pressing of a homogeneous blend of stainless steel, boron steel,
UO2 and lucite powders. An acceptable pressing schedule was estab-

lished, working mainly with lucite powder only. Pressing temperature
and pressure were 275 F and 1.5 tsi, respectively and pressing time at
temperature was approximately 1/2 hour. After establishing a schedule,
several blends of metal and lucite were made. Although the initial
blends were quite homogeneous, large density gradients were evident
in the final blocks. This was attributed to a migration of the plastic to
the hot die surface, leaving the center of the block rich in metal. After
investigating a number of possible solutions, it was found that the use of
very fine particle size powders resulted in significant improvements.
In fact, the use of -325 mesh lucite and -400 mesh metal resulted in a
completely satisfactory block. The -325 lucite was obtained by running
coarser material through a pulverizer along with dry ice to prevent
recombination of the particles. It was later learned that pulverizing
also resulted in a rough, ash-like particle surface which was very
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important in stabilizing the material during pressing. Thus, although
-325 mesh lucite is commercially available, pulverizing was still an
essential step in the process. Figure 15 shows an assembled homo-
geneous element for Core 403.

In conclusion, it should be pointed out that many of the results pre-
sented in this paper are of a preliminary nature. It is expected that
this phase of the experimental program will be completed early in 1961.
At that time a comprehensive report, MND-C-2501, will be prepared
and distributed. This report will contain a complete description of the
program as well as a tabulation of all results obtained.



Fig. 15. Homogeneous Element for Core 403
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Question: (B. J. Byrne, Alco Products, Incorporated) I was curious
about the use of the gold and thorium detectors in taking the axial flux
traverses. Did you notice any difference in the reflector savings for
the two?

Answer: The axial bucklings were virtually identical for the gold and
thorium traverses. I believe the reflector savings were somewhat
different due to the difference in the way the COFIT program located
the center of the core. Actually, there was little difference between
the bucklings within the experimental error.

Question: (D. Dingee, Battelle Memorial Institute) How well did the
COFIT find the center of the core ?

Answer: In most cases it was fairly close to the center although there
were some cores in which it was off by a centimeter or more. Generally
this happened in the coplanar direction which is the most difficult direc-
tion for actually measuring.

Question: Can one get an error in buckling due to a misfit of this sort?
Have you looked into that?

Answer: Yes, in fact the program gives a probable error in the buckling
value based on probable errors, counting statistics, etc.

Question: This is not an error due to an error in the fit though, that' s
an error due to statistics?

Answer: It' s the error in the counting statistics and also I believe it
involves the statistical analysis of the variation of the data. In other
words, if all the data points fell exactly on the experimental curve, you
would obtain quite small probable error, but if there is an experimental
scatter this will be reflected in the probable error.

Question: (D. H. Shaftman, Argonne National Laboratory) I have two
questions. First, what is that material at the top and at the bottom of
the core? Is it stainless steel and water? Is that why you got such a low
reflector savings or extrapolation distance?

Answer: In the axial direction there is predominantly water. There
are stainless steel extensions of the fuel boxes--that is the only stain-
less steel in the reflector.
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Question:Do you have some explanation for the rather low extrapola-
tion distances ? I think you said they were 4. 5 centimeters.

Answer: Yes, approximately 4. 5 centimeters. We have some analysis
and I believe our analytical reflector savings for the extrapolation
distance is in agreement with that calculated.

(T. Olsen, The Martin Company) I would like to make a comment here
about the small or supposedly small values of reflector savings from
the COFIT results. I think it' s a question of whether you really should
include an extrapolation distance in the total distance there because if
you do, it gives you very small reflector savings. I think the extrapola-
tion distance is meaningful only for a bare core. Sof if you leave that
out the values of reflector savings that you get are reasonable as is
indicated from the experimental data.

Question: (D. H. Shaftman, Argonne National Laboratory) The second
question is in regard to the remarks about a variation of the subcadmium
fission fraction--I think it was in Core 352 as you go from the center
to the edge. Where was the value at the edge of the core ? Was it right
at the edge at the interface?

Answer: Yes, the foils were taped to the last fuel bundle.

Question: Have any comparison calculations been made of this ?

Answer: No, not as yet.

Question: (J. W. Houghton, Aerojet-General Corporation) Another
question on the subcadmium fission. Were the uranium foils in a posi-
tion which was essentially the same as the uranium in the fuel plate?
Is this typical of the fuel in the reactor or is this typical of a water
passage?

Answer: The foils were taped to the outside of the bundle lamination
so that they are in a somewhat higher flux than occurs at the surface
of the uranium foil by the amount of the flux depression through the
stainless steel.
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EXPERIMENTAL EVALUATION OF PL -2 DESIGN METHODS

W. B. Wright

Combustion Engineering, Incorporated

I. INTRODUCTION

The ability to calculate representative averaged cross sections,
resonance escape and self-shielding factors has been experimentally
examined in the past for low-enriched oxide lattices, e.g., TRX,
Yankee and Savannah criticals. In all three cases, however, the cores
considered were essentially homogeneous arrays of fuel elements. On
the other hand, PL -2 cores are quite heterogeneous because of the
small fuel assemblies and the numerous water channels. The effective
H 2 0/UO2 ratio changes by greater than 20% between the rodded and un-

rodded regions.

In the present calculational techniques, all fuel rods in the reactor
are the same regardless of their position, e.g., next to a water channel
or in the center of a fuel assembly. The rods are assumed the same,
in the sense that they and the attendant water are homogenized into an
area equal to the square of the pitch by means of infinite lattice reson-
ance escape and self -shielding calculations. The present BONUS
Criticals offer a severe test of this method since no fuel rod in the
assembly is in an asymptotic region. (See Fig. 1 with Rods 15, 16, 21
and 22 missing.) A still more severe test of the method is in the
prediction of power peaking when the fuel assemblies contain boron
pins at the corners. Descriptions of a series of ACE experiments
(including boron pins) and the comparisons with calculations are pre-
sented.

II. EXPERIMENTAL METHOD

All measurements were made in a four-by-six array of sub-
assemblies, shown in Fig. 1, containing UO2 oxide rods. Criticality

was attained in each case at a partial water height with the control
rods out of the core. Power distributions were obtained by gamma count-
ing the fuel rods. The four-by-six core is shown in Fig. 2 with the
position of the fuel assemblies indicated.

Two basic cores were considered:

(1) Thirty-six elements per fuel assembly.
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(2) Thirty-two elements per fuel assembly (Rods 15, 16, 21
and 22 missing)

A list of the experiments is given in Table 1. Boron pins were
inserted by replacing the corner fuel rods at the positions indicated.
The boron pins used are discussed in the Appendix.

TABLE 1

List of Experiments

Experiment
No.

1

2

1/4 Core

K x

0 0

aETETE

FE

3

4

5

6

32 element
clean

32 element
4 boron pins
(x) (1 per
center box)

32 element
8 boron pins
(x) (2 per
center box)

36 element
clean

36 element
8 boron pins
(2 per center
box)

36 element
2 pins missing
per box (o)

Measurements

hc, 6p/6h, power

hc, p/6h

hc, 6p /6 h

hc, 6p/6h, power

h , 6p/6 h, power

h , 6p/6h

= critical water height

= period resulting from change in water from he

= power distribution

hc
6p/6 h

power
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III. EXPERIMENTAL RESULTS

A. CRITICALITY DATA

Table 2 lists the critical water height (hc) and the observed period

(T) for a given increment (Ah) of water above he for each case. The

critical water height was measured from the bottom of the 48-inch
UO2 column of the fuel rods.

TABLE 2

Experimental Criticality Data

Experiment he T A h
No. (in.) (sec) (in.)

1 27.00 72.5 0.32

2 35.13 75.7 0.57

3 48.35 139.0 2.03*

4 26.30 69.6 0.28

5 44.61 118.0 0.78

6 34.54 94.0 0.47

*Reflector water above core.

B. POWER DISTRIBUTIONS

In the experiments listed (Nos. 1, 4 and 5), both axial and radial
power distributions were taken (with the control rods out of the core
and the water level at hc) at three axial positions (Z.) near he/2. In

all cases, the counting statistics were less than 1%. The radial distri-
bution is reported as the power relative to the average power of the
fuel rods counted, i.e.:

Relative power = Activity (Z.)/Average activity (Z.)

where: N

Average activity= N activities (Zi).

N = number of fuel rods counted.
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The experimental results are listed in the Discussion Section.

IV. ANALYSIS

Each pin (fuel and boron) was homogenized with its associated cell
water. Each experiment was calculated using a quarter core PDQ
and the homogenized pins of interest were represented explicitly. A
two-group MUFTF-Maxwellian scheme was used in obtaining cross
sections, combined with QUERY and CEPTR for resonance escape and
self -shielding. A geometric transverse buckling was used in the PDQ
which included a total reflector savings of 14 centimeters. From these
PDQ, flux-averaged cross sections and group dependent radial bucklings
were obtained and entered in axial WANDA problems in which the water
level was set at the experimental height (hc). The region above the

water height (U0 2 + air) was assigned cross sections which forced the

thermal flux to (essentially) zero at the extrapolated thermal end point
and represented the fast scattering and absorption of the UO2 . The

WANDA eigenvalues were within 0.5% of the PDQ results so that the
synthesis was assumed to be converged and no further iteration was
performed.

In comparing with the experiment, a power map was obtained from
the PDQ by calculating the source at the pin, measured relative to
the average source of all the pins measured. Both the calculated and
experimental relative powers were adjusted by the scale factor,

(average of pins measured)I,

(average of quarter core) '

so that comparison could be made between runs of the suppression of
peaking by either the boron or the center water hole.

The change in reactivity due to a change in water height was
computed by varying the water heights in each axial WANDA around
the experimentally determined h . The experimental period measure -

ments were converted into reactivity using the In-Hour Equation, in-
cluding the U-238 contributions (Ref. YAEC -94) and a calculated
1e of 0.78.eff
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V. RESULTS AND DISCUSSION

A. CRITICALITY

Table 3 compares the eigenvalues obtained from the PDQ-WANDA
synthesis with the experimental results. The values in parentheses are
the initial PDQ numbers based on a geometric transverse buckling
with a 14-centimeter reflector savings. The column, 6k, refers to
the change in reactivity from the reference case (32 or 36 element)
due to boron or missing corner pins.

TABLE 3

Comparison of Calculated and Experimental Criticalities

Experiment 6k
No. (%) Experimental Calculated

1 0 1.000 (1.0175) 1.0154
2 1.75 1.000 (1.0168) 1.0148
3 3.12 1.000 (1.0172) 1.0156
4 0 1.000 (1.0148) 1.0105
5 3.08 1.000 (1.0122) 1.0113
6 1.90 1.000 (1.0139) 1.0117

It is apparent from these results that a +1 to 2% bias exists in the
calculation. This bias does not seem to be connected with the treat-
ment of the bare UO2 rods above the water level (hc). Experiment

No. 2 has the water at the top of the core, but the bias remains. Al-
though the bias appears to be real, it is probably within the error prop-
ogated from uncertainties in the microscopic cross sections and the
approximations used in the energy averaging and the spatial calcula-
tion.

B. POWER DISTRIBUTION

1. Axial

In order to determine the harmonic purity of these distributions,
the experiment was fitted by

6

Cn sin (x + h)

n= 1
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The resulting values of Cn, L and h are listed in Table 4.

TABLE 4

Harmonic Analysis of Axial Power Distributions

Parameter Case 1 Case 2 Case 3

C1  1.4082 1.2869 1.1114

C2  -0.00195 -0.0254 -0.0307

C3  -0.00585 +0.00476 -0.00409

C4  -0.00394 -0.00416 -0.0111

C5  +0.00743 -0.00518 -0.0013

C6  +0.00894 -0.00976 -0.0007

L 120.67 cm 125.95 cm 126.40 cm

h (phase shift) 6.82 cm 8.34 cm 8.80 cm
reflector 7.36 cm 12.63 cm 13.08 cm
savings

Although these results indicate the closeness of a sin B x fit, the
variation in L due to one or two "bad" points make the experimental
determination of a reliable axial reflector savings exceedingly
difficult. This difficulty is compounded at lower water heights where
the distribution is skewed. It was, therefore, assumed more valid to
synthesize with axial WANDA's than to use experimental axial bucklings
in the calculations. Another measure of the validity of the axial
WANDA description is the comparison shown in Fig. 3 of the most
highly skewed axial experimental power distribution (he = 26.3 in.)

with the WANDA calculated results.

2. Radial

Power maps in the XY-plane are shown in Figs. 4 through 6.
The experimental numbers were taken at the three axial positions
listed. The agreement (within a few percent) in all cases again
illustrates the use of Maxwellian averaging closely approximates
the physical situation when spatial flux transients are produced by
water gaps. The over-prediction of the dip into the boron pins re-
flects the inadequate hardening of the spectrum in that region. How-
ever, this discrepancy does not affect the calculation of criticality
(cf. Table 3, Experiments 4 and 5).
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EXPERiMENT NO. I -POWER MAP 32 ELEMENT CORE W/O BORON

FUEL PIN POWER NORMALIZED TO AVERAGE
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B. REACTIVITY COEFFICIENTS

The only reactivity coefficients measured were those associated
with a change in water height. The experimental errors are difficult
to evaluate since at low critical water heights the desired range of pe -riods result from small changes in the water height and, at high water
heights, long (more difficult to measure) periods result from the avail-
able change in height. The predicted reactivity change in water height
as a function of water height is compared with experiment in Fig. 7.
The point above 48 inches was determined by adding 2 inches of reflector
water to the core, critical at 48.3 inches.

APPENDIX

The boron pins used in these experiments were in the form of
pyrex tubing 0.321-inch OD and 0.237 -inch ID, 48 inches long. The
pyrex was retained in No. 6061 Al tubing, 0.500 -inch OD and 0.370 -
inch ID. Two samples of the pyrex tubing were submitted for analysis
yielding the results: 3.62 wt To and 3.63 wt To boron, respectively. In
addition, 48 lengths (48 inches long) of pyrex tubing were weighed
showing a maximum deviation in weight (lowest-to-highest) of 2%. In
the CEPTR homogenization, the boron cell was considered to be the
same area as a fuel pin cell, namely, (0.625 inch) .
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"Experimental Evaluation of PL-2 Design Methods," W. B. Wright,
Combustion Engineering, Inc.

Question: (L. M. Maki, Aerojet-General Corp.) In your resonance
escape calculations, you said you used an infinite lattice. On your
Dancoff corrections it would be relatively a simple matter to calcu-
late the different Dancoff corrections to the various regions of fuel
pins here since they are quite different whether the fuel pins are in
the center of the box or on the periphery. I was wondering if you did
this or ignored this effect?

Answer: No. We essentially did it in the following sense. It's a
little bit difficult in this geometry. Two-dimensional transport theory
is required to do this. We looked at a one-dimensional situation
where the cell is composed of a few slab fuel elements, and then a
large water channel. We have used double P1 and calculated the escape
from the system and when one calculates the escape one can use this
to get an effective resonance integral for the bundle. For comparison
we looked at an asymptotic family and the resonance integral for the
cluster was almost identical to the resonance integral for the slab,
the main difference in resonance escape would be the additional slow -
ing down in the channel. PDQ almost exactly takes this into account.
In other words if the channel is represented explicitly after smearing
the fuel pins, PDQ takes the slowing down into account properly.

I was referring more to the Dancoff corrections where the outer
pins do not see as many pins as the other pins do and apparently this
takes care of it pretty well.

Question: (D. H. Shaftman, Argonne National Laboratory) Would you
mind going into more detail with that slab representation? How do you
decide how thick a slab to make from the cylindrical rods?

Answer: The correlation between rods and slabs is'arbitrary.

Question: There have been proposals in which the effective cored
length is compared and I was wondering whether this was what you've
done in going from a fuel rod to a slab representation.

Answer: Maybe I wasn't clear. I wasn't representing a fuel rod by the
slab. I was using a one -dimensional case so I could use transport
theory to calculate the escape probability from the slab. It has no
connection with the fuel rod except that there was a one -dimensional
model.

Question: Did you pick the slab to have the same cored length as the
rod?
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Answer: Yes, roughly.

Question: (B. E. Fried, Alco Products, Incorporated) Did you get as
good agreement between experiment and calculation in axial power
distribution and with the rods partially in?

Answer: We have no rod measurements, but we have calculated the
Yankee critical and we have the same bias in the eigenvalue.
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ML-1 CRITICAL EXPERIMENTS

D. A. Dingee and J. W. Ray
Battelle Memorial Institute

I. INTRODUCTION

Since early 1957 Battelle has been doing critical-assembly experi-
ments under subcontract to Aerojet-General Nucleonics. The experi-
ments began with the development of the GCRE-1, the gas-cooled test
reactor located at Arco, Idaho. Following criticality with the GCRE-l
a second phase of critical-assembly experiments was undertaken.
The purpose of these later experiments is to provide data for use in
engineering and physics development of the ML-1. The ML-1 power
reactor is described in a paper by L. M. Maki and T. P. Wilcox en-
titled "Steady-State Reactor Physics Analysis of the ML-1 Core. "
The present paper will describe the ML-1 critical assembly and pre-
sent preliminary results of some of the current experiments.

II. DESCRIPTION OF THE CRITICAL ASSEMBLY

An over-all view of the critical-assembly stand and basic compo-
nents is shown in Fig. 1. This facility consists of three working levels:
the floor level, where the dump tanks, pumps and steam generator
are located; the first elevated level where the core structure and nu-
clear instruments are located and the upper level which supports the
control-rod drives and neutron-source box. Figure 2 shows details of
the core structure. Steam-heating coils may be seen at the base of the
core support. The four-inch thick hexagonal lead reflector which sur-
rounds the core also appears in this figure. One-inch slots extending the
full core length have been provided in this lead reflector for the
insertion of test configurations of the ML-1 shutdown and shim control
blades. These blades enter the core radially in a scissor action from
the reflector. In Fig. 2 it is also possible to note the nonuniform fuel
element spacing which is used to flatten the radial power generation
rate. This spacing provides an increase in moderator-to-fuel ratio
with core radius.

Figure 3 represents a typical fuel element (disassembled). Two types
of construction were used in fabricating fuel pins. The resulting pin
types are shown. One is a solid pin construction containing uranium
dioxide pellets 0. 179 inch in diameter clad with 25 mils of Hastelloy-X.
The other is a split-pin design having the same dimensions but incor-
porating a special fuel-bearing capsule which is used for flux and power
determinations. A capsule containing flux-measuring wires along its
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centerline and about its periphery appears in the upper right-hand
corner of this figure. The other components shown include the stain-
less steel insulation liner tube with copper-cadmium foil (0.4 gm con-
tained cadmium), which serves as a mockup for the burnable poison,
wrapped around it and the stainless steel pressure-tube mockup (num-
bered 62 in Fig. 3).

Figure 4 shows the assembly being loaded for an experiment. The
locations of nuclear instrumentation and safety blades are apparent in
this figure. Immediately to the left of the man shown loading an ele-
ment is the liquid-level measuring device. This operates on an elec-
trical make-and-break principle using the low conductivity of the de-
mineralized moderator water to complete the circuit.

III. EXPERIMENTAL RESULTS

Experiments with the ML- 1 critical assembly are in progress and
the data have not been fully analyzed. However, some preliminary re-
sults are presented to indicate the types of measurements being made.
These measurements include:

(1) Critical configurations of the ML-1 in dry and flooded con-
ditions. Flooding the core simulates conditions which will
be encountered during a fuel-element changeover in the
power reactor.

(2) Power and neutron-flux distributions, both mhacroscopic and
microscopic.

(3) Experiments using modified fuel assemblies.

(4) Control-blade-worth studies.

(5) Temperature- coefficient experiments.

Initial critical reactor configurations, both dry and flooded, are
shown in Fig. 5. These represent one of several possible critical con-
ditions which may be derived by relocating the outer ring of fuel ele-
ments. In each case an attempt has been made to fill in elements on
one side of the core at a corner of the hexagon. This provides a region
with a flux which approaches that of the full 61-element operating power
reactor.

The effect that the nonuniform fuel spacing has on power flattening
can be seen in Fig. 6. The data shown here were obtained by counting
y-ray activity above 0.6 Mev from the fuel capsules shown in Fig. 3
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after a low-power irradiation. Only data from the center pin of each
element are presented. The maximum-to-average power is seen to be
about 1.32. This figure also shows the relatively large percentage of
epicadmium fissions occurring in the core. The radial average ratio
of epicadmium-to-total power generation was found to be 0.27.

Figures 7, 8 and 9 relate to intracell neutron-flux measurements.
In order to evaluate the flux pattern in typical "cells" of this reactor,
the region of the fuel and the surrounding moderator was mapped with
manganese-20 wt % copper wires 25 mils in diameter and from 1/2 to
1 inch long. Figure 7 shows a cell-mapping arrangement. The criti-
cal assembly is then operated at about 20 watts of power for about 1/2
hour and the activated wires are counted. This measurement is re-
peated using 15-mil-thick cadmium sleeves over the wires to find the
epicadmium component of this activity. Figure 8 shows a typical plot
across fuel cells located at various radii in the core. Position 1 is the
cell at the core center, Position 28 is a cell one element in from the
core-reflector interface and Position 49 is a cell at the core boundary.
Points on these curves have been normalized to the subcadmium value
of the flux in the center of the element. There is a tendency for the
fluxes on the left side of this figure to be above those on the right.
This results from the gradient in flux noted in Fig. 6. It can also be
noted that moderator peaking increases with radius. This results from
the nonuniform lattice; i.e., the moderator volume per fuel cell increases
with radius. This increase results in a loss in thermal utilization with
core radius which is shown in Fig. 9.

Figure 10 provides some results on studies in which modified fuel
elements were used to replace the standard critical-assembly elements.
The fuel content of the various elements of Fig. 10 is summarized in
Table 1. Referring to the solid curves of Fig. 10, it may be seen that
the ratio of power produced in outer-ring fuel pins to inner-ring fuel
pins is 0.90 for the standard element, between 1.00 and 1.05 for Modi-
fication 1, and 0.85 for Modification 2. The dashed curves on Fig. 10
are approximately constant reactivity curves for exchanging elements
with the standard ML- 1 critical-assembly elements at the center of
the core.

TABLE 1

Fuel Content in Standard and Modified ML-1 Fuel Elements

Uranium-235 Content (gm)

Fuel-Element Designations Inner 7 Pins Outer 12 Pins

Standard critical assembly 58.9 19.6
Modification 1 77.3 26.9
Modification 2 77.3 19.6
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The worth of single and ganged control and shim blades of several
material compositions has been evaluated. Two possible ML-1 shim-
scram blade material compositions were studied. It was found that
blades containing silver-30 wt % cadmium were slightly less effective
than blades containing silver-15 wt % indium-5 wt % cadmium (1.74
and 1.80% AK/K shutdown, respectively, with these blades inserted at
their maximum-worth position). The blades containing the silver-
indium-cadmium alloy were found to be about 50% more effective on an
area absorption basis than 20-mil-thick cadmium-covered steel blades
which were constructed to simulate them. Typical curves for reactivity
versus blade insertion (based on included angle of separation) for a
shutdown and a stainless steel shim blade are shown in Fig. 11. Mutual
interference of the blade halves produces a maximum shutdown worth
at an included angle of about 15 degrees. It should be noted that in the
fully retracted position the blade edges on the core side are not sepa-
rated by 180 degrees as are the edges away from the core. This leads
to apparent shutdown worth at the point plotted at 180 degrees.

In addition to individual blade-worth experiments some data on
blade interference were obtained. This was done by evaluating a sin-
gle blade worth alone, in the presence of one other blade entering an
adjacent radial slot and in the presence of two blades in the two ad-
jacent slots. These measurements were taken using cadmium-covered
steel blades since there were not enough silver-indium-cadmium blades
on hand. The results indicate a five percent loss in shutdown worth
for the addition of each adjacent blade.

In a separate experiment one of the key questions regarding shut-
down blade worth was investigated. The question is whether the flooded
core can be adequately shut down by blades alone. This experiment was
performed with the mockup cadmium-lined steel blades. The flooded
core required 59 fuel elements for criticality with one stainless steel
and five of the mockup shutdown blades. In view of the lower worth for
these blades when compared with the reference ML- 1 blades, it is be-
lieved that the flooded core can be controlled adequately by the latter
providing the fuel elements are not greatly modified in the final design.

Early in the life of the power reactor it is expected that some shut-
down blades will be partially inserted in the core. This will affect the
power-production rate in the adjacent fuel elements. An extreme case
of this perturbation was investigated by measuring power distortion in
adjacent elements with a shutdown blade inserted to its maximum worth.
Figure 12 shows the results of this study. The effect noted extends only
throughout the immediately adjacent elements. At the center of elements
in Core Positions 5 and 49, for example, the effect is only about five
percent. In the element in Core Position 1 there is no noticeable per-
turbation of the center-pin power distribution. All of these data were
obtained by counting fission-product activity along the length of the
pins irradiated in the positions indicated.
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The temperature coefficient of the critical assembly was measured
by observing reactivity changes accompanying changes in the moderator
temperature. No special precautions were taken to prevent the fuel
pins from heating so that the results given in Fig. 13 also include this
effect. The results indicate a positive temperature coefficient up to
about 950 C. The integrated effect from room temperature to an as-
sumed operating temperature of 950 C is about 0.4% AK/K in reactivity.

IV. POSSIBLE FUTURE EXPERIMENTS

Results presented in this paper are taken from the current experi-
ments. These experiments will continue with special reactivity meas-
urements, using modified fuel elements and with intracell flux meas-
urements in the flooded core. An experimental determination of the
worth of borating the moderator is also planned. This method of shut-
down may be used in addition to the scissor blades if modifications in
the fuel element cause the latter method to appear marginal.

Experiments to study possible neutron streaming into the inner pins
of fuel elements are being considered. The ratio of power generated in
the outer and inner pins indicates this effect may be sizable. Some
thought has been given to an investigation of the neutron spectral vari-
ation in fuel cells. Also, the critical assembly may be used as a pro-
duction-fuel-element calibration device to detect possible errors in
fuel loading or poison content or to investigate the effect of final mod-
ification in the fuel composition.

V. COMPARISON OF RESULTS FROM THE GCRE AND
THE CRITICAL-ASSEMBLY EXPERIMENTS

It was pointed out in the introduction that the ML- 1 critical-assem-
bly experiments are a second phase of Battelle's cooperation with
Aerojet-General Nucleonics. Since the GCRE-1 facility at Arco, Idaho,
has been critical with several core configurations, it is possible to draw
some comparisons between the critical assembly and the power reactor.
There are, as might be expected, differences in the final construction
of the GCRE and its critical-assembly mockup. The reactivity worth
of these differences has been estimated from the critical-assembly
experiments. The results show that the GCRE with aluminum grid
plates and pressure tubes differed from the corresponding critical as-
sembly in the dry critical condition by about one fuel element. In the
flooded condition the GCRE and the critical assembly agreed on criti-
cality to within about 0. 1% AK/K. In a second GCRE core, the pressure
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tubes and grid plates were made of stainless steel. It has not been
possible to compare this core with experiments because no similar
critical assembly was investigated.

The comparisons thus far have been encouraging. It is hoped that
sufficient data will be available from the critical experiments to allow
similar predictions in the ML- 1 power reactor.
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Question: (H. L. Vener, The Martin Company) You mentioned that you
did some rod worth experiments with 80% Ag-In-Cd and 70% Ag-In-Cd,
the 80 and 70 referring to the silver content. Now, is this 70% the
estimated composition of your rod at the time of highest reactivity in
your core?

Answer: This is the composition of one of the blades put into the core
made of the 70% silver, 30% indium. Another set of blades was made
with 80% silver and we just compared the total worth of the two.

Question: (T. Olsen, The Martin Company) Two questions directed
mostly to L. Maki. One, have you tried to compare analytically with
the very severe flux depression you get in the fuel element, and sec-
ondly, how does the severe flux depression give you such large thermal
utilization?

Answer: Well, with regard to the flux depression I gave analytically,
we match this. This is such a simple fit. We have the experimental
value and we hammer our theory until it matches. It's as simple as
that. As I outlined before, we normalized usually to one point which
you can say would be the best and check out the theory by seeing how
we fit all other points that have come out. In regard to the thermal
utilization question, I have never sat down and calculated thermal
utilization as such.
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ANALYSIS OF REACTOR EXCURSIONS TERMINATED

BY STEAM FORMATION

R. S. Stone
Oak Ridge National Laboratory

The response of a water moderated reactor to a controlled rod with-
drawal, or other relatively domesticated reactivity insertion, is well
understood and can be reproduced or predicted by established and re-
liable computer techniques.

As the manipulation of the reactor becomes more vigorous and the
periods involved become shorter, variables come into prominence
which are less well known than those which govern the steady state.

For safety considerations, these short period regions constitute
precisely the area which should be best known, however, and it would
be highly desirable to develop a model which permits the-same as-
surance in calculation of an excursion with a one millisecond period,
as we have in the calculation of an excursion with a one-minute period.

In a self-shutdown fast period excursion, it is not even entirely
certain what the ultimate shutdown mechanism is. There are a number
of thermal effects in the fuel and moderator, radiolytic gas formation,
boiling of moderator, plus possible other mechanisms. The greatly
shortened time scale brings in time lags and inertial effects which are
not observable in the usual experimental determinations of reactivity
parameters.

These uncertainties have made necessary the conduction of tests
typified by the BORAX and SPERT programs in Idaho. Such tests have
had the primary task of determining the ultimate procedural limits
for safe operation of various reactors. A secondary purpose has been
to help develop a quantitative picture of the mechanisms which determine
reactor behavior at very short periods and to furnish a test for models
developed from theoretical considerations.

The purpose of this paper is to describe a model of the BSR-II, a
stainless steel swimming pool-type reactor and to show the work upon
which such a model is based. This model is not presented as an oper-
ational tool. Comparison of computer runs with recent tests of the
BSR-II at the SPERT facility shows serious discrepancies and will re-
quire modifications of the theoretical picture. Some of the areas in
which more information is needed will be pointed out in the block dia-
gram.
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Figure 1 shows the block diagram of the reactor model. Shutdown
following the fast insertion of a little over a dollar's worth of reactivity
by the burst rod is assumed to come about from a combination of fuel
and water temperature coefficients and from the expulsion of the
moderator by the formation of steam.

The overall temperature coefficient is known, though there is no
experimental breakdown between metal temperature coefficient and
water coefficient. The distinction is relatively unimportant for slow
transients, but the longer time constant for the water makes the re-
actor extremely sensitive to the distribution of the temperature coef-
ficient where SPERT-type transients are involved.

The average void coefficient has been experimentally determined
and provides the quantitative basis for the boiling shutdown mechanism.
Inertia effects of the water displaced limit the speed of response.

Heat transfer to the boiling water involves heat transfer coefficients
for the transient case, and such data are extremely scanty.

The block diagram shows the reactor kinetics controlled by the net
AK of the reactor. Delayed neutron groups are included, but it is
questionable how much any but the shortest contributes to a transient
which is over in 100 milliseconds.

None of the self-shutdown mechanisms simulated is effective until
the reactor is in the power range, and since the positive reactivity in
the SPERT tests is fully inserted well before the power range is reached,
only the last three decades of rise are examined and the run is started
with the initiating AK fully inserted.

As the power rises, most of the heat appears in the fuel, some in
the water and as the temperatures of the fuel and water pull apart,
heat begins to flow from one to the other. As the water at the inter-
face reaches the boiling point, the heat transfer coefficient is radically
changed. Limited experimental evidence seems to show that as nucleate
boiling starts, the heat transfer coefficient is greatly increased until
the metal surface is blanketed with steam, at which point the coef-
ficient begins to fall. Quantitative data for this was taken from the
transient boiling experiments of Rosenthal and Miller (Ref. 1). In this
work, an exponential transient current was sent through a metal ribbon
immersed in water with the power input and temperature rise monitored
as functions of time. From this a plot of heat transfer rate versus
integral power into the water can be made.

Considering the energy required to produce a gram of steam to be a
constant throughout the excursion, the mass of steam produced can be
calculated and divided into the steam volume to yield the specific volume.
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This combines with steam temperature to give steam pressure. Steam
pressure determines the boiling point, with steam temperature taken
to be the mean between boiling temperature and fuel temperature.

Pressure is integrated twice to yield the expanding volume of the
steam. The void volume is multiplied by the void coefficient to yield
the negative reactivity due to void formation. Fuel temperature and
water temperature are multiplied by their respective coefficients to
give their contributions to negative reactivity.

The overall temperature coefficient, measured under equilibrium
conditions was divided between fuel and water in proportion to their
shares of the total thermal expansion. By this gauge the water coef-
ficient becomes twenty-seven times as large as the metal coefficient.

Figure 2 shows an analog computer version of the block diagram.
The group of amplifiers in the upper left corner constitute the re-
actor proper. The first five amplifiers are for the five delayed neutron
groups used. The condenser gives the 20-millisecond lifetime at 100:1
time scale.

The string of amplifiers in the upper right corner develops the tem-
perature profile across the hot spot fuel element, from the center line
to the clad-water interface.

It is assumed that in the transient case there is little mixing of
the water and that the bulk water temperature is raised only by neutron
and gamma heating and not by heat transfer from the fuel. As the clad-
water interface temperature reaches the boiling point, boiling is as-
sumed to start with no delay due to superheating of the water. Data
from Forbes and French at the SPERT facility (Ref. 2) indicate that
nuclear excursions differ from electrical excursions in this respect,
suggesting that perhaps the steam formation is nucleated by radiolytic
gas bubbles.

The heat transfer coefficient is held constant until the clad-water
temperature reaches the boiling point. Here a group of phase change
relays are thrown and hcw begins to climb. When it reaches its peak

at the onset of film boiling, another group of relays are thrown and h
begins coming down. cw

The net heat transferred after the onset of boiling can be assumed
proportional to the mass of steam in the core. Dividing the volume
of steam in the core by the mass of steam produced provides the
specific volume. Steam temperature, as mentioned before, is taken to
be the mean between the clad-water interface temperature at one side
and the critical temperature on the other. The steam specific volume
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and temperature are applied to an x-y plotter and the pressure picked
off of a semiconducting sheet on which the steam tables have been
plotted in conducting ink and set to potentials proportional to the pres-
sure plotted.

The steam pressure is applied to a biased diode function generator
which provides the corresponding boiling temperature. Before the
onset of boiling, the relay shown is thrown to a constant voltage pro-
portional to the static head pressure. The pressure in excess of the
static head is impressed on the velocity integrator with a time constant
proportional to the inertia of a column of water the total height of the
tank. A secondary holdup on the velocity is provided by a function
generator, which simulates the friction losses as a function of velocity.
The integral of the velocity, multiplied by the channel cross sectional
area, gives the instantaneous void volume and this divided by the ef-
fective wall area gives the void volume per unit area, to match the
steam mass per unit area which we got from the heat transfer block.

Reactivity changes proportional to water temperature, mean fuel
temperature and void volume are summed in the AK generator. The
switch provides the positive reactivity insertion which starts the
transient.

Net A K is multiplied by power in a servo multiplier and added to
power to give K . A Helipot is set to an input coefficient proportional
to 1- P to complete the prompt fission loop.

This simulation is a first attempt and may be expected to be altered
as the program proceeds. Approximate corrections for hot spot factors
have been made. As more experimental data become available, these
should be changed to match. There is also evidence (Ref. 3) that the
steam bubbles do not follow the gas tables in the first stage of void
formation, since the bubbles are so small that surface tension is a
governing factor in their size. The time lag between heating of the
metal and heating of the water makes the system response extremely
sensitive to the proportioning of temperature coefficient between the
fuel and the water. Experimental determinations of this division would
therefore be of great interest. There is also evidence to indicate that
expansion of the thin layer of hot water next to the fuel plate must be
accounted for (Ref. 4).

The circuit shown was subjected to reactivity insertions of from
slightly less than $1 to $1.22, corresponding to transient bursts made
on the actual core.

Figure 3 shows some of the simulated power peaks achieved on the
first run. It is seen that the 99.7-cent excursion agrees quite well with
the experimental peak height, but as we go to the shorter periods, the
analog peaks drop to about one quarter the experimental value.
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The dashed curve is taken from experimental data (Ref. 5) from
the actual $1.14 excursion at Idaho. We see that although the peaks
both fall at about the 75-millisecond mark, the experimental power
rises more steeply, and reaches four times higher peak power. The
abrupt drop from simulated peak power comes soon after the initiation
of boiling and the slowdown on the preboiling portion of the curve comes
from the temperature coefficient. Temperatures reached in analog
and experimental runs were about the same. Reducing the fuel's share
of the overall temperature coefficient would shorten the period and
raise the maximum power of the short period analog runs, bringing
them more into line with the experimental results.

To be of service in reactor design and evaluation, simulation
studies should accurately and quantitatively predict reactor behavior
before, rather than after, the fact. For relatively slow transients,
this goal has been reached. To extend the same command to fast,
steam void terminated excursions, we must supply more data on tran-
sient boiling behavior and on the general field of power reactivity coef-
ficients.
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Question: (D.H. Lee, Alco Products, Incorporated) Have you tried to
force these energy releases into agreement by changing the coefficients
on metal and water?

Answer: Yes, I have. We have some numbers that don't seem too
fantastic and which do make the thing come into line. We have curves
which look very much like the experimental curves but we've done it
by coming up with coefficients and so forth and matching experimental
results with the empirical basis. I would not like to apply the data to
another reactor. I think it's good guidance so far as developing a
picture of what's going on.

Question: (R. Magladry, The Martin Company) It wasn't clear to me
whether there was a delay in your system of equations for heat con-
duction.

Answer: Yes, that string of amplifiers in the upper right hand corner
were integrators which broke the cross section of the fuel plate into
five regions. They were the centerline temperature, mid-fuel element
temperature, temperature mid-point between the clad and the fuel,
mid-point in the clad and clad water interface and the temperature
transmission between these various regions was simulated as to both
the heat capacity and thermal conductivity of the fuel temperature
travel.

Question: (L.M. Maki, Aerojet-General Corporation) On running these
analog studies did you get any of the repetitive peaks or did you have
to run that long?

Answer: No, we didn't, I think mainly for the reason that we had no
mechanism for the water to run back in.
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FUEL ELEMENT TEMPERATURE PREDICTION

AND OPTIMIZATION FOR ML-1

W.J. Houghton, R.J. Vetterlein
A.B. Burgess, C.R. Fisher

Aerojet-General Corporation

I. INTRODUCTION

The ML-1 is a mobile power plant with 330 kw(e) output. The two
biggest packages, the reactor package and the power conversion skid,
are shown in Fig. 1. The reactor package with the core in the center
is shown in Fig. 2. The fuel elements are mounted vertically. There
are 61 of them in the complete core, only one of which is shown in the
figure. The gas coolant enters through the inlet pipe then passes down
around the tungsten shield and flows from the top to the bottom of the
fuel elements, out through the bottom plenum and through the outlet
pipe. The downward flow of coolant through the reactor was chosen
for several minor reasons, since the natural convection advantages
which might be expected from an upward flow system are, in this gas-
cooled plant, small and unimportant.

A fuel element for the reactor is shown in Fig. 3. A fuel element
is a bundle of 19 pins, 18 of which contain fuel. The element is hung ver-
tically in the reactor. The pins are supported from an upper spider
and are spaced along their length by wires wrapped on the pins in the
spirals. The pins are in a modified hexagonal array; that is, the array
has a circular outer ring. The coolant flows longitudinally down be-
tween the pins. The water moderator is insulated from the hot gas by
an annulus of Thermoflex insulation.

The heat transfer characteristics of the core as a whole are shown
in Fig. 4. The thermal power absorbed by the gas is 2.9 megawatts.
The heat loss radially through the insulation is only 40 kilowatts. This
being a gas-cooled plant, the working fluid has a large temperature
increase of 409 F through the core with an outlet temperature of 1200*F.

The heat transfer coefficients average 340 Btu/hr-ft2, a relatively
small average compared to water-cooled systems. Therefore, the
film drop becomes relatively large and we have nominal peak surface
temperatures of 1430* F. When hot spot factors are included to account
for all the uncertainties, the predicted hot spot peak temperature is
17500 F.



Fig. 1. The ML-1 Power Plant
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II. OPTIMIZATION FOR TEMPERATURE

In deriving a reactor design, there is, of course, a certain amount
of optimization that is done to reduce the fuel element temperatures.
Our goal was to design so that, in the ideal case, all pins would have
the same peak temperature. Effort was put into keeping this temper-
ature low. Two important variables must be chosen in the early
stages of fuel element design, the size of the fuel pins and the number
of pins per bundle. The earliest work on pin bundles started out with
51 pins per bundle. In the course of the work, we have considered
briefly a range of bundles down to and including seven-pin bundles.
The 19-pin bundle, using pins 0.241 inch in diameter, was chosen for
several reasons. In the first place, this geometry was expected to
give allowable metal peak temperatures consistent with pressure drops
which were acceptable to the power plant cycle. Also, this size pin is
easily fabricated and has a lower likelihood of distortion and consequent
failure during service than smaller pins. A comparison of heat trans-
fer performance of different pin bundles is given in Fig. 5. It is seen
that increasingly smaller pins with more pins per bundle have an
idealized temperature advantage, but production costs and concern for
distortion in operation tend to drive the design toward the minimum
number of pins which is acceptable. Extended surfaces on the pins
have been considered to some extent in the past (either fins or turbu-
lence promoters), but such designs would require experimental work
to determine the best extended surface for the particular geometry
found in the ML-1. Only a limited effort was devoted to this field.

Another significant feature of the design which tends to equalize
temperatures is orificing of the coolant to control its passage through
the elements. Such orificing tends to equalize the peak fuel tempera-
tures in all elements, but orificing increases the pressure drop. The
gas-cooled reactor system is quite sensitive to this pressure drop.
The core design, therefore, was modified by varying the spacing of the
pressure tubes. The pressure tubes at the outer edge of the core are
farther apart than on the inside of the core. This varied spacing of the
pressure tubes, and hence the fuel elements contained therein, tends
to flatten the radial power distribution across the core. The varied
spacing thus reduces the amount of orificing required.

The possibility of improving the power distribution in the axial
direction also was .considered. Variable uranium loading in this
direction perhaps could gain a modest performance increase for this
system. This variable loading is a sufficiently expensive approach,
considering overall programmatic costs, that it has not been studied
in any depth.
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A lower reflector is not used in the ML-1 reactor and two inches
of water is used as a portion of an upper reflector. This use of re-
flectors constitutes a balance between reducing the uranium inventory
and increasing fuel temperatures. The spacing between the tube sheet
is fixed by space and weight restrictions deriving from shield design.
These restrictions fix the total water height. Therefore, the principal
effect of leaving some space for a reflector below the upper tube sheet
is the reduction in core size and uranium loading. The consequent
reduction in heat transfer area eliminates improvement in fuel element
temperature.

The burnable poison, however, is used to influence temperature.
It is placed on every fuel element toward the outlet of the reactor so that
power distribution is shifted during the early life of the core, reducing
fuel element hot spot temperatures by about 300 F. Axial temperature
distribution is plotted with and without burnable poison in Fig. 6. The
reactivity shims placed in the reactor also are designed for the lower
portion of the core, and therefore will give some temperature advantage.

Optimization on the first core for the ML-1 was principally carried
out in the distribution of power from pin to pin in a pin bundle. The
outer ring of 12 pins in each bundle is loaded with a different quantity
of uranium than the inner ring of six pins. The center pin of the 19 -pin
bundle is a structural member and contains no fuel. The maximum fuel
pin surface temperature was calculated as a function of the ratio of the
power produced in an outer pin to the power produced in an inner pin
(see Fig. 7). When the total power of the element is kept constant, the
outer pins are first cooler and then hotter than the inner pins as the
ratio increases. The graph shows the optimum ratio. For the first
core of the ML-1, the average pin-to-pin power ratio is expected to be
1.15, quite near a simple optimum.

These optimization techniques have given all of the pins in the re-
actor a similar axial profile and nearly equal peak temperatures within
the limitations of the hot spot problem.

III. ANALYTICAL TECHNIQUES

We now turn to the theory and the analytical techniques used to
predict fuel temperatures. The approach is basically rather standard
in that it uses text book theory. However, it was believed necessary
to study some of the complexities of the element. A code, HECTIC,
was written for the IBM-704 to perform the large quantities of arith-
metic involved. The code was developed by W.C. Reynolds, D. Thompson,
and C.R. Fisher at AGN and is expected to be released through SHARE
(AGN TM-381). We will examine the theoretical equations used in the
code, but first let's see how the code represents the geometry.
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The code is flexible in that it can consider many different geometries
with single pass flow channels in parallel and heated and unheated sur-
faces enclosing these channels. For the purposes of our discussions,
we will look at the application of the code to the fuel element geometries
found in the ML-1 reactor. Two typical treatments of this element are
shown in Fig. 8. The figure to the left shows one -half of a 19-pin bundle
which implies that the bundle has power and flow symmetry about a
plane, and in the other direction the power input to the element can be
skewed. The geometry of the fuel element is broken into discrete points
or nodes; each of which carry all of the characteristics of their assigned,
immediately surrounding region. The numbered regions are shown in
cross section. The element is decomposed into lines of nodes extending
axially, and there must be at least 20 of these nodes in all lines. All
cross sections of the element must have the same geometry and, there-
fore, these single lines of nodes always describe the same component
of the element throughout its length. On the left hand side of the figure
then, each fuel pin is taken to be a line of nodes; and the inner liner
which constrains the flow of the coolant is taken to be a succession of
lines of nodes. The coolant passages are subdivided also into lines of
nodes as indicated.

The figure on the right is a more restricted case which assumes
centerline symmetry in the entire 19-pin bundle, but on the other hand
is able to break the components of the bundle down into smaller parts.
The pins in this case are broken down into seven sets of nodes with
the liner having two lines of nodes and the coolant, in this case, being
represented by five lines of nodes. The code can handle 30 passages
and 21 surfaces on an IBM-704 with approximately an 8000 -word
memory. Running time for such a problem is about 20 minutes. The
code will be able to handle a larger number of mesh points at a time
when it is revised to operate on an IBM-7090.

There are a number of physical effects taken into account. The
segments of each pin cladding exchange heat with one another by con-
duction and the surfaces in view of each other exchange heat by radia-
tion. Also, any surfaces such as the outer liner surfaces, which are
separated from the water moderator of the system by insulation, lose
heat to ambient conditions by conduction. The principal mechanism of
heat removal from ML-1 fuel pins is by convection to the coolant in
the flow passages. The coolant in these passages is thereby heated
and the coolant in one passage can exchange heat and momentum with
adjacent passages by turbulent eddy transfer.

In studying the heat transfer in elements of this sort, the first step
is to determine how much flow goes through each channel, and the code
does this by trial and error adjustment of the flow until the pressure
drop across all channels is the same. The equation used for the pres-
sure drop is shown in Fig. 9. This is an equation derived by the methods
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of Kays and London, and the first term is the normal friction effect of
the surfaces which the coolant channel wets. The friction factor is the
usual one of a constant times the Reynolds number to a minus power.
We have used constants and powers for turbulent flow in bundles as
determined by water flow tests. The second term is for the acceleration
pressure drop and the third term is to account for the pressure drop
resulting from form drag on spacers by means of a drag coefficient for
the spacers, a composite symbol, CDS. This factor also is determined
from water flow tests on models. The last term takes account of the
effect on pressure drop of the turbulent exchange of momentum between
adjacent channels. Some of the coolant channels were chosen so that
they had adjacent fluid boundaries. The turbulent shear stress between
such adjacent stream tubes is assumed to be proportional to the velocity
difference between them and inversely proportional to the distance be-
tween passages. The proportionality factor is the turbulent viscosity
which can be expressed in terms of turbulent or eddy diffusivity. The
diffusivity at an interface between channels is taken to be equal to the
average of the diffusivities for the center of each channel separately,
as shown in the equation. The diffusivity at the center of any single
channel is assumed to be equal to the maximum diffusivity. This can
be calculated from the Nikuradse universal velocity profile. It is found

that e /v = (Re/20) i 72.The Reynolds number in this case and in
subsequent discussion is calculated based on the hydraulic diameter
concept where d = 4 x flow area divided by the wetted perimeter. These
equations, of course, involve approximation, but the overall effects of
turbulent exchange have been found, in fact, to be relatively small and,
therefore, the approximation involves no great difficulty. Actually, a
composite constant YEDM is put into the equation so that the eddy-
diffusivity can be varied at will and we can see the size of its effect.

Following the determination of the mass flow of coolant in each
channel, the temperatures of coolant and surfaces are determined by
the code. The equation leading to coolant temperatures is shown on
Fig. 9. The left side of the equation is the rate of increase of enthalpy,
and the first term on the right is, of course, the convective heat trans-
fer into the channel from the immediately adjacent heated plates. The
last term is the turbulent convection of heat into, or out of, the channel
under consideration from the gas in adjacent channels which may be
hotter or cooler.

The surface temperatures of the pins or plates are calculated by
means of the last equation shown in Fig. 9. The nuclear heat input is
given on the left hand side. In these calculations, all the axial profiles
of power generation must be the same, but they may be varied from
point to point across a cross section. The first term on the right--the
convection term--is the predominant means of transferring heat in the
system. The heat transfer coefficient, h, is calculated with a Colburn-
type equation wherein the Stanton number is equal to a constant times
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the Reynolds number to a negative power. The Prandtl number, there -
fore, is taken to be a constant for any given computation and is included
in the constant preceding the Reynolds number. The constants for the
Stanton equation are taken from experimental heat transfer data. Lab-
oratory tests yielded heat transfer coefficients 17% higher in 19-pin
tube bundles than in smooth round tubes. Again, the Reynolds number
is derived using the hydraulic dia.meter concept. There are a number of
difficult effects left out of the calculation of convection coefficient,
since they are quite geometry-dependent and also dependent upon the
temperature distribution. Some of these, for example, are some of the
property variations as a function of temperature, entrance effects and
the effect on heat transfer coefficient of nonuniform or asymmetric
heat flux.

A second term on the right side of Fig. 9 is the radiation exchange
between surfaces which can view each other. The composite symbol,
REF, is the radiation exchange factor which includes the emissitivities
and view factors and is calculated with standard techniques and as-
sumptions. The third term is the heat flow by conduction from adjacent
plates in solid body contact with one another. The last term is the al-
lowance for transfer of heat to an ambient temperature, such as through
insulation to water, where the composite symbol, GA., is the conductance
per unit length between the jth plate and ambient. 3

The leakage of heat from the element to ambient is only 1 to 2%.
Radiation almost always constitutes less than 10% of the heat transfer.
However, in the case of conduction in solids, such as two segments in
the wall of a fuel pin, the conductive heat transfer typically can rise
to as high as 20% of the total heat transfer out of the segment. Turbu-
lent interchange of heat between coolant passages has an effect which
may be described as a 300 reduction in maximum pin temperatures.

IV. TEMPERATURE PREDICTIONS

Partial results of a typical HECTIC calculation are shown in Fig. 10.
This is typical for the ML -1 first core fuel element though it does not
utilize an optimized axial power distribution such as will be found in
the center of the ML-1 core. The lower curves are the temperatures
of the coolant in the indicated channels and the upper curves are the
temperatures of the different segments of the fuel pins. These tem-
peratures do not include hot spot factors. It is seen that a restricted
channel, such as Channel 3 which has relatively high heat input, is in-
deed relatively hot whereas the adjacent Channel 2 has a larger coolant
flow area and, therefore, runs cooler.
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In order to obtain estimates as to what the hottest surface tempera-
tures are in a real reactor, we must enter into the problem of hot spots.
This is treated in detail by a summation of effects such as tolerances
and uncertainties in power distributions and power levels and other
customary items to yield hot spot factors. At this time, the hot spot
factor for the bulk temperature rise of the coolant is 1. 34 and the
factor for the film drop is 1.66. Nominal maximum temperatures are
1430' F and these factors yield a temperature comparable to our ref-
erence hot spot of 1750 F. There is always difficulty and uncertainty
in computing hot spot factors, so it is wise to check their results in
other ways. For example, the heating effectiveness is defined as the
temperature ratio of gas outlet minus gas inlet divided by hot spot sur-
face minus gas inlet and it equals 0. 43 which is a healthy, small and
reasonable number for gas systems. Also, it is seen that there is
300 F between the nominal maximum and hot spot maximum and this
probably is not an optimistic number for this gas-cooled system. Fig-
ure 11 shows what happens to the nominal temperature curves of the
fuel pins versus axial position when one applies hot spot factors. Our
reference curve is slightly higher.

Curves of this sort may be looked upon as sort of an envelope of
maximum temperatures in the reactor.

V. COMPARISON WITH EXPERIMENT

It is valuable to compare the temperature predictions with experi-
mental results. In the ML-1 program, the experiments have consisted
of in-pile tests on complete fuel assemblies. Single elements are
tested in a gas-cooled loop in the Battelle Research Reactor. This is
a recirculating gas loop operating at a nominal 200 psi. The loop pro-
vides ML-1 gas temperatures of 800 F fuel element inlet and 1200* F
outlet, and it can test over a range of temperatures slightly higher and
much lower. The equipment is an integral, relatively compact pack-
age which operates under water in the BRR pool with the fuel element
test section set next to the core. Provision is included for thermo-
couple instrumentation and gas sampling.

One of the first elements to be tested was called the IB-laT. This
element consisted of 19 fueled pins having a fueled length of 22. 75 inches.

The inner seven pins contained UO2 pellets 50% enriched in U235 and

the outer 12 pins contained 25% enriched pellets. The pin diameter
was 0. 225 inch, slightly lower than the ML-1 reference of 0. 241 inch.
The element contained 25 sheathed thermocouples, ten of which were
open-end, used tomeasure pin surface temperatures. The power
distribution among the pins was determined by counting gamma rays
from foils and pellets irradiated in the loop with a nuclear mockup of
the element. Total power of the element was found by heat balance of
the coolant gas.
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The thermocouple data for pin surface temperatures showed scatter,
as shown in a typical plot in Fig. 12. This scatter is typical of the hot
spot phenomena, but at least in the in-pile tests it is a smaller effect
than in the reactor, since the variables in the loop are better known
and controlled. There is one set of data points near the outlet that
is quite low compared to theory. They may be true measurements,
but they are outside the usual statistical limits of 3 a compared to the
other points, so they have been conservatively dropped from consider-
ation. The average value of all the remaining data points is within one
degree of the average value of the corresponding predictions, and the
standard deviation is 460 F. This correlation of data is based on cer-
tain reasonable assumptions which had to be made during the analysis.
If slightly different assumptions had been made, the standard deviation
in most cases, would increase and the average match with theory would
be less precise, but still would be quite good. The scatter in the data
is somewhat less than would be expected from an examination of hot
spot factors applicable to the in-pile loop work. Additional tests are
under way.

Experimental confirmation is rather limited, but it does appear
that temperatures can be predicted with fairly good accuracy with the
technique described. Though the experimental hot spot effects in loops
appear lower than would be expected, it is believed to be premature to
say that peak hot spot temperatures in the ML-1 core will be below
17500 F.

o PK = pressure drop in Kth passage

WK - flow in Kth passage

ACK = free flow area of Kth passage

AK - friction area of Kth passage

p1  = inlet density

p2 = outlet density

pAV = average density

Lf - friction length

fK = friction factor in Kth passage

Afsk = total frontal area of spacers in Kth passage

- drag coefficient of spacersCDS
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K_4 = eddy diffusivity for momentum/kinematic viscosity in Kth
K passage

= average viscosity

gc = Newton' s constant

C = interface perimeter/distance between passage centers for
ith and Kth passages

YEDM = factor to arbitrarily alter e for momentum

C = specific heat

h = heat transfer coefficient in ith passage

b = perimeter of ith passage which wets with surface j

T , t temperatures of jth plate, *R *F

T , t, - temperatures of tth plate, "R *F

ti = temperature of passage i, *F

a - Stefan--Boltzmann constant

REFJ1  = radiation exchange factor

P = perimeter of jth surface

Kj conductance per unit length between Plates j and I

GAj = conductance per unit length between Plate j and ambient

ta = ambient temperature, *F

YEDH = factor to arbitrarily alter e for heat

qj = heat generation at surface j
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Question: (F. Hittman, The Martin Company) What material do you
plan to use for your fuel pins and is the clad a free standing design?

Answer: The fuel pins are Hastelloy X tubing with Hastelloy X end
plugs welded into place. The walls are 30 mils thick. The gap
between the walls and pellets in the vicinity are 4 mils diametral.
The gap is filled with helium at atmospheric pressure. The pellets
are about 95% dense. We have typically in the vicinity of 1500 across
the gap. We have in the vicinity of perhaps 500* F in the UO2 pellet.

Less than this in the BeO-U. This then gives peai temperatures in
the center of the UO2 pellet of about 25000 F. Most of the pellets, of

course, will run considerably below this. The capsule irradiation tests
have taken the UO 2 pellets to an equivalent burnup of 3000 hours which

is about 0.7 atom percent U-235. The capsule test difficulty involved
sodium problems but two specimens survived that and the pellet and
the cladding, which incidentally was Inconel, were well-behaved in
the sense that there was no incompatibility and maximum fission
product gas release was 6.4%. We did have center melting because
we had accelerated the test by a factor of 4. Now we have a similar
system which is BeO-UO2 which is in perfectly good shape. No

problems so far as swelling, cracking, etc. We have capsules in-pile
now which will not be out until this winter which will take us into the
range of our 10,000 hours of burnup or around 2 atom percent U-235
burnup.

Question: Was there any particular reason why you used cadmium
for your burnable poison?

Answer: Yes, we have a lower flux reactor and the optimum burnable
poison at the present time is a function of the flux and cadmium is
quite decent for us. Boron burnup is too low. One case similar to
the one shown yesterday wherein the Keff versus time falls off, so

we put in cadmium and more fuel, one gets curves which behave
more in this fashion and at this time with our present design, we have
burnout--we only have left about 1 part in 20 of cadmium.

Question: (H. L. Vener, The Martin Company) In your heat transfer
calculations for the center temperatures, do you consider fission
product gas release in the helium gap after some burnup?

Answer: Yes, we have considered this. If one allows 10% release, as
an assumption, the effect is appreciable, I think over 1000 F. The
capsule results we have obtained plus many opinions as to the conserv-
atism of the data have led us to anticipate releases more in the range
of a couple percent.
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question: (B. J. Byrne, Alco Products, Incorporated) In doing calcu-
at ons o the surface temperature, did you consider hot spot factors

due to the pellet being located eccentrically inside the fuel tube ?
Answer: Precisely, I don't know. Effectively, I don't think this is ac-counted for very well. I think things in this area are sort of fudged in.
We are concerned with this. We have been trying to determine how bad
the effect is. We have used two techniques of calculations and have
ridiculous results anywhere from 100 to 1000 F increase in the wall
temperature because of this effect. We do not know at this time, really.
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PREPOWER ZERO POWER REACTOR PHYSICS EXPERIMENTS

ON THE ARGONNE LOW POWER REACTOR

D. H. Shaftman
Argonne National Laboratory

I. INTRODUCTION

The Argonne Low Power Reactor (ALPR) was designed as a proto-
type of a low-power, boiling-water-reactor plant to be used in geographi-
cally remote locations (Refs. 1, 2),. Upon completion of construction of
the ALPR at the National Reactor Testing Station, near Arco, Idaho,
zero power testing of the plant, in general, and the reactor itself was
carried out by engineers and scientists of the Argonne National Labora-
tory with a very considerable participation by personnel from a mili-
tary cadre assigned to the facility (Ref. 2). A program of reactor phys-
ics experiments at very low power was begun on August 11, 1958, on
which date the first critical loading was attained; this program was
completed approximately two months later. Shortly after this, on Octo-
ber 24, 1958, the reactor was brought to its operating conditions of
pressure (300 psig) and temperature (420* F) by nuclear heating for
the first time, and it was operated at essentially normal maximum
load demand. When various test programs and a 500-hour sustained
power run had been completed, the operation of the ALPR was phased
out to Combustion Engineering, Incorporated and the facility has been
operated by that company since February, 1959. The plant has been
relabeled SL-1, in accordance with its place in the Army Reactor pro-
gram.

The purposes of this paper are to describe the reactor core design,
to outline some of the pre-experiment motivations for the core design
selected, to discuss certain aspects of the reactor physics of preliminary
core loadings and to summarize zero power experiments on the basic,
reference reactor. Some data from experiments on loadings as large
as 59 assemblies are included.

II. REMARKS ON THE REACTOR REQUIREMENTS

AND THE CORE DESIGN (Ref. 3)

The reactor is required to supply a maximum normal electrical power
load of 200 kilowatts, plus an additional 60 kw(e) for approximately one
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hour out of 24 and a space heating load of as much as 400 kw(t). To
accomplish this under ultimate-purpose conditions, an additional ap-
proximately 70 kw(e) is needed to power the plant auxiliary equipment.
At the maximum specified load the thermal power output of the core is
approximately 2.8 mw(t) (nominally 3 mw(t)). A goal of three years at
average power was established for core life.

To meet the requirements outlined, a reference reactor core array
of 40 fuel assemblies was designed. At 3 mw(t) the average thermal
power density is 17.5 kw/liter of reactor coolant. As mentioned, the
temperature of the water in the operating core is -".420 F and the oper-
ating pressure is 300 psig.

In some of its basic characteristics the fuel assembly is similar to
those used in the Materials Testing Reactor and in the first three reac-
tors of the BORAX series. Each assembly, approximately 3-7/8 inches
square and with an active length of 25.8 inches, contains nine fuel plates
flanged and welded to two side plates (Fig. 1). The fuel plate is 0. 120
inches thick, including a 0. 050 inch thick fuel matrix of UO2 in an alloy

of aluminum with 2 wt % nickel, with uranium enriched to approximately
93% U-235. The fuel matrix is clad on both major faces with 0.035
inch of an aluminum-1 wt % nickel alloy (X-8001) to present corrosion-
resistant protective surfaces. The plates are separated by a water
channel 0. 31 inch thick. On the average, an unused fuel assembly con-
tains 350 grams of U-235.

A full "control cell" is made up of a square array of four fuel assem-
blies surrounded by water channels in which control rods may be moved.
The fuel assemblies are separated at the bottom by the grid structure
into which they fit and at the top by steel springs. The spacer springs
are an integral part of the assembly and are located above the active
core section. Thus, there is a water channel approximately 1/16 inch
thick between fuel assemblies and control channel shrouds and a 1/8
inch water channel between adjacent fuel assemblies, minus the thick-
nesses of burnable poison strips. Figure 2 shows a central control cell.

Channels are provided for a total of nine control rods: five 14-1/4
inch span cross rods and four tee-shaped rods. Cadmium was chosen
as the neutron absorber, comprising 14 inches of the 14-1/4 inches.
The cadmium is 34 inches long, and, with the rod positioned at indicated
zero, the neutron absorber overlaps the bottom of the active core by
approximately 3-1/8 inches and the top of the active core by 5-1/16
inches. The absorber is 0.060 inch thick and it is contained firmly with-
in two sheets of 0.080 inch-thick X-8001. It was anticipated that the tee
rods would not be used in the reference 3-mw(t) core of 40 fuel assem-
blies, but that it might be desirable to use them in a full-sized 59-
assembly core, where otherwise the removal of one cross rod would
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present a large core area outside the effective control area of the other
four cross-control rods. During most of the experiments described in
this paper, the tee rods were not used. The control rods are driven
into .the core from the top. Some details of the cross-control rods are
shown in Fig. 3.

A flexible core design offering space for as many as 59 fuel assem-
blies and one source assembly was chosen for various reasons. Among
these reasons may be mentioned the goal of achieving a stable automatic
demand-control system to adjust the reactor heat output to the load
needs, the uncertainties of the use of larger water channels and thicker
fuel plates than had been used in earlier boiling water reactors of that
type in terms of the stable power output of the reactor and the desir-
ability of having available a more flexible core for reactivity margin
and for possible use at higher power levels. The uranium loading and
the control system were selected for a 40-assembly core to permit
operation of the reactor for as long as three years at average power,
provided that the materials in the core, etc., would endure for that
length of time. The flexibility of the fuel loading, in terms of the num-
ber of assemblies that could be used, made it feasible to select the
operating margin and to adjust to the reactivity requirements of opera-
tion and of three-year life by the final selection of the number of fuel
assemblies. (Actually, the final selection was based on the core of 40
assemblies, with a positioning of burnable-poison strips.) The final
reference 40-assembly core contained 14.0 kilograms of U-235.

Originally it had been intended to disperse a burnable poison, in the
form of boron essentially fully enriched in B-10, in the fuel matrix.
Finally, to expedite the procurement of fuel assemblies, it was decided
to introduce the neutron poison as a component of thin strips to be welded
to one or both side plates of the fuel assemblies, as had been done in
BORAX-III. These burnable poison strips, fabricated of an aggregate
of X-8001 and highly enriched boron, are indicated in Figs. 1 and 2.
Full-length strips, 25.8 inches by 3.5 inches and 0.026 inch thick, each
containing (nominally) 0. 5 gram B- 10, were positioned so as not to be
adjacent to control rod channels, and thus jeopardize the control effec-
tiveness of the rods. The fuel assemblies were oriented as shown in
Fig. 2 to minimize the flux depression in the vicinity of the strips and
the self-shielding of the strips. Additional half-length strips, 0.021
inch thick and containing (nominally) 0. 2 gram B-10, were available
for attachment to the bottom half of the other side plate of selected
fuel assemblies, as the zero power experiments dictated.

A source assembly containing a fixed beryllium block and a movable
irradiated antimony rod was used for startup in the zero power work
(Fig. 4). During any change in core configuration, the antimony was
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left in its beryllium enclosure. Not until the operating room floor had
been cleared of personnel was it permitted to raise the antimony rod.
The source intensity was high enough to provide a safe margin of sub-
criticality during startup--that is, the source could be "observed" by
the nuclear instruments at a low level of neutron multiplication by the
fuel assemblies positioned between the source and those instruments.
The antimony-beryllium source was placed permanently in a peripheral
assembly location at the completion of the prepower program.

III. OUTLINE OF ZERO POWER REACTOR PHYSICS PROGRAM

1. Group I: Experiments Leading to the Selection of a Final Reference
40-Assembly Core

Critical core arrays of various sizes, with and without poison strips,
were investigated, up to the initial reference core of 40 fuel assemblies
and 40 full-length 0. 5 gram B-10 poison strips. The hold-down capaci-
ties of the various control rod arrays were tested during this program.

"Assembly-omission", or "water-hole" experiments were undertaken
to determine the reactivity effect of inserting a fuel assembly in place
of a water hole in the otherwise fully loaded initial reference 40-assembly
core.

The control system was calibrated in the initial reference core,
using boric acid in the reactor water to supply the requisite additional
control. Preliminary experiments intended to yield the worths of the
poison strips were carried out.

A final core loading of fuel assemblies and poison strips was selec-
ted.

2. Group II: Experiments with the Final Reference 40-Assembly Core

Calibrations of the control system (control rods plus boron strips)
were completed, again using boric acid in the water to counter the re-
activity gain of rod withdrawal. At the same time, the boric acid back-
up system was calibrated.

Neutron flux distributions were measured.

An estimate of the change in reactivity resulting from a change in
the temperature of the reactor water was derived from measurements.
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3. Group III: Other Core Loadings

The major experiments on core loadings larger than 40 fuel assem-
blies included:

(1) Determination of control system shutdown margins for various
rod arrays.

(2) Control system calibrations.

(3) The selection of a 59-assembly poison strip and control rod
configuration, subject to the limitations of the fixed fuel-
assembly loading of U-235 and the availability of burnable
poison strips.

(4) Radial and axial flux traverses in the reference 59-assembly
core

Remark: In this report the emphasis is largely upon the various experi-
ments undertaken with regard to the selection and the under-
standing of the reactor physics of the final reference 40-fuel
assembly core.

IV. GROUP I EXPERIMENTS

Figure 5 reproduces part of the loading chart for the first critical
loading, showing the location of temporary instrument wells (Ref. 4).
In Well No. 1 were a compensated ion chamber feeding into a Keithley
amplifier (Channel I Temp), and a gamma-compensated ionization
chamber (Channel IV). Well No. 2 contained two BF3 proportional
counters (Channels V and VI) and a (temporary) uncompensated ion
chamber connected to a vibrating reed electrometer. Another com-
pensated ion chamber-Keithley circuit (Channel II Temp), and an
uncompensated ionization chamber (Channel II) were in the third well;
Channel II was used to indicate the reactor flux level over five decades.
Well No. 4 contained a gamma-compensated ionization chamber (Channel
III). Channel III provided indication of the pseudo-period (the transient
logarithmic derivative of the thermal neutron flux) and initiated con-
trol rod scram in the event of a short pseudo-period. The temporary
nuclear instruments were sensitive enough to detect very low levels of
neutron flux. Both Keithley hookups were provided with trip circuits
for rod scram at flux levels above full scale.
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In the initial sequence of criticals, the poison strips were not used.
Assemblies No. 21-24 were loaded first, one at a time; then, in sequence,
27, 28, 26, 25, 29 and 30. In Fig. 6 are given the curves of the recipro-
cal of the count rate versus the number of fuel assemblies in the core,
for each of the several instruments. Criticality was achieved with all
rods out except Rod No. 9, the central cross rod, whose indicated criti-
cal position was 23.6 inches. (At an indicated position of zero, the lead-
ing edges of the cadmium are approximately 3-1/8 inches below the
bottom of the active core.)

The loadings were continued to a maximum of 24 fuel assemblies
without poison strips. At this point all four off-center cross-control
rods were fully inserted, and the central control rod was positioned
at 9.25 inches for criticality.

A. SUMMARY FOR LOADINGS WITHOUT POISON STRIPS

The central control rod alone controlled the central 4 by 4 array
of fuel assemblies, bounded by locations No. 33, 36, 63, 66 (Fig. 1).

The four off-center cross-control rods could not control the cen-
tral 4 by 4 loading; at criticality the central rod was positioned at ap-
proximately 14 to 14.5 inches with all other cross rods at zero.

Three off-center rods plus Rod No. 9 controlled the 5 by 4 array,
plus an assembly in location No. 25, with very little control margin.

All five cross-control rods were needed to control the 6 by 4 array
bounded by locations No. 23, 26, 73, 76. (Criticality was achieved with
the off-center cross rods fully inserted and Rod No. 9 at 9.25 inches.)

B. FIRST LOADINGS WITH POISON STRIPS

Loadings of various sizes, with one full-length 0.5 gram B-10 poison
strip attached to each fuel assembly, were investigated next. The
strips, approximately 0.026 inch thick, were taped to side plates with
a polyethylene tape. After Loading No. 17, the instrument wells were
moved to different temporary locations within the reactor vessel.

C. INITIAL REFERENCE CORE OF 40 FUEL ASSEMBLIES
(LOADING NO. 19)

The core loading for the initial reference 40-assembly core is shown
in Fig. 7. This core configuration (Loading No. 19) is essentially the
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same as subsequent Loadings No. 45 and No. 46. To accommodate the
additional fuel assemblies the temporary instrument wells were shifted
to the outer reaches of the core. One full-length poison strip, contain-
ing (nominally) 0.5 gram B-10, was taped to a side plate of each of the
fuel assemblies. The loading contained 14. 0 kilograms U-235 and -'20
grams B-10. At 94* F the reactor was critical with all five cross-control
rods at an indicated position of 9. 2 inches. With the four off-center rods
at zero, criticality was achieved when Rod No. 9 was withdrawn to ~12. 9
inches.

The tee rods were not used in Loading No. 19. Some preliminary
rod calibrations were made, mostly of the type where one rod was cali-
brated as a function of the position of one or more other rods. The
major rod calibration experiments were carried out in Loadings No.
45 and No. 46, in conjunction with the deliberate poisoning of the reac-
tor water with (natural) boric acid. Discussion of these results will
be deferred until after the presentation of data from experiments on
water holes and preliminary calibrations of poison strips.

D. WATER HOLE EXPERIMENTS IN LOADING NO. 19

The procedure proposed to effect a loading change in the reactor
at an ultimate site is to remove or to introduce assemblies through
control rod nozzles in the pressure vessel lid. It is possible, though
unlikely, that an assembly location could be left unfilled, inadvertently.
It was of interest, therefore, to ascertain the effect on reactivity of
inserting a fuel assembly into an otherwise full core array. The ac-
tual experiment consisted of measuring the reactivity lost upon removal
of a fuel assembly from the 40-assembly core, as a function of its radial
location. The results are given in Table 2, uncorrected for the effect
of the assembly removal on the calibration of the control system. The
reactivity changes measured are in good agreement with theoretical
estimates.



TABLE 1

Critical Core Arrays with One Full-Length 0. 5 Gram B-10 Poison Strip Per Assembly

Fuel Assemblies
(No. )

16

20

Locations of Fuel Assemblies

Square array bounded by locations
No. 33, 36, 63, 66.

Array bounded by locations No. 33,
36, 73, 76.

Indicated Critical Positions of
Cross-Control Rods

(in. )
1 3 5 7 9

30 30 30 30 22.4

30 30 30 30 15.4

Temperature of
Reactor Water

(*F)

104

104

Array bounded by locations No.
23, 26, 73, 76.

Fuel assemblies added in loca-
tions No. 37, 47, 48, 57, 58,
67, 84, 85

30 30 0

30 0 0

3.1 0 0

30 30 0

30 0 0

0 0 0

0 0 0

Footnotes:

(1) It is doubtful that the four off-center cross rods alone could have controlled Loading No. 16 at 70 F. In any event there would
have been essentially no shutdown margin.

(2) Probably Loading No. 17 could have been controlled by the central rod alone. This experiment was not performed.

Loading
Number

15

16

17 24

18 32

0

0

0

0

0

0

0

16. 8

20. 9

30. 0

15. 5

18. 7

22. 2

16.5

94

94

94

94

94

94

94
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TABLE 2

Reactivity Loss upon Removal of Fuel Assembly from
the Otherwise Full Initial Reference Core (Loading No. 19)

Change in Indicated Critical Estimated Reactivity
Location of Position of Central Control Rod* Effect
Assembly (in.) (dollars)

47 1.1 -1.4

36 1.55 -1.9

46 3.2 -3.6

45 6.7 -6.6

*Initial critical rod configuration: Rods No. 1, 3, 5, 7 at zero; Rod No.
9 at 12.90 inches.

E. PRELIMINARY CALIBRATION OF BURNABLE POISON
STRIPS IN LOADING NO. 19

Subsequent to the water hole experiments, a preliminary calibration
of the 0. 5 gram B-10 poison strips was attempted in Loading No. 19.
The reactivity worth of a given representative poison strip was obtained
from a measurement of the change of the indicated critical position of
Rod No. 9 when the strip was removed, in conjunction with positive
period measurements of the differential worth of No. 9.

The experimental results are somewhat puzzling. The basis of their
interpretation is the indicated critical position of Rod No. 9 in the fully
poisoned core; however, in two separate criticals, on consecutive days,
an important and unresolved discrepancy of 0.15 inch was observed.
No attempt was made to repeat the entire experiment, since a more
careful strip calibration was scheduled for the time when the core
would be sufficiently poisoned with boric acid that the critical five-
rod bank would be in the vicinity of the anticipated position in the
fresh, operating reactor. The data in Table 3 are useful only as an
indication of the significantly greater worth of the poison strips when
most of the control rods were fully inserted; under these circumstances
the average relative thermal neutron flux in the strips was higher than
when rods were withdrawn somewhat.
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TABLE 3

Estimates of the Worth of 0.5 gram B-10
Burnable-Poison Strips in Loading No. 19

Location of
Fuel Assembly

45

46

36

47

37

48

Reactivity Gained upon Removal
-Rod No. 9 at 12.75 inches Rod No.

0.88

0.81

0.75

0.31

0.25

0.06

of One Strip
9 at 12.90 inches

1.06

1.0

0.94

0.50

0.44

0.25

Total for 40 strips

Best Estimate 22( 4) dollars

Note: The base critical positions of
1, 3, 5 and 7 at zero; Rod No.

the control rods were Rods No.
9 at "12.75 inches.

F. CONTROL SYSTEM CALIBRATIONS IN THE INITIAL
REFERENCE 40-ASSEMBLY CORE

Specified volumes of a concentrated aqueous solution of boric acid
were mixed with the water in the reactor vessel to permit the incre-
mental withdrawal of the control rods to various critical banked posi-
tions. The central control rod was calibrated by observing the asymptotic
reactor period corresponding to a small change in the position of that
rod with the antimony source rod withdrawn to an ineffective position.
The period was measured over three decades of a slow rise in the flux;
typically, a 20- to 40-second period was attained. The calibration
curve is shown in Fig. 8. The corresponding curve for the bank of the
four off-center control rods is so similar in shape and in absolute value
that it is not shown. Instead, the differential and integral reactivity
effects of moving the five rods as a bank are presented in Fig. 9. The
error estimates shown in Fig. 8 have been emphasized to indicate the
maximum error in the measurement of the change in rod position

18.0 25.5
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resulting from an uncertainty in rod position as large as 0.05 inch
at each point. (The nature of the gearing system of the rack-and-pinion
mechanism and the inaccuracies in reading the meter indicating rod
position introduced an uncertainty of this magnitude.) A discussion of
the significance of the function obtained by integrating the differential
worth curve is presented in the appendix.

The reactivity effect of adding boric acid was found to be essentially
constant, over the range of concentrations used, at ti8.70 dollars per
gram of H 3 BO3 per liter of reactor water (at 270 C).

G. DETAILED CALIBRATION OF BURNABLE-POISON STRIPS
IN THE INITIAL REFERENCE 40-ASSEMBLY CORE

With the control rods banked in the vicinity of their anticipated
operating position, and the remaining control evident in the boric acid,
a detailed calibration of the burnable poison strips was carried out.
In order to minimize the effect of the uncertainty in the indicated crit-
ical positions of the rod bank, four poison strips were removed (from)
essentially symmetrical locations) rather than only one, in each case.
Ordinarily these strips were reattached to the assemblies prior to the
next experiment in the sequence. The results are summarized in Table
4.

TABLE 4

Calibration of Burnable-Poison Strips in Loading No. 45
(Base Rod Bank "20.12 inches)

Fuel Assembly a Estimated Reactivity
Locations Strip Modifications Change (dollars)

44; 45; 54; 55 0. 5 gm B-10 0. 4 gm B-10 +0.38

44; 45; 54; 55 0. 5 gm B-10 - strips removed. +2.8

44; 45; 54; 55 Half-length poison strip containing -1.5
^v0. 2 gm B-10 added to bottom half

of the other side plateb

43; 46; 53; 56 0. 5 gm B-10 - strips removed. +2.2

33; 36; 63; 66 0.5 gm B-10 - strips removed. +2.0



Fuel Assembly
Locations

42; 47; 52; 57

32; 37; 62; 67

TABLE 4 (continued)

a Estimated Reactivity
Strip Modifications Change (dollars)

0. 5 gm B-10 strips removed. +0.85

0. 5 gm B-10 - strips removed. +0.55

Twelve more half-length strips -3.5 to -3.9

each containing tiO.2 gm B-10 added
to remainder of the central 16 as-

sembliesc

aStrip-equivalence relationships may be
lowing assembly locations:

43 = 35 = 56 = 64

34 = 53 = 46 = 65

44 = 45 = 54 = 55

33 = 36 = 63 = 66

32 = 73 = 67 = 26

observed in terms of the fol-

42

41

51

23

24

74

84

85

62

52

57

58

48

76

75

25

= 15

= 14

= 37

= 47

bThese four half-length strips were left in position for the remainder
of the strip calibrations.

cThis configuration is Loading No. 57, the core composition of the final
reference 40-assembly reactor.

Summary: Forty full-length 0.5 gm B-10 poison strips 12.7 dollars

Sixteen half-length 0.4 gm B-10 poison strips 5.0 to 5.4 dollars

Total ^ 17.9 dollars
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It may be seen that the 40 0.5 gram B-10 strips were much more
effective in the reactor configuration where most of the control rods
were fully inserted (Table 3). A somewhat simplified but accurate ex-
planation for this difference is that the average thermal neutron flux
in these poison strips is increased relative to the average flux in the
fuel when control rods are inserted. This is illustrated in Fig. 10 in
terms of the results of one-group, one-dimensional, infinite-slab,
multiregion (DSN) S16 calculations of the thermal neutron flux distrib-

ution in a horizontal traverse of a central control cell. In these com-
putations a step-function source of thermal neutrons was assumed; the
source level in each region was made proportional to the volume fraction
of water in the region. Two cases are described in Fig. 10; in each
case a central 0.5 gram B-10 strip and a side 0.4 gram B-10 strip are
present, and the two curves differ only because of the presence or ab-
sence of the control rods. Aluminum-nickel rod followers are in place,
in the latter case. The relative rates of thermal neutron absorption in
the fuel zones and in the poison strips are listed in Table 5. The in-
fluence of the rod followers is shown in that table.

(Note: The reactivity effect of the strips cannot be inferred from
Table 5 since the computations were for slab geometry, with
approximately half of the relative strip volume included.")

H. NEUTRON FLUX DISTRIBUTIONS IN A CENTRAL
CONTROL CELL OF LOADING NO. 46

Nine bare gold wires were inserted for measurements of the axial
neutron flux shape under various conditions of control rod penetration
in Loading No. 46 (essentially the initial reference 40-assembly core).
The reactor water was poisoned with boric acid to permit the with-
drawal of Control Rod No. 9 to an indicated position of 21.9 inches and
the four off-center cross rods to 14.0 inches. In Fig. 11 are shown
radial distributions of wire activation through the center of fuel assem-
blies in Locations No. 54 and 64, normal to a control channel, at three
different vertical levels. Since most of the activity arises from the
capture of thermal neutrons, the figure has been labeled "Horizontal
Flux Plots." The top curve is representative of the thermal neutron
flux shape six inches above the bottom of the active core. Note that
this shape and that in the plane 16 inches above are quite similar in
the neighborhood of the central control rod, differing primarily be-
cause of the presence or absence of absorber of Control Rod No. 3.
At the vertical level of 20 inches above the bottom of the active core,
the flux is depressed in the vicinity of Rods 3 and 9 because both rods
are inserted beyond this point.
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TABLE 5

One-Group, One-Dimensional (Slab) Calculationsa of Relative Absorption of Thermal Neutrons by Burnable-Poison Strips and by Effective
Fuel Zones in a Cold Control Cell (Representative of Central Control Cell in Loading No. 57)

Fractional Absorption of Source Neutrons

Burnable-Poison Strips Change in Fractional

Control System Absorption by Effective

Configuration Effective Fuel Zones 0. 5 gram B-10 0. 4 gram B-10 Total Fuel Zones

Control rod in

Strips inc 0. 8025 0.0475 0.0217 0. 0692 0. 0519

Strips out 0. 8544

Control rods out and
rod followers in

Strip in 0. 8754 0.0477 0. 0386 0. 0863 0.0758

Strips out 0. 9512

Control rods out and
rod followers out

Strips in 0.8654 0.0460 0. 0441 0. 0901 0.0787

Strips out 0. 9441 )

a One-group (DSN) S16 computations; the neutron source distribution was chosen to be uniform in each region and proportional to the

volume fraction of water in that region.

b When burnable poison strips are removed, the average relative thermal neutron flux is raised in adjacent parasitic absorbers.
Therefore, the thermal utilization of the fuel zones does not increase by the full amount of the strip absorption.

c One centrally located 0. 5-gram B-10 strip; one side 0. 4-gram B-10 strip.

N.
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V. GROUP-II EXPERIMENTS

A. FINAL REFERENCE 40-FUEL ASSEMBLY CORE
(LOADING NO. 57)

As noted in Table 4, in Loading No. 57 one full-length burnable-
poison strip containing 'i0.5 gram B-10 was attached to a side plate of
each assembly. In addition, one half-length burnable poison strip con-
taining (nominally) 0.2 gram B-10 was attached to the bottom half of
the other side plate of each of the central 16 fuel assemblies. Figure
12 depicts the loading configuration of Loading No. 57. (Later, the
source assembly was moved again, this time to its operating position
in Location No. 22. Dummy assemblies were added in Locations 12,
21 and 31.) At 940 F the reactor was critical with the five control rods
banked at 12.6 inches, or with Rod No. 9 at 19. 1 inches and the other
rods fully inserted.

Loading No. 57 was subcritical with any one off-center rod with-
drawn and the other rods at zero, at room temperature. In the fresh
core, without poisoning by Samarium-149, it is doubtful that shutdown
would have been possible with two off-center control rods at 30 inches.

The control system was calibrated, in terms of the motion of control
rods from a banked position, by positive period measurements. The
requisite additional control was obtained by the incremental addition
of boric acid to the reactor water. The differential worth curves, for
Rod No. 9 and for Rods No. 1, 3, 5 and 7 are shown in Fig. 13. As is
evidenced by Table 5, there is a substantial reduction in the reactivity
worth of a poison strip adjacent to a rod channel when the control rod
is inserted. Similarly, the presence of a neutron absorber in the im-
mediate vicinity of the arms of the central cross control rod leads to
a reduction in the net reactivity gain resulting from a differential with-
drawal of that rod and to a shift in the position of the peak of the dif-
ferential worth curve. The off-center cross control rods were not
affected so strongly, but a shift in the position of the peak worth may
be discerned by comparison of Fig. 13 with Fig. 8.

In Loading No. 57 the boric acid was observed to be worth approxi-
mately 9.5 dollars per gram of H 3 B0 3 per liter of reactor water. In

contrast with the excellent fit to the total worth of the boric acid in
Loading No. 19 by a function linear in the H3BO3 concentration, it was

more difficult to assign an average differential worth to the boric acid
in Loading No. 57. Possibly there was a real variation in the worth of
H3BO3 because of the effect of the half-length strips. Possibly the use

of a more indirect water sampling procedure during these experiments
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introduced a spurious variation. The measured worths varied between
9.1 and 10.2 dollars per gram H 3 BO 3 per liter of reactor water over

the range of boric acid concentrations encountered, with the reactor
water at room temperature.

Bare gold wires were positioned in the core for activation in the
hot ('420F) reactor at zero power. Figure 14a shows the approximate
locations and the numbers assigned to these wires. The axial distrib-
utions of gold activation are given in Figs. 14b to 14d. A curve through
the datum points from Wire No. OB would be close to the curve shown
for Wire No. 4B. Similarly, the curve through data from Wire No. 8
also fits the normalized activation plot of Wire No. 9.

VI. GROUP-III EXPERIMENTS

A. INITIAL 59-ASSEMBLY CORE (LOADING NO. 38)

The initial 59-assembly core was constructed by adding 19 fuel
assemblies to the configuration of Loading No. 19. To each of these
19 assemblies was attached one full-length poison strip containing
nominally 0.4 gram B-10.

Using boric acid to poison the reactor water, control system cal-
ibrations were made. Three curves of differential worth are shown in
Fig. 15; the top curve gives the worth of Rods No. 1, 3, 5 and 7 from
the nine-rod bank, the middle curve applies to Rod No. 9, and the bot-
tom curve to the four tee rods. The integrated reactivity effect of
moving the bank of nine control rods from 8.0 to 30 inches was approxi-
mately 26.8 dollars, including 14.8 dollars for Rods No. 1, 3, 5 and 7;
9.2 dollars for Rod No. 9; and 2.8 dollars for No. 2, 4, 6 and 8.

Loading No. 38 could not be controlled by the five cross control
rods alone, as had been anticipated on the basis of earlier theoretical
analysis. Moreover, with one cross control rod at 30 inches, the re-
maining eight rods could not control this core. It is estimated that
the full insertion of all nine rods provided a shutdown by 6.0 ( 0.8)
dollars. A summary of some of the critical rod configurations is of-
fered in Table 6.
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TABLE 6

Some Critical Rod Configurations for Loading No. 38

Indicated Position of Control Rods with Reactor
Water at 940 F (in.)

Rods: 1 3 5 7 9 2 4 6 8

0 0 0 0 0 19.8 30.0 30.0 30.0

15.8 0 0 0 0 0 0 0 0

0 0 0 0 12.8 0 0 0 0

0 0 0 0 0 24.7 24.7 24.7 24.7

8.6 8.6 8.6 8.6 8.6 0 0 0 0

10.5 10.5 10.5 10.5 0 0 0 0 0

8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0

The differential worth of the boric acid was found to be essentially
constant, "8.7 dollars per gram H3BO3 per liter of reactor water,

over range of concentrations used.

B. FINAL REFERENCE 59-ASSEMBLY CORE
(LOADING NO. 60)

Loading No. 60 was comprised of a central 4 by 4 array of fuel
assemblies, each with one full-length and one half-length burnable
poison strip containing respectively 0.8 and 0.4 gram B-10; a ring of
16 fuel assemblies, each with one full-length strip containing 0.5 gram
B-10 and one half-length strip with 0.2 gram B-10; a second ring of
24 fuel assemblies each containing one 0.5 gram B-10 strip and three
assemblies without poison strips.

This loading could be controlled by the five cross rods alone.

It should be noted that the selection of a reference 59-assembly
core was limited by the inflexibility of the U-235 loading of each fuel
assembly. The average mass of 350 grams U-235 per assembly was
fixed by the design of the reference 40-assembly reactor; if the ref-
erence system had been the 59-assembly core it is highly probable
that a different U-235 loading would have been selected.
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APPENDIX

REMARKS ON THE SIGNIFICANCE OF INTEGRAL WORTH
OF THE CONTROL SYSTEM

Typically, an over estimate of the total reactivity effect of with-
drawing rods from one level to a second is obtained by a direct in-
tegration of the curve for the differential reactivity effect. Another
estimate is provided by the formula (Ref. 5).

N 1

p (zQzN)=-exp-

where b z. = zi - z _ and is the experimentally determined average
1

differential worth (in per cent Lk/k per unit length) corresponding to a
change in rod position from z i_ to z 1. The latter formula is applicable

when the rods act as a neutron-leakage controller. The direct integration
is suitable when the measurement can be viewed as a simple replace-
ment of rod neutron absorption by uniform poisoning, so that the average
macroscopic thermal neutron absorption cross section of the core is
unchanged in the process. (This naive approach should be considered
in the model of two-group theory with neutron absorption occurring only
in the thermal group.)

It is reasonable to bracket the actual total worth from z0 to zN by

computations of these two types. It is the opinion of the writer that
integration yields a reasonable upper bound for the total worth and it
has the advantage of simplicity. With a total worth as high as 14%
6k/k, as determined by the direct integration, the exponential formula-
tion leads to an estimate of 13% Lbk/k.

ACKNOW LEDGMENTS

This report has been concerned with the zero-power program of
reactor physics experiments on the ALPR. Clearly, a program of this
scope could not have been carried out within a working period of ap-
proximately nine weeks if it were not for the expert and devoted efforts
of a number of engineers and scientists of the Argonne National Lab-
oratory and the wholehearted cooperation of a cadre of competent
military personnel. A more detailed listing of participants in various
phases of the design, construction and testing of the reactor is avail-
able on pages 19 through 22 of ANL-6084, "Initial Testing and Operation
of the Argonne Low Power Reactor (ALPR)."



294

Without understating the efforts of those not singled out at this
point for special acknowledgment, certain individuals were associated
more intimately with the zero-power reactor physics experiments,
including A.D. Rossin and F.H. Martens (reactor physicists), W.C.
Lipinski (Coordinator) and E.E. Hamer (Chief Loader) of the Reactor
Engineering Division of ANL; W.R. Wallin, the supervisory representa-
tive of the Idaho Division of ANL, R.W. Thiel, and J.D. Cerchione of
the Idaho Division. Messrs Rossin and Martens cooperated in the plan-
ning of the physics program and acted as Alternate Chief Physicist and
Alternate Coordinator, respectively. Messrs Martens and Lipinski
have been participants, in various capacities, in reactor physics pro-
grams in a number of Argonne reactors. Messrs Wallin, Thiel and
Cerchione were closely associated, as scientists and engineers, with
the BORAX program experiments and all played leading roles in similar
capacities in the ALPR.






