MASTER
APAE MEMO NO. 273

Copy No. -5

AEC Research and
Development Report
UC-81, Reactors - Power
(Special Distribution)

SUMMARY OF REACTOR DESIGN
INFORMATION FROM THREE YEARS’
OPERATION OF A SMALL PWR

ALCO PRODUCTS, INC.
NUCLEAR POWER ENGINEERING DEPARTMENT

P.O. BOX 494 SCHENECTADY 1, N. Y.




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, aor
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thersof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



t o —- m;:ﬁ; o _ APAE Memo No. 273
: Wim*m_ﬂ:-ﬂﬁlmw ay P Mk i A | Cﬂpy Nﬂ" .
s e ek ey ALy 45 AL ERTWING e pLAL T et o e | . AEC Research and
[ T8 - o Lim L DRy ] -

: of ey jcfresiies, Mpwmry bar. iy, or precess dieciossd v WH Fafecd oer oA il
b | ity #eu righa or

Development Report
UC-B1, Reactors - Power
(Special Distribution)

. A Ly Balkll s w1l respercl be B wit ol 8¢ G AL SHalUEE (M
wew ol mar madbred, ar o dkim ot

Ay e nq.n..... mmuwu—-mw et Laiom sy -
HM St M et b o Uk T
ik ar ol - wr arspiores s+ el Sebhi bkl bisjo ok

—— e r—

1
s

SUMMARY OF REACTOR DESIGN INFORMATION
FROM THREE YEARS' OPERATION OF A SMALL-PWR

- N By: . -
J. G. Gallagher, Head,Nuclear Technology Unit

Issued: September 3, 1860

Contract No. AT(30-3)-326
with U. 8. Atomic Energy Commission
New York Operations Office

IThis memo. ﬁontains the taﬁ of a paper ﬁrésented at the Conference
. on Small and Medium Power Reactors sponsored-by the Internatlunal
Atomic. Energy Agem:y in. Vienna, Septembe:- 5-9, 1960,

ALCO PROPDUCTS, INC.
Nuclear Power Engineering Department
. Post Office Box, 414
Schenectady 1, N. Y.




AEC LEGAL NOTICE

This report was prepared as an account of Government sponsored
work. Neither the Uniied States, nor the Commission, nor any person act-
ing on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the information con-
tained in this report, or that the use of any Information, apparatus, method,
or process disclosed in this report may not infringe privately owned rights:
or

B. Assumes any liabilities with respect to the use of, or for damages
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SUMMARY

—

Reactor design information obtained from three years’ operation of a
small pressurized water reactor, the SM-1 (formerly APPR-1), is presented
and discussed. The SM-1 reactor, designed to produce 10 tMW power, em-
ploys fully enriched uranium fuel in the form of U09 dispersed in stainless
steel fuel platee The reactor is cooled by water at 1200 psia and mean temp-
erature of 440°F. The first core for this reactor was installed in April 1857,
and operated at approximately 50% load factor until May, 1960, During this
period the reactor was utilized for crew training power operation, and as a
source of reactor design information. Experimental measurements were
performed of nuclear, thermal, kinetics and shielding characteristics and
the majority of these were compared with analytical calculations.

. Core physics meagurements were performed of temperature coefficient,
pressure coefficient, rod calibration, stuck rod position and transient xenon
ag a function of core burnout. Core burnout characteristics were compared
with few group calenlations and reasonable agreement obtained. .

_ Thermal heat balance data was ohbtained on the reactor core. The
temperature pattern in the nominal and hot channels under operating condi-
tions was calculated. These calculations indicated certain of the fuel channels
operated in the nucleate boiling regime, Examination of one of the fuel
channele suspected of nucleate boiling indicated no adverse effects. -

The system response to load perturbations and during pump coastdown
was measured utilizing plant instrumentation, This response waa compared
with analytical predictions using a lumped kinetic model and reasonable agree-
ment found.

Both neutron and gamma traverses were made through the primary
shield during reacior operation. Gamma traverses were also made through
the primary shield as a functicn of time after reactor shutdown. Conventional
shielding calculational methods are found to zive agreement with experiment
sufficient for design purposes. An absolute ionization chamber was employed
to measure N-16 activity in the reactor cecolant. These measurements were
mmpared with N-16 calculated irom the n, P reaction on O-16.

A large portion of the information presented in this paper is applicable

to small low enriched PWR's.

Xiii
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_SUMMARY OF. REAGTOR DESIGN INFORMATTON
- FROM THREE. YEARS' OPERATION OF A SMALL PWR

J. G. Gallagher

‘1. Introduction

In the.caurse.ofﬂthree.years' operation of a small PWR,

" the SM-1,(1) design information has been developed which.should
‘be of:value £ nuclear engineers desipuing smsll pressurized
.water power reactors. This paper presents a summary of  this
.design information in the areas of core physics, core heat

transfer;, cdre.and.system.kineticsT and  shielding.

.2, Reactor Characteristices

In_urder'tn.facilitate“presentatian.qf.ﬂesign'infofmatiﬂn
on this small PWR a brief description of the.reactor will be

. given.

The SM-1 is a pressurized water reactor whiéh.generatés
.about 1900 eKW (net) of electricity from 10 tMW.(2) The re-
actor. employs fully enriched uranium as fuel in .the form of
U0, dispersed .in stainless steel fuel plates.(3) The reactor
'is cooled by spproximately 4000 gpm of water at 1200 psia and
a'mean,température of 440°F, The pressurized water i1s used to
generate steam at 200 psia and.Eﬂ“F_superheat in .a steam gener-
atnr; The.primafy_cﬂblan;“is.cirnulated.at.abnut.ﬁﬂﬂﬂ gpm by
& camned motor pump. Figure 1l shows the . general arrangement
'"of:the primary and secondary system. Figure 2 shows the re-
_actor. and primary shield configuration.

The .:reactor core.is composed of 38 stationary élements
and.?_tontrpl,rud.asseMblies. Figure 3 shows a fixed elewent
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and Figure & shows a control rod assembly which is composed of

.eontrol rod tube, fuel element, absorber and cap. The station-
ary and control rod assemblies are:arranged.as shown in Figure
5 to form the reactor core.

3. Core Physics Data

The .dimensions and material content of 5M-1 Core I are pre-
sented in Table 1. As showm in Figure 2 the core is surrounded
by.an esgentially infinite water reflector, . The control rods
are adjusted so that. rods. 1,.2, 3, 4 and.C (see Figure 5) are
.positioned as a bank while control rods 4 and B are essentially
. fully withdrawa. The control rods are. actuated by motion of in-
‘dividual switches. Weutrons are.provided for initial startup
by 'a 13 curie PoBe .source, - After initial operation, startup
. neutrons are provided by {y,n) reactions on a beryllium block
..attached to the .core skirt. This bloeck is 3" x 3" x 0.5".

Initial Criticality,. 68°F

An assembly of ten fixed elements and seven control rod
elements. constitute the initial critical loading.{4) This load-
.ing'correspanﬂs to a loading of U235 and B10 of 8.08 kg and
5.65 gm raépectively. |

Initial Full Core Criticality, 680F
The full 45 element .core.is critical with the five rods

1, 2, 3, 4 and C withdrawn.3.7".(2) Rods A and B are fully
withdrawm. :

The five rod bank has been roughly calibrated over the
position .3,7" to 22" withdrawn by the addition of boron steel
. strips to the water channels in each element, The integral of
..the .rod worth.curve from 3.7" to fully withdrawn is. .22.8%,(4)

2 223 068




Using an . effectlve delayed neutron fraction of 0. GD?S and. the
.equation (5):

o = 1.e-0- 0073 Kex
where Kgx 1s the integral of the rod worth in $

The calculated reactivity 1s 15.4% .and core eigenvalue or
Eeff.is.lalﬁ. It should be noted that reactivity. measurements
of this.magnitude are difficult. to make. and .are.subject to dif-
ferent interpretations. | |

Taitial Full Core Criticality, K 440°F

The five rod bank was withdrawn to 6.7" when.the:maan.
eoolant temperature was.slowly increased to 4409F.(2) Using
the room. temperature .calibration . curves for. the bank worth the .
core reactivity is 15.4$. This corresponds to a reactivity of
10.6% or. a K,gg 0of 1.12. The. temperature.coefficient at .staxt-
up and. 4G0CF 18 -2.2 x:10°% o1 (2)

Core Critlcallty as & Punction .of Coxe Ebnditian
: and Energy Extracted

Thenfi?ﬂ.fod-bankhpositian.as a function of core. tempera- |
ture, xenon concentration and energy. extracted is shown . in
FiQurE.G.(ﬁi?) The core bank insertion is a maximum at startup.
The variation withhcore.life.reflEcts.the rather.small-qu.con-
tent of the core. The measured energy release of the core is
16,4 MWYR, Using 2 MWYR equivalent to 1 Kg U-235 destroyed, the
fuel content at.end of life .is 14.3 Kg.

Comparison -0of Calculation and Measurements

As an indication .of the usefulness of two-group theory, a
comparison of calculated (8) and measured eigenvalues far ini-
tlal criticality and initial full core criticallty at 682 and
4800F is presented in Table 2, The .calculations were bazed on




two=dimensicnal diffusion theory for a plane thru the core as
shown in Figure 5. In caleulating the thermal group parameters
Py theory was used to obtain intercell distributions of thermal
neutrons. (9) The fast group parameters were based on Goertzel-—
Selengut theory.(l0) The calculated eigenvalues are low for
all three configurations. The agreement is entirely adequate
for engineering purposes.

A comparison of the calculaced (11) and measured bank
position as a functlon of core energy release is shown in
Figure 7. The calculation Is based on the following: (1) a
one-shot radial burnout of the core to obtaln an estimate of
the effect of non-uniform radial burnout on K,fg¢, and (2) a
one-shot axial burnout of the core in which the control rod
bank insertion is represented as a uniform poison. The calcu-
lation 1s corrected to agree with initial measured bank positiom.

Conclusions

Physics measurements have established all the major char-
acteristics of SM-1 Core I, including bank position under all
conditions. A comparison of modified two-group diffusion theory
caleculations with initial criticality and core burnout indicates
that it can be used with confidence to predict core burmout

characteristics for cores of this type.
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4., QCore Thermal Data

The core thermal characteristics are governed by the follow-

a, Fuel element geometry

b. Power distribution

¢. Hot channel factors

d. Coolant flow rate and distribution

The fuel element and core geometry is shown in Figures 3,
4 and 5. Figures 8 and 9 illustrate the calculated radial (8)
and axial (12) power genmexation at startup, 440°F. Table 3
sumparizes all the hot channel factors used in the thermal an-
alysis.(13) Table 4 gives the flow distribution through the
¢core., The element positions withlin the core are given in Figure
5. The distribution was established by the use of a full size
air flow model.(l4) Due to a lack of definition of the power
peak at the core reflector interface, at the time the flow ori-
fices were sized, the flow is overtailored in positions adjacent

to the core reflection interface.

In-core instrumentation is not now avallable in SM-1, The
detail thermal characteristics c¢an only be caleculated from over-
all heat balance data.{(2) MHeasurements indicate that the core
thermal output can be 10.8 MW st a coolant f£low of 3960 gpm and
inlet temperature of 428°F. The calculations made for conditions
close to the heat balance point indicate that elements in posi-
tions 47, 57 and &7 (and symmetrical elements) next to the core
reflector interface operated with some nucleate boiling, Fig-
ures 10 and-11 present the calculated surface temperature (15)
for the hot and nominal channel, respectively, In positions 47
and 67. The nominal channel ig that channel in which none of
the deviations numbers 1-6 in Table 3 exist., The flat portion
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of the calculated surface temperature indicates reglons of
lgeal boiling.

Post-irradiation examination of the element from position
57 gfterL2j3 core life indicates no adverge effects from this
operation. (16) Periscoplc examination of elements from position
70 and 71 at end of core life indicated no adverse effects.

Conclusions

The effect of calculated limited micleate boiling in cer-
tain hot channels of the SM-1 was negligible on overall core
performance and cn element metallurgy.

5. Kinetic Data

The kinetics of a pressurized water reactor can be divided

in several areas as follows:

a. Putp coastdown.

b. Decay heat removal
¢. Load perturbation
d. Xenon transients

Measurements to date at the SM-1 have been handicapped by
the lack of in-core instrumentation and use of conventional
power plant instrumentation.

Purp Coastdown

The pump coastdown period begins at the fallure of the pri-
mary pump and continues until the natural circulation flow be-
gins, This period is of particular interest in a reactor, such
as the SM-1, which i1s cperating on temperature coefficient con-




trol only, Followlng 2 loss of primary pump the reactor is
normally scrammed when the flow has dropped to 90% of nominal;
On & series of special tests at SH-1 the reactor was not scram-
med for 15 sec following cut off of the primary pump power.(17)
Flgure 12 shows the result of a test at an initial power of

10 MW. Also shown is the calculated reactor power using a
lumped therma) model of the reactor core and the usual reactor
kinetic equations. (18) A measured fluid coastdown curve was
used in the calculatiun.

Decay Heat Removal

Following the loss of the primary pump power and scram-
ming of the reactor on a low flow signal the primary fluid is
eirculated by natural convection. Due to the primary system
arrangement shown in Flgure 1, the primary fluid continues to
circulate through the primaxy system. After the reactor scram
and decay of fission power, the heat release in the core ia
determined by fisslon product decay. Figure 13 shows the
measured (2) and calculated reactor outlet temperature during
the decay heat removal peried., The calculated curve ls based
on a lumped thermal model of the reactor core and steam gener-
ator.

Load Perturbation

The respouse of the SM-1 to load perturbation has been
graphically demonstrated on many occasions. The SM-1 is con-
trolled by temperature coefficient only during these tests.
In one test the generator load was increased from 200 to 2000
FW gross in 60 sec. The reactor thermal power responded to
this load demand on temperature coefflclent only. Figure l4
shows the measured (2) and the calculated {19) reactor re-

sponse. The calculated reactor response is based on a lumped




reactor and steam generator model,

Figure 15 shows the measured (2) variation in reactor
power following a sudden reduction In generator load caused by
opening & circult breaker. Also shown in Figure 15 is the cal-
culated (19) reactor response,

Xenon Transient

Following a change in reactor power there is a change in

135 concentration which causes a change in core reactivity.

ie
In the SM-1 the control rods are adjusted manually to keep the
mean temperature at 440°F + 19F. A comparison of calculated
and measured control rod bank positions indicated a considerable
discrepancy when a uniform Xenon distributien was assumed. Tt
was found (19) that in order to get agreement between experi-
ment and caleulated bank positicons, a distribution factor, o,
must be employed. A constant value of a equal to 1,3 was.used
in the buildup of equilibrium xenon 2nd the following o after a

t - -
atl.3+ﬂ,3(T) 0. ¢t - 12

where t 15 in hours
o = 1.6 t > 12

reduction in power

Figure 16 shows the measured bank movement followlng an
increase in power from O to 7.7 MW and following a reduction in
power from 7.7 to 2.2 MW, Also shown on Figure 16 is the cal-
culated bank movement with the distribution factor given above.

Conelusions

A comparison of measurements and analysis of the reactor
and system kinetics indicated that a lumped model can be used
te satlsfactorily predict the kinetic behavior during pump

8 a3 ni4




ccastdown, decay heat removal and load perturbations of this
type of small pressurized water reactors. Analysis of trans-
ient zenon bank measurements indicate that a distribution

factor must be ineluded to account for 19135 distribution in
oxrder to obtain close agreement between measurements and cal-

culation,

6. Shielding Data
Primary Shielding

The primary shieid for SM-1 is shown in Figure 2 and the
dimenslons are given in Table 5. The neutron and gamma distrib-
utions in the primary shield have been measured both during and

after operation.

Figure 17 shows the measured and calculated neutron dis-
tribution in the primary shield, (20) The calculated neutron
distribution is based on multireglon two-group diffusion theory.

Figure 18 shows the gamma flux distribution through the
primary shield as measured in a shield mockup at a critical
facility (21) and at the SM-1 together with a calculated curve.
Figure 192 shows the gamma flux as a function of time after shut-
down between various rings in the primary shield tank.

Primary Coclant Activation

An absolute ionization chamber (22) was constructed and
used to measure the Hlﬁ aetivity in the ocutlet pipe of the re-
actor, The chamber was a graphite-walled ionization chamber.
The measured ionization current was used to calculate the volume
source in the primary system pipe. This walue wasz corrected
back to reactor outlet. The resulting specific activity in dis-
integrations per cc sec is 1,6 x lﬂﬁ. Using an ﬂlﬁ(n,p}ﬂl6
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. exoss. section af,l&u}jmh_ayaraged.nvér a fisgion spectrum . above
:lﬂ_Hbvi,thE.calculatEd.spe:ific activity is 1.3 x lﬂﬁ.disintE*

grations per ¢¢. sec.

Conclusions

Neutron diffusion theory and standard shielding caleula-
-tlon methods (20)(23) give adequate predictions of neutron. and
‘gamma distribution .chru a primary shield. . A value .of 16.mb. for
.the-Olﬁ(ngpjﬂlﬁﬂcrnss-sectian gives reasonable agreement be-
‘tween .calculated and measured ﬂlﬁ disintegrations per cc sec

.at the reantnr:vessel_ngtlet.
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TABLE 1
DIMENSIONS AND MATERIAL -CONTENT OF CORE

Dimensions of Core

Active length in 21.73
Equivalent diameter in 22.2
Cell cize in 2.9375 x 2.9375
Number of Cells 45
Configuration 7 x 7 with corners missing

Fixed Element

Number 38
Number of plates 18
Plate dimension in 0.030 x 2.778 x 23
Weight of U23° gm 515,16
Welght of Uﬂz £m 630, 36
Weight of BL° gn 0. 3605
Weight of B,C - 2.626
Control Rod Element
NHumber 7
Mumber of plateas 16
Plate dimensions 0,030 x 2.56 x 23
Weight of U2~ gn  417.76
Weight of U0, gn 512,16
Weight of BV en 0.2926
Weight of B,C gm 2.132
Control Rod Absorber
Number of plates (box) &
Weight of Blu 2] 56.4
Materizl Content of Core
Weight of U2-° Kg 22, 50
Weight of Bm gm 15.75
Weight of S5 Kg 208.9
Weight of Water (68°F) Kg 111.08

a0
&2
S
e}
ik
wg
Pt
=




TABLE 2

CALCULATED AND MEASURED EIGENVALUES

Condition Meazured Calculation
Initial eriticality 1.00 0.99

~Initial full core cricicality,
6891 1.18

Initial full core criticality,.
440°F 1,12

1.15

1.10

223 op1s
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74

TABLE 3

HOT CHANNEL FACTORS

Ttem

Plate Spacing

Uranium Content

Clad Thickness

Inlet Box
Stationary

Control Rod

Orifice Size

Meat Thiclkness

Overall Factor
Stationary Element
Contxol Element

System Pressure

Inlet Temperature

Reactor Power

Deviation

+,003" average
+.007" local

t.5% average
17

+.0002" average
+,0004" local

+3% average
local

+6% average
local

t4% average
local

+ . 0008" average
+,0013" local

20 pei
+ 39F
+3.5%

Fhvera Fincal
1.023 1.056
1.005 1.010
1.003 1,005
1.031 1.035
1. 064 1.051
1,042 1,033
1.040 1.065
1.151 1.209
1.188 1.239

15
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Posicion

44
34
35
25
26
16
15
14

Lattice Flow

Total Flow

TABLE &

FLOW DISTRIEUTION THRQUGH CORE

No.

of Elements

7

£ 00 00 I~ D0 M OB

Available

Flow {gpm}

57
106
101
91
69
45
56
59

<3

Total

Flow jgggl

r

L]

401
424
202
728
276
360
448
236

883
3260

17




TABLE 5

DESCRIPTION OF RADIAL REACTOR SHIELD

Cuter Radius Thickness

Description Material in. in,
Cor¢e =0  measmcaamaa. 11.1 - -
Reflector Primary Water 17.5 6.4
Thermal Shield Stainless Steel() 19,5 2.0
Inlet Passage Primary Water 23.75 4,25
Pressure Vessel Steel 2h.5 2.75
Insulatiou @lass wool(2) 30,125 3,625
Insulation Cladding Steel 30,375 0,25
Clearance Space Void 32.25 1,875
Vessel Support and

Shield Tank Wall Steel 34.25 2.0
1st Cooling Passage Shield Water 35.25 1.0
1zt Shield Ring Steel 37.23 2.0
2nd Cooling Passage Shield Water 38.5 1,25
2nd Shield Ring Steel 40.5 2.0
3rd Cooling Passage Shield Water &l.5 1.0
3rd Shield Ring Steel 43,5 2,0
4th Cooling Passage Shield Water 44,5 1.0
4th Shield Ring Steel 46.5 2.0
5th Cooling Passage Shield Water 47.5 1.0
5th Shield Ring Steel 59.5 2,0
bth Cooling Passage Shield Water 50.5 1.0
6th Shield Ring Steel 52.5 2.0
7th Cooling Passage Shield Water 53.5 1.0
7th Shield Ring Steel 55.% 2.0
Heutron Shield Shield Water 80,0 24,5
Shield Tank Quter Wall Steel 80.5 0.5
(1} Considered as steel for shielding purposes.
(2) Conslidered as void for shielding purposes.
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FIG6 FIVE ROD BANK POSITION VS. ENERGY RELEASE
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