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Final Report
Feasibility of a Chemical Poison loop System

by

W. F. Eanes

D. N. Fultonberg
E. R. Rosal

W. D. Fletcher
J. J. Loving

s 39587

The final experiments performed with the Laboratory Version of the
Chemical Poison Loop System (CPLS) are described and the results are
analyzed. An overall discussion of the feasibility of using a CPLS
to control the reactivity of a rocket reactor 1s contained, wherein it
is concluded that the system should be hydraulically and thermally
feasible. However, certain chemical instability problems which were
not resolved in the work performed make overall feasibility marginal.
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SUMMARY

In order to establish the feasibility of utilizing a Chemical Poison

Loop System (CPLS) for the reactivity control of a Tungsten-Water Modera-
ted Rocket Reactor (TWMR), an analytical and experimental program of
several phases was undertaken by the Westinghouse Atomic Power Division
(WAPD) for the NASA Lewis Research Center. Previous reports have discussed
the Reference Flight System, test program plans, the results of the mani-
fold-poison tube array design and testing, and the results of the test
programs on poison solutions and materials compatibility.

The final phase of the program involved the construction of a Laboratory
Version of the CPLS Flight System, with appropriate hydraulic simalations
in the case of certain components. A series of dynamic tests was per-
formed to simulate the required startups and shutdowns of the reactor,
with analytical data taken to evaluate system performance. Satisfactory
performance was achieved in all instances.

As to overall system feasibility, it is concluded that the design system
requirements are generally satisfactorily met. Because of problems with
thermal stability of the poison solution, the performance under normal
operation conditions must be considered marginal.



INTRODUCTION

A. Statement of Purpose

Contract NAS3-5215 between Lewis Research Center, NASA, and
Westinghouse Electric Corporation, Atomic Power Division, covers
the investigation of the feasibility of a Chemical Poison Loop System
(CPLS) to control the reactivity of a tungsten, water moderated reactor
for rocket applicetion. This contract waes subdivided into five tasks
(I-V) covering certain specific objectives. The Summary Report on
Task I (NASA-CR-54291) presented the design of the Referente System.
The Summary Report on Task II (NASA-CR-54420) presented the design of
the laboratory tests planned as a means of establishing feasibility.
There were two Summary Keports issued covering the Task 1IiI work.
Report NASA-CR-5499L, presented the work done on the testing of the
manifold-poison tube assembly and report NASA-CR-54995 presented the
evaluation of the materials compatibility and acceptability with
particular emphasis on the poison solution stability.

This report constitutes the final report on the program. It pre-
sents the design and testing of the CPLS Simulation Laboratory Version,
Task IV completes the discussion of the ion exchange evaluation, which
was partlally covered in NASA-CR-54420 and provides a discussion of the
overall feasibility of the CPLS, Task V.

B. DRequirements for Feasibility

- In order to introduce properly the discussions in this report, it
is appropriate to review in brief the overall description of the CPLS
and the more important design bases.

The Chemical Poison Loop System 1s a closed fluid system containing
a neutron absorbing material (ppison) dissolved in water and circulated
through appropriately arrayed tubes in a tungsten-water moderated rocket
reactor core.  Variation of the concentration of the poison solution
is made in order to control the reactivity of the reactor between shut-
down and full power conditions.

The Chemical Poison Loop System is designed to maintain the desired
steady-state concentration of poison in solution and to effect changes
in concentration from one steady state concentration to another, as
indicated in the following table:

Poison Concentration,

Steady State mg Cd/ce,
Condition 90% C4ll3

At Shutdown 2.97

At Hot Critical 1.65

At Xenon Override 0.126
Change Rates mg/cc-sec
From Shutdown to Hot 0.0119 max

Critical or Xenon Override

Frdm Xenon Override or Hot
Critical to Shutdown - Fast 0.0236
- Slow 0.0059



The CPLS is required to change concentration as indicated for
five reactor startups from shutdown (one of these involving over-
riding xenon) and five reactor shutdowns. Operation at hot critical
will be for a total of 10 hours.

The maximum delay between demand signal and entrance of modified
poison concentration into the poison tubes is

Ion Exchange Effluent 0.3 sec.
Normal Poison Insertion 0.2 sec.
Fast Poison Insertion 0.2 sec.

During steady state or transient operation of the system the con-

centration in the poison tubes in the reactor is the same within + 5%.
In performing its functions tue ./ 7

specified environmental conditions.

wcu also be subjected to

A schematic diagram of the CPLS flight system is shown in Figure 1.
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II.

DESIGN AND FABRICATION OF THE CPLS LABORATORY VERSION

A. General

Having established through the open loop work on the manifold-
poison tube model, reported in NASA-CR-5499k4, that the poison could
be introduced into the various poison tubes of the core in a uniform
manner within the prescribed times, the CPLS Simulation-Leboratory
Version was utilized to obtain closed loop data. The concept was to
build and test & closed loop, simulating as well as possible the piping
and components of the CPLS flight system and substituting simple fluid
devices for the manifold-poison tube assembly and for the heat exchanger.
Transient, closed loop date thus obtained, in combination with the
previous testing of the manifold-poison tube assembly, would be used
in performance evaluation.

B. Design and Febrication of CPLS Simulation Laboratory Version

1. Mechanical Design

The CPLS Simulation Laboratory Version was designed to simulate
as close as possible the piping layout, components and instrumentation
of the actual Flight System in order to establish feasibility within
the scope of the experimental program. Details for the design basis
and experimental program were previously described in Task II Report
(NASA-CR-54420, WCAP-2803), However, later modifications were re-
quired.

All components in the system are listed in Table 1. Figures 2,
3, and 4 show the location of the major system components.

A piping layout for the Reference CPLS was made using as guide
lines NASA layout drewings of the rocket engine assembly. However,
for the Laboratory Version it was necessary to make the following
modifications in the piping and component layout:

a. About 46 inches of additional 2-1/2 inch pipe were added
to the main loop piping in order to allow for the difference
in size between the turbo-pump shown in the layout drawings
and the motor driven pump and its supporting structure being
used in the Laboratory Version.

b. The length of the 1 inch purge line to the pressurizer, and
the 2-1/2 inch pipe connecting this component to the loop
is 21 inches longer. This was necessitated by the installa-
tion of a 3/4 inch gate valve in the purge line, and the 2-1/2
inch gate valve in the return line to the loop. These valves
vere needed in order to isolate the pressurizer from the loop
vhen sampling its contents.

ON



. AR paIRIP
400y UIE WATRA PRIRISE0 A[TenmEN

deo] WIR BOI3 Jearaneward ¢IRToeT
Oy agm satea yjeredo JyTwoney

(*19® 2° = "TOA} . mets uyem s,dooy
1023000 03 BaTeA PO3RI880 AYTSTHOY

89383 uoryde{ay cosjod
ACTS PuB INNZ 0] TOIINOC KOTS
330 VR T - "SATEA 30013 ArTemIOY

srquselney YRR 48 S8010 03 MPRIIAO
Samyezediedy PINTI VIR TONI00O AOTY
330 e 09 ‘RATSA PUSOTd LTTEEIOK

Cafoee 18 e T

e f Sapd:
BI0HJ0%300 Uy SInydnd JO swmo
ugs ¥ »yer0ey of

. #IDNU0S pus saajl Durtdueg

Sutdid door.

UL puR JTOAISEAI uosTod JaeuuOD
Wit dooT uTER UITA DOTINIY
~es T 03

L Fyery 108 SRRty
TEN{00 SBUBHIAI-TOT
Lot

{s1e® 1°¢ = -Tca)
uvoyIntos woeyod dooT UTWR SUIRITGY

(-2 n.u = -T04) Buiroes
oplAcKd pum “3UPISUOD WML P
SENTOA ISTSHGIED IBW; FISTIEEN OF
{*3T8B 6°€1 = "TOA)

SuT1000 spjacad pus ‘jumysuod
W POS smnfos SAIqN3 Gosjod pus
PIOITUMR LOIINGEIINTP SIBTISTS OF

SHSY 30 J 021 03 UAOP GRNIOS YT
ginoxqy Susesed pInts door Y000 of

aag“nlﬁc‘swgg
g uo} sUyRILo)

parindar coya doot

UIE 03Uy PRI3Sful 83 03 UOIInIOE
uosiod PEIBITUSILOI UFRIUCD

QL - I70A19881 UOLYORul UOSTO

(97152 § = *T0p)

sofuByd JnoA qioEge

pue ad. & o1
(*o163 g€ = *fon)

PIDES LOINLN 3WINII[D OF

uoT3oung

o5t o9
051 ocu :
o5t o9
o5t o3
ost 0%
o5t

of1

051

o5t
oSt :
051 e
051 oop
o6t Sw
o5t o9
o5t .
o6t

o5t 2.
- 5

armeiaduey - SINSAAIy
Bupessdg  Pujjesig

8
8§ 88 88 8

g
8

§S 91t Wiy

58 gTE eodgy

okid 12038 uoqIwd

85 91E odiy

Avwn y20d o5 4of
A9ppR1q g-sung
Bulymod [Luta 3900
“9311, W1IA pIIEOD

NS OEly STT%uS

4sew 330d g5 4ot
JoppRIq N-vung
BIe00 14uja w02
433, 9IA IR0

oég 009

Tes1® ofys iTToug

1938

19A218 smomd gI-gi

dy Bysd
srnyeaddsa), sunsgary
ufyeag udysag

sjusodnag TRITUNIORY.
UOIsIey Lrogsroney gIID

1 TEVL

[LIZE Yo
30 TeaemEK

20yem3oy SFIENnINg
ISTUIN 314 SaTw)
"85 Jook 2 osdory

.qng, oL
1M HWO0X “G°0 .}
dqRL SIOURITQL
T8 6070 2 ‘070 .}

o33 01 "wIs 1

odra ox “wos L §

#1301 9958
10T % 901-05¥K oK uNAMS
SOT % YOI-DSVE "OK 43295

TeBuwyaxy ey

uerIng Jejumoy odi: ITQRog
#6L-4-0%5 cou “Sag

S2UNTS Q1 OO WA

o814 g5 9T “Oy *uds 01

SRALS

~vOE Topon Litoude) uorimg

$ = X0MSIMENIDyY JajlrIwg Ja)
-SUly 27INWNOUI-OIPLY JILD
Liquassy

3304 Te192ds YIIA SMILOT
-yOf 18pox  f31omdu) uworiey
01 ~ I03WIIRNODY JSTIING 30

~SUTIE TIICERSUG-GIRAE 4EED

wyy slany
JetjIuKRaL
euyy sewd-Lg
2Buwg Xy~ uo]

gy -

puv Puydig

Goorp UTwN

- sshmqony
e peysTImIS
sopwTrEie
83qry, uoe1og
e progyue
uotInqyaIIg

J8100) Suyp-u]
SBusyaxg-uoy

wnyo)
aBuwgoxy-ao]

Ij0AI880y UORTLS

AT ATND i

SIT-guf ToPON
dung teEngraius) uojBuygiaon ' dmng *RD GIeN
ot1dTIeuag T
Tiusuodeo; Lieeiig

1
1
TRrscery



S9ATRA JJOjnuys seuyl Buyydweg

pajsxado AyTenuwy

ruoyrexado Twwzou Buyanp dOOT UTEE WOXJ
.1 .uesse oajp 8Injydnt ajwTosY Qf

5948J AOTJ nop3dafuy

moTs puw 188J 3sn{pe A{TPnuEm Qg

Sujll BuTtTIF JFOorInug
pejetado A1TeNUBN "AOTJ

aull @8and JeaztIneeard TOI3uo0d QF

pejezado Lrrenawy:

~I93uNydXe jway pajeTNEIs 4Inoxqq

AOTJ 1@j8a BulTO0D TOIQUOCD OF
satnesaxd ydig n.anuau..

o7 enp sanidna wolJ sjusuodmos:
#100-3N0 pus 2J09-uy 3daj3oxd oy,

uojyesado BuITLI

JupInp W ELe mOIJ ITE JUIA O,

uoyounyg

051

051

oL

oSt

0sT

oL

oSt

051

b T N
. P.sahmnl&_ sangsaxd cg..mwmloa
Supjszedy  Suyjeedp

ool

8

8

001

000T

009

ol

052

ol

oL

oL

oL

oL

oL

ufitseg

0%

00S1

000€
—

aImssexg
udyeng

85 9TE &AL

sy 9TE 84y

gs 9Tt odAy

gegte odAg
s8 9TE  8dAy

syexg

gs 9Tt odfy

g8 91¢ od4L

O3 oNI3 800D

Jo TeiIeyey

sjusucdwop TEOTUNROeN
uosIe) AIO3EI0QW] §11dD

(venujsuog) T TTEVE

UOTIO0UNOD SOTEZWAG UITA
SATWA STDION § Lo3TuM

sATwA
e39p goot ,§-2 ovfory

weyg
BupIeTNIeI-OIDTH WITA

SATRA STPOaN ..# A931UM
FUOTIOOUUO)

20TeBWAg GITA PATEA
_odAy 901D 3 493TUM

sATSp 939D /€
SATSA 939D 1

sAT®A JOTTOY L30Jvg drTandey
. SUOTIO8UUO) d0THeAg
QITA SATWA OTPeaN ¢ £o3Tum

woTsdraosag

WOATWA
Uy Buil
~-dueg £2AS
= 02AS ‘ON
SATRA
X201g 981q
sanqadrny
6TIAS "o
BOATWA
uotyoafuy
uos1og moig
% 3894 QTAS
% LTAS "ON
BATWA BUTYT
BulITtd
9TAS “ON

HTAS "o

ETAS oN
eus

% TTAS 'ON

saTep jusp doo
CI®H OTAS "ON

Te3]

-anocmmoo ewtig

e

1
Tuery

(e




CIRCULATING
PUMP MOTOR

E omm
MAIN LOOP
PIPING

MAIN
CIRCULATING
PUMP

%
o~
o

SIMULATED
HEAT EXCHANGER

P Y
.
- -

-

CPLS - LABORATORY VERSION
UPPER FRONT VIEW




PRESSUR!ZER

HAIR LOOP |
PIPING |

10K EXCHANGE
COLUMN DP CELL

ION EXCHANGE
COLUMN

——————

MAIR

MAIN CIRCULATING -
IKVULAT IRG

PUMP 10TOR

"?\

FIGURE 3

CPLS LABORATORY VERSION
UPPER REAR VIEW



~
VALVE
ACTUATOR

MATH BLOCK
VALVE

POISON TUBES AND
MANIFOLD SIMULATOR

GAS CYLINDERS
FOR PRESSURIZER
AKD POISON
INJECT I OH

CPLS LABORATORY VERSION
LOWER VIEW




c. Addition of & cooler in the ion-exchange bypass line was
necessary in order to cool the poison solution from main
loop fluid temperature of 160°F down to 120°F or less for
proper operation of the ion-exchange resin. Because of the
piping connections to this cooler, 46 inches of 1/2 inch
pipe were added.

d. No auxiliary pump was installed since it was considered
unnecessary to evaluate its performance. Instead, the
existing main loop pump was operated at reduced flow rates
during the determination of time constants.

e. Addition of cooling jackets around the Poison Tubes and
Manifold Simulator vertical pipe sections.

All main loop piping was fabricated by using butt welded con-
struction except where flange Jjoints were required. These exceptions
were:

a. The pump's suction and discharge connections
b. Orifice plate housing, and
¢. 3 inch turbine flowmeter connections

The main loop circulating pump was mounted on eight shock and
vibration isolators which in turn were mounted on two 6 inch H-beams
about 10 feet above the floor as shown in Figure 2 and 3. This was
required because of the piping arrangements.

While the modifications made would change the absolute value of
many of the system constants, e.g. system volume for lab system 1s

- 32 gallons compared to 22.5 for the flight system, it was not felt

that they would affect principles. Furthermore, the performance of
the Laboratory Version was to be predicted using the same analog
models as for the reference system. By comparing experimental re-
sults with those of the analog, the accuracy of the analog could be
determined and predictions of flight system performance could be made.

2. Instrumentation and Controls

A revision to the flow and instrumentation schematic of the
Laboratory Version which was presented in the Task IT Report
(NASA CR 54420) is shown in Figure 5. A brief description of the
instrumentation and its functions is given in Table 2. Figure 6
shows the Instrument Panel. Figure 7 is this panel's electrical
schematic while Table 3 describes the panels' components. The re-
visions in instrumentation and control were:

12
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riA-l

.2

R A

PRC-1

ar.3

[ 20

ri-5

TRA-1

TCA-2

[

c.5

c-6

Description
Turtine Flow Meter 3"

Flangs,
Standard Model, 600 pet, 316 88

Indicetcr Nodel 581

Turbine Meter, Model HP.ON;

4" wPT, 650 peig, 316 88
Indicator Model 4100
Turbiue Fow Meter, Micro.
meter Model RF-FU-+idi
Series 4000

Indicator Model 581 with
10.50 XA Analog Output

Integrator, Model 66K.LR,
Current to Pulse

Counter - 6 Digit, Moled
E-16-11-253-2kV

Pressure Transducer, Nodel
GP-T50, #201-903, 316 88
Recorder - Two Fen Nodel
18-301.330-E29
Differential Pressure In-
dicator Model 226,

1000, psig, 316 53

Differential Pressure In-
dicetor, Model 227,

6000 psi, 316 SS .,
Differential Pressure In-
dicator, Model 226,

1000 psig, 316 sS
Diffe-ential Pressure In-

dicator, Model 226,
1000 psiz, 316 38

Jifferectial Presgure In-
8icator, ‘odel 226,
1000 psig, 316 35

Tempersture Fecorder,

2 Ten, “odel 18-301-330-F29

(econd Charoel of PRC-1)

Tezperature Ind!{cator-
Tontact Controller.
Yedel T

tecral Come

lanuel Tezperature
Tozpereation. 0-10 MWIC
Jutput Zignal Troportion-
al to Scale Feading

Corductivity Cell, Seme
as Cl

Conductivity Cell, lame
as C1

Conductivity Cell, Same
as CL

Visicorder, Light Beem
Galvanometer, 24 Channel

TABLE 2

CPLS Laboratory Version
Instrumentation and Controls

Nenufacturer

Potter AsTonautical

Brooks Instrument

Yottar Asronmutical

CEC/DeVar

Barber-Colemen

Industrial Instru-
wents

Industriel Instru-
wents

Industrial Instru-
ments

Industrial Instru-
msents
Industriel Instru-

Industrial Ioktru.
ments

Industrisl Instru-
wents

Industrial Instru-
ments

Heiland

iocatior.

Main Piping - Pump Discharge

Instrument Panel
Ion Excheoge Outlet

Instrumsent Panel
Poison Injection Line

Instruwent Panel

Instrument Penel

Jastrument Panel

¥.ucrion

Measure ard lndicate Loop Flow, Alar: o
Low Flov

Measure apd fudicate Ion-Rxciarye Plow
Hate '

Measure and Indicate ioisoan Injection
Rata

Accept Anslog Output of Polson Injection
Flov Rate Indicator. Present Totalized
Potson Injection Flow

Mein Piping - Pump Discharg:

Instrument Panel

Main Piping - Pump Suction
and Discharge

Ion Exchange Colusn
Main Piping

Main Piping
Pressurizer Piping
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Figure T

CPLS Laboratory Version Test Facility - Control Parsl Electrical Schematic
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SW6
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TCA2
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RTCA2

5Vl
5v2

5vh
V5
ov3

TABLE 3

CPLS Laboratory Version Control Component Identification

120 Volt Coil Main Circ. Pump Contactor
120 Volt Instrument Power Switch

ILow Pressure Bypass Switch

Fasi T
Slow Poison Injection Control Switch

Ion Exchange Column Solenoids Control Switch

Horn Acknowledge Switch

CEC Lobp Pressure Recorder

Barber-Coleman Ion Exchange Temperature Indicator and Control

4 Pole Control Relay, on Low Pressure Signal from PCAl - Trips
Pump, Solenoid Valves SV1 end SV2 and Low Alarm Contact to Horn

2 Pole Control Relay, Operates Ion Exchange Solenoid 5V7

_} Air Operated Solenoids for Plemum Inlet and Outlet Block Valves

Fast Poison Injection Solenoid
Slow Poison Injection Solenoid
Ion Exchange Flow Solenoid

Ion Exchange Flow Solenoid Controlled by TCA2



a. The coolin%.water to the Simulated Heat Exchanger was
not sutomatically controlled. It was regulated manually.

b. A single Turbine Micro Flowmeter was used to measure
fast and slow poison injection flow rates, rather than
one for each of the two injection lines.

c. The gas pressure to the poison reservoir was not con-
trolled by a differential pressure transmitter and
controller, but was performed manually.

d. Turbine type flowmeters were used instead of the magnetic
type components. Because of their bulkiness, the magnetic
type interferred with piping and component location in the
out-of -core flight system.

Ton-Exchange Column Design and Testing

a. Design

A full size ion-exchange column was designed based on the
results obtained from the reduced-scale model studies. A
general assembly and detailed drawings of this component are
shown in Figures 8 and 9. The column body consists of 46 inches
of 10 inch schedule 40, seamless pipe. The bottom of the column
is a 10 inch end cap, welded to the pipe. The cap contains a
retaining Johnson type screen, used to prevent the ion-exchange
resin particles from coming out of the column during operation.
a 1/2 inch schedule 40 pipe welded to the end cap is used as the
column outlet. The top of the column is made of a welded 300 1b.
slip-on flange. The cover is a 200 1b. blind flange, with a top
retaining Johnson type screen and piston assembly, a center guide
post, and a spring. A 1/2 inch penetration with a nipple of 1/2
inch schedule 40 pipe, is used as the inlet. All these components
are fabricated from 316 stainless steel material with the exception
of the piston's Teflon, "O" rings. Figure 8 also shows the
mounting iron flange, and the aluminum bracket, used to support
the column during the G-lcading and vibration tests.

b. Testing

Prior to the installation of the ion-exchange column in
the Laboratory Version testing facility, it was subjected to
hydraulic, G-loading and vibration tests. The sequence and

results from these tests were as follows:

1) Loading of the column with 88.5 pounds of wet resin
to a bed height of 36-3/4 inches.
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2) Flow compaction at flow rates of 8.8 and 20 gpm per
Ft© without the spring and piston assembly. No signifi-
cant bed compaction was observed.

3) Flow compaction at the same flows as in Item 2 with
the spring and piston assembly installed inside the

column.

A bed compaction of sbout 1/2 inch was measured.

4) Pressure drop measurements across the column before G-
loading and vibration tests. These measurements were
made during the flow compaction tests.

5) G-loading and vibration tests in the longitudinal di-
rection according to the following procedure:

a)

Three exploratory runs to determine a natural
frequency or any significant harmonics. These
runs consisted of:

Run No. 1 at 1-G level with a sweep from
10 to 2000 cps for a period of 4.2 minutes.

Run No. 2 at 5-G level with a sweep from
14 to 2000 cps, and 1/2 inch double
amplitude from 10 to 1k cps for a total
of 4.2 minutes.

Run No. 3 a downward sweep at 0.3 G-level
from 15 to 3 cps for 6.4 minutes.

No natural frequency or significant harmonics
were found during these tests.

Two runs at the 10-G level at frequencies from
15 to 2000 cps for a total period of 22 minutes.
Each run consisted of sweeping from 15 to 2000
and down to 15 cps for 11 minutes. A bed com-
paction of 1/8 inch was measured after these
tests. No lateral G-loading and vibration tests
were performed because when the reduced scale
models were subjected to these tests, they did
not show any appreciable compaction. Figure

10 illustrates the facility used in these G-load-
ing and vibration tests.

6) Installation of the ion-exchange column in the Laboratory
Version testing facility. Test results obtained during
the operation of the column as part of this system are
discussed in Section III B.
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4, Shakedown Operation

During the first shakedown runs the following problems were en-
countered:

a. The line bearing on the main circulating pump burned after
only a helf hour of operation. The pump was placed back
in operation after changing this bearing twice and loosening
the front oil seal. This seal was thought to be the cause
of these failures because it was too tight around the pump
shaft creating excessive amounts of frictional heat. To
further prevent future failures, cooling water was provided
to the o0il bath housing and volute and the mechanical seal
was continuously purged with cooled loop fluid passed through
a small cooler (see Figure 3). After these modifications
the pump ran properly. |

b. During the initial shakedown runs, the main loop turbine
flow meter lost all of its turbine blades. The meter was
repaired and recalibrated, and put back in operation. How-
ever, the same problem occurred again. The probable cause
of these failures was the impingement on the blades fluid
jet with a velocity exceeding the maximum design velocity
of 28 ft/sec at 650 gpm for this meter. One of the factors
contributing to formation of this jet was the meter location,
about 3-1/2 pipe diameters downstream from the orifice
plate. In addition, since the inside diameter of the flow
meter is equivalent to a 3 inch schedule 4O pipe, a transition
fitting was made at the inlet flange connection. The situa-
tion could have been improved by locating the flow meter
at least 10 pipe diameters downstream of the transition
piece, and using flow straighteners. However, this was
not done because it would have increased the loop piping
length, therefore increasing the loop volume, and it would
have required major piping modifications. It was decided
to remove the flow meter from the system and replace it
with a 3-inch pipe spool of the same length. Then, the
loop flows were set by using the circulating pump manufacturers'
curve of Total Developed Head vs. flow. Calibration data
for this curve was obtained from the manufacturer for this
particular pump, and it was considered reliable, being certified
at + l% accuracy.

¢. The loop temperature increased to 236°F in asbout 45 minutes
of running time due to heat induced by the pump during trial
runs. There was a lack of heat removal capacity area in
the simulated heat exchanger with only water being circulated
on the tube side. Therefore, cooling jackets were welded
around the vertical 5" pipe legs of the poison tube-manifold
simulator. The additional cooling provided by these jackets



in conjunction with the pump's volute, bearing housing and
mechanical seal coolers, and the simulated heat exchanger,
was sufficient to lower the loop fluid temperature to =
meximum of about 150°F during normal operation. Because of
the lSOOF loop fluid temperature and the maximum operating
temperature of 140°F for the ion-exchange resin, a cooler
was installed in the ion exchange column bypass line which
lovered the fluid temperature of 120°F or less in that
line during extended system operation.

Valves 5V17 and 5V18 controlling the fast and slow poison
injection flows were originally 1/4 inch valves (Whitey

#0 Series) with a "Vec" stem. This type of stem did not

offer adequate flow control because with a single full

turn of the handle 92% of the flow was obtained. Therefore,
these valves were replaced with valves having "micro-regulating"
stems. However, the pressure drop across the valves increased.
This required that the gas pressure of the poison reservoir

be raised to 100 psig above the loop operating pressure.

ol



IIT.

obtaining as much new information as possible which could be used in determining
the feasibility of controlling the TWMR by such a system. OSome of the test
objectives have already been described in the previous section because they
were performed during the system shakedown operations. The detailed proposed
program is listed in Section II D of the Task II Report NASA-CR-54420 and will
not be repeated here.

TEST PROGRAM AND RESULTS FOR THE CPLS LABORATORY VERSION

The test program performed on the Laboratory Version was directed toward

A. Tests of Poison Injection System

The poison injection system was used to introduce concentrated
cadmium sulfate solution into the main flow stream. How consistently
and with what repeatsbility this system was operating could be measured
by:

1. measuring the injection flowrate,

2. measuring the main streem change of cedmium concentration with
time,

3. measuring the injection system pressure variations as injection
was in progress.

The poison concentrate solution could be injected into the main flow
stream through either one of two paths. During the shakedown phase of
operation, one path was set to deliver 0.25 gpm with a 100 psi overpressure.
The other path would deliver one fourth of this or 0.0625 gpm with the
same 100 psi overpressure. These injection rates are referred to as the
fast rate and slow rate respectively on the chronological history curves,
Figures 11, a) thru c¢). The initial series of injections was used to
establish proper functioning of conductivity cells and recording equip-
ment, for conductivity cell calibration and to answer the questions of
the consistency and repeatability of the system.

These early injection runs were also used to obtain data to evaluate
the performance of the manifold-poison tube simulation of the system.
As previously indicated, the 198 poison tube in-core array and two mani-
folds were simulated in the Laboratory Version by a pair of mixing
chambers and a single 5" I.D. U-bend pipe. Certain of the data taken
were compared with data from the operation of the plexiglas model, re-
ported in NAS -CR-5499L. Specifically, tne data from Injection #3 of
the Laboratory Version was compared with the data from Run #25 of the
plexiglas model (see page 25, Figure IV-12, NASA-CR-54994). The point
of comparison selected was the manifold outlet leg conductivity cell
from both runs. This point was selected as that reference which would
indicate most adequately the overall mixing performance of both the
plexiglas model and the poison tube-manifold simulator. The trace of
conductivity versus time for that cell as transferred from the visicorder
trace with proper calibration data is shown in Figure 12 and the data
comparison is discussed in Section IV-A,
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The flow rate measurements made during the various injections indi-
cated that once the initial flow rates were accurately set, activation
of the solenoid valve in the line would alwasys result in the same in-
jection rate. It took a fraction of a second for thke flow indicator
to reach its predetermined value after the solenoid was activated.
There was about the same time delay for the indicator to drop to zero
flow once the solenoid was deactivated. The accuracy of the injection
fiows was confirmed by taking liquid samples of the loop contents period-
ically during some of the longer injection runs. The change of system
cadmium concentration was consistent with the loop volume; injection time
and flow rate, and the concentration of the solution in the poison concentrate
tank.

The pressure gauge installed on the poison concentrate tank was
monitored during both short and long injections. The pressure in this
tank was preset to 700 psi (100 psi above the loop pressure) before
each injection, by adjusting the regulator on the argon gas cylinder
connected to the secondary side of the bladder in the tank. The tank
pressure did not vary by more than 5 psi during any of the injections,
whether at the slow or fast rate.

During most of the injections, a calibrated direct reading meter,
connected to conductivity cell #3, was continuously monitored. Waen
the desired level of cadmium concentration was reached, thke injection
solenoid valve was closed. At the time of closing, & cadmium concentra-
tion gradient existed in the system. Since the concentration at the
measuring point was lower at that instant of time than most of the rest
of the system, the eventual equilibrium system concentration, indicated
on the meter, existing a few seconds after shutoff would be slightly
higher than at shutoff. This was partially avoided later by anticipating
the conductivity meter and shuting-off the solenoid a few seconds before
reaching the desired level.

B. Tests of the Jon Exchange System

The ion exchange system must be capable of removing enougn cadmium
from the loop solution to allow the TWMR to go from shutdown to “ot
critical and from shutdown to a xenon override critical the desired
number of times. During its lifetime, it must be capable of witk-
standing vibrational loads as well as longitudinal G-loads, its
hydraulic characteristics must be predictable and remain relatively
unchanged, its capacity to remove the poison salt from solution must
be predictable and adequate, and the time required to remove this salt
must be predictable and consistent.

Before the CPLS ion exchange system was designed, small scale tests
were required to determine the ion exchanger geometry, capacity, 4ydraulic
characteristics, and behavior under vibration and G-load conditions.

Bench scale ion exchange tests were run early in the program to
determine the capacity of ion exchange resin for cadmium as the sulfate
under conditions similar to those anticipated in the CPLS. Tre tests
and results were fully described in the Task II report, NASA-CR-5LL420.
Table 4 and Figure 13 have been taken from that report in order to

w
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Table k4

Test Conditions and Results of Bench-Scale Ion Exchange Evaluations

liters .

Cadmium Sulfate
Test Number 1 II 111 1v
Mixed-Bed Cation Bed Mixed-Bed Mixed-Bed

I-X Resin Xe-150,H/OH Xe-T7,H Xe-150,H/OH  Xe-150,H/OH
I-X Flow, gpm/ft® 8.8 20.0 15.8 8.8
I-X Resin Initial Volume, cc 170 10 165 382
I-X Bed Size, diam., in. 0.813 0.813 0.813 0.97

Initial length, in 20 20 19.25 30.5
Loop Solution Chewdstry Unadj. Cas0, Unadj. CasO,  Acidic CdSO, Unadj. Cdso,

Nominal pH 6.0 6.0 to 1.0 bk to 2.5 6.0

Nominal conductivity, 2.5 2.7 to 3.5 2.7 to 3.4 2.5

mMhos/cm

Loop Solution Volume, cec 620 910 - 800 730
Cadmium Concentrations (design)t

fhutdown, mg cd/ce 2.6 2.6 2.97 2.97

Hot Critical, mg Cd/co 1.87 1.87 1.65 1.65

Xenon Override, mg/cc 0.2k 0.2uk 0.126 0.126
Number of Startup Cycles

To Hot Critical b 6 3 6

To ,ienon Override 2 2 1 2
Total Cd on Resin, mg 5510 12162 502 9128

mg Cd/cc Resin 32.4 TL.5 30.4 23.9
Final Resin Volume, cc 138 158 128 273
Breakthrough Concentration

ng Cd/cc Resin 22 60 15 20
Volume of Resin Required

For CPLS*¥(at breakthrough), 34 13 50 37

*
Design values changed following the second test.

*%
Based on the requirement to remove T.45 x 105 mg Cd during 4 startups to
hot critical and 1 startup to xenon override, for a CPLS solution volume

of 24 gallons.
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compare with CPLS Laboratory System results which will be discussed
later. Additional test results to determine lon exchange capacity for
the backup poison, boric acid solution, are reported here in Table 5 and
Figure 14 having not been previously reported.

Reduced scale tests were also described in the Task II report. They
were run to determine the hydraulic characteristics of the resin bed and
support fixtures end the resin capacity, and how these factors are
affected by the vibration and G-load levels to be experienced in the
flight system. The pressure drop data is shown in Table 6 and Figure
15 and 16. The capacity and breskthrough data is shown in Figures 17
and 18. The resin from columns II and III were later sieved, dried
and weighed to determine particle distribution. The results are shown
in Table 7. The vibration and G-load test procedure followed is listed
in Table 8.

The Laboratory Version Ion Exchanger was initially filled with
XE-150 (H-OH form) resin to a height of 36-3/4" or a volume of 48.4
liters. It was vibrated and shaken following the same procedure as
listed in Section II, B, 3,b. The vessel was installed in the CPLS
and used to remove the cadmium sulfate from solution during the runs
shown in the chronologicsal history, Figure 11.

Some of the information gathered during this portion of the tests
included the hydraulic characteristics of the ion exchange system, the
capacity of the resin for cadmium, and the time required to reduce the
cadmium concentration in the loop system from shutdown to hot critical
and from shutdown to xenon override critical.

Some of the pressure drop measurements taken during various phases
of testing are shown in Figure 19. The total pressure drop of the column
as filled and with the spring installed was greater than 10 psi and the
data were not included in Figure 19. It was considered that those data
were in error, probably due to an inaccurate instrument. This was con-
sidered a reasonable assumption since later data points were in the ex-
pected range.

The bed height measurements are shown in Table 9. After installing
the spring, measurements were taken through a fitting in the top flange.
A rod was inserted and a measurement made of its penetration to the top
of the screen on the piston. If the piston followed the resin bed sur-
face down as it shrinks, the measurement was an accurate reflection of
the bed height. If, the piston hung up, and did not follow the resin,
the measurements were inaccurate. Two factors lead to the conclusion
that the measurements taken with the spring were inaccurate. First is
the apparent drop of 2 ll/l6"in'bed height upon removing the spring. This
is Jjust not possible. Secondly, the spring appeared to have relaxed
as was evidenced by its failure to spring back to its original length
after removal from the system. The length from the top flange to the
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TABLE 6

IXCEL Hydraulic Data

) Init. Bed Helght 40 38
Height After 20 Min.
@ 20 gpm/ft2 38-1/k 35-3/8
Height After Sprimg 37-3/16 34-7/8
Insertion
2
After 20 gpm/ft 37-1/16 34-25/32
APy 8.8 gpm/rt? 1.6 1.k
APy o 8.8 0.37 0.35
Height After Shske Not Appl. 32-9/16
8P, 8.8 Not Appl. 2.0
AP v 8.8 Not Appl. 0.58
|
| Height After AP Not Appl. 32-5/8
‘ Height After Exheaust Not Appl. 29-1/2
APtot Exhaust Not Appl. 1.9
AP} 5w Exhaust Not Appl. 0.62
Height After AP Not Appl. 28-7/8
| ) Height After Adding Not Appl. Not Appl.
‘ Additional Deplet.
Regin
‘ . AP, . 8.8 Not Appl. Not Appl.
| AP, o 8.8 Not Appl. Not Appl.
Height After AP Not Appl. Not Appl.
Height After 2nd Sheke Not Appl. Not Appl.
APtot 8.8 Not Appl. Not Appl.
APy5 8.8 Not Appl. Not Appl.
Height After AP Not Appl. Not Appl.
mgCd/cc Resin at Not Appl. ~28

Breakthrough (based
on preshsken volume)

36

b

35-3/8
35-1/h

35-1/8
1.32
0.35

33-13/16

1.8
0.54

33-1/2
29-7/8

2.0
0.67 .

29-9/16
35-1/2

2.9
0.72

35-1/2
35-1/8

~ 3.6
0.87

35-1/8
~30
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Table 7

Results of Sieving of Resin

Weight Percent Retained on Screens

> 50 mesh 50-100 mesh < 100 mesh

Depleted, Unshaken Resin 99.96 0.02 0.02
Totals for Column II 99.30 0.36 0.34
Top 14 inches 98.79 0.63 0.57
14-30 inches 99.76 0.13 0.1k
Totals for Column III 98.48 0.81 0.65
Top 6 inches o8.78 0.82 0.38
6-16 inches 95.61 2.43 1.93
16-36 inches 99,74 0.06 0.13

1



TABLE 8

G-loading and Vibration Test Procedures for IXCEL Columns

o

’..J

4"5)
20 mins.
Total <
test 3)
time
~—
1)
2)
3)

A. TUnexhausted Resin

Bun an exploratory test; at a low g-level, from the minimum
possible frequency up to 2000 cps in the longitudinal and
lateral directions. This test will (1) reveal critical longi-
tudinal frequencies and (2) compact the bed as a result of
lateral and longitudinal loading.

If the natural frequency (first harmonic) occurs, run at this
frequency for 10 minutes at twice the corresponding g-level
(given for Saturn V booster in RN-DR-0020, Design Specificationms,
Engine Rocket, Nuclear, Nerva Program).

If other critical frequencies are significant, run the highest
frequency at twice the corresponding g-level for 10 minutes.
If only the natural fregquency occurs, then run a sweep at 10 g
from 25-2000 cps.

B. Exhausted Resin

For the exhausted resin, fill column to same initial height as
unexhausted resin.

Repeat shake tests as described in A. 1-3.

Critical frequencies may not be the same as for unexhausted resin.

Lo
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TABLE 9

CPLS Laboratory Version - IX Column Bed Height Measurements

Condition Height, Inches
Initial Bed Height 38-1/16"
Height After Flow Packing 38-7/8"
New Height After Sucking Out '

Regin from Top 36-3/24."
Installed Spring Height 36-1/4"
Height After Shaking 36-1/8"
Height As Installed in CPLS ‘ 35-13/16"
Height After IX #5 35-3/4"
Height After IX #13 35-11/16"
Height After IX #20 ‘ 35-11/16"
Height After IX #22 35-11/16"
and Rapping
Height of Resin After
Removing Spring and Piston 33"

Ll



piston screen was only 5/16" longer than when installed in the column
and it should have grown about 8 inches when removed.

The capacity of the resin for cadmium is shown in Figure 20. The
volume of resin used in the calculation is the 48.4 liters, the as
filled and flow packed volume. Periodic samples of the ion exchange
effluent were taken during the various runs to determine the C/Co. A
sample core of resin was removed from the bed after depletion and was
analyzed for its cadmium content. Two analyses resulted in a content
of 37.6 and 39.3 mg cadmium per cc of resin. This agrees quite closely
with the material balance maintained during the tests, which indicated
a total capacity of 41.1 mg Cd/cc resin when the testing was completed.
Breakthrough appeared to oceur at about 32 mg Cd/cc which agrees quite
adequately with the reduced scale column results. (Figures 17 and 18)

The time required to reduce the loop system cadmium concentration
from one point to any other must be predictable. For these tests, it
was required to determine the time it would take to go from 2.97 mg Cd
per cc of solution to 1.65 mg/cc end from 2.97 to 0.126. With an ion
exchange flow rate of 4.8 gpm and a system volume of 32 gallons. Cal-
culations were within T.S% of the actual time required to ion exchange.
This 1s shown in Table 10. The spread between calculated time and actual
time only increased when breakthrough began. The data is also shown in
Figure 11.

In addition, the ion exchange effluent was periodically monitored
to determined solution pH and conductivity. These results are shown
in Table 11.

C. Establishment of System Time Constants

There were six conductivity cells installed in the system at the
points indicated in Figure 5. The signsels from cells number 1, h, 5,
and 6 were continuously recorded on the Visicorder. Cells 2 and 3 were
connected to a switch which would allow sending the signal either to
the Visicorder or to a conductivity meter which indicated but did not
record.

Short burst injections from the poison concentrate tank into the
primary loop were made while the primary filuid was flowing at various
rates. The opening of the solenoid valve in the poison injection line
was recorded on the visicorder chart along with the signal from cells
1, 4, 5 and 6. The time from initiation of injection of poison until
the signal from the cell changed, was measured from the chart and tabu-
lated in Table 12. The data from cells 4 and 6 is also plotted in
Figure 21. The time it takes to reach the bottom of the tubes appears
to be in good agreement at the higher flow rates with the results ob-
tained from the plexiglas model tests. At lower flow rates the results

L5
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TABLE 11

CPLS Laboratory Version - IX Column Effluent Chemistry

Time Into
IX No Run, Secs. Cd Conc Cond u-mhos
1-4 No Samples -
5 No Samples -
6-iz2 éhs.2 <2ppm 2.30
795.3 <2pm 5.08
945.3 <2ppm 8.95
1095.3 <2ppm 10.67
1270.3 < 2 ppm 9.73
13 25 < 2 ppm 1.98
125 < 2 ppm 1.b7
225 <2ppm 1.39
1k 100 <2 ppm 178
200 <2ppm 37.6
15 100 26 ppm  85.3
%00 < 2 ppm 3.4
TOO < 2 ppm 3.96
1100 < 2 ppm 1.51
16 100 < 2 ppm 9.18
200 ' < 2 ppm 3.82
17 100 <2 ppn 146
200 <2 pm 6.92
18 26 5 ppm 13.3
150 31 6.1
300 58.5 0.530m-mhos
19 50 58.5 0.50 m-mhos
150 347 2.10 m-mhos
300 51 1.92 m-mhos
20 32 609 ppm  1.7T5 m-mhos -
150 811 1.7
300 820 1.81

48

pi

6.02
6.18
6.22
6.20
6.36
6.78
6.38

9.48
7.28
6.45
6.9
6.51
6.58
6.38
6.68
T.39
T.76
9.08
k.70
3.09
3.18
2.55
2.59
2.80
2.89
2.93

Cgic x 107 mg Cd
Loop mgs Cd cc Resin

- 1.369 2.83

- 2.879 5.95
0.63 5.691 11.76
0.4h4 5.921 12.23
0.32 6.067 12.54
0.218 6.190 12.79
0.1h2 6.281 12.98
2.82 6.517 13.46
2.17 7.305 15.09
1.67 7.911 16.34
2.2h 8.697 17.97
1.78 9.255 19.12
2.22 10.146 20.96
1.11 11.401 23.7h
0.55 12.170 25.1k
0.22 12.570 25.97
2.16 13.k23 27.73
1.69 13.993 28.91
2.20 14,866 30.71
1.7k 15.423 31.87
2.84 15.775 32.59
2.1k 16.623 34,34
1.52 17.379 35.91
2.78 17.969 37.13
2.29 18.563 38.35
1.71 19.266 39.81
1.56 19.4kg 40.18
1.38 19.667 40.63
1.20 19.885 41.08



TABIE 12

Time from Injection to Change of Conductivity Cell Signal

Injection Flow, Inj. Time Time to Record Change on Cond Cell, Sec.

No. gpm Sec. #5 #

29 200 2.13 0.082 0.26 0.91 1.66
30 200 1.31 0.07¢ 0.25 0.91 1.59
31 300 1.62 o."°7 0.28 0.88 1.57
32 300 1.48 0.07¢ 0.23 0.85 1.h7
33 4oo 1.36 0.081 0.26 1.02 1.45
34 400 2.23 0.082 0.28 0.90 1.43
35 500 1.69 0.09, 0.26 0.78 1.21
36 500 1.51 0.06O 0.25 0.76 1.22
37 600 1.51 0.065 0.21 0.71 1.16
38 600 1.55 0.06O 0.22 0.68 1.12
39 600 1.4 - - 0.620 1.275
Lo 500 1.k - - 0.775 1.400
h 400 1.k - - 0.900 1.650
ko 300 1.2 - - 0.875 1.675
43 200 1.10 - - 0.950 1.775
Ll 200 1.50 - - 0.970 1.880
ks 300 1.30 - - 0.925 1.725
L6 koo 1.50 - - 0.875 1.650
i 500 1.50 - - 0.800 1.475
48 600 1.58 - - 0.575 1.275
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show a leveling off of the curve of time versus flow rate. This is
due to the increased forward diffusion of the concentration change in
the manifold-poison tube simulator due to the large pipe size used as
opposed to the smaller tubing in the plexiglas model.

Some of the early injections were also of the short burst variety
in order to determine the rate at which various conductivity cells
changed. A typical injection is number 8, the results of which are
shown in Figure 22. The loop flow rate was 620 gpm using the slow in-
Jjection rate for 2.1 seconds. The curves shown in this figure were
taken off the Visicorder Chart and corrected, based upon the individual
calibrations. It can be seen that while the ramps of cells 4 and 6
are quite similar, that of cell 3, in the pressurizer, is of a lower
slope initially, but then gradually increases. This will be discussed
in the next section.

D. Tests of the Pressurizer

The pressurizer, as its name implies, is used to maintain a relatively
constant system pressure despite changes of volume caused by temperature
fluctuations or injection of solution. It performed this function quite
adequately. The original intent was to have a gas supply system such,
that a constant loop pressure was always maintained. However, the gas
supply was of the nature that a pressure was regulated before testing
began and neither gas addition or removal was performed during subsequent
operations of a given test. This worked out quite well, since the
pressure fluctuations in the system were legs than 5 psi even during solu-
tion injection. c

The primary side of the pressurizer was continually supplied with
a purge flow of about 30 gpm, or about 5% of the loop flow rate. This
was done to insure adequate mixing in the pressurizer during ion-exchange
or solution injection operations. A typical delay in the initiation
of mixing in the pressurizer and the ramp of concentration change that
followed was shown in Figure 22 of the previous section. The change
of concentration began with a fixed delay from the system change. The
ipitial ramp of concentration change in the pressurizer is considerably
lower than that in the loop system, but rapidly increases to a rate such
that within a few loop time constants, it has reached steady state con-
centration.

E. Control of System Chemistry

Some of the items listed on the Task II report under this general
heading, were performed as required in order to obtain meaningful test
data. This included careful preparation of solutions, use of proper loop
filling procedure, and periodic chemical sampling to determine solution
cadmium content.

51
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A calibration curve was established, by wet chemical analyses,
for the conductivity meter connected to Cell #3, during injection
Runs 1 through 16 (see Figure 11). Further analyses were taken
during subsequent runs as a check on the calibration. As the pro-
gram progressed, corrosion product levels increased in the
solution, as evidenced by solution discoloration. This increase
in corrosion products resulted in an increase in system conductivity
without an increase in cadmium content. This was manifested in an
apparent "drift" in the calibration. This was compensated for by
applying a correction factor to the conductivity meter reading,
determined from the wet chemistry results taken at the end of each

~—y
4 il e

The ion exchange bed was sampled in-situ after depletion. A 5/8"
.diameter tube, the lead end of which had been sharpened, was inserted
into the bed and slowly rotated downward. The tube became very difficult
to move as it was lowered through the bottom half of the bed, even
though the column was filled with solution during the insertion. The
solution was drained with the tube still inserted. The resin core
sample appeared to be only a few inches long.

The column was again filled with solution after first removing the
sampling tube. This time the solution was very slowly pumped in through
the bottom port and up through the bed. The purpose was to loosen the
compacted bed.

Another sample was taken in a different position using the same
technique.  Again the tube insertion was difficult for the bottom half
of the bed height. This time the sample was 23-1/2 inches long out of
a possible 33 inches. This sample was then analyzed for cadmium. No
attempt was made to determine cadmium distribution along the height.
The results, shown in Figure 20 agree with the results obtained from
the cadmium solution material balance. The difficulty in obtaining
a totally representative bed sample probably accounts for the low value
as compared to the curve.

F. OSystem Hydraulic Tests

Many of these tests were performed during the system shakedown
operations and are reported in that section of the report. However,
in order to operate the system at flow rates below 500 gpm additional
studies were required. The D-P cell used to measure the head of the
pump was not capable of measuring pump heads in the desired low flow
rate range. Therefore, pressure drop measurements were made at flow-
rates between 485 and 625 gpm. These results are shown in Table 13.
There was good agreement between the pump head, AP 1-2 and the system
pressure drop, the sum of AP 2-3 and AP 3-1. The sum of these two
measurements, each of which was on scale at flow rates as low as 200
gpm, was then used for any test where lower-than-reference flow was re-
quired. The positions of the pressure taps are shown in Figure D.

>3




TABLE 13

CPLS Laboratory System Pressure Drops

Temp, °F 143 143 146 148 147.5 145 1h2 150
APl_2 psi 200 193 184.5 188 199

£t b0 b53  b3h hl2 168
AP, 5 psi T 45 Lo 23 Th.5 116 127- 140
AP3 o, bpsi 56 ,63 8L.5
AP, 5 psi 5T 68 83.5
AP¢ g DPsi 33 38 b6
AP, g psi 26 28 3
AP3_1 psi 123 146 181 164.5 123.5 90 82.5'7 T1
Q (from AP, ) gpm 1485 555 625 600 kg5
AP, _ + AP 197 191 185 187.5 198 206 209.5 211

2-3 3-1 463 49 1435 4k0.5 L465.5 484 k92 L95.5
Q (from AP2-3 + 515 510 625 605 505 400 300 200
AP3_1) gpm

sk



The power input to the motor driving the pump could be used as a
measure of the flowrate. The power measurements and the respective
efficiencies are shown in Table 14. Although this data was collected,
it was not used to control the flow rates. However, the good agreement
between the two values of pump efficiency (Items 5 and 6) as calculated
and measured, gave added confidence in the validity of the AP readings
being used to measure flow.
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10.

TABLE 14

Power Measurements to the Loop Circulating Pump

Flow Rate, gpm

AP2_3 plus AP3_1, psi

Horsepower Produced
(1 x2)

Brske Horsepower
(Pump Test Data)

Pump Efficiency
(3/4)

Pump Efficiency
(Pump Test Data)

Power Input, kw

Horsepower Input
(7T x 1.311)

Motor Efficiency

(4/8)

Overall Efficiency

(3/8)

605
187.5
66.1

92.0

0.719

0.733

81.0
108.8

0.846

0.609

56

505

- -

190
58.3

81

0.719

0.731

75.6

101.4

0.799

0.575

0.676
0.685

69.3
92.9

0.765

0.517

300

AN ©

36.6

63.0

0.581

0.581

68.1
91.3

0.690

0.k01

0.4kT

0.435

65.4
87.6

0.628

0.281



ANALYSTIS OF RESULTS AND CONCLUSIONS

A. DPoison Injection System

As was mentioned earlier the poison injection system performed
satisfactorily during the testing. One of the results was data for
comparison of the laboratory version, 5" 0.D. simulation of the mani-
fold-poison tube with the plexiglas model of the actual 198 tube array.
Data from Injection #8 was presented in Figure 12. Data from Run #25
of the plexiglas model program (NASA-CR-54994) was converted into
equivalent terms and the results superimposed on Figure 23 following.
The data from Run #25 had to be converted since it had not utilizead
the same parameters. A comparison of test parameters is given in the
table below:

Run #25 -
Plexiglas Injection 8,
Model Lab. Version
Flow, gpm 600 620
Injection Rate, gpm .825 250
Injection Concentration, mg/cc .250 .300

To effect this conversion the data from Run #25, concentration
change versus time, was multiplied by 600/620 to compensate for the
difference in main loop flow, by .250/.825 to compensate for the
difference in injection flow and by .300/c250 to compensate for the
difference in injection concentration, in the process. The results
are in fairly good agreement, showing however that the simulation had
a greater mixing effectiveness than the plexiglas model. This is un-
doubtedly due to the fact that greater diffusion of the concentration
wave front occurred in the 5" 0.D. pipe of the simulstion than in the
small poison tubes of the plexiglas model, which should be expected.
This greater diffusion would also account for the initial arrival of
poison at the outlet cell in the similation being earlier than in the
plexiglas model. It was therefore concluded that the simulation was
sufficient and the remaining testing proceeded.

Performance of the poison injection system was also evaluated by
comparing the change in concentration with predictions based on the
mathematical analog developed and reported in the Task I report. New
model constants were established based upon the laboratory system
actual dimensions, which, as indicated in Section II-B were not
identical to the CPLS-Flight System. Calculations were then made and
the curve of concentration change versus time were drawn and shown in
Figure 24. These show that a change in concentration from xenon over-
ride to cold shutdown should take 140 seconds. This compares very
favorably with the measured time of 149 seconds shown on Figure 11
(injection Run #25 extrapolated to 2.97 mg/cc, final value].
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As to overall operation of the poison injection system, certain
comments are in order. Small needle valves were used in the two
injection lines to have flexibility in the Laboratory Version to set
flow rates. These valves showed some tendency to move slightly during
runs, causing a small variation in flow, which was detectable but did
not particularly affect overall performance, as it was random and varied
in both directions. Since the Flight System would use fixed orifices
for flow rate control, this difficulty would not exist. Even if
controllable flow might be desired, satisfactory valves of higher
quality could be obtained which would not be subject to variation.

The results also indicate that it would not be necegsary to have
the elaborate control of pressure between the injection system and the
mainstream as was specified for the Flight System. The Lab System
performed well with a fixed initial AP between the main stream and the
injection system. The small (up to 5 psi) drop which occurred during
injection did not seem to affect the flow rate measurably.

As to the control of injection time so as to effect proper changes
in concentration without under- or overshoot, tiais can only be settled
when the reactor control system is finalized. As is shown in Figure 22,
the system concentration will tend to oscillate for several cycles after
termination of an injection (it usually took about 5 cycles to damp out
completely). The first cycle has the greatest amplitude and for the
case in Figure 22, the maximum to minimum variation was about 0.038 mg/cc
£ds0y, in about 0.5 seconds. This would represent about 1.25% of the
normal operating concentration of 3.05 mg/cc CdS0y . With s simple on-off
system for injection, such fluctuations as demonstrated, will occur no
matter what control changes may be made to compensate for over- or under-
shoot. Whether this presents a problem 1is outside the scope of the studies
discussed here.

B. Ton Exchange System

The ion exchange system in effect operates as a negative poison
injection system, so that from a dynamic point of view much of the
analysis is the same as in the above.

A similar comparison was made of the ion exchange (poison removal)
system in comparison with a mathematical model plot. The calculated
curve of poison removal is shown in Figure 25. A comparison of this
curve shows good agreement with Figure 11, Runs #6-12 and 15, from the
experimental runs. The shape is exponential and tre time from cold
shutdown to xenon override compares very favorably.

No particular problems were experienced in setting and maintaining
flow. The importance of using degassed solutions was shown during
initial shakedown runs when fluctuation in flow occurred due to a high
content of air in the system. This was eliminated by refilling with de-
gassed, demineralized solution.
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The inherent exponential characteristic of the poison removal system
was demonstrated in the tests as 1s shown in Figure 11. Once, again
however, an under or overshoot of poison concentrate level will occur
as discussed under the poison injection system above with the same
conclusions as to capacity of the system.

As to the effect of the G-load environment, there seems to be
little of consequence. Actually the G-loads tend to add to bed com-
pacting from other sources. There seems to be no deleterious effect
on resin capacity. The binding of the spring in the .-full size vessel
used in the Lab System can be handled by a revision in the design for
the Flight System. Mechanically the system seems adequate.

' C. Tests of the Pressurizer

The pressurizer evidenced essentially perfect action during the
testing. Pressure was maintained as required. A slight (=~ 5 psi) in-
cresse in system pressure was noted whenever the poison injection system
was in operation. Since the specified control of injection pressure
versus loop pressure was not used on the Laboratory Version, such a
rise was natural.

The average rate of change of poison concentration in the pressurizer
was essentially the same as experienced in the overall system. The
change began to occur with a fixed delay from the overall system change.
-Because of this delay, at the end of a transient, the pressurizer con-
centration was either higher or lower than the overall system aversage.
Therefore, in the few loop transient times after cutoff of injection or
removal, the stabilization of system concentration was influenced in a
small way by the pressurizer. This effect is really a part of the over-
all over- or undershoot problem which should not present a problem.

D. System Time Constants

The times required for changes in solution concentration to reach
various reglons of the actual manifold and tube assembly were well
determined by the tests on the Plexiglas model and are reported in
NASA CR-5499%. A comparison of the transient times of the simulator
ana the Plexiglas model at various flows is given in Figure 21. At
600 gpm, the time to reach the bottom of the tube similator is .65
seconds compared to an average of .70 seconds in the Plexiglas. It
takes ‘1.2 seconds to reach the simulator outlet compared to 1.67 seconds
for the Plexiglas.

As wes previously indicated, the difference in detailed behavior
of the simulator appears to be due to the greater diffusion of the
concentration wave front in the simulator. The five-inch‘diémeter
pipe which represents the sum of all the 1/2 inch tubes allows this
difference. The low flow comparison 1g consistent with this explana-
tion. As flow decreases from 600 to 4oo gpm, an approximately linear
increase in time required to reach various points occurred. As flow
was decreased further, the rate of increase of time became smaller.
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At the lower flows, mixing was so effective in the five-inch diameter
pipe that the whole simulator started to act as a fairly ideal plenum

and the time for the poison to arrive at & given point became practically
independent of velocity. The Plexiglas model did not allow such effective
mixing as is indicated from the test results shown on Figure 21.

E. Comparison with Analog Model

As was shown in Sections IV, A and B, the long time performance of
the lsboratory version in both injection and ion exchange modes of opera-
tion was adequately calculated using the analog model. There are addi-
tional areas of possible concern, the first is the ability of the model
to predict the overall behavior of the manifold and tube assembly.

A comparison was setup of the change in concentration at the exit of
the manifold for the anelog, the Plexiglas and the laboratory system test
results. All the results were adjusted for the same flow rates smd con-~
centrations and are shown in Figure 26. The shapes of both experimental
curves sgree fairly well with the analog results and both are displaced in
the direction of longer time constants.

The more gradual initial change in concentration for the experimental
results 1s probably due to forward diffusion in the piping leading to the
manifold. Such mixing is neglected in the analog.

The earlier arrival for the analog 1s the result of the assumption
that the inlet and outlet plena have no pure time delays, i.e. the output
concentration from the plena is the same as would occur with uniform mixing
within the plena at all times. The shift is less for the laboratory system
than for the Plexiglas because of the better mixing in the five-inch diemeter
tube simulator.

The analog can be brought into better agreement with the test results

‘for the Plexiglas model by inserting a pure time delay into the representa-
~ tion of the two plena. The total o1 such time delay should be about _
0.5 seconds. Better sgreement with the lab system would require insertion

of a pure time deley of about 0.25 secqgnds.

A second area of concern is the ability of the anglog to predict the
overall behavior of the loop after the !termination of injection or ion
exchange as is indicated in Figure 22. As has been stated, there will
always be some gradient in the loop at such termination and the magnitude
and duration of the Tresulting oscillations in core reactivity may be
important.

‘A measure of the anslogs ability to predict detailed loop behavior
during the first few cycles of poison injection should be indicative of
its ability to predict terminsal oscillstions. In order to evaluate this
aspect, one of the early injection runs, used to evaluate the performance
of laboratory-systen% Zmanifold-poison-tube similation,was analyzed.
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Specifically, the response of conductivity cell #1 during run #6 of

about 5 seconds injection time was studied. The response is plotted in
Figure 27, curve #l. Using the analog model, the predicted response for
the same point in the system, i.e. the entrance to the poison tubes, was
calculated, and is also shown on Figure 27, curve #o. Mo ad justments were
made in the analog constants. As can be seen, the magnitude of the con-
centration oscillations is greater than was experimentally detected, i.e.
less mixing is predicted by the analog. Also, the period of the oscilla-
tion is shorter than in the experiment, i.e. the pure time delay in the
analog is less. As was pointed out in the discussion of Figure 26, the
comparison is reasonable inasmuch as the analog model assumed no mixing
in the loop piping as well as no pure time delay in the plena.

Since the experimental-analog comparisons give a reasonasble means to
predict the added mixing and pure time delays which could not originally
be conveniently calculated, such adjustments in the analog constants were
made. To allow for additional mixing in the inlet piping, 0.2 seconds was
added to the mixing constant for the inlet plemum 7). To &llow for addi-
tional mixing in the remaining piping, 0.433 seconds was added to the outlet
plemum, Tc. To allow for the additional pure time delsy in the inlet
plemum O.? seconds was added to the constant for the inlet piping. To
allow for the additional pure time delay in the outlet manifold and heat
exchanger, 0.2 seconds was added to the constant for the remaining system
piping, T2. A comparison of the constants used in plotting the original
analog ané the modified is given below.

Ansalog Original Modified

Constant (sees.) (secs.)
T .085 .185
L .635 .635
T3 .696 .ho6
Top 1.516 1.216
T, L3k 234
T5 1.34%0 -907

The analog, with modified constants, was then used to calculate a
new response which is shown on Figure 27, curve #30 As can be seen the
modifications serve to bring the calculated response into close agreement
with the experimental response.
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From the foregoing, certain conclusions can be drawn. First, the
assumptions that no mixing occurs in piping and no pure time delays
occur in plena result in transient predictions from the analog which
are more severe than will actually occur and are therefore conservative.
Second, if experimentael results coupled with judgement thereof are
utilized to modify the analog constants, calculated transient results
can be brought into much closer asgreement with experimental results.
It can therefore be expected that analogs of this type with constants
modified through experimental results can be expected to give very
good predictions of terminal concentration oscillations in the
Reference Flight System, or like systems.
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V.

OVERALL CPLS FEASIBILITY

A, Introduction

With the data and analysis presented in Sections I-IV of this re-
port, the scope of work planned under the contract has been completed.
It now remains to assess the overall CPLS feasibility by comparing re-
quirements with tested performance, by outlining a final reference
design and by indiceting needs for further development work.

B. System Design Requirements and Performance

The CPLS design requirements were originally spelled out in
Article IC1l of the contract and were further interpreted and restated
in part in the Task I report, NASA-CR-54291 (WCAP-2690).

To assess performance in meeting these requirements, they will be
quoted below as a "Requirement" and discussed immediately following
under "Performance".

1.

Requirement:

The Chemical Poison Loop System is designed to maintain the
desired steady-state concentration of poison in solution and to
effect changes in concentration from one steady state concentra-
tion to another, as indicated in the following table:

) Poison Concentration
Steady State mg/ce Cd Enriched to

Condition 90% Cqll3
At Shutdown 2.97

At Hot CPitical 1.65

At Xenon Override 0.126
Change Rates mg/cc-sec
From Shutdown to Hot 0.0119 max

Critical or Xenon Override

From Xenon Override or Hot
Critical to Shutdown - Fast 0.0236
- Slow 0.0059

The CPLS is required to change concentration as indicated for
five reactor startups from shutdown (one of these involving
overriding xenon) and five reactor shutdowns. Operation at
hot critical will be for a total of 10 hours.



Performance: During the performance of testing in the CPLS Laboratory
Version (Section III of this report), the system was maintained at
steady state concentrations without difficulty. There were a few
instances in the test apparatus where the concentration experienced
unscheduled changes, but these were generally accounted for as the
result of demineralized water addition to makeup for pump seal leakage.

The rates of increase and decrease in polson concentration as shown on
Figure 11, were in excellent agreement with those predicted by the analog
model, Figures 24 and 25. These rates were actually slower than the
reference system requirements. This is because the injection and removal
flow rates and main loop flow were established at the reference system
values but the laboratory system volume was greater thus increasing the
time constent. BSince the analog model predicted the lsboratory system
rates, the analog-predicted-rates for the reference design system with
its smaller volume should be achievable.

Requirement:

The CPLS is designed to dissipate the heat generated within its own
system fluid volume by exchange to the hydrogen propellant or water
moderator. At power operation, approximately 8.0 megawatts of heat
must be so dissipated.

Performance:

This requirement was not evaluated as a part of the test program but

was treated by calculation as reported in the Task I Report. In that
report it was shown that the 8.0 megawatts could be dissipated to the
propellant or moderator through the provision of a heat exchanger on the
outlet leg of the CPLS through which about 14% of the hydrogen propellant
would be passed.

Requirement:

The maximum delay between demand signal and entrance of modified poison
concentration into the poison tubes is

Jon Exchange Effluen 0.3 sec.
Normal Poison Insertion 0.2 sec.
Fast Poison Insertion 0.2 sec.

Performance: Meeting this requirement was demonstrated in the manifold
model testing reported in the Task 3A report, NASA-CR-54994. Therein it was
demonstrated that a modified poison concentration /in that case an injection
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of concentrated salt) would reach the tops of about 18% of the
poison tubes within 0.2 seconds. Those tubes first receiving
the changed concentration are all those centrally loceted in
the core. Thus the portion of the core where poison is most
effective would receive poisoning first which is desirable.

Requirement:

During éteady state or transient operation of the system the
concentration in the poison tubes in the reactor 1s the same
within + 5%.

Performance:

During the manifold model testing it was shown that a time lag
existed between the passege of a poison concentration change
through the various poison tubes in the core array. This results
in a variastion in poison concentration at the extremes of the
array at any given time in a transient. The worst case exists
during the first pass of the poison through the system when a
given tube has undergone the change associated therewith, before
another tube has seen any change. It was shown, however, that,
under the rates of change used in the CPLS, this difference
could not exceed the specified + 5%, except in one instance.

At xenon override concentration, 0.126 mg/cc, a fast injection
of poison will cause a momentary situastion where the variation
exceeds + 5% of the bulk concentration, but this situation will
only last for a few seconds until the loop concentration builds
up and the mixing in the loop becomes effective.

Requirement:

Within the pressure vessel, the CPLS is exposed to the inlet
hydrogen gas at approximately -175°F around the distribution
manifold and upper portion of the poison tubes. The remainder
of the poison tubes are immersed in the moderator at an average
temperature of approximately 220°F, Outside the pressure vessel,
an ambient space environment exists assuming no heat loss or in-
put to the CPLS, except in the heat exchanger where 14% of the
inlet hydrogen at approximately -175 F is bypassed through the
tubes of the exchanger.

Performance:

Such environmental conditions were outside the scope of testing.
However, calculations were performed and vwere reported in the

Task I Report. The need was indicated for some radiation shielding
around the ion exchange column to prevent overheating during opera-
tion with no flow through the column.
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Requirement:
Pressures

During operation, hydrogen gas at 725 psi exists in upper
portion of reactor vessel. In the moderastor region pressure
is maintained at 600 psi nominal. Outside pressure vessel,
pressure is O psi.

Performance:

Such environmental conditions were outside the scope of testing.
System pressure in the CPLS Lab. System testing waes maintained
at 600 psi, however. The system was designed to take 600 psi
internal pressure regardless of the external pressurization
from the hydrogen propellant.

Requirement:
G-Forces

For the booster portion of the flight when the reactor is
not in operation, maximum steady accelerative loads in the
flight axial direction will be + 5.0 g's. There may also be
+ 1.0 g load normal to the flight axis, Maximum vibratory
Joads will be 5 g's at frequencies up to 2000 cps. All
boast phase loads are acting for two five minute periods.

During reactor operation, the maximum steady accelerative
load will be 2.0 g's in the flight axial direction and + 1
g normal to be flight axis.

Performance:

Testing performed on the full scale ion exchange vessel showed
that it could withstand the simulated G-forces associated with
launch and operation. There was no deleterious effect on the
ion exchange capacity. Zero-G testing was, of course, not
performed, but the ion exchange system and other components were
designed for such operation.

Requirement:
The poison solution will be circulated during shutdown at

such a rate as to safely dissipate heat generated in the
fluid by gamma heating.
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Performance:

While no heat dissipation testing was included in the scope,
reduced flow (150 - 600 gpm) tests were performed on the
manifold model program, Task 3A report. These runs showed
at flow distribution to the core poison tubes was unaffected
by lowered flow rates so that no problems of flow starvation
(overheating) is anticipated for "off-design" low flow rates.

9. Requirement:

In the event of a sudden system pressure drop, provision shall
be incorporated to seal the system and de-energize the pump.
The CPLS shall be "fail-safe", i.e. no accident shall result in
a fast decrease in poison to the reactor core.

Performance:

In the tests performed on the Laboratory Version, rupture
discs were used to give a sudden pressure drop. The stop
valves provided closed almost instantaneously, stopping all
flow.

10. Requirement:

The poison solution shell fulfill cross section requirements
within the solubility limits. It shall be compatible with other
materials in the system and shall be stable in the environment.

Performance:

At normal operating temperature, the reference poison solution,
cadmium sulfate, appears to be marginal for application to the
CPLS. While no corrosion problems were found with any material
tested, the solution evidenced thermsl instability increasing
with temperature, and seemingly influenced by heat flux and
surface to volume ratio. More details can be found in the Task
3B report, NASA-CR-5hligh,

C. Final Reference System

In the Task I Report (NASA-CR-54290) a Reference Design for the CPL$
was presented. As a result of the tests performed and reported on in
subsequent reports, it is now possible to assess the Reference Design
and to indicate changes if any.

In general the tests indicate no changes in the Reference Design which

are mandatory. Certain optional changes are indicated and will be dis-
cussed below.
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The Reference Design CPLS schematic presented as Figure 1 of this
report remsins unchanged. As to specific system components, the follow-
ing comments are in order:

a. Poison Reservoir Pressure

The Reference Design includes a system for maintaining a
fixed differentiasl pregsure between the reservoir and the main
loop. BSuch a system was not used on the Laboratory System, i.e.
a fixed reservoir pressure was set, and the results were excellent.
However, since it is not necessarily clear at this time that the
CPLS will always be at 600 psi when poison injection is required,
it would seem advisable to leave the pressure control as a feature
of the reference design so that the desired driving head for in-
Jection is insured.

b. JTon Exchange Vessel

The test results indicated excess capacity in the ion exchange
system. However, a specific reduction in size is not recommended.
Engineering judgement would indicate that some excess -—apacity be
available. Some allowance would be in order to accommodate for
small adjustments which might be made in concentration, so that a
specific sizing at this stage is academic.

With the capacity per volume measurements established in all the
testing, a specific size for the ion exchange vessel can be readily
established, based upon overall control considerations and the dis-
position of such factors as "overi.hoot" or "underskcot™ on concen-
tration chkanges other thar tke foregoing, no otler optiornal changes
would appear to be in order based upon the tests performed.

The marginal thermal stabiiity demonstraied bty the €450, at normal
operating conditions would indicate that additional testing must be
performed iIn this area before an entirely ronclusive judgement of
feasibility of tre reference design can be jushified.
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